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1
Polymer Thin Films for Biomedical Applications

Venkat K. Vendra, Lin Wu, and Sitaraman Krishnan

1.1
Introduction

Modern medicine uses a variety of synthetic materials and devices to treat medical
conditions and diseases. Biomedical devices such as coronary stents, vascular
grafts, heart valves, blood bags, blood oxygenators, renal dialyzers, catheters, hip
prostheses, knee prostheses, intraocular lenses, contact lenses, cochlear implants,
and dental implants have definitely played an important role in transforming lives
and improving the quality of living. Advances in protein-based drugs, gene therapy,
targeted drug delivery, and tissue engineering have the potential to revolutionize
contemporary medicine. Artificial skins to treat burn victims, artificial pancreas
for people with diabetes, and cardiac patches to regenerate cardiac muscle damaged
by a heart attack, no longer seem far-fetched, because of developments in tissue
engineering. Thus, a wide range of synthetic materials are used to evaluate, treat,
augment or replace any tissue, organ or function of the body. “Biomaterial” is a
term used to categorize such materials and devices that directly “interact” with
human tissues and organs [1]. The interactions may involve, for example, platelet
aggregation and blood coagulation in the case of blood-contacting devices, immune
response and foreign body reactions around biomaterials or devices implanted in
the body, or more desirably, structural and functional connection between the
implant and the host tissue (this is termed osseointegration in the case of dental
and orthopedic implants).

Biomaterials interact with biological systems through their surfaces. It is, there-
fore, vitally important to control the surface properties of a biomaterial so that it
integrates well with host tissues—that is, to make the material “biocompatible” [2].
Organic thin films and coatings, particularly those of polymers, are very attractive
as biomaterial coatings because they offer great versatility in the chemical groups
that can be incorporated at the surface (to control tissue—biomaterial interactions);
the coatings also have mechanical properties that are similar to soft biological
tissues. The relative ease of processing is another reason for the extensive interest
in organic thin films. Biomaterial surfaces can be coated with polymers using
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simple techniques such as dip-coating, spray-coating, spin-coating, or solvent
casting. Coating techniques involving the chemical grafting of molecules onto the
biomaterial surface are also available. Nanothin coatings based on self-assembled
monolayers (SAMs), surface-tethered polymers (polymer brushes), or multilayer
coatings based on layer-by-layer assembly offer precise control on the location and
orientation of chemical groups and biomolecules on the surface of the coating.

In this chapter we discuss polymer thin films and coatings that have potential
biomedical applications. Three main areas are covered: (i) biocompatible coatings
for implants (e.g., protein-repellant coatings, antithrombogenic coatings that
can prevent blood coagulation around implants, and antibacterial coatings);
(ii) polymer thin films for tissue engineering; and (iii) polymer thin films for drug
delivery and gene therapy. Emphasis is placed on the material and processing
aspects of the coating, the physico-chemical properties of the coating, and its
protein-adsorption and cell-adhesion characteristics.

1.2
Biocompatible Coatings

1.2.1
Protein-Repellant Coatings

Protein adsorption on biomaterial surfaces plays a critical role in determining
cellular events at the tissue-implant interface. The adsorption of plasma proteins
onto the surface of a blood-contacting implant can trigger a cascade of chemical
reactions, leading to the formation of a blood clot surrounding the implant. The
blood protein factor XII is known to be activated by negatively charged surfaces
such as glass, and some polymers such as poly(vinyl chloride) [3] may initiate the
intrinsic pathway of blood coagulation. Protein adsorption can also activate the
host foreign-body response, by switching on the complement system. The adhe-
sion of neutrophils and macrophages, which are associated with the host foreign-
body response, can subject the biomaterial surface to attack by destructive enzymes,
superoxide anions, and hydrogen peroxide [4]. Finally, protein adsorption can
promote bacterial colonization on the implant surface, that in time will require
the reoperation of infected implants. There is, therefore, a great interest in devel-
oping biomedical coatings that can resist protein adsorption.

1.2.1.1 PEGylated Thin Films

The ability of hydrophilic surfaces, especially coatings based on poly(ethylene
glycol) (PEG), to resist protein adsorption has been demonstrated in several studies
[5-14]. PEG surfaces seem to be the benchmark in protein-adsorption studies,
because of their exceptional resistance to protein adsorption. Silane-based PEG
SAMs were found to maintain their integrity after sterilization in an autoclave
using 20 psi steam at 120°C for 1h. Strategies to bind PEG molecules to the sur-
faces of metallic implants, such as the use of PEG conjugates with the adhesive



1.2 Biocompatible Coatings | 3

amino acid 1-2,4-dihydroxyphenylalanine (DOPA) [15-17], or with the cyanobacte-
rial iron chelator anachelin [18], have been reported.

Amphiphilic block copolymer coatings containing PEGylated and fluoroalkyl
moieties have shown to have extremely low forces of interaction with protein
molecules (C.J. Wienman et al., unpublished results). Novel architectures, such as
multi-armed molecules, have been used to prepare monolayer coatings on sur-
faces, which decreased the protein adsorption [19]. Hydrogel thin films were
prepared on amine-functionalized surfaces by spin-coating of a six-armed, star-
shaped poly(ethylene glycol-ran-propylene glycol) polymer, with crosslinkable
peripheral isocyanate groups [20]. Crosslinking of the star-shaped molecules
occurred by reaction between the isocyanate groups in an aqueous environment
to form urea linkages. The coatings prevented adsorption of avidin (over a pH
range of 5 to0 9.5), and were stable over several months when stored under ambient
conditions. A multicomponent coating formulation to obtain robust, readily func-
tionalized PEG-based thin films has been reported by Lochhead and coworkers for
imparting resistance to protein adsorption, fibroblast cell adhesion, and bacterial
adhesion [21]. The formulation consisted of: (i) the active component, NHS-PEG-
aminosilane (NHS = N-hydroxysuccinimide); (ii) the matrix-forming component,
polyoxyethylene sorbitan tetraoleate; and (iii) the molecular crosslinker, 6-azido-
sulfonylhexyltriethoxy silane. Solutions of these three components in dimethylsul-
foxide (DMSO) were spin-coated onto glass, silicon, or tissue culture grade
polystyrene (TCPS) substrates and thermally cured at 0.1mmHg pressure for
75min. The coatings showed significant inhibition of fibrinogen and lysozyme
adsorption, microbial adhesion, and fibroblast cell adhesion. The in situ crosslinked
PEG-based coatings could be functionalized with an RGD (Arg-Gly-Asp) peptide
to promote cell adhesion for tissue engineering applications. PEGylated surfaces
were also made biofunctional using latent aldehyde groups that were used to cova-
lently tether proteins and bioligands [22]. Similarly, PEGylated polymer brushes
were functionalized with cell-adhesive proteins to promote the osseointegration of
bone and dental implants [23].

Coatings prepared using the polysaccharide, chitosan (CS) that was grafted with
PEG side chains, showed good resistance to the adsorption of fibrinogen and
bovine serum albumin (BSA) [24]. In the chitosan polymer, 72% of the sugar units
were deacetylated, and 56% of all sugar units carried a —(CH,CH,0),CHj side
chain. SAMs of 16-mercaptodecanoic acid on gold were used as substrates for the
PEGylated chitosan coatings. The coating adhered to the substrate via electrostatic
as well as covalent coupling between the primary amine groups in chitosan and
carboxylic acids in the SAM.

1.2.1.2  Non-PEGylated Hydrophilic Thin Films

A variety of hydrophilic thin films have been investigated as alternatives to
PEGylated coatings for biomedical applications [25, 26]. There is significant
interest in developing biomedical coatings that have better thermal and oxidative
stability than PEG, but with protein-repellency comparable to that of PEG.
A recent review highlighted some developments in the design and synthesis of
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protein-resistant polymer coatings, and provided a discussion of the mechanism
of antifouling activity [27]. Pulsed plasma-deposited poly(N-acryloylsarcosine
methyl ester) coatings were shown to be resistant towards the adsorption of
fibrinogen and lysozyme [28], while hydrophilic tertiary amine oxide surfaces were
found to compare favorably with PEGylated coatings in preventing nonspecific
protein adsorption [29]. Hydrogel thin films of poly(N,N"-methylene bisacryla-
mide) showed less than 0.5ngcm™ adsorption of BSA. The highly hydrophilic
polyacrylamide was chemically tethered to the hydrophobic substrate of an alkyl
thiol SAM using a photoinitiator, benzophenone, which induced crosslinking with
the substrate via hydrogen abstraction [30]. Zwitterionic polymers have found
renewed interest as protein-resistant coatings. These polymers attempt to mimic
the excellent resistance to protein adsorption and hemocompatibility of the zwit-
terionic phosphorylcholine group that is a major component of cell membranes
[31]. Thin film coatings of zwitterionic SAMs and polymer brushes, of phospho-
betaines, carboxybetaines and sulfobetaines [32], have shown excellent resistance
to protein adsorption [33-39]. In addition to their protein repellency, the carboxylic
acid groups of carboxybetaine thin films have been used to covalently immobilize
cell-adhesive peptides for tissue engineering applications [37]. Interpenetrating
polymer networks of polyurethanes and zwitterionic polymers combined the desir-
able mechanical properties of polyurethane with the antifouling properties of the
zwitterionic polymer [40]. In a novel approach, zwitterionic amino acids were used
to prepare thin film coatings on gold-coated glass slides [41]. SAMs of N-3-
mercaptopropylamino acids, prepared from the 19 natural amino acids, were
investigated for their ability to resist the nonspecific adsorption of proteins. When
the SAMs were exposed to a solution of BSA (76mgml™) in phosphate-buffered
saline (PBS) for 20min, the concentration of nonspecifically bound proteins
ranged from approximately 400ngcm™, with polar and ionic amino acids, to
approximately 800ngcm™, with amino acids of increased hydrophobicity. The
nonspecific adsorption of BSA increased in the following order: Asp < Asn < Ser
< Met < Glu < Gln < Thr < Gly < His < Cys < Arg < Phe < Trp < Val < Pro < Ile <
Leu < Ala < Tyr. Thin-film coatings prepared using poly(N-substituted glycine)
(polypeptoids) exhibited significant reductions in the adsorption of lysozyme,
fibrinogen, and serum proteins [42]. Poly(2-methyl-2-oxazoline), a peptide-like
polymer, has been used to prepare surfaces with a protein adsorption below a level
of 2ngcm™ [43]. The polyoxazoline surfaces had protein repellency comparable to
that of the best PEG-based coatings.

1.2.1.3  Thin Films of Hyperbranched Polymers

Hyperbranched polymers with hydrophilic groups have attracted interest because
of their similarity to the antifouling glycocalyx (extracellular matrix; ECM) of cells
[44-47]. Dendritic polyglycerols (cf. Figure 1.1) combine the characteristics of
highly protein-resistant polymers, namely a highly flexible aliphatic polyether seg-
ments, hydrophilic surface groups, and a highly branched architecture [49]. Fibrin-
ogen adsorption on these surfaces was comparable to that on a PEGylated SAM
of HS(CH,);;(OCH,CH,);OH, and better than the dextran-coated surfaces which
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Figure 1.1 A dendritic polyglycerol monolayer. Adapted with
permission from Ref. [48]; © 2008, American Chemical
Society.

have been used for decades as low-protein-binding substrates [50]. Self-assembled
monothiol-terminated hyperbranched polyglycerols on gold surfaces have shown
a better resistance to the adsorption of BSA and immunoglobulin adsorption than
the SAMs of linear PEG thiols [48]. Dendritic or hyperbranched hydrophilic poly-
mers will result in a highly hydrated surface, which is an important characteristic
of most antibiofouling surfaces; however, similar hyperbranched polyglycerols
have shown a lower resistance to bacterial adhesion than linear PEG molecules
[51]. The combined effects of steric repulsion, which is expected to be higher for
linear architectures because of higher polymer flexibility, and the packing density
of hydrophilic groups, which will be higher for dendritic architectures; this plays
a critical role in determining the protein and cell repellency of the dendritic coat-
ings. In contrast, Jiang and coworkers have argued that conformational flexibility
is not required for protein resistance, and that only hydration played a dominant
role in surface resistance to nonspecific protein adsorption [52]. Thus, the role of
steric repulsion and polymer conformation on resistance to protein adsorption
requires further investigation.

1.2.1.4 Multilayer Thin Films

Polyelectrolyte multilayer (PEM) thin films have been widely explored as func-
tional coatings in biomedical engineering, particularly in tissue engineering and
gene/drug delivery. These coatings are, however, less protein-resistant than
uncharged hydrophilic coatings such as PEG, or zwitterionic coatings such as
those containing phosphorylcholine groups [53]. The interactions of proteins with
PEMs have been characterized using human serum albumin and poly(sodium
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4-styrenesulfonate) (PSS)/poly(allyl amine hydrochloride) (PAH) [(PSS/PAH),]
multilayer thin films [54]. The protein adsorbed onto the multilayer coatings,
regardless of whether PAH or PSS was the terminal layer. On PSS-ending multi-
layers, the human serum albumin adsorption was limited to a dense monolayer,
whereas on PAH-ending multilayers protein films with thicknesses exceeding
several-fold the native protein dimension could be formed. Protein interaction
with PEMs was found to be electrostatic in origin. PEM coatings with balanced
charges have shown resistance to protein adsorption. By controlling the amounts
of the cationic poly(2-aminoethyl methacrylate hydrochloride) and anionic poly(2-
carboxyethyl acrylate), the net charge (as estimated by direct force measurements)
of the PEM thin film could be minimized; this minimum in net charge corre-
sponded to a minimum in protein adsorption on the polyelectrolyte blends [55].

In order to make (PAH/PSS), multilayer films resistant to protein adsorption,
PEM coatings terminated with the anionic PSS polymer were additionally coated
with a terminal layer of poly(L-lysine)-grafi-poly(ethylene glycol) (PLL-g-PEG) [56].
The PEG grafts imparted protein resistance to the polyelectrolyte coatings. Protein
adsorption from full serum on the PEGylated surfaces of (PAH/PSS),(PLL-g-PEG)
multilayers (n = 1-4) was three orders of magnitude lower in comparison to (PAH/
PSS), surfaces that did not contain the PEG grafts. The layer-by-layer (LBL) assem-
bly of multiarm PEG with reactive vinylsulfone end groups and dithiothreitol
(DTT) was found to be resistant to protein adsorption and cell adhesion [57]. The
vinylsulfone end groups of PEG reacted with thiol groups on DTT through a
Michael-type reaction, producing a thin, crosslinked PEG coating. The resistance
to cell adhesion then increased with an increase in the number of layers in the
coating. For the same number of layers, multilayers prepared with eight-arm PEG
molecules were more resistant to cell adhesion than multilayers containing four-
arm PEG. An RGD-containing peptide, acety-GCGYGRGDSPG-NH,, could be
covalently immobilized on the surface, through reaction between the vinylsulfone
end groups of PEG and the cysteine residue in the peptide, to enhance cell attach-
ment by binding cell-surface receptors of the integrin family.

Polyelectrolytes bearing zwitterionic groups have been used in PEM coatings to
impart resistance to protein adsorption [58, 59]. The polyelectrolytes shown in
Figure 1.2 were obtained by modification of poly(L-glutamic acid) (PGA),
poly(acrylic acid) (PAA), and poly(L-lysine) (PLL) [58]. An earlier study had
also reported that fibronectin was adsorbed onto poly(allylamine hydrochloride)-
terminated and Nafion™-terminated polyelectrolyte multilayer coatings, but
fibronectin adsorption was low on multilayers terminated with a poly(acrylic acid-
co-3-[2-(acrylamido)-ethyl dimethylammonio]propane sulfonate) copolymer that
contained the zwitterionic sulfobetaine monomer [60].

1.2.2
Antithrombogenic Coatings

1.2.2.1 Surface Chemistry and Blood Compatibility
The blood compatibility of coatings is strongly influenced by chemical groups
present at its surface. Sperling et al. found that leukocytes did not adsorb onto a
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Figure 1.2 Polyelectrolytes bearing zwitterionic moieties.

Adapted with permission from Ref. [58]; © 2009 Wiley-VCH
Verlag.

—CHj;-terminated alkanethiol SAM, but their adhesion was greatly enhanced on
surfaces with —OH groups [61]. The opposite was detected for the adhesion of
platelets. A strong correlation between the activation of the complement system
and the adhesion of leukocytes with the content of —-OH groups was observed.
Complement activation was also scaled with the amount of ~-COOH groups at the
surface. Rodrigues et al. showed that fibrinogen adsorption decreased linearly with
an increase of —~OH groups on a SAM surface [62]. Platelet adhesion and activation
were also seen to decrease with an increase of surface hydrophilicity. The adsorp-
tion of plasma albumin onto the surfaces passivated the surfaces and lowered
platelet adhesion.

1.2.2.2 Membrane-Mimetic Thin Films

Chung et al. screened SAMs of different phospholipids molecules, on gold,
for fibrinogen adsorption and platelet adhesion [63]. It was found that, of
the bromoethylphosphorate-, phosphorylcholine-, phosphorylethanolamine-, and
hydroxyl-terminated SAMs, the phosphorylcholine-terminated SAMs showed the
best antifouling properties. Carboxybetaine-based SAMs and polymers showed not
only a very low fibrinogen adsorption but also a very low platelet adhesion. More-
over, the poly(carboxybetaine methacrylate) polymer also exhibited anticoagulant
activity and increased the clotting time of blood, which made it a promising can-
didate for coating blood-contacting devices and implants [64, 65]. Ito and cowork-
ers have developed a new type of copolymer coating composed of L-histidine, a
zwitterion, and n-butyl methacrylate, a hydrophobic moiety [66]. Polystyrene sur-
faces coated with the copolymer were found to have a significantly low nonspecific
adsorption of proteins and adhesion of cells in comparison with BSA-passivated
surfaces.
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1.2.2.3 Heparin-Mimetic Thin Films

Heparin is a highly-sulfated, anionic, polysaccharide (5-25kDa) (cf. Figure 1.12)
that can bind to the blood protein antithrombin through ionic interactions, and
result in a several-fold acceleration of the rate at which antithrombin inactivates
clotting factors such as thrombin. The enzyme thrombin plays a key role in the
coagulation cascade by cleaving fibrinogen to produce fibrin monomers; thrombin
also increases platelet—platelet adhesion and stimulates platelet activation and
degranulation. Hence, the inactivation of thrombin (by heparin-bound anti-
thrombin) will inhibit blood coagulation. Surface-tethered heparin is also known
to suppress platelet adhesion, complement activation and protein adsorption [67].
Ayres et al. found that polymer brushes containing sulfated carbohydrate repeat
units, which resembled surface-tethered heparin, resulted in significantly longer
plasma recalcification clotting times than with nonsulfated polysugar polymer
brush surfaces used as a control [67]. The sulfated brushes also reduced the pro-
duction of complement factor products C3a, C4a, and C5a, in comparison to the
control surfaces. Other polysaccharide-based glycocalyx-mimicking polymer coat-
ings that reduce platelet adhesion and improve blood compatibility have also been
described [68, 69].

1.2.2.4 Clot-Lyzing Thin Films

The PEGylation of poly(dimethyl siloxane) (PDMS) surfaces conferred resistance
to nonspecific protein adsorption. Moreover, the incorporation of free e-amino
groups on the surface, by using PEG-lysine conjugates, rendered the surface
capable of dissolving fibrin clots because of adsorption of the fibrinolytic protein,
plasminogen, from blood plasma [70]. Similar studies in the past had shown that
polyurethane surfaces coated with a lysine-derivatized acrylamide polymer dis-
solved fibrin clots by a ready conversion of the adsorbed plasminogen to plasmin
in the presence of tissue-plasminogen activator (TPA) [71]. The design of these
lysine-based anticlotting coatings is based on the fact that surfaces incorporating
a high density of lysine residues, in which the e-amino groups are free, are
capable of selective adsorption of plasminogen from blood plasma (up to a
level of 1.2 pgem™, corresponding to a compact monolayer of plasminogen), and
virtually no other proteins [72]. In contrast, control surfaces that contained
either no lysine, or lysine in which the e-amino group was not available, adsorbed
only very small amounts of plasminogen, and were unable to prevent clot
formation.

Nanocomposite fibrinolytic coatings were obtained by tethering proteolytic
enzymes to the surfaces of carbon nanotubes (CNTs), which were then dispersed
in poly(methyl methacrylate) (PMMA) [73]. Enzymes, such as serine protease
subtilisin Carlsberg (SC) and trypsin, were loaded onto the CNTs by physisorption.
The extent of nonspecific protein adsorption on these biocatalytic films was 95%
lower compared to the enzyme-free film. The incorporation of a fibrinolytic
enzyme into the coating resulted in a lowering of fibrinogen fouling by 92%.
Clot-lyzing coatings such as these could potentially prevent thrombosis in stents
and other blood-contacting implants [74].
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Local nitric oxide (NO) release from polymeric surfaces can potently inhibit
platelet adhesion and activation, making the surface resistant to clot formation [75,
76]. A low-leaching, NO-generating PEM thin film comprising sodium alginate
(ALG) and organoselenium-modified polyethyleneimine was prepared by LBL
assembly [77]. The thin films were deposited on biomedical-grade polymer sub-
strates (such as silicone rubber tubings and polyurethane catheters), and produced
NO even after prolonged contact with sheep whole blood. The multilayers allowed
endogenous S-nitrothiols such as S-nitrosoglutathione (GSNO) and thiol-reducing
agents such as glutathione (GSH), to diffuse through the polymer matrix and reach
the organoselenium sites, where the catalytic decomposition of GSNO to NO
occurred. The LBL coatings showed a very low catalyst leaching.

1.2.2.5 Polyelectrolyte Multilayer Thin Films

There is an increasing interest in preparing antithrombogenic polymer thin
films using the LBL assembly technique [78-90]. When PEM coatings of chi-
tosan and dextran sulfate (DS) were prepared on poly(tetramethylene adipate-co-
terephthalate) membranes [91], it was found that coatings with dextran sulfate
as the outermost layer could resist platelet adhesion and human plasma fibrino-
gen adsorption. A LBL assembly approach has also been used for the in vivo
repair of damaged blood vessels by forming a multilayer coating of anionic
hyaluronic acid (HA) and cationic chitosan on the arterial walls [92]. Chitosan,
with its excellent bioadhesive properties on negatively charged surfaces (such as
those presented by the damaged arterial lumen), was deposited as the first layer
to ensure a strong adhesion of the coating. The growth of blood clot on damaged
arterial surfaces was significantly inhibited by the (CS/HA), multilayers (87%
reduction in platelet adhesion). The incorporation of L-arginine (which is known
to inhibit monocyte and platelet adhesion) into the multilayer resulted in a
91% reduction in platelet adhesion compared to the unprotected damaged
arteries.

1.2.2.6 Polyurethane Coatings

Novel polyurethane coatings that incorporated hyaluronic acid as a chain extender
during polyurethane synthesis have been reported [93]. The surface hydrophilicity
was increased with an increase in hyaluronic acid content. Ultimately, a 20-fold
decrease in platelet adhesion was identified due to the inclusion of hyaluronic acid,
when compared to polyurethane that did not contain the polysaccharide. The
polyurethane-hyaluronic acid coatings were cytocompatible and supported
endothelial cell adhesion and viability. The surfaces of the poly(ester urethane)
guiding catheters were dip-coated with an amphiphilic conjugate of stearyl
poly(ethylene oxide) (SPEO) with 4,4"-methylene diphenyl diisocyanate [94]. In
order to improve adhesion of the SPEO—diisocyanate surface-modifying additive
to the poly(ester urethane) substrate, a “film-building additive” was used in addi-
tion to the SPEO—diisocyanate conjugate, while preparing the coating formulation.
The film-building additive was a poly(ether urethane), Pellethane® 2363-80AE
(Dow Chemical Co.), a polytetramethylene glycol-based polyurethane elastomer.
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The resultant coated surfaces resisted blood clotting much more effectively than
did the uncoated polyurethane.

1.2.2.7 Vapor-Deposited Thin Films

Chemical vapor deposition (CVD) represents another attractive technique for pre-
paring polymer thin film coatings for biomedical applications. Polymer coatings
of various [2.2] paracyclophane (PCP) derivatives were codeposited in controlled
ratios by CVD, and the multifunctional coatings evaluated for their biocompatibil-
ity and antithrombotic properties [95]. The functionalized PCPs were polymerized
into poly(p-xylylenes) during the deposition process.

1.2.3
Antimicrobial Coatings

Of the three million cases of central venous catheter insertions per year in the
USA, 30% result in infection-related mortality. This occurs because pathogens
(e.g., bacteria) are inadvertently transferred from the skin or air into the wound
site during the surgical insertion of implants. Bacterial infection also represents
a serious complication in the case of orthopedic implants. When dealing with an
infected fibrous capsule (through which antibiotics cannot easily penetrate), or
with infections resulting from antibiotic-resistant bacterial strains, surgical
removal of the implanted biomaterial very often becomes necessary. It follows that
biomedical coatings that could resist bacterial adhesion and colonization would
help to prevent implant-associated bacterial infections.

1.2.3.1 Cationic Polymers

Many bactericidal coatings are based on the membrane-disrupting activity of qua-
ternary ammonium, phosphonium, or pyridinium groups [96-98]. Klibanov and
coworkers found that surface-tethered poly(4-vinyl-N-hexyl pyridinium bromide)
chains were highly effective against Gram-positive bacteria such as Staphylococcus
aureus and Staphylococcus epidermis, as well as the Gram-negative bacteria Pseu-
domonas aeruginosa and Escherichia coli [99]. The antibacterial activity was found
to depend on the molecular weight of the tethered polymer chains; thus, it was
proposed that only sufficiently long and flexible chains would be able to penetrate
the bacterial cell walls and disrupt the cell membrane. In contrast, Isquith et al.
reported that even monolayers of 3-(trimethoxysilyl)-propyldimethyloctadecyl
ammonium chloride exhibited antibacterial activity while chemically bonded to a
variety of surfaces [100]. The antibacterial activity of these coatings was due to the
presence of the surface-bonded molecules, and not to the slow release of mem-
brane-disrupting molecules from the surface. By using spray-coated coatings of
quaternized polystyrene-block-poly(4-vinylpyridine) block copolymers, the molecu-
lar weight was found not to be a limiting factor of antibacterial activity [101], as
even a polymer with a relatively low-molecular-weight pyridinium block showed a
high bactericidal activity. Similar results were obtained in recent studies involving
poly(butylmethacrylate-co-Boc-aminoethyl methacrylate) polymer brushes of con-
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trolled layer thicknesses and grafting density [102]. Here, the bactericidal efficiency
of these surfaces was shown to be independent of the polymer layer thickness,
within the range of surfaces studied.

The surface concentration of pyridinium groups is critical in determining bac-
tericidal efficiency [101, 103]. Antibacterial activity was higher when the surface
concentration of the quaternary nitrogen [characterized using X-ray photoelectron
spectroscopy (XPS) and near edge X-ray absorption fine structure (NEXAFS)] was
higher [101]. The bactericidal effect was also higher when a semifluorinated alkyl
bromide, F(CF,)s(CH,)¢Br, was used for quaternization along with n-hexyl bromide.
The fluorinated side chains increased the surface concentration of the high-surface
energy pyridinium rings, and this resulted in an enhanced antibacterial activity.
Hydrophobic interactions of the highly nonpolar fluoroalkyl groups with the
bacterial cell membrane may also have contributed to the antibacterial effect. The
extensive literature on antibacterial polymers and coatings based on cationic poly-
mers is discussed elsewhere [101]. Polymeric surface modifiers (PSMs) with soft
blocks comprising semifluorinated (-CH,OCH,CF;) and 5,5-dimethylhydantoin
or alkyl ammonium side groups were found to have good biocidal properties
[104-106]. The near-surface amide groups of the hydantoin side groups were
converted to antibacterial chloramide groups using hypochlorite. The surfaces of
conventional polyurethane (isophorone diisocyante/1,4-butanediol-derived hard
block and poly(tetramethylene oxide) soft block) blended with PSM were resistant
to both, Gram-positive S.aureus and Gram-negative P.aeruginosa and E.coli.
Indeed, only 1.6wt% of the PSM was found to be sufficient to completely kill
P.aeruginosa within a 15min period. Polyurethane coatings have also been
rendered antibacterial by a UV-induced surface-initiated polymerization of
4-vinylpyridine from the polyurethane surface [107].

Hydrophobic fluoroalkyl groups enhanced the bactericidal activity of pyridinium
and ammonium polymer coatings [101, 104]. Interestingly, the incorporation of a
hydrophilic comonomer such as poly(ethylene glycol)-methyl ether methacrylate
or hydroxyethyl methacrylate was also found to increase the antibacterial activity
of 4-vinyl-N-hexyl pyridinium coatings [108].

1.2.3.2 Nanocomposite Polymer Thin Films Incorporating Inorganic Biocides

The antibacterial activity of silver has been used to prepare bactericidal thin films
for biomedical surfaces. Hybrids of silver particles with highly branched amphiphil-
ically modified polyethyleneimines (PEIs) were found to be bactericidal [109].
Liposomes loaded with silver ions were embedded in poly(L-lysine)/hyaluronic
acid multilayer thin films. The controlled release of encapsulated AgNO; from the
coating resulted in a 4-log reduction in the number of viable E. coli cells in contact
with the coating [110]. Rubner and coworkers prepared antibacterial coatings based
on hydrogen-bonded multilayers containing in situ-synthesized silver nanoparti-
cles, and found these coatings to be efficient against both Gram-positive and
Gram-negative bacteria [111]. The same authors also reported a dual-function
antibacterial coating with both quaternary ammonium salts and silver [112]. The
coatings were prepared by a LBL assembly of poly(allylamine hydrochloride) and
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poly(acrylic acid); the polymer layers were then coated with silica nanoparticles
that were later functionalized with quaternary ammonium silane. The silver nano-
particles were created in situ in the polymer layer.

Antibacterial surfaces with a wide range of surface wettability (water contact
angles of 30-140°) have been prepared using hydrolytically stable N-alkylmethox-
ysilane pyridinium polymers [113]. Antibacterial agents such as silver bromide
nanoparticles and triiodide ions were also incorporated into these coatings. An
electrochemical deposition technique was used to prepare thin films of silver/
polymer nanocomposites on stainless steel surfaces; here, the polymer matrix con-
sisted of an inert poly(ethyl acrylate), a macroinitiator of controlled radical polym-
erization poly(2-phenyl-2-(2,2,6,6-tetramethylpiperidin-1-yloxy)ethyl acrylate), or
poly(8-quinolinylacrylate) (P8QA) that has broad antibacterial activity and compl-
exation ability toward metal ions [114]. The silver-containing, electro-grafted, acrylic
polymer films showed significant bactericidal activity against S. aureus, with the
P8QA-based coatings showing the highest antibacterial activity. Antibacterial coat-
ings were also prepared on stainless steel substrates by first depositing an adhesion-
promoter layer of hexamethyldisiloxane using a low-pressure plasma technique,
followed by the plasma-deposition of ethylene diamine polymer [115]. The PEI
coatings were quaternized with alkyl halides to impart antibacterial activity.

The two naturally occurring polymers, alginate and gelatin, have each been used
to prepare antibacterial, biodegradable polymer coatings [116]. These coatings
were loaded with silver nanoparticles to impart antibacterial activity. Moreover, the
pH-responsive swelling/shrinking behavior, resulting from the alginate carboxylic
acid groups, could potentially be used for the controlled storage and release of
biomolecules. Surface immobilization with bioactive proteins was also shown to
be possible. The catechol-functionalized polyelectrolytes were found to form stable
LBL assemblies on a variety of substrates, such as poly(tetrafluoroethylene) (PTFE),
polyethylene, poly(ethylene terephthalate), and polycarbonate [117]. The catechol
groups were used to bind the polyelectrolytes to the substrate, and also for the in
situ deposition of silver nanoparticles, imparting an antibacterial activity to the
multilayer film.

PDMS substrates have been coated with titanium dioxide thin films by liquid-
phase deposition, from water, under near-ambient conditions [118]. Such coatings
reduced the adhesion of both Gram-positive and Gram-negative bacteria. More-
over, the bacterial adhesion was further reduced if the TiO, over-layer was irradi-
ated with UV light before introduction of the bacteria. Antibacterial coatings have
also been prepared using chitosan/heparin multilayer thin films that consisted of
embedded TiO, or silver nanoparticles [119].

1.2.3.3 Antibiotic-Conjugated Polymer Thin Films

Atom transfer radical polymerization (ATRP) was used to grow poly(2-hydroxy-
ethyl methacrylate) polymer brushes on titanium surfaces. For this, the pendent
hydroxyl groups were converted into carboxyl or amine groups, which were used
to covalently immobilize antibiotics such as gentamicin and penicillin. These
coatings showed a significant decrease in the viability of S. aureus [120]. Surfaces
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of PTFE grafted with penicillin also showed antibacterial activity [121].
Poly(dimethylaminomethyl styrene), which is cationic by virtue of protonation,
was coated onto substrates using an initiated chemical vapor deposition (iCVD)
method, and found to be very effective against Gram-negative E. coli and Gram-
positive B. subtilis [122]. Other biocompatible coatings and antimicrobial coatings
have also been prepared using iCVD (for a review, see Ref. [123]).

1.2.3.4 Biomimetic Antibacterial Coatings

Facially amphiphilic polymers that mimic the physico-chemical properties of
natural host defense peptides have been found to have excellent antibacterial activ-
ity coupled with selectivity, which in turn makes them promising candidates for
imparting antibacterial activity to biomedical surfaces [124]. Etienne et al. prepared
antifungal coatings by embedding the antifungal peptide chromofungin into PEM
thin films [125]. Despite being embedded in the film, the chromofungin was able
interact with the membrane of the fungi and demonstrate antimicrobial activity.
The antifungal coatings did not exhibit any cytotoxicity towards eukaryotic cells
(e.g., human gingival fibroblast cells). The antibacterial peptide, defensin, was also
embedded in PEM films to impart bactericidal activity to the coatings [126]. In this
way, copolymer brushes of 2-(2-methoxyethoxy)ethyl methacrylate and hydroxyl-
terminated oligo(ethylene glycol) methacrylate were grafted with the natural anti-
bacterial peptide, magainin I, and found to be effective against different strains of
Gram-positive bacteria [127].

1.2.3.5 Thin Films Resistant to the Adhesion of Viable Bacteria

Nonbiocidal coatings have also been investigated for their ability to resist bacterial
colonization. Coatings of “surfactant polymers” with a structure consisting of a
poly(vinyl amine) backbone and hydrophilic PEG and hydrophobic n-hexyl grafts,
were successful in suppressing bacterial adhesion on biomaterial surfaces [128].
The PEG packing density and hydration thickness were found to be critical in
determining the ability of the coating to shield the surface against bacterial interac-
tions. PEMs prepared using poly(L-lysine) and poly(L-glutamic acid)-grafi-
poly(ethylene glycol) were similarly found to drastically reduce both protein
adsorption and bacterial adhesion [129].

Poly(L-lysine)-grafi-poly(ethylene glycol) polymers, functionalized with biolig-
ands such as RGD, were adsorbed from aqueous solutions onto negatively charged
metal oxide surfaces, reducing protein adsorption as well as the adhesion of S.
aureus, S. epidermidis, S. mutans, and P. aeruginosa to titanium surfaces [130]. The
RGD-functionalized thin films selectively allowed cells such as fibroblasts to
attach, which makes them useful as coatings for biomedical implants that can
mediate the adhesion of host cells to the implant surface, but do not allow bacterial
colonization. Zwitterionic poly(sulfobetaine methacrylate) polymer brushes
resulted in a more than 90% reduction in the adhesion of viable bacterial cells
relative to glass controls [131].

SAMs presenting methyl, L-gulonamide (a sugar alcohol tethered with an amide
bond), and triethylene glycol were tested for resistance to E. coli biofilm formation
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[132]. The triethylene glycol-terminated SAM was the most resistant. PEM coatings
on glass, prepared using chitosan and hyaluronic acid, lowered the attachment
density of E. coli by approximately 80% if the films were sufficiently thick (~300nm)
and hydrated (with low rigidity) [133]. The attachment density did not depend on
the terminal layer, and was similar on both (CS/HA),, and (CS/HA),,CS films.
However, if the LBL assembly was performed at a lower ionic strength (0.01 M
NaCl instead of 0.15M NaCl), then thinner coatings were obtained (~120nm
for a (CS/HA),, multilayer film), the surfaces were more rigid, and the bacterial
adhesion was greater.

Lichter et al. prepared PEM thin films comprised of poly(allylamine hydrochlo-
ride) and poly(acrylic acid), with dry a thickness of about 50nm, and found that
the adhesion of viable S. epidermis, a Gram-positive bacterium, correlated positively
with the stiffness of the polymeric substrates [134]. The elastic moduli of the
hydrated films was controlled using the pH-modulation of the extent of ionic
crosslinking in the thin films, and ranged over two orders of magnitude (from 0.8
to 80.4 MPa). The colony density was lowest on the most compliant films, with
E ~ 0.8 MPa; similar trends were observed for Gram-negative E.coli. Thus, the
mechanical stiffness of biomedical coatings could play an important role in regu-
lating the adhesion and subsequent colonization of viable bacteria.

UV-induced grafting/polymerization of poly(N-vinyl-2-pyrrolidone) onto
poly(ethylene terephthalate) (PET) surfaces, in an aqueous medium, prevented
colonization of the surface by S.aureus [135]. The covalent immobilization of silk
sericin on poly(methacrylic acid)-functionalized titanium surfaces was found to
significantly reduce the adhesion of S. aureus and S. epidermis, while promoting the
adhesion, proliferation, and alkaline phosphatase activity of osteoblasts [136]. The
hydrophilic poly(methacrylic acid) lowered bacterial adhesion, while the silk
sericin protein enhanced osteoblast attachment and proliferation. Such thin film
coatings on titanium surfaces could potentially be used to prevent the bacterial
infection of bone implants, while promoting osseointegration.

Puskas et al. reviewed the biomedical applications of polyisobutylene-based
biomaterials [137]. The arborescent (randomly branched, tree-like) polyisobuty-
lene-polystyrene block copolymers (PIB-PS) surfaces showed a greatly reduced
attachment of a common uropathogenic species, E.coli 67, compared to medical-
grade silicone rubber (SIL-K™). The relatively hydrophobic PIB-PS surfaces
resulted in a strong binding of the adsorbed proteins; hence, when the surfaces
of both PIB-PS and SIL-K™ were coated with a 29kDa neutrophil protein, p29,
further significant reductions in uropathogen attachment were observed (approxi-
mately 90% on PIB-PS and 60% on SIL-K™).

1.3
Coatings for Tissue Engineering Substrates

Polymers such as polystyrene (e.g., TCPS substrates) and PDMS [138] have
frequently been used as substrates for cell culture and tissue engineering
applications. A variety of thin-film coating strategies have been developed to
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impart biocompatibility and biofunctionality to these substrates. The different
techniques available for the immobilization of bioactive molecules onto surfaces
have been reviewed by Goddard et al. [139]. Here, we will highlight polymeric thin
films that have been used to control protein adsorption and cell adhesion onto
tissue engineering substrates.

1.3.1
PEGylated Thin Films

Poly(ethylene glycol) is used extensively in biomedical surface modification. In a
review, Krsko and Libera have discussed strategies for controlling the interaction
of cells and proteins with PEG-based coatings [140]. The different methods for
attaching PEG molecules to a surface include:

¢ The use of SAMs of short oligomers.

e The adsorption of triblock copolymers such as poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide), known as Pluronic™.

e Surface-grafted PEGylated brushes.

e Thin-film hydrogels obtained by chemical crosslinking techniques that include
irradiation with ionizing radiation, such as high-energy electron-beam or
gamma rays.

Mrksich and coworkers have reported a strategy for the controlled, irreversible
immobilization of adhesion proteins on biologically inert surfaces of PEG-termi-
nated SAMs [141].

Low-friction surfaces for biomedical applications were obtained by functional-
izing PDMS surfaces with PEG-DOPA-lysine conjugates [142]. The DOPA (L-3,4-
dihydroxyl-L-phenylalanine) and lysine peptide mimics of mussel adhesive proteins
resulted in a strong attachment of the PEGylated thin films to PDMS. The result-
ant surfaces had an extremely low friction coefficient (~0.03) compared to bare
PDMS (~0.98), although a lowering of the friction coefficient occurred only
when DOPA was bound to lysine. Modification with PEG-DOPA did not have any
effect on the friction coefficient. Rather, lysine played a critical role in lowering
the friction coefficient.

1.3.2
Zwitterionic Thin Films

Poly(carboxybetaine methacrylate) homopolymer brushes (of 10-15nm thick-
ness) were prepared using surface-initiated ATRP [143]. The zwitterionic
nature of the thin-film resulted in a well-hydrated surface, and prevented any
nonspecific adsorption of fibrinogen, lysozyme and human chorionic gonadotro-
pin proteins. The carboxylic acid side groups were also used to selectively immo-
bilize fibronectin, after which the surfaces showed a good adhesion and spreading
of aortic endothelial cells. These dual-function polymer brushes could potentially

15
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be used as coatings for tissue engineering substrates and biosensors. The effects
of incorporating cationic charges into zwitterionic polymers (based on phospho-
rylcholine; PC) on biocompatibility, specific cell-surface interactions and cytotoxic-
ity have also been studied [144]. The cationic comonomer, choline methacrylate
(CMA), was used to introduce cationic groups into the zwitterionic polymer. While
phosphorylcholine [Me;N-CH,~CH,-O-P(=0)(O")OH] is a zwitterion, with no
net charge, choline [Me;N-CH,—CH,-OH] is cationically charged. In general,
although protein- and cell-repellant surfaces are necessary for biocompatibility, the
ability to promote cell adhesion and growth is important in the surface modifica-
tion of biomaterials such as vascular grafts. The cationic surfaces promoted both
cell adhesion and growth; indeed, the presence of a cationic charge in the PC-based
coatings led to a significant increase in the adsorption of different proteins, as well
as in the adhesion of fibroblasts, epithelial cells, granulocytes, and mononuclear
cells. The surfaces remained noncytotoxic up to 30mol% of the cationic moiety.
The coating stability in PBS, however, was greatly reduced when the CMA content
exceeded 15mol%, evidently because of an interaction of the ions in PBS with the
cationic groups in the coating.

133
Thin Films of Hyperbranched Polymers

Fluoropolymer surfaces have been functionalized with thin films of a hyper-
branched glycopolymer for biocompatibility. The glycopolymer was prepared
by the atom transfer radical copolymerization of 2-(2-bromopropionyloxy)ethyl
acrylate inimer (initiator + monomer) and a sugar-carrying acrylate, 3-O-acryloyl-
1,2:5,6-di-O-isopropylidene-o-D-glucofuranoside, and was grafted onto the fluoro-
carbon substrate using low-pressure argon plasma [145]. The hyperbranched
glycopolymer thin films were found to promote fibronectin adsorption and
human umbilical vein endothelial cell (HUVEC) adhesion, which would make
them useful as coatings for tissue engineering substrates. Spin-coated thin films
of sorbitol-containing polyesters, which were synthesized via a one-pot, lipase-
catalyzed condensation polymerization, were found to elicit fibroblast 3T3
cell behavior similar to that of a biocompatible poly(e-caprolactone) control [146].
The polymer could be functionalized with biological molecules such as oligopep-
tides or oligosaccharides by attachment to the hydroxyl groups of sorbitol.
Moreover, the lipase-catalyzed polymerization avoided the use of potentially
toxic catalysts.

The adhesion and proliferation of human corneal epithelial cells (HCECs) on
thin film coatings of hydroxyl-terminated aliphatic polyester dendrons were com-
pared to the interaction of these cells with hydroxyl-terminated PEG SAMs on gold
[147]. Whilst little or no HCEC adhesion was observed on the PEG SAMs, the
HCEC proliferation was increased exponentially on the dendronized surfaces. The
attachment density increased in line with an increase of the generation number
of the dendrimer. When the peripheral hydroxyl groups of the dendronized sur-
faces were further reacted with methoxy-terminated PEG chains, HCEC adhesion
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was significantly reduced. Two facts became evident from this study. First, the
surface hydrophilicity alone does not confer cell repellency to a surface. The
hydroxyl-terminated PEG SAMs and hydroxyl-terminated dendrimers were both
hydrophilic and hydrated, but the latter was cell-adhesive and the former cell-
repellant. Second, the dendronized surfaces induced the adsorption of adhesive
proteins (e.g., fibronectin) that are secreted by the cells, and thus promoted cell
adhesion. When the peripheral hydroxyl groups of the dendrimers were PEGylated,
however, the cell density was even lower than that of the PEG SAMs. Conse-
quently, the high density of PEG groups at the surface caused the surface to
become repulsive to both proteins and cells.

134
Polyurethane Coatings

By using combinations of five different polyols, six different isocyanates, and nine
different chain extenders, a library of 120 polyurethanes has been synthesized and
evaluated for cell adhesion, using microarray-based assays [148-150]. The poly-
urethanes which showed the highest number of adhered primary renal tubular
epithelial cells contained 4,4’-methylenebis(phenylisocyante) (MDI) as the diisocy-
anate, and poly(tetramethylene glycol) (PTMG) as the diol [148]. Clearly, such
polymer chemistry will influence factors such as surface wettability, surface rough-
ness, and coating modulus, all of which will in turn affect cell adhesion. Similarly,
those polyurethanes that successfully bound immature bone marrow dendritic
cells also contained MDI as the diisocyanate, PTMG (250 or 1000 Da) as the diol,
and either propyleneglycol, 1,4-butanediol, or no chain extender [149]. The immo-
bilization of dendritic cells, which play a key role in the initiation of immune
response by acting as antigen-presenting cells, is important in the development
of vaccines, particularly those against tumors. It is important to identify efficient
substrates for the immobilization of these cells in their immature state, as matura-
tion can affect their ability to capture antigens by phagocytosis. The polyurethane
coatings were also screened for applications such as human skeletal progenitor
cell isolation and surface modification of tissue engineering scaffolds aimed at
enhancing skeletal cell growth and differentiation. Among 120 polyurethanes
analyzed in the present study for their ability to bind to skeletal progenitor cells
from human bone marrow, only four exhibited high binding affinities for STRO-
1+ cells from human bone marrow. Each of these high-affinity polyurethanes was
hydrophilic (6, ~ 30°), contained PEG (2000 or 900 Da) as the polyol, contained
either MDI or 1,4-phenylene diisocyanate (PDI) as the diisocyanate, and either
1,4-butanediol or no chain extender. Alperin et al. used solvent-cast thin films of
a biodegradable polyurethane to prepare cardiac grafts for heart tissue regenera-
tion [151]. In myocardial infarction, a macroscopic area of the heart muscle tissue
is damaged due to an inadequate supply of blood. As cardiomyocytes are terminally
differentiated cells, they are unable to regenerate heart tissue after infarction.
Hence, embryonic stem cell-derived cardiomyocytes were seeded onto poly-
urethane films, and coated with ECM proteins such as laminin or collagen type
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IV to promote cell adhesion; the result was an elastomeric film that could respond
to contractile forces produced by the cultured cardiomyocytes.

1.3.5
Polysaccharide-Based Thin Films

The presence of specific biomolecules such as chitosan or O-carboxymethylchi-
tosan (OCMCS) at the surfaces of tissue-engineering substrates was found to be
as important as surface-wettability or charge in influencing cell-surface interac-
tions [152]. The surface-bound free radicals, which were generated by the treat-
ment of a PET surface with argon plasma, were used to grow poly(acrylic acid)
(PAA) brushes from the PET surface. Both, CS and OCMCS were covalently
immobilized on the PAA brush using a carbodiimide-mediated reaction of the acid
groups on the surface with amine groups of CS or OCMCS. The distinctly different
morphologies of smooth muscle cells on the CS and OCMCS surfaces were attrib-
uted to specific interactions of OCMCS with the cell membrane. The OCMCS-
modified surfaces were also found to be protein-repellant, with excellent
antithrombogenic properties.

By using an in vitro cell culture of human mesenchymal stem cells and in vivo
subcutaneous implantation into mice, it was found that covalently immobilized
collagen coatings clearly improved the cytocompatibility of stainless steel implants
[153]. The stainless steel surfaces were first coated with a 200 nm-thick tantalum
coating (using magnetron sputtering from a tantalum target in argon atmosphere),
followed by a 70nm-thick tantalum oxide coating (by introducing oxygen during
the sputtering process), to improve the corrosion resistance of stainless steel.
These tantalum oxide-modified stainless steel surfaces were functionalized with
aminopropyl triethoxy silane, and further activated by immersing the surfaces in
N,N'-disulfosuccinimidyl suberate. Collagen molecules were covalently tethered to
these activated surfaces, and chemically crosslinked using a carbodiimide chem-
istry. Such chemical crosslinking greatly improved the resistance against biodeg-
radation and mechanical stability of the bioactive coating. The collagenous layer
would also enhance cell adhesion and integration of the biomaterial with the
surrounding tissue.

1.3.6
Polyelectrolyte Multilayer Thin Films

Currently, there is an active interest in using multilayer polymer thin films for
tissue engineering, which is evident from the number of reports in this area;
comprehensive reviews on this topic are available, produced by the groups of
Schlenoft and Kotov [154, 155]. Hubbell and coworkers were among the first to
investigate the interaction of cells with LBL-assembled PEM thin films [156]. By
using human fibroblast cells, which are known to spread aggressively on most
surfaces when cultured in serum-containing medium (the medium would thus



1.3 Coatings for Tissue Engineering Substrates

contain proteins such as fibronectin to promote cell attachment), Hubbell’s group
showed that poly(L-lysine)/alginate multilayers could prevent the fibroblasts from
spreading. The LBL assemblies were shown to be stable in cell culture medium
for over 24h and to remain attached to the substrate under fluid flow, even at a
wall shear rate of 1000s™. Additional tissue engineering applications of PEM
assemblies were proposed by Ogier and coworkers, who investigated the cell
adherence, viability, phenotype expression and inflammatory response [via tumor
necrosis factor-o, (TNF-o) and interleukin (IL)-8 secretion] of human osteoblast-
like SaOS-2 cells and human periodontal ligament cells, on multilayer thin films
[157-159]. Except for PEI, which was cytotoxic, poly(sodium 4-styrenesulfonate),
poly(allylamine hydrochloride), poly(L-glutamic acid) and poly(L-lysine) were all
shown to be biocompatible, which suggested that multilayer coatings prepared
using these polyelectrolytes would be suitable for implant coatings. Subsequently,
Chluba et al. immobilized a peptide hormone, o-melanocortin, on (PGA/PLL),
multilayer assembly by covalently binding the hormone to PLL forming the outer
layer [160]. Chluba’s group showed the immobilized hormone to be as biologically
active as the free hormone. It follows that the covalent immobilization of growth
factors on biomaterial surfaces may have important tissue engineering applica-
tions [161-165].

Boura et al. investigated the possibility of using PEM thin films as coatings to
improve the biocompatibility of small-diameter vascular grafts. Specifically,
the group determined the ability of these coatings to support and maintain a
confluent layer of healthy HUVECs [166]. In these studies, the (PSS/PAH), and
poly(L-glutamic acid)/poly(D-lysine) (PGA/PDL), multilayers were shown to be
noncytotoxic, nor to alter the phenotype of the endothelial cells. The PEMs also
showed a higher initial cell attachment compared to polyelectrolyte monolayers.
Cell growth on these multilayer thin films was similar to that on TCPS. The (PSS/
PAH), multilayers showed excellent biocompatibility and a greater growth and
adhesion of HUVECs than did the (PGA/PDL), multilayers.

Mendelsohn et al. have reported the influence of processing conditions on the
cell-adhesive properties of (PAH/PAA), PEM thin films [167]. The degree of ioni-
zation of the polyelectrolytes (i.e., the relative number of NH; versus NH, groups
for PAH, pK, ~ 9, and the number of COO™ versus COOH groups for PAA, pK,
~5), as well as the crosslink density (i.e., the number of ionic bonds, COO™---NHj3)
was tuned using the deposition pH conditions. When PAH and PAA were both
deposited from solution at pH 6.5 (denoted as 6.5/6.5 PAH/PAA), both polymers
were fully charged molecules and formed thin, flat layers because of the high ionic
crosslink density (cf. Figure 1.3). The film swelled by only ~115% of its original
dry height in PBS. In the 7.5/3.5 PAH/PAA multilayers, both PAH and PAA were
partially ionized and adsorbed in loop-rich conformations, forming thick layers
with a high degree of internal charge pairing. The multilayers did not possess
well-blended surfaces, and the chemical groups of the last-deposited polymer
dominated the surface. In the 2.0/2.0 PAH/PAA multilayers, both the interior and
the surface of the film were enriched by PAA chains, irrespective of the outermost
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(a) (b) (c)
Figure 1.3 Schematics of the (a) 2.0/2.0, (b) 7.5/3.5, and
(c) 6.5/6.5 PAH/PAA [poly(allyl amine hydrochloride)/
poly(acrylic acid)] multilayer assemblies, shown with PAA as
the outermost layer. Reproduced with permission from Ref.
[167]; © 2003, American Chemical Society.

layer. The extent of ionic crosslinking was low because most of the PAA groups
existed in their uncharged, protonated COOH state. The film swelled by almost
400% of its original thickness.

The PEM thin films were investigated for their in vitro interactions with a highly
adhesive murine fibroblast cell line. Prior to seeding with the fibroblast cells,
which were suspended in normal serum-containing media, the coatings were
sterilized with 70% (v/v) ethanol (this sterilization did not affect the mechanical
integrity of the films). The 2.0/2.0 PAH/PAA films completely resisted attachment
of the NR6WT fibroblast cells, and were not cytotoxic; however, it was found that
at least 15 layers were required to create a surface that resisted cell attachment. In
contrast, cell attachment was observed on the TCPS control and the 6.5/6.5 and
7.5/3.5 PAH/PAA films. Interestingly, the 6.5/6.5 and 7.5/3.5 PAH/PAA multilay-
ers were always cell-adhesive, irrespective of whether PAH or PAA was the last
layer adsorbed; similarly, the 2.0/2.0 multilayers were always cell-resistant, irre-
spective of the last polyion deposited. Both, the cytophilic 7.5/3.5 and the cytopho-
bic 2.0/2.0 PAH/PAA films, readily adsorbed model proteins from a solution in
PBS (Figure 1.4). However, in comparison to an uncoated gold surface, the PEMs
showed a lower adsorption of the predominantly anionic protein fibrinogen. All
of the PEM coatings adsorbed the highly cationic lysozyme, regardless of their net
surface charge. Notably, the cell-resistant 2.0/2.0 PAH/PAA coatings adsorbed
more of each protein than did the 7.5/3.5 system. A similar study, on the influence
of the type of the outermost layer, the presence of proteins, and the number of
layers in the film on cell interactions, was reported earlier by Richert et al. [168].

Schneider et al. have proposed that (PLL/PGA), PEMs grafted with sugar mol-
ecules (e.g., mannose) could be used not only as nonviral vectors but also as cell-
adhesive substrates in tissue engineering [169]. PGA was selected as the terminal
layer in this study because it showed a higher cell viability compared to PLL. Spe-
cific interactions were identified of the primary chondrocytes with the glycated
thin films, because of which the cells adhered well to these films. On the other
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Figure 1.4 Surface plasmon resonance (SPR)-derived
adsorption data for lysozyme and fibrinogen on an uncoated
gold surface and on gold coated with 10 to 11 layers of the
cytophilic 7.5/3.5 or 14 to 15 layers of the cytophobic 2.0/2.0
PAH/PAA multilayer system. Reproduced with permission
from Ref. [167]; © 2003, American Chemical Society.

hand, chondrosarcoma cells did not grow well on the mannose-grafted film. More-
over, while cell adhesion was strongly influenced by the mannose, the effect of
lactose was much less obvious. The specific interaction of primary chondrocytes
with the surface was attributed to the large number of mannose receptor trans-
membrane proteins present at the cell surfaces. Such preferential adhesion of
primary cells to a biomaterial surface, when compared to that of tumor cells, would
be an important factor for improving the biocompatibility of implanted prostheses
following surgical ablation.

Wittmer et al. studied protein adsorption and HUVEC attachment on
fibronectin-terminated PEM thin films consisting of PLL and dextran sulfate [170].
It was observed that fibronectin, which enhanced cell adhesion, was adsorbed in
an irreversible manner and to a greater extent on the positively charged and less
hydrated PLL-terminated films, than on the DS-terminated films. The adsorbed
fibronectin subsequently promoted cell spreading. Moreover, positively charged
PLL-terminated films showed a greater degree of cell-spreading than with nega-
tively charged DS-terminated films. Fibronectin adsorption on the LBL assembly
resulted in a lower film hydration, a higher surface charge, and also enhanced cell
spreading on the thin film.

Menu and coworkers used PEM thin films of PSS and PAH to coat the
luminal side of cryopreserved human umbilical arteries, in order to promote re-
endothelialization, so that the coated arteries could be used as vascular grafts
[171]. The internal walls of the de-endothelialized arteries were coated with a
(PAH/PSS);PAH film by sequential injection of the PAH and PSS solutions,
with a 15min incubation period followed by a 15 min rinse period after each injec-
tion. The biomechanical properties of the LBL-coated umbilical arteries were
similar to those of fresh arteries. Notably, the PEM coating greatly promoted
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endothelialization of the coated surface via differentiation of endothelial progeni-
tor cells into mature endothelial cells. A confluent endothelial cell monolayer was
formed within two weeks, while previous fibronectin-coated surfaces required
about two months to achieve confluence [172].

Wittmer et al. determined the factors affecting the attachment and function of
hepatic cells on multilayer nanofilms formed by LBL assembly [173]. The group
also studied the role of chemical crosslinking after LBL assembly. Both, biopoly-
mers [e.g., chitosan and alginate (ALG)] and synthetic polymers (e.g., PAH and
PSS) were used to prepare the multilayer films. The types of polymer which com-
prised the multilayer film played an important role in the bioresponse. Although,
none of the pure polysaccharide films promoted attachment and growth of the
human hepatocellular carcinoma (HepG2) cells, one polysaccharide—polypeptide
multilayer, which was composed of PLL and ALG, promoted a strong attachment.
Whilst the overall film charge was found to be unimportant in influencing cell
behavior, the film terminal layer had a quite strong influence on hepatic cell attach-
ment and growth. Multilayers which terminated with the anionic PSS, in (PAH/
PSS), thin films, promoted HepG2 attachment and growth. Likewise, a cationic
terminal layer, in a PLL/ALG assembly, also resulted in confluent culture of the
HepG2 cells. Film rigidity, which was engineered by chemical crosslinking of the
layers, was found also to affect cell response; indeed, HepG2 attachment and
growth was significantly enhanced by chemical crosslinking (and therefore film
rigidity). The (PAH/PSS), films, crosslinked (PLL/ALG), films, and crosslinked
PLL/PGA films with a terminal PLL layer, were each identified as the most promis-
ing candidates for in vivo human liver tissue engineering applications.

Ren et al. observed that the initial adhesion and proliferation of skeletal muscle
cells (C2C12 cells), on 1pm-thick PEM films, and their differentiation into myo-
tubes, depended on the stiffness of the film [174]. The surface elastic moduli, E,
were measured using atomic force microscopy (AFM) nanoidentation experi-
ments, and were varied by varying the crosslink density of the films. Stiff films
(E > 320kPa) of crosslinked poly(L-lysine)/hyaluronic acid (PLL/HA) multilayers
promoted the formation of focal adhesions and enhanced proliferation, whereas
soft films were not favorable for cell anchoring, spreading, or proliferation. The
crosslinked (PLL/HA), films did not require specific protein or ligand precoating
to promote cell adhesion. In fact, the crosslinked films were very hydrophilic
(water contact angle, 6, < 10°), and showed a low adsorption (~100ngcm™) of
proteins from fetal bovine serum (FBS). Interestingly, the un-crosslinked PEM
films were moderately hydrophobic and showed a high adsorption of FBS proteins
(~2000ngcm™).

Sallolum et al. studied the effect of surface charge, film thickness, hydrophobic-
ity, and the presence of zwitterionic groups, on the adhesion and spreading of
vascular smooth muscle cells on different PEM coatings [175]. Polyelectrolytes
such as PAA, poly(methacrylic acid)-block-poly(ethylene oxide) (PMA-b-PEO), PSS,
a perfluorosulfonate ionomer (Nafion™), PAH, poly(diallyldimethylammonium
chloride) (PDADMA), poly(2-vinylpyridine)-block-poly(ethylene oxide) that was
86% quaternized with methyl iodide (PM2VP-b-PEO), and poly(4-vinylpyridine)
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that was 45% quaternized with 1H,1H,2 H,2 H-perfluorooctyl iodide (PFPVP), were
used. The fluorinated polyelectrolytes were found to promote cell adhesion. In
general, hydrophobic polyelectrolyte film surfaces, regardless of their formal
charge, were more cytophilic than hydrophilic surfaces. Moreover, the number of
multilayers had no effect on cell adhesion and growth. Thin films prepared from
a copolymer of acrylic acid and (3-[2-(acrylamido)-ethyldimethyl ammonio]propane
sulfonate) (AEDAPS) were used to study the effect of zwitterionic groups. Cell
adhesion decreased with an increase in the fraction of AEDAPS in the copolymer.
Interestingly, the negatively charged surfaces of (PM2VP-b-PEO/PMA-b-PEO),
showed a greater cell spreading ability than the positively charged surfaces of
(PM2VP-b-PEO/PMA-b-PEO),(PM2VP-b-PEO). The images of rat aortic smooth
muscle A7r5 cells cultured on the diblock surfaces reported by these authors,
however, indicated that more cells had settled on the positively charge surface, as
expected. A micropatterning of the cells could be achieved by stamping Nafion™
on the PAA-PAEDAPS copolymer.

Wu et al. found that PEMs prepared using HA and poly(allylamine hydrochlo-
ride) or collagen (COL), supported neural cell adhesion, neurite elongation, and
neural network formation [176]. These films, when deposited onto amino-func-
tionalized glass slides, were found to be cytocompatible with hippocampal and
cortical neurons. The hippocampal neurons preferred the (HA/PAH), films, while
the cortical neurons preferred the (HA/COL), films. Neurite outgrowth could not
be simply correlated to the terminal layer, and was also found to depend on the
number of bilayers. Nadiri et al. have reported that bone morphogenetic proteins
(BMP) and the BMP antagonist (“Noggin”), which were embedded in poly(L-
glutamic acid)/poly(L-lysine) PEM thin films, could be used to induce or inhibit
cell death. Such a control on cell apoptosis could find applications in tissue repair,
and in the specific “shaping” of artificial organs [177]. PEM thin films have also
been prepared using proteins. Haynie et al. have reviewed the biomedical applica-
tions of polypeptide multilayer films [178].

Moby et al. used the LBL technique to coat the luminal surfaces of expanded
PTFE tubes with PEM thin films composed of PEI, PSS, and PAH [179]. The
PEI(PSS/PAH); coatings promoted endothelial cell adhesion and resulted in a
healthy confluent cell monolayer formation. The cell viability on the multilayer
thin films was greatly improved compared to the nonmodified PTFE surface. The
presence of a confluent endothelial layer is necessary for the successful replace-
ment of diseased vessels by synthetic vascular grafts.

He et al. have used LBL assemblies of polycations such as PEI or CS, with poly-
anions such as gelatin or laminin (LN) to coat silicon microelectrode arrays of
neural implants [180]. Neural implants are used for the in vivo recording of neural
activity, or for stimulating neurons with electrical impulses from an external
source. The insertion of rigid metal electrodes into soft neural tissue triggers the
formation of a scar around the metal electrode, which electrically insulates the
electrode from the neurons. Coatings that can prevent scar formation and promote
the adhesion of neurons can avoid electrical isolation of the electrode due to scar
tissue. In vitro experiments showed that the (PEI/LN), coatings promoted the
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Figure 1.5 1,3-Dipolar click cycloaddition reaction between
dextran-propargyl carbonate and dextran-azidopropyl
carbonate to from triazole ring linkages between the layers.
Hydrolysis of the carbonate esters that linked the triazole ring
and dextrose resulted in a disintegration of the multilayered
film. Adapted with permission from Ref. [183]; © 2008,
Wiley-VCH Verlag.

adhesion and differentiation of chick cortical neurons, without increasing the
impedance of the electrodes. Single-walled CNT PEMs have also been proposed
as biocompatible platforms for neuroprosthetic implants [181].

Lee et al. [182] prepared tissue-engineering scaffolds using inverted colloidal
crystals. For this, the internal surfaces of the scaffolds were coated with clay/
poly(diallyl dimethylammonium chloride) LBL multilayers to enhance cell adhe-
sion. Cocultures of adherent and nonadherent cells were obtained using these
scaffolds, which were fabricated with the goal of an in vitro replication of the dif-
ferentiation microenvironments, or niches, of hematopoietic stem cells.

De Geest et al. have prepared polyelectrolyte-free, polymeric multilayer films
containing alkyne- and azide-functionalized dextrans using the LBL assembly
technique [183]. The interlayer crosslinking was achieved via the triazole linkages
formed by the Huisgen 1,3-dipolar cycloaddition reaction between the alkyne and
azide groups (Figure 1.5). The coatings were biodegradable as a result of the
hydrolysis of carbonate ester links present in the polymers. Such biodegradable
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multilayers, which do not use potentially cytotoxic polyelectrolytes, have shown
promise in tissue engineering and drug delivery applications.

1.3.7
Temperature-Responsive Polymer Coatings

Thin films and coatings of temperature-responsive polymers, such as poly(N-
isopropylacrylamide) (PNIPAAm), have been widely investigated in the area of cell
sheet engineering [184]. This process, which involves tissue reconstruction from
cell sheets rather than from single cells, was developed to overcome the limitations
of tissue reconstruction using biodegradable scaffolds or by the injection of cell
suspensions (Figure 1.6) [185-187]. In this approach, temperature-responsive poly-
mers are covalently grafted onto tissue culture dishes, which allows various types
of cell to adhere and proliferate at a temperature above the lower critical solution
temperature (LCST) of the grafted polymer (a state wherein the surface is hydro-
phobic) [188]. The cells detach spontaneously when the temperature is lowered
below the LCST, because of spontaneous hydration of the grafted polymer chains
[189]. Cell detachment from the thermally responsive surfaces was a result of active
cellular metabolic processes triggered by surface-wettability changes [190, 191]. A
covalently grafted layer of PNIPAAm of about 20nm thickness allows thermally
responsive cell adhesion and detachment [192]. The confluent cells can be har-
vested noninvasively as single, contiguous cell sheets with intact cell—cell junctions

Figure 1.6 Cell sheet harvesting. Trypsin this decreases the interaction with the
degrades the deposited extracellular matrix deposited ECM. All the cells connected via
(ECM; green), as well as the membrane cell—cell junction proteins are harvested as a
proteins, so that confluent, monolayer cells single, contiguous cell sheet, without the need
are harvested as single cells (upper right). for proteolytic enzymes (lower right).

The temperature-responsive polymer (orange), Reproduced with permission from Ref. [185];
covalently immobilized on the dish surface, © 2004, Elsevier.

hydrates when the temperature is reduced;
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Figure 1.7 Cardia patch cell sheet engineering. Cardia
myocyte sheets are harvested from temperature-responsive
culture dishes. Four cell sheets are then stratified and

transplanted to ischemic hearts as cardia patches.
Reproduced with permission from Ref. [185]; © 2004,
Elsevier.

and a deposited ECM. The low-temperature liftoff from PNIPAAm surfaces is less
damaging to the ECM proteins than enzymatic digestion and mechanical dissocia-
tion methods of cell harvesting [193]. A cell sheet composed of different types of
cell (patterned cocultured cell sheets) can be obtained by patterning the substrate
with thermoresponsive polymers with different LCSTs [194]. Double-layered cell
sheets can also be engineered in this way [195]. Corneal epithelial cell sheets and
retina pigment epithelial cell sheets for ocular surface regeneration [196-199],
periodontal ligament cell sheets for regenerating the connective tissue that attaches
a tooth to the alveolar bone, urothelial cell sheets for bladder augmentation, and
cardiomyocyte sheets for engineering electrically communicative, pulsatile, three-
dimensional (3-D) cardiac constructs (Figure 1.7) [200-202], have each been
obtained using cell sheet engineering.

Patterned surfaces have been used to produce heterotypic cell cocultures by
covalently grafting PNIPAAm onto the tissue culture surfaces [203, 204]. PNIPAAm
brushes were grown from TCPS surfaces by polymerization of the N-isopropylacr-
ylamide (NIPAAm) monomer upon exposure to an electron beam through a pat-
terned metal mask. The patterned surfaces were used for the culture of hepatocytes.
When the temperature was reduced below 37°C, hepatocytes became selectively
detached from the PNIPAAm regions of the patterned substrate and were replaced
by endothelial cells that were seeded and cocultured (with the remaining hepato-
cytes) at 37°C.

Okajima and coworkers reported the details of a thin film coating that could
regulate cell adhesion by controlling the potassium ion concentration in the cell
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* Figure 1.8 Structure of the NIPAAm-co-BCAAm polymer.
¥ m n Upon capturing a potassium ion, the copolymer of the
thermoresponsive polymer NIPAAm and the crown ether

polymer BCAAm swells and releases adhered cells.
Adapted with permission from Ref. [206]; © 2005,
American Chemical Society.

culture medium [205]. For this, polyethylene films were grafted with a copolymer
of NIPAAm and benzo-18-crown-6-acrylamide (BCAAm) (see Figure 1.8), using
radical copolymerization of the monomers on argon plasma-treated polyethylene
substrates. In a cell culture medium, a complex formation of the pendant crown
ether of the grafted polymer with potassium ions in the medium caused an
increase in the LCST of the copolymer, and a switch to a more wettable hydrophilic
state at 37°C. This allowed the cell sheets to be detached from the substrate,
without using proteolytic enzymes or changing the cell culture temperature. In
this way, Okajima and colleagues were able to develop a substrate that could sense
and selectively release dead cells in the culture [206]. Living cells concentrate potas-
sium ions internally, and release them when they die; the polymer thin film
coating was able to detect, locally, any potassium ions released from the dead cells,
which were then selectively removed.

Cell-adhesive RGDS (Arg-Gly-Asp-Ser) peptides were immobilized on a
temperature-responsive poly(N-isopropylacrylamide-co-2-carboxyisopropylacryla-
mide) copolymer grafted onto TCPS dishes [207, 208]. These surfaces facilitated
both the adhesion and spreading of HUVECs and bovine aortic endothelial cells
at 37°C. The spread cells were seen to detach spontaneously from the surfaces
when the temperature was lowered below the LCST of the polymer. In this way,
the binding of cell integrin receptors located on cell membranes to immobilized
RGDS located on cell culture substrates could be reversed simply by using a mild
temperature stimulus, without enzymatic or chemical treatments. As these sur-
faces can be used to culture cells under serum-free conditions, they would be
suited to applications where the use of animal-derived materials (e.g., serum) may
not be desirable for reasons of cost and/or safety.

1.3.8
Electroactive Thin Films

Yeo and Mrksich prepared cell culture substrates that could be triggered to release
tethered ligands by the oxidation or reduction of electroactive linkage groups [209].
The surface immobilization of ligands was carried out on two types of monolayer.
The first type consisted of a maleimide group tethered to an electroactive quinone
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Figure 1.9 Redox molecules for preparing self-assembled
monolayer (SAM) coatings for cell sheet engineering. Adapted
with permission from Ref. [209]; © 2006, American Chemical
Society.

ester, while the second type consisted of a maleimide group tethered to an elec-
troactive O-silyl hydroquinone moiety (Figure 1.9). An RGD-containing peptide
(CGRGDS) was immobilized on the monolayer surfaces by reaction of the male-
imide groups with the terminal cysteine residue of the peptide. In the former type
of monolayer, the electrochemical reduction of the quinone to hydroquinone
was followed by a cyclization reaction, to give a lactone and release the RGD
ligand. In the latter type of monolayer, the electrochemical oxidation of O-silyl
hydroquinone to benzoquinone resulted in a hydrolysis of the silyl ether and the
selective release of RGD ligands. Swiss 3T3 fibroblast cells that had adhered to the
RGD-presenting monolayers could be electrically triggered to release from
the surface by applying an electrical potential to the monolayer. The same group
also demonstrated that such electrochemical strategies could be used to release
cells from surfaces in a selective and noninvasive manner, and may also be useful
in directing stem cell differentiation, maturation, and function. The applications
of other stimulus-responsive surfaces in areas such as biofouling, cell culture,
tissue engineering and regenerative medicine have been reviewed recently by
Mendes [210].

1.3.9
Other Functional Polymer Coatings

Fluoroalkyl groups, with a relatively low surface energy, can be used to produce a
surface enrichment of bioactive molecules in a coating [211, 212]. Santerre and
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coworkers have used bioactive fluorinated surface modifiers to deliver vitamin E
antioxidants [213] and cell-adhesive RGD peptides [214] to the surfaces of poly-
carbonate polyurethanes. Poly(trivinyltrimethylcyclotrisiloxane) thin films synthe-
sized by iCVD were seen to show promise as electrical insulating coatings for
neural implants (and as an alternative to the currently used Parylene-C coatings)
on the basis of their high resistivity, hydrolytic stability, pin-hole-free smooth
surface morphology, and biocompatibility [215].

Karp et al. found that spin-coated thin films of poly(DL-lactide-co-glycolide)
(PLGA) of <100nm thickness supported the formation of a bone matrix when
seeded with rat bone marrow cells in an o-minimal essential medium. A confluent
0.5 um-thick cement line, comprising a collagen-free layer of calcium hydroxyapa-
tite, was formed on the PLGA surface despite the fact that the acidic products
formed by the degradation of PLGA would be expected to dissolve calcium
hydroxyapatite. The cement line served as a scaffold for the assembly of mineral-
ized collagen, and would (potentially) connect new bone to the old bone surface
in bone implants [216].

Biologically active dopants, such as growth factors, have been used in conductive
polymer coatings. When nerve growth factor (NGF) was incorporated into electro-
chemically deposited polypyrrole and poly(3,4-ethylene dioxythiophene) thin films,
the PC-12 cells adhered to the NGF-modified substrates and extended neurites
[217]. Subsequently, NGF was shown to increase the conductivity and lower the
impedance of the conducting polymer films, which can be used as coatings for
electrodes that interface with neurons.

Li et al. prepared carboxylic acid gradients on the surfaces of PET films, and
found that neurite outgrowths could be guided by the chemical gradient on the
surface [218]. The exposure of PET surfaces to UV light resulted in the formation
of surface peroxides that could be used to polymerize surface-located acrylic acid.
The gradients were created by subjecting different areas of the substrate to differ-
ent durations of UV exposure; neurite growth was shown to occur preferentially
along the direction of decreasing ~-COOH density. Jhaveri et al. prepared 300 um-
thick hydrogel coatings on the surfaces of neural implants via the photopolymeri-
zation of lysine-conjugated 2-hydroxyethyl methacrylate and an ethylene glycol
dimethacrylate crosslinker [219]. The coating was used to encapsulate and supply
nerve growth factor (NGF) to the dorsal root ganglion (DRG) neurons in cell-
culture experiments. By comparison with bath-applied NGF, a controlled release
of NGF from the hydrogel coatings resulted in significantly longer neuronal
processes.

Conformal coatings of hydrogel microparticles have been used to attenuate not
only biofouling, leukocyte adhesion and activation, but also adverse host responses
in biomedical and biotechnological applications [220]. Bridges et al. prepared thin
films of poly(N-isopropyl acrylamide) hydrogel microparticles crosslinked with
ethylene glycol diacrylate by using a spin-coating process. These particles were
then grafted covalently, by exposure to UV light, onto aminobenzophenone-
tethered poly(ethylene terephthalate) surfaces in order to obtain biocompatible
coatings [221].
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1.3.10
Multilayer Thin Films for Cell Encapsulation

Krol et al. created conformal coatings on individual human pancreatic islets using
a polyelectrolyte LBL assembly [222]. In the islet transplantation approach for the
treatment of diabetes, the islets must be encapsulated in semipermeable micro-
capsules so as to protect the donor cells from the host immune system, while
allowing the transport of glucose, insulin, and other nutrients. Polyelectrolyte
multilayer coatings seem to show promise in achieving these goals. Alternatively,
the islet of Langerhans cells were deposited with multilayers of cationic PAH or
poly(diallyldimethyl ammonium chloride), and anionic PSS. The surface charge
of the islets was used as a binding site for the polyions, while the functionality of
the encapsulated islets and permeability of the capsules were characterized by
determining insulin release at different glucose levels. The coated islets accounted
for about 40% of the insulin release by uncoated islets, under stimulation with a
low concentration (3.3 M) of glucose. Both, the polymer nature and the molecular
weight played important roles in the release behavior of the coated islets. Wilson
et al. achieved pancreatic islet microencapsulation by an LBL assembly of PLL with
biotinylated PEG side chains (PPB), and streptavidin (SA) (Figure 1.10) [223]. By
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Figure 1.10 Nanothin conformal islet coatings to be added, thereby enabling the

via layer-by-layer (LBL) deposition of incorporation of a second SA layer. This
poly(L-lysine) with biotinylated PEG grafts process may be repeated to generate thin
(PPB), and streptavidin (SA). The PPB films assembled via alternating deposition of
interacts electrostatically with negatively PPB and SA. Reproduced with permission
charged cell surfaces, facilitating the binding  from Ref. [223]; © 2008, American Chemical
of SA. Unoccupied biotin binding sites of Society.

immobilized SA allow a second layer of PPB



1.3 Coatings for Tissue Engineering Substrates

controlling the extent of grafting with biotin—PEG, it was possible to avoid poly-
cation-mediated cell death. The islets could be coated with (PPB/SA)s multilayer
films without any loss of viability or function, and the coated islets also performed
comparably to untreated controls in vivo. Pancreatic islets have also been
encapsulated in photopolymerized PEG diacrylate hydrogel coatings using a novel
apparatus [224].

1.3.11
Patterned Thin Films

Cell-biomaterial interactions in tissue engineering are influenced not only by
topographical features comparable to cell size (1-100pum) [225], but also by the
nanoscale details of the biomaterial surface [226-228]. Surfaces can provide physi-
cal and chemical guidance to growth and alignment of cells such as neurons,
Schwann cells, epithelial cells, and bone-derived cells [229]. The “contact guid-
ance” or mechanical cues provided by grooves on a polymer surface—and also the
chemical cues offered by micropatterns of molecules that promote or prevent cell
adhesion—have attracted great interest in biomedical engineering.

Cheng et al. used a microheater array to pattern single or multiple types of cell
onto plasma-polymerized NIPAAm thermoresponsive coatings [230]. Site-specific
cell adhesion was achieved by temperature-controlled polymer conformation and
surface wettability. By using a nanoembossing technique, Mills et al. prepared
patterned poly(lactic acid) (PLA) structures, with dimensions much smaller than
the size of an individual cell [231, 232]. Free-standing films of topographically
patterned PLA were obtained by embossing a PLA film with microstructured or
nanostructured silicon master patterns; feature dimensions ranging from tens of
micrometers down to hundreds of nanometers, covering areas up to 1cm?, could
be produced using this method (Figure 1.11). Such surfaces could, in principle,
be used to examine the effects of local interactions of surface topography with cell
surfaces. The optical clarity of the embossed films depended mainly on the surface
roughness, which could be significantly decreased simply by sandwiching the film
against an unstructured silicon master. Optically transparent patterned films are
useful in studies employing optical microscopy. For example, Fernandez et al.
produced optically transparent nanostructured chitosan thin sheets using soft
lithography [233]. The technique here consisted of forming a film of chitosan on
a topographically patterned silicon master, and obtaining a free-standing film by
peeling off the coating from the silicon mold, after having evaporated off the
solvent. This step was facilitated by a surface modification of the mold with a
nonadhesive silane. One problem with this approach was the poor mechanical
stability of the topographically patterned polymer film, when the polymer was not
elastomeric in nature.

Feinberg et al. have fabricated microtopographies in PDMS elastomers by using
micromachined silicon wafers having patterned geometries [227]. In order to form
these microtopographies, the PDMS films were cast and cured on the patterned
silicon substrates. The adhesion and growth of porcine vascular endothelial cells
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Figure 1.11 Scanning electron microscopy images of:

(a) 25um?, 500 nm-tall square posts with a 10um period; and
(b) 25um-diameter, 500 nm-tall round posts with a 5pum
period nanoimprinted into a freestanding sheet of poly(lactic
acid). Reproduced with permission from Ref. [231]; © 2005,
Wiley Periodicals, Inc.

(ECs) on the topographically patterned surfaces were affected by the interaction of
factors such as surface chemistry (i.e., whether or not the PDMS surface was
treated with a radiofrequency glow discharge argon plasma to make the surface
hydrophilic, and whether or not the surfaces were coated with the protein fibronec-
tin that promotes cell adhesion), the elastic modulus of the coating, and the
topography (i.e., the height and spacing of the microridges at the surface).

One interesting application of micropatterned polymer films in tissue engineer-
ing is the use of a biodegradable thin and thick film scaffolds prepared from a
blend of poly(L-lactic acid-co-glycolic acid) and poly(hydroxybutyrate-co-hydroxyva-
leric acid) [229]. The films were prepared by casting a solution of the polymer blend
onto a micropatterned silicon template that incorporated 21 um- and 42 pum-wide
grooves on the surfaces (with 20 um ridge width and depth). The polymer film was
detached from the template by immersing the coated template in distilled water,
after which the topographically patterned film was seeded with photoreceptor cells.
The effects of not only physical constraint (i.e., the grooves) but also the surface
chemistry (chemical cues from laminin, a noncollagenous adhesive glycoprotein
for neuronal cells) on cell adhesion, survival, and alignment of the photoreceptor
cells were investigated. The rod and cone photoreceptor cells showed a clear prefer-
ence for grooves on the surface rather than ridges, which highlighted the possibil-
ity of reconstituting rod—cone mosaics through the use of patterned scaffold
surfaces. Such micropatterned thick/thin film scaffolds have the potential to
deliver photoreceptor cells to the subretinal space of patients with blinding retinal
diseases.

Shi and coworkers prepared biodegradable, topographically patterned thin films
with unidirectional grooves that were, for example, 150nm high and 1um wide,
using a holographic diffraction grating as templates. For the nonphotolithographic
approach, grooves with a sinusoidal cross-section were created by casting a
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solution of PLA onto the template, followed by peeling off the dried film from the
template [234, 235]. The neurites of cells from chick sympathetic ganglia were
found to align parallel to the grooves, and to be longer on patterned films than
on unpatterned controls. Such well-controlled contact guidance of neurites has
practical applications in nerve regeneration and reconnection, for the treatment
of nerve injury. Libera and coworkers have described the fabrication and use of
sub-micron-sized cell-repulsive PEG hydrogels patterned on an otherwise cell-
adhesive substrate, to enable (in selective fashion) the growth of neurons and
neuronal processes, but to repel astrocytes [236]. The approach of Libera et al. was
based on differences in the shapes and sizes of the two cells. The axons are high
aspect-ratio neuronal processes with diameters on the order of 1um and lengths
exceeding centimeters, whereas the star-shaped astrocytic glial cells are substantially
larger than 1pm in size. When the hydrogel patterns were sufficiently closely
spaced, the neurites could grow on the adhesive surface between the hydrogels,
whilst the astrocytes were unable to adhere. One potential application of this
concept might be to engineer an implantable nerve-guidance device that would
selectively enable regrowing axons to bridge a spinal cord injury, without interfer-
ence from the glial scar.

1.4
Polymer Thin Films for Drug Delivery

Leugen et al. have discussed several examples where polyelectrolyte LBL assem-
blies that are functionalized by embedded proteins, peptides or drugs, could
control cell activation or act as local drug delivery systems [237]. Among the early
reports on the pH-dependent deconstruction of PEM thin films for controlled
release application are those of Hammond and coworkers [238, 239]. Here, hydro-
Iytically degradable LBL thin films were prepared using a degradable poly(B-amino
ester) as the cationic polymer, and a series of model therapeutic polysaccharides
(e.g., heparin, low-molecular-weight heparin, chondroitin sulfate) that contain a
large number of anionic sulfate groups. These degradable multilayer films were
capable of both parallel and serial release of multiagents [239]. “Barrier” layers
consisting of covalently crosslinked PEMs were used to block the interlayer diffu-
sion of the model drugs. Dextran sulfate (a diffusing polyelectrolyte) and heparin
(a nondiffusing polyelectrolyte) were used as model macromolecular drugs (Figure
1.12). This classification, as “diffusing” and “nondiffusing”, was based on the
interlayer diffusion characteristics of the polyelectrolytes in the PEM assemblies.
Diffusing polysaccharides (e.g., many polypeptides and polysaccharides) rapidly
diffuse throughout LBL architectures during assembly, and this results in poorly
organized, blended structures. In contrast, nondiffusing polyelectrolytes (e.g.,
most synthetic, strong polyelectrolytes) do not diffuse across layers [239]. It was
found that a covalently crosslinked barrier layer composed of nondiffusing poly-
electrolytes would prevent the interlayer diffusion of model drugs, and could be
used to tailor, in precise fashion, the sequential release of these drugs.



34| 1 Polymer Thin Films for Biomedical Applications
* -ooc 0,80
O o« (6} (o}
n >/*
0,80 . o O7n
“0,S0  0SO, HO 0OSO, HO  NHsO,
Dextran sulfate Heparin
(M,, = 8 kDa) (M,, = 12.5 kDa)
Figure 1.12 Chemical structures of dextran sulfate (a diffusing
polyelectrolyte) and heparin (a nondiffusing polyelectrolyte)
239].
<]
.
® ] @
. @-
© i
: 0® - 9O -
0o 0 .
Drug LbL @ ©

pH 74
Loading Assembly
<pH3.5

: ) )
PEO-b-PCL micelle
(H-bond acceptor) o]

PAA (H-bond donor) ; 9 2 o] S
MOHM'\/W }'H Mo}fu-‘_/v\_, }'H

Hydrophobic Drug

Figure 1.13 Schematic representation of the hydrogen-
bonding LBL assembly of block copolymer micelles for
hydrophobic drug delivery vehicles from surfaces. Reproduced
with permission from Ref. [241]; © 2008, American Chemical
Society.

Protein delivery from hydrolytically degradable and biocompatible LBL films has
also been investigated by the Hammond research group [240]. The embedded
protein molecules were found to retain 100% functionality after release from the
multilayer thin films, showing that the processing conditions in LBL assembly
were sufficiently gentle to avoid protein denaturation. Here, micelle-containing
LBL films were prepared by the integration of biodegradable block copolymer
micelles as nanosized carriers for hydrophobic drugs within LBL films, using
hydrogen-bonding interactions as the driving force for assembly [241, 242] (Figure
1.13). For this, PAA was the H-bond donor, while biodegradable poly(ethylene
oxide)-block-poly(e-caprolactone) (PEO-b-PCL) was the H-bond acceptor. In this
way, free-standing 3.1 um-thick micelle LBL films of (PEO-b-PCL/PAA) were
isolated. This approach is useful for the surface delivery of hydrophobic and
neutral drugs, which are difficult to encapsulate directly in PEMs. As an example,
when the hydrophobic antibacterial drug, triclosan, was loaded into the micelles,
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the drug-loaded LBL film was found to release significant amounts of triclosan to
inhibit the growth of S. aureus. Notably, the thermal crosslinking of PAA retarded
drug release to the surrounding medium, enabling a sustained release which
persisted for several days.

Addison et al. have demonstrated that stimulus-responsive block copolymer
micelles can be used as triggerable delivery systems when incorporated within
multilayer films deposited on polystyrene latex particles [243]. This approach
of using core—shell architectures for the encapsulation and release of actives
was pioneered by Caruso and others [244]. Cationic, pH-responsive micelles of
poly[2-(dimethylamino)ethyl methacrylate-block-poly(2-(diethylamino)ethyl meth-
acrylate)] (PDMA-b-PDEA) micelles and anionic poly(sodium 4-styrene sulfonate)
polymer were deposited on the surface of anionic polystyrene latex particles using
the LBL technique. The block copolymer micelles can be loaded with bioactive
molecules such as a hydrophobic small-molecule drug. The block copolymer
micelles were found to retain their micelle structure at pH 9.3, with very little
release of the hydrophobic actives; however, at pH 4 the micelles underwent a
transition to a polymer brush-like structure, resulting in a rapid release of the
active agents.

Erel-Unal and Sukhishvili have reported the construction of hydrogen-bonded
hybrid polymer multilayers comprising of poly(N-vinylcaprolactam) (PVCL)/poly
(L-aspartic acid) (PLAA) bilayers with a critical disintegration pH of ~3.3, and
poly(N-vinylcaprolactam) (PVCL)/tannic acid (TA) bilayers with a critical disinte-
gration pH of 9.5 [245]. These authors have proposed that such biodegradable thin
films could be used for the pH-responsive release of active molecules for future
biomedical applications. PEMs have also been used for microencapsulation in
drug delivery. For example, de Geest et al. coated dextran-based hydrogels with
(PSS/PAH), PEM thin films, using the LBL technique, to obtain pH-responsive
self-rupturing microcapsules for both protein and drug delivery [246].

Schneider et al. investigated the release of model drugs—sodium diclofenac (an
anti-inflammatory drug) and paclitaxel (an anticancer drug)—from covalently
crosslinked CS/HA and (PLL/HA), PEM thin films. When both crosslinked and
uncrosslinked PEMs were compared, the crosslinked films were found to have the
desired combination of properties —namely, mechanical resistance, biodegradabil-
ity, and bioactivity. Paclitaxel for example, was found to remain active when loaded
in crosslinked (PLL/HA), films, and this led to a dramatic decrease in human
colonic adenocarcinoma cell viability over a three-day period.

Chen et al. prepared a drug-eluting coronary stent to treat coronary arterial
stenosis by coating the stent with LBL assemblies of collagen and sirolimus, an
immunosuppressant drug. The collagen layers were chemically crosslinked using
genipin, a naturally occurring crosslinking agent, so as to control the sirolimus
release rate [247]. During use, a balloon expansion of the coated stent could be
achieved without causing the coatings to crack or peel away from the stent wire.

Jewell et al. have reported that, by conjugating cationic protein transduction
domains to therapeutic proteins, the extent to which the proteins were internalized
by the cells could be increased [248]. Most likely, LBL assemblies of therapeutic
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functionalized proteins with PSS would allow both spatial and temporal control
over the delivery of proteins to the cells and tissues.

Currently, CVD represents a convenient, single-step synthesis of high-quality
polymer thin films on a variety of substrates, including microparticles and nano-
particles [249, 250]. For example, Lau et al. used iCVD to synthesize methacrylic
acid copolymer thin film coatings for encapsulating drug microcrystals (<100 um)
for controlled release in the gastrointestinal tract. The thin film coatings showed
an abrupt transition in swelling (from 5% to 30%) when the pH rose from 5 to
6.5 that would allow the drug to be protected while in the acidic environment of
the stomach, but released on entering the more alkaline small intestine.

Thermoplastic elastomers, such as polystyrene-block-polyisobutylene-block-
polystyrene, are easy to process and relatively stable in biological environments.
This renders them attractive as a materials for the construction of, or the coating
of, biomedical devices and implants. Recently, Ranade et al. have discussed the
possible use of a polystyrene-block-polyisobutylene-block-polystyrene copolymer
as a matrix for paclitaxel delivery from Boston Scientific’'s TAXUS™ coronary
stent [251].

1.5
Polymer Thin Films for Gene Delivery

Polymer thin films that support cell adhesion and incorporate plasmid DNA for
sustained release are of great interest in gene therapy and tissue engineering
[252-256]. Among the several approaches available for gene delivery, DNA-poly-
cation multilayer thin films have shown much promise as nonviral vectors for
localized and sustained transfection, both in vitro and in vivo. The incorporation
of DNA into multilayered films was first reported in 1993 by Lvov, Decher and
Sukhorukov [257]. Lynn and coworkers have demonstrated this approach using a
LBL assembly of a poly(B-amino ester) and a plasmid DNA encoding for enhanced
green fluorescent protein (EGFP) [252-255]. The release of DNA occurred by
hydrolytic degradation of the poly(B-amino ester) matrix. COS-7 line fibroblast
cells began to express the protein after contacting these 100 nm-thick multilayer
films. The experimentally observed increase in EGFP expression was consistent
with the decrease in average film thickness, because of release of the embedded
plasmid DNA, and correlated well with the DNA release profile. A sustained
release over a period of about 31h could be achieved in this way, although the
majority of the plasmid was released from the film during the first 16h of incuba-
tion. Approximately 19 + 8% of the total number of cells expressed the protein
after 48 h of contact with coated slides. The rate of DNA release could be controlled
by tailoring the hydrophobicity of the poly(B-amino ester) (Figure 1.14a) [255]. In
a similar approach, Lu et al. have discussed controlled release of DNA using LBL-
assembled multilayer thin films composed of a cationic polymer poly(2-aminoethyl
propylene phosphate) (PPE-EA) [258] and plasmid DNA [259]. The biodegradable
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Figure 1.14 Biodegradable polymers for preparing DNA—
polycation multilayer thin films. (a) Poly(B-amino ester)s with
different hydrophobicities [255]; (b) Poly(2-aminoethyl
propylene phosphate) [258, 259].

polyphosphoester (see Figure 1.14b) degraded upon incubation in PBS, and
provided a local and sustained delivery of bioactive plasmid DNA for up to two
months. The multilayer thin films were found to be cytocompatible with osteoblast
cells, and a sustained expression of GFP by the cells was detected for up to 20
days. About 47% of the cells were transfected after 10 days of contact with
multilayer films with PPE-EA as the terminal layer. The polyphosphoester has a
greater hydrolytic stability than poly(B-amino ester)s, and may be more suitable
for long-term plasmid delivery in gene-induced tissue-engineering applications.

In a different approach towards preparing degradable PEM films, Lynn and
coworkers have reported a new class of ester-functionalized “charge-shifting”
polyamines [260]. Here, PAH was treated with an excess of methyl acrylate to
obtain a cationic polymer with “charge-shifting” ester side chains (Figure 1.15).
DNA-containing polyelectrolyte multilayers were prepared using this polymer. A
gradual hydrolysis of the ester-functionalized side chains introduced carboxylate
groups and reduced the net charge of the polymer, and resulted in film erosion
and release of the entrapped DNA. The rate of release could be controlled by
varying the degree of substitution of the amine groups with the methyl acrylate
side chains.

Charge-shifting polymers were used to fabricate PEM films that were stable at
neutral pH, but eroded over a period of several days at pH ~5 [261]. The addition
of citraconic anhydride to poly(allyl amine) resulted in an anionic carboxylate-
functionalized polymer that readily converted to the cationic poly(allyl amine) in
an acidic environment. It was proposed that this approach could lead to a signifi-
cant expansion of the range of different cationic agents (e.g., cationic proteins,
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Figure 1.15 “Charge-shifting” polyammes used for preparing
multilayer thin films incorporating DNA, for controlled
release. Adapted with permission from Ref. [260]; © 2008,
Wiley-VCH Verlag.

peptides, polymers, nanoparticles) that can be released or delivered from surfaces
using PEMs.

Zhang et al. have investigated the transfection ability and intracellular DNA
pathway of gene-delivery systems based on (PLL/HA), thin films [262]. For this,
plasmid DNA was complexed with PLL, B-cyclodextrin (CD) or B-cyclodextrin-
grafted PLL (PLL-CD), in solution. Subsequently, (PLL/HA)s coatings were incu-
bated with the plasmid DNA complexes for 90min, followed by the assembly
of another multilayer film of (PLL/HA)s. When the films had been dried and
sterilized by exposure to UV light, the transfection efficiency was found to be
higher when the DNA complexes were delivered from the multilayer system
than from solution. This higher efficiency was achieved because of an efficient
internalization in the cytoplasm (through a nonendocytic pathway) and, subse-
quently, in the nuclei of the transfected cells. In contrast, internalization in
solution was via endocytosis, when the complexes were trapped in endosomes
and lysosomes. Degradation in the lysosomes resulted in a lower transfection
efficiency.

Wang et al. demonstrated the release of DNA from an LBL-assembled thin film
of DNA with an inorganic compound that had a relatively low binding affinity for
DNA [263]. Zr**/DNA multilayer films were prepared through the LBL assembly
of zirconyl chloride octahydrate (ZrOCl,-8H,0) and sodium salt of fish sperm
DNA. The addition of a chelator (e.g., sodium citrate) cleaved the electrostatic/
coordinate covalent linkages between Zr** and the phosphate groups of the DNA,
and this resulted in disintegration of the film and a release of DNA. The ability of
the chelators to disassemble the multilayer film varied, in general, as sodium
citrate > sodium tartarate > sodium fluoride > sodium acetate. About 97% of the
(Zr*/DNA),; film was released within 6h in a sodium citrate solution (5mM),
compared to 86% in sodium tartarate and 70% in sodium fluoride, for the same
duration. Only about 17% of the film was released from the surface in 15h when
sodium acetate was used.

Sakai et al. coated electrospun fibrous mats of PLA with LBL thin films of PEI/
plasmid-DNA multilayers. Because of the large surface-to-volume ratio, and flex-
ibility, these mats could function as improved substrates for gene therapy and
tissue engineering [264].
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1.6
Conclusions

Among all the coatings and thin films discussed so far, those coatings based on
PEG and zwitterionic polymers are exceptional in their ability to resist protein
adsorption. The strong interaction of these coatings with water molecules is evi-
dently the reason for their antibiofouling properties. These hydrophilic coatings
are also successful in imparting blood compatibility and preventing blood coagula-
tion, as well as rendering the biomaterial inert to the body’s immune responses.
Strategies to promote cell adhesion and proliferation on these otherwise non-
adhesive coatings are available so that the coated implant can integrate with the
host tissue. PEGylated and zwitterionic polymer coatings, when functionalized
with reactive groups such as carboxylic acid, amino or aldehyde, have been used
to tether biomolecules such as growth factors to facilitate tissue integration. Novel
polymeric materials, including polymers with branched architectures, are cur-
rently being investigated and compared with PEGylated coatings for their protein
resistance and biocompatibility. The influence of polymer chemistry and polymer
conformation on biological interactions is an ongoing area of research. Among
the different coating techniques available for preparing polymer thin films, the
LBL assembly technique, employing polyelectrolytes, is currently a highly active
area of research, the main reasons for this being the processing simplicity and
ability to form conformal coatings. The CVD approach shares some of these traits.
Stimulus-responsive coatings — and especially thermally responsive coatings based
on poly(N-isopropylacrylamide) —have shown much promise for harvesting cells
in the form of sheets for novel tissue-engineering applications. The use of polymer
thin films as nonviral vectors for localized gene delivery from surfaces represents
another highly interesting area of biomedical research with great potential.
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Biofunctionalization of Polymeric Thin Films and Surfaces
Holger Schonherr

2.1
Introduction: The Case of Biofunctionalized Surfaces and Interfaces

The surface properties of both natural and artificial materials are among the
main determinants for a wide range of important properties, including (but not
limited to) biocompatibility, biointegration, and functionality [1, 2]. These proper-
ties are crucial not only for biomedical devices and implants, but also for
(bio)sensors in various formats, among other applications [3, 4]. In addition,
since interactions with the local environment play a decisive role in stem cell dif-
ferentiation and in stem cell dedifferentiation [5], cell-surface interactions [6, 7]
are also an important aspect of molecular biology, and especially in the area of
research into cancer.

In general, whenever an object comes into contact with a biological system, such
as cells, or with correspondingly derived fluids (e.g., blood or serum), the processes
that occur at the newly formed interface determine whether that object will fulfill
its function or will fail. These newly formed interfaces, where the initial contact
between material and the biological system occurs, are frequently referred to as a
biointerfaces [1, 8]. A substantial fraction of reactions and molecular interactions
in biology —including molecular recognition processes—occur at natural interfaces.
Although the role of biointerfaces was first appreciated many years ago, it is fair
to say that biointerface science—as an identifiable discipline that attempts to
address the complex phenomena involved in a quantitative and physico-chemically
rigorous manner—has emerged only quite recently.

In the case of medical implants (as one class of illustrative example), the surface
roughness and chemical composition may determine the success of, for instance,
the integration of the implant with newly grown bone—that is, the osteoinduction
and osseointegration of the implant material [9]. Likewise, improvements in
the biocompatibility and integration of materials in biomedical applications
can be enhanced by employing tailored polymeric coatings; an example is the
surface-attached hydrogel coatings that become attached photochemically to heart
valves [10].
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The same holds true for biosensors, whether catheter-based in situ sensors that
can be used to quantify glucose levels in blood, or ex situ sensors that address the
presence and abundance of particular antibodies. Here, the interaction between
the analytes in solution and the receptors immobilized on a sensor surface can
depend crucially on the orientation of the receptor. In this respect, the suppression
of nonspecific protein adsorption is a key element [11, 12].

A third area, where these interfaces are important and where polymers play a
pivotal role, relates to the interactions of cells with their immediate surroundings
[6]. It is well known that cells interact with their external environment via trans-
membrane proteins, many of which are receptors that function not only as trans-
mitters of information but also as transporters of molecules from the outside to
the inside of the cell. As so-called “membrane-spanning proteins,” these receptors
are characterized by an extracellular ligand-binding domain and an intracellular
signaling domain. The binding of a ligand with the receptor causes an intracellular
cascade of enzyme-mediated reactions that in turn leads to the signal being ampli-
fied. This process is triggered either by a change in the receptor’s conformation,
or by a change in its affinity for other molecules. As this so-called “signal transduc-
tion” affects gene regulation, it should not be surprising that a variety of cell
functions, including survival, proliferation, migration and differentiation, have
been shown to be governed by integrated signals from many types of molecule.

Interestingly, these signaling cascades and cellular processes can also be control-
led or triggered by more or less specific interactions with tailored surfaces (inter-
faces). In their early investigations, Whitesides, Ingber and colleagues patterned
monolayers by microcontact printing [13, 14] with cell-adhesive and cell-repellent
functionalities, and further investigated the effect of the feature dimensions of
these patterns on cell behavior [15]. The extent of the cell-adhesive areas was shown
to control cell behavior, such as proliferation or apoptosis (Figure 2.1).

In addition to surface chemistry [16], the topographical structures [17] and
control of the substrate modulus are important in determining cell behavior on
surfaces [18-20]. Apart from their low-cost manufacture, this combination of
factors and determinants predestines polymers (i.e., macromolecular materials) for
the fabrication of functional biointerfaces. Polymers can be structured conven-
iently on length scales that cross many orders of magnitude (from <10nm to
several meters). Polymers also possess hierarchical structures, with many levels
of different complexities. The primary chemical structure, and in many cases also
the encoded information for higher-level hierarchical structures, are controlled by
the synthetic process. Unless the functional groups in complex monomers are
compatible with a direct polymerization, then a subsequent modification will be
required. As will be discussed in this chapter, a plethora of very successful func-
tionalization and modification strategies, which impart the required functionality
to the polymer surface in question, has been developed during the past decades.
However, more recently a variety of new approaches has been introduced, such
that the level of control achieved and the level of complexity that can be addressed
in the fabrication of advanced biointerfaces bridges from the molecular to macro-
scopic length scales. Finally, linear and crosslinked polymers offer the possibility
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contact area versus cell spreading as a ECM contact area would be low as in cells on
regulator of cell fate. (a) Diagram of the small islands; (b) Phase-contrast
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spaced circular islands (center) so that cell with permission from Ref. [15]; © 1997,
spreading could be promoted as in cells on AAAS.

to tune mechanical properties, such as the elastic modulus, over a broad range.
Depending on the choice of backbone, comonomers, side chains and crosslink
density, the entire spectrum of required moduli can be realized.

This chapter will focus primarily on the chemistry and surface engineering involved
in the fabrication of polymer-based biofunctional surfaces and biointerfaces. In
addition to discussing the sophisticated and optimized surface chemistry to facili-
tate efficient and controllable bioconjugation, and to implement the important
function of a suppressed nonspecific adsorption of proteins, both micropatterning
and nanopatterning methodologies will be outlined [21]. The initial discussion
covers the general requirements for biofunctionalized surfaces, after which strate-
gies and selected examples are provided with regards to surface modifications
using functional polymers and polymer-based approaches. The chemical surface
modification of polymer surfaces and polymeric thin films, in order to fabricate
advanced biointerfaces, is described, after which attention is focused on studies
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of cell-surface interactions and the routes compatible with patterning. Finally, the
most recent advances in the field will be considered, together with future
perspectives.

2.2
Polymer-Based Biointerfaces

Thin structured polymeric films currently form the focal point for the development
of advanced materials and tailored interfaces for applications such as biosensors
and biologically oriented research involving biointerfaces [1, 8, 22]. Patterned
polymer films that incorporate reactive functional groups provide a platform that
can be further modified by chemical reactions [23]. Prime examples include the
fabrication of DNA arrays on glassy polymers, such as poly(methyl methacrylate)
(PMMA) [24], the synthesis of star-shaped poly(ethylene glycol)s (PEGs) [25], and
the immobilization of proteins and peptide sequences on polyurethanes [26]. In
addition, new approaches, which include the fabrication of reactive surfaces by
electrografting [27], using click chemistry [28, 29], or surface-initiated polymeriza-
tions (SIPs), have been reported [30, 31].

Apart from differences in their chemical composition, thin and ultrathin
polymer films may possess different architectures, as shown schematically for
passivating PEG films in Figure 2.2 (see also Section 2.2.1). The lower protein
repellence properties of the grafted non-crosslinked star polymers has been attrib-
uted to the gaps between the stars exposing the underlying surface to small pro-
teins. By contrast, linear PEGs and crosslinked star PEGs provide a much lower
exposure of the underlying surface to the protein solution.

In addition to these architectural considerations, the altered behavior of poly-
mers in thin films and at interfaces must be taken into account. As well as changes
in the glass transition temperatures (T,) of ultrathin substrate-supported polymer
films [33], the confinement into sub-100 nm thin films has been reported to affect
diffusion of the polymer molecules comprising the film [34], as well as diffusion
of small, low-molar-mass tracer molecules, among other altered properties [35].

2.2.1
Requirements for Biofunctionalized Polymer Surfaces

The first target is to identify the key features and functions that must be introduced
when fabricating macromolecular biofunctional surfaces and biointerfaces. The
direct deposition of biologically relevant molecules and immobilization via non-
specific physisorption onto surfaces is successful only in certain cases. While DNA
and certain robust proteins do not denature, and hence may not lose functionality
upon adsorption, many biological molecules are denatured. In addition, the
requirement for certain applications (as noted above) require an enhanced
control over, for example, protein position, coverage and, in particular, spatial
orientation.
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Figure 2.2 Schematic diagram of: (a) grafted linear PEG;
(b) grafted star PEG; and (c) grafted and intermolecularly
crosslinked star PEG on a surface. Reproduced with
permission from Ref. [32]; © 2007, Royal Society of
Chemistry.

DNA microarrays, as one typical example of an established biointerface applica-
tion, have witnessed a steady improvement since the first pioneering reports of
the 1990s [36]. In principle, single-stranded DNA (ssDNA) of known composition
is immobilized in various spots on a biochip surface, and serves as a means to
recognize and quantify solution-borne DNA. In addition, on-chip DNA synthesis
using, for example, advanced photochemistry has been developed [37, 38]. More
recently, DNA arrays which exploit protein—-DNA constructs were shown to com-
prise a feasible route towards the fabrication of protein arrays [39]. The central
requirements for any functional biointerface in the context of this chapter are
demonstrated with this example:

e Any nonspecific interaction of solution-borne DNA with the biochip surface
must be minimized or eliminated.
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¢ Likewise, the active sensing moieties—the ssDNA-must be immobilized such
that it is accessible to the target DNA in solution; this allows the ssDNA to
discriminate the presence of base-pair mismatches.

Hence, the deposition or coupling of a passivating layer or coating is as important
as the immobilization of a probe DNA. In this context, the reproducibility, varia-
tions in surface activity, DNA chip aging, and reliability of the coupling chemistry
have been critically discussed [40, 41]. In addition to a sophisticated and optimized
surface chemistry to facilitate an efficient and controllable bioconjugation, and to
implement the function of suppressing the nonspecific adsorption of proteins,
these requirements include compatibility with micropatterning and nanopattern-
ing methodologies.

The requirements of sensor surface fabrication for label-free detection tech-
niques, such as surface plasmon resonance (SPR) detection, may be even more
stringent, according to a recent review [4]. These requirements include:

¢ A simple and rapid fabrication method.

 Intimate contact of the biomolecules with the transducer surface, favoring good
and unhindered accessibility of the analyte.

¢ The immobilization of a large amount of biomolecules so as to ensure sufficient
sensitivity.

e Long-term stability.

¢ Oriented immobilization of the biomolecules.

e The prevention of nonspecific adsorption to avoid erroneous or misleading
measurements.

Many of these mandatory requirements are met successfully with different
advanced surface engineering approaches (Figures 2.3 and 2.4). The prevention of
nonspecific adsorption is often achieved (as alluded to above) by coating the
surface with a PEG layer. Whilst PEG is characterized mainly by its hydrophilicity,
it can also accommodate water and thereby eliminate hydrophobic interactions, as
well as protein denaturation that would result in an entropic conformational gain
for the protein. Finally, the presence of an adsorbed PEG layer acts to block sites
for protein adsorption.

In general, protein adsorption can be prevented by eliminating the attractive
interactions between the protein and the surface (thermodynamic control), or alter-
natively by increasing the activation energy barrier for adsorption (kinetic control). A
kinetic control can be achieved by preventing the protein from sensing the surface,
for example, via a coating with a hydrogel coating (that may be based on PEG).

The protein resistance of PEG has been attributed to a combination of many
factors (Figure 2.3). Electrical double layer forces are eliminated, since the neutral
PEG screens the substrate charge. The primary adsorption of proteins to the
surface is prevented by the formation of dense PEG layers, although sufficiently
thick PEG layers can also prevent additional (secondary) adsorption. An entropic
barrier is also built up which renders the compression of chains by proteins
unfavorable.
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Figure 2.4 Schematic of different interfacial architectures for
the immobilization of capture moieties. Reproduced with
permission from Ref. [4]; © 2007, IOP Publishing.

Among the possible formats for the immobilization of antibodies or DNA for
biosensing, the creation of thin organic films (referred to as self-assembled mono-
layers; SAMs) on solid supports, polymeric substrates or polymer thin films, and
of tailored polymer brushes, have been reported [21]. Some of the established
immobilization procedures for antibodies, and the reaction with the solution-
borne analyte, are summarized in Figure 2.4.



2.2 Polymer-Based Biointerfaces | 63

222
Surface Modification Using Functional Polymers and Polymer-Based Approaches

It is possible to differentiate several methods of functionalizing surfaces with
polymers to fabricate functional biointerfaces (Figure 2.5). Depending on the type
of attachment and the process, this includes: (i) the attachment of preformed poly-
mers to coupling moieties on surfaces or polymers; (ii) the growth of polymers
from surface-immobilized initiators; (iii) the covalent immobilization or

Figure 2.5 (a) Grafting of polymer chains to reactive sites on
the surface; (b) Capture of polymer chains via
photochemically activated reactive groups; (c) Surface-
initiated polymerization; (d) Adsorption and coupling of
multifunctional graft copolymer; (e) Surface modification and
subsequent bioconjugation of the polymer surface.
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physisorption of multifunctional copolymers or terpolymers; and (iv) gas-phase
processes, including plasma and chemical vapor deposition (CVD) polymeriza-
tions. Alternative approaches, such as layer-by-layer (LBL) deposition are also
important, but details of these are not included in this chapter.

All these approaches differ in terms of their complexity, the level of control, and
also the functionality of the resultant biointerfaces. Simple surface engineering
approaches are, of course, attractive if they provide the desired functional and
stable biointerfaces. However, it is a priori impossible to decide which approach
is appropriate to address a particular problem. The use of slightly more complex
macromolecular architectures, such as end-functionalized star polymers [25, 32],
may represent a route to these interfaces.

Several classic approaches comprise multistep procedures, including several
subsequent chemical activation and functionalization reactions at the surfaces,
while others consist of a single immobilization step. However, in the latter case
the immobilized adsorbate may be the product of a multistep synthesis, such as
multipotent copolymers that possess the necessary functional elements for surface
attachment, passivation and function via active sites. Multipotent polymeric coat-
ings may also be synthesized in situ (see Section 2.2.2.4).

2.2.2.1 Grafting of Polymers to Surfaces
Polymer chains can be covalently tethered to the surface using the so-called
“grafting to” approach (Figure 2.6) [44]; this refers to the covalent linkage of an
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Figure 2.6 Schematic representation of the procedure used
for preparing PEG-grafted and maleimide-terminated surfaces
for the immobilization of thiolated DNA oligonucleotides.
Reproduced with permission from Ref. [43]; © 2006,
American Chemical Society.
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end-functionalized polymer (or a protein) to a surface that presents complemen-
tary reactive groups. Functional groups on the polymer can also be further reacted
in subsequent conjugation reactions. This approach results in lower grafting den-
sities compared to grafting-from procedures (as discussed in Section 2.2.2.2),
which are in the range of ~10-40mgmm™, because the immobilized polymer
chains sterically hinder the diffusion of polymer molecules from the solution to
reactive sites at the surface.

Furthermore, depending upon the surface density of the polymer and the inter-
action forces between the polymer and underlying surface, the thickness and
density of the polymer graft is difficult to control, due to the various conformations
of the polymer at the surface. This limitation is especially important when fabricat-
ing a nonfouling surface using PEG that is grafted from solution, since the protein
resistance of grafted PEG depends on both the surface density and length of the
PEG chains [45].

The grafting of polymers equipped with a terminal functional group (grafting-to
approach) allows the chains to be immobilized at any surface that exposes the
reactive functional groups. Despite the concomitant disadvantage of intrinsically
limited grafted film thicknesses, this approach is useful in many applications. The
surface-immobilized species is not necessarily exposed at the surface of a mono-
layer; rather, it may also be localized as a pending functional group of a polymer
(vide infra).

A related approach is the photochemically induced generation of highly reactive
species, such as those formed by benzophenone [46]. Here, the radicals react with
nearby C-H bonds (for example, of a polymer chain) and thus form covalent bonds
between the surface-immobilized benzophenone and the polymer in question
(Figure 2.7). This simple and effective way to covalently link thin polymeric
layers to solid surfaces can be controlled by varying the illumination time and
the molecular weight of the polymer. In the case of poly(styrene) (PS) and
poly(ethyloxazoline), the thickness of the layer was found to increase linearly with
the radius of gyration of the corresponding polymer.

Another such example is the covalent (and thus very robust) attachment of
(bio)molecules to wet chemically activated polymer surfaces under well-controlled
conditions in buffer (see Figure 2.8). In this particular example of block copolymer,
the microphase-separated morphology of the block copolymer with PS cylinders
in a matrix of the reactive tert-butyl ester acrylate (PtBA) affords an improved
stability of the films. At the film surface, an approximately 8 nm-thick PtBA skin
layer is exposed that can be converted to poly(acrylic acid) by a facile deprotection
reaction using, for example, organic acids (trifluoroacetic acid, TFA) or heat. This
deprotection is followed by an established activation using N-hydroxysuccinimide
(NHS) chemistry, to yield active esters that are reactive towards primary amines
in an aqueous medium (Figure 2.8a). The data for the immobilization of amino-
end functionalized PEG with different molar masses are presented in Figure 2.8b.
Based on ellipsometry and X-ray photoelectron spectroscopy (XPS) data, grafting
densities of ~2.4, 0.8, and 0.5 PEG molecules per nm” were determined for PEG
with different molar masses. Comparable SAMs of a NHS ester-terminated



66 | 2 Biofunctionalization of Polymeric Thin Films and Surfaces

polymer Q

and other

chain
o o products
hv
>
M Me
g ~si
/' “Me /" “Me
O (@]

Figure 2.7 Schematic representation of the photochemical
attachment of polymer chains to solid surfaces via
illumination of polymer-covered monolayers of a
benzophenone derivative (BP-ML). Reproduced with
permission from Ref. [46]; © 1999, American Chemical
Society.

disulfide on gold showed much reduced grafted thicknesses, which indicated an
enhanced availability of NHS ester groups at and near the surface of the polymer
film. Thus, the polymer film could be functionalized in a quasi-three-dimensional
(3-D) manner. The improved coverages of PEG led to a better functionality of the
PEG layer to suppress the nonspecific adsorption of proteins and, depending on
the molar mass, to reduce and eliminate the interaction of cells with correspond-
ingly functionalized surfaces (Figure 2.9).

The reliable conjugation of proteins, as well as PEG for the required surface
passivation, on activated (PS-b-PtBA), by using the grafting-to approach, is shown
in Figure 2.9. In particular, the blocking ability of PEG layers with different
number average molar masses (M,) was addressed. It has been well established
that the molar mass/chain length and the grafting density of PEG molecules
determine, to a large extent, the material’s antifouling properties [47]. On homo-
geneous layers of PLL and fibronectin the cells were shown not only to adhere,
but also to stretch out on the film (Figure 2.9a,b); this was indicative of the full
adhesive capacity of PaTu8988T cells, and the unrestricted formation of focal
adhesions. On the PEG layers with a high molar mass, only isolated cells were
observed that exhibited a rounded appearance; these cells were unable to attach
and died after prolonged contact with the surface. The observed differences in
cell-surface coverage are shown, quantitatively, in the histogram of Figure 2.9e.

2.2.2.2 Polymer Brushes by Surface-Initiated Polymerization
A polymer brush is a system of polymer chains that are densely end-tethered or
end-grafted onto a surface [48]. The attachment can be made either by end-grafting
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Figure 2.8 (a) Schematic of the block copolymer architecture
and the surface chemistry employed for immobilization;

(b) “Grafting-to” reaction employed for the NHS-activated
polymer surface; (c) Thickness changes of activated PS-b-PtBA
films after grafting PEG,—NH, (n = 11, 45, 114) for various
times as determined by ex situ ellipsometry. Reprinted with
permission from Ref. [120]; © 2007, Elsevier.

of a homopolymer, or by the selective adsorption of one of the blocks of a diblock
copolymer [49]. Grafting has been utilized as an important technique to modify
the chemical and physical properties of polymers (see also Section 2.2.2.1).
The major advantage of polymer brushes over other surface-modification
methods (e.g., SAMs) is their mechanical and chemical robustness, coupled with
a high degree of synthetic flexibility towards the introduction of a variety of func-
tional groups (also via brush copolymerization; see below). There is also an
increasing interest in the use of functional or diblock copolymer brushes for
“smart” or responsive surfaces, which can change their physical properties upon
stimulation [50].



68 | 2 Biofunctionalization of Polymeric Thin Films and Surfaces

PS-b-PtBA

Cell surface coverage %]
8 5 3 8
PLL
fibronectin
PS-b-PtBA

Surface functionality
Figure 2.9 Representative wide-field optical covered film (scale: 90pum x 160 um);

micrograph of: (a) PLL-covered PSgg-b- (e) Histogram of cell-surface coverage
PtBA:1 films (scale: 90um x 160um); (normalized to coverage on PLL) versus
(b) Fibronectin-covered film (scale: polymer surface composition. Reprinted with

90pum x 160pum); (c) PS-b-PtBA-covered film  permission from Ref. [120]; © 2007, Elsevier.
(scale: 90pum x 160um); (d) PEG5000-NH,-

An alternative approach for grafting polymers to surfaces is that of “grafting
from” (also known as SIP), as shown in Figure 2.10. In this approach, a surface
is activated to present an initiator, and a polymer of interest is grown from the
surface [51]. First, the substrate of choice is modified with initiator-bearing SAMs.
These SAMs can be formed on almost any surface, as long as an appropriate
functionality is chosen (e.g., thiols on gold, silanes on glass, Si/SiO, and plasma-
oxidized polymers). The initiator surfaces are then exposed to solutions containing
a catalyst and monomer (plus a solvent, if necessary). Ideally, the polymerization
should be not only surface-initiated but also surface-confined; that is, no poly-
merization should occur in solution [52].

In order to achieve maximum control over the brush density, polydispersity, and
composition, a controlled polymerization is highly desirable. During the past few
years this field has rapidly evolved, such that today all of the major controlled
polymerization strategies have been used to grow polymer brushes [52, 53]. Of
these, controlled radical polymerizations have become the most popular routes,
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Figure 2.10 (a) Concept for the synthesis of  terminally attached to SiO, surfaces by using

covalently attached polymer monolayers via a self-assembled monolayer of AIBN-like azo
radical graft polymerization (“grafting-from”  compound with a chlorosilane headgroup.
technique) using immobilized initiators; Reproduced with permission from Ref. [51];
(b) Synthesis of monolayers of polystyrene © 1998, American Chemical Society.

mainly because of their tolerance to a wide range of functional monomers and
less stringent experimental conditions. Different controlled polymerizations for
brush growth have been used, including living ring-opening polymerization
(ROP), living anionic polymerization, living cationic polymerization, ring-opening
metathesis polymerization (ROMP), nitroxide-mediated polymerization (NMP),
reversible addition-fragmentation chain-transfer polymerization, and atom trans-
fer radical polymerization (ATRP) [54].

In fact, ATRP has become probably the most widely employed technique for the
formation of polymer brushes via SIP. ATRP is compatible with a variety of func-
tionalized monomers, and the living/controlled character of the ATRP process
yields polymers with a low polydispersity that are end-functionalized and so can
be used as macroinitiator for the formation of di- and triblock copolymers. Equally
important, surface-initiated ATRP is experimentally more accessible than,
for example, the living anionic polymerization, which requires rigorously dry
conditions.

The controlled nature of ATRP is due to the reversible activation—deactivation
reaction between the growing polymer chain and a copper-ligand species [55]. One
typical monomer for the formation of polymer brushes via surface-initiated ATRP
(SI-ATRP) is oligoethylene glycol methacrylate (Figure 2.11). For example, Ma
et al. synthesized an alkanethiol-functionalized with a terminal ATRP initiator, and
subsequently prepared a SAM of this ATRP initiator-functionalized thiol on gold
[56]. This initiator-functionalized SAM on gold was then used to carry out a SI-
ATRP of poly(oligo(ethyleneglycol)methacrylate) (poly(OEGMA)) on gold (as
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Figure 2.11 (a) Schematic illustration of SI-ATRP of OEGMA
strategy to create a protein-resistant surface. Molecular
structure of ATRP initiator; (b) Thiol-terminated

initiator; (c) Silane-terminated initiator (11-(2-bromo-2-
methyl)propionyloxy) undecyltrichloro silane. Adapted with
permission from Ref. [31]; © 2006, American Chemical
Society.

shown in Figure 2.11). Later, Chilkoti and coworkers exploited this SIP for the
fabrication of bioinert surfaces.

Polystyrene-block-poly(tert-butyl acrylate) (PS-b-PtBA) brushes were also synthe-
sized using ATRP. Here, PtBA can be regarded as a precursor for carboxylic acid
functionalities, as shown by Mengel et al., who hydrolyzed PtBA in LB films [57]
(see also Section 2.2.2.1).

The “grafting from” approach possesses several attractive features:

e A very high surface density of up to 85 mgmm™ of a polymer can be obtained
[58].

e A linear increase in the polymer thickness with polymer molecular mass is
observed, because the high surface density of the polymer forces the polymer
chains into a brush conformation so as to minimize steric constraints.

e The procedure is easy, because the synthesized polymer is solely localized at the
interface; hence, the need to extract any loosely physisorbed polymer is
eliminated [59].
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Figure 2.12 Scheme of the UV-initiated grafting process.
Selective irradiation of an ethylene tetrafluoroethylene (ETFE)
foil with extreme ultraviolet (EUV) radiation creates radicals in
the polymer. Subsequent grafting of polystyrene leads to the
growth of a 3-D structure. Reproduced with permission from
Ref. [60]; © 2004, American Vacuum Society.

Graft polymerizations were also initiated on neat polymer surfaces, for example
by intense UV radiation, which generates radicals. These radicals may subse-
quently polymerize monomers that are present close to the surface, via free-radical
pathways (Figure 2.12) [60].

These exciting advances relating to the nanostructuring of polymer and biomac-
romolecular brushes were recently reviewed by the Zauscher group. The integra-
tion of various brush synthesis techniques with advanced nanolithographic and
templating approaches can provide access to well-defined nanostructures based on
polymers (Figure 2.13) [63]. Gradient structures may be fabricated by spatial vari-
ations in the irradiation dose for light-induced SIP. Responsive polymers, such as
poly(N-isopropylacrylamide) (poly-NIPAAm) have also been synthesized in a spa-
tially highly controlled manner.

One very new development in this area has been the adaptation of solid-phase
peptide synthesis to graft peptide monolayers from solids for the modification of
interfacial properties. By using a commercial microwave peptide synthesizer, the
group of Ducker grew a 15-residue peptide from the surface of an aminosilanized
silicon wafer [64]. This method of direct synthesis of peptides at a surface repre-
sents a novel means of introducing a peptide layer at surfaces. In this way, complex
adsorption or grafting procedures, or the purchase of expensive peptides, are
circumvented.

Previously (Figure 2.14), simple peptides, such as poly(gamma-benzyl-L-
glutamate) (PBLG), were grafted in monolayers onto silicon with native oxide

Al
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Figure 2.13 (a) Atomic force microscopy (AFM) height image
of polymer brush gradient formed via a variation in irradiation
dose during electron-beam chemical lithography; (b) AFM
images of pNIPAAm brush patterns, showing gradual height
variations within some of the patterned features. Adapted
with permission from Refs [61, 62]; © 2007, Wiley-VCH.

surfaces via an initiation of the polymerization of the N-carboxy anhydride of
gamma-benzyl-L-glutamate by a surface-attached amino-terminated silane [65].

2.2.2.3 Physisorbed Multifunctional Polymers

A very successful and rapid approach for the modification of oxidic and other
surfaces with functional polymers has been developed by the groups of Hubbell
and Textor [66—68]. By exploiting multipoint attachment of designed copolymers
with grafted side chains for attachment, functional side chains and passivating
chains dense layers can be fabricated by a simple dip-coating process. The adsorbed
copolymer layer forms presumably a comb-like structure at the surface, with the
anchor groups bound to the surface, while the hydrophilic and uncharged PEG
side chains are exposed to the solution phase. The copolymer architecture was
shown in various studies to represent an important factor in the resulting protein
resistance. In particular, the packing-density and the radii of gyration of the PEG
are seen to control protein repellence.

On oxidic surfaces poly-L-lysines are exploited, whilst for gold surfaces
polysulfides were developed. The protonated primary amino groups of the lysine
residues interact strongly with the negatively charged species on the oxidic sur-
faces, whereas the sulfides bind strongly to the gold surfaces. In addition to this
anchor/immobilization function, these polymers comprise two further functions.
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Figure 2.14 Schematic of the peptide synthesized on silica.
The charge is a function of the pH. Reproduced with
permission from Ref. [64]; © 2009, American Chemical
Society.

First, the pending PEG chains in poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG)
render the modified surfaces protein-resistant. Second, telechelic PEG units
bearing terminal biotin or other active groups, such as nitrilotriacetic acid-equipped
PEGs for the Ni-histidine-based complexation of proteins, render them functional
(Figure 2.15 and Figure 2.16).

The adsorbed PLL-g-PEG layers were shown to be highly effective towards reduc-
ing the adsorption of proteins also from blood serum. The coatings were also
found to be resistant towards fibrinogen, which plays an important role in the
cascade of events leading to biomaterial-surface-induced blood coagulation and
thrombosis. For example, Textor et al. reported adsorbed protein levels as low as
<5ngcm™ for an optimized polymer architecture. The PLL-g-PEG layers were also
reported to show good long-term stability, while retaining their resistance to
protein adsorption [70].

In detailed studies addressing the interaction mechanism and strength of PLL-
PEG layers, by using colloidal force microscopy, the steric component was found
to be most prominent for high PEG grafting densities [71]. At low ionic strengths
and high grafting densities, an additional repulsive electrostatic surface force was
also observed. For lower grafting densities and lower ionic strengths, Pasche et al.
observed a substantial attractive electrostatic contribution arising from an interac-
tion of the electrical double layer of the protonated amine groups. Thus, for the
PLL-g-PEG coatings the net interfacial force could be described as a superposition
of electrostatic and steric-entropic contributions.

When investigating the specific immobilization of biomolecules, the biotin—
streptavidin interaction has been successfully implemented. The specific binding
of avidin, neutral avidin, or streptavidin, and the subsequent immobilization of
biotinylated biomolecules (such as antibodies) has been demonstrated [67]. More
recently, the advantages of the PLL-g-PEG-based layers were combined with the
well-established Nill-His-tag chemistry (Figure 2.16) [72].

73
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Figure 2.15 (a) Idealized scheme of the
interfacial structure of a monolayer of
PLL-g-PEG adsorbed onto a metal oxide
substrate (Nb,Os) via electrostatic
interactions between the negatively charged
metal oxide substrate and positively charged
amino-terminated PLL side chains (at neutral
pH); (b) Protein-adsorbed mass measured in
10mM HEPES buffer (pH 7.4) by optical
waveguide lightmode spectroscopy (OWLS),
on the five surfaces with various surface
charges and PEG surface densities. From left
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from negative to positive; the PEG surface
density passes through a maximum of 0.5
PEG nm™ for the PLL(20)-g[3.5]-PEG(2)
polymer layer shown in the center. Surfaces
with a medium value for the average PEG
surface density of 0.2 PEG nm™ were obtained
with PLL(20)-g[3.5]-PEG(2) (1/2; i.e., half
monolayer coverage), charged negatively, and
a monolayer of PLL(20)-g[10.1]-PEG(2),
charged positively. Reproduced with
permission from Ref. [69]; © 2005, American
Chemical Society.

to right the surface charge gradually changes

2.2.2.4 Multipotent Covalent Coatings

A similar principle can be exploited if polymers with functional groups are syn-
thesized that can couple covalently to species exposed at a film surface. An early
example of this was the concept of using reactive polymer interlayers as an immo-
bilization platform. For instance, the alternating copolymer of vinyl isocyanate and
maleic anhydride (poly[(1-methylvinyl isocyanate)-alt-(maleic anhydride)]) (IAP)
[73], has been employed successfully by Beyer et al. to generate reactive polymer
surfaces that expose anhydride and isocyanate groups [74]. These surfaces are
reactive towards amines, among others. In addition, by using bifunctional spacers
(e.g., 2-aminoethanol), multilayers with tunable thickness and functionality can
easily be obtained (Figure 2.17).

A related approach has been reported by Park et al. [75] who, in a terpolymer
with pending trimethoxy silanes as the anchors for silanol-terminated surfaces,
combined PEG side chains to reduce protein adsorption and NHS esters for the
subsequent conjugation of active species (including biomolecules). In this way the
central functions of bioreactivity and antibiofouling could be incorporated together
with anchors for stable surface attachment.

A similar result was obtained by exploiting cleverly chosen multicomponent
formulations that comprised an o-NHS ester-o-trimethoxy silane, an azidosulfo-



Figure 2.16 (a) Schematic of biointerface
fabrication using multisite adsorption of
poly-L-lysine-PEG conjugates by dip-coating.
The charged lysine residues adhere via
electrostatic interactions on the oxidic
biosensor surface, the PEG brushes prevent
nonspecific adsorption of proteins, while the
incorporated terminated biotin can be
exploited to immobilize tetrafunctional
streptavidin. The remaining binding site of
streptavidin serve as attachment sites for
biotin-modified antibodies. Reproduced with
permission from Ref. [67]; © 2002, American
Chemical Society.; (b) The capture of
His-tagged proteins in the correct orientation
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(b)

| Nb,Og coated waveguide chip

has been demonstrated using the modified
PLL-g-PEG polymer. A schematic view of the
molecular assembly monolayer of the
polycationic polymer PLL-g-PEG/PEG-NTA on
a negatively charged Nb,Os-coated waveguide
chip. The GFPuv-6His is shown to be attached
via the six adjacent histidine residues to three
and two Ni—-NTA complexes, with the NTA
covalently bound to the end of the long PEG
chains (molecular weight 3.4kDa). The
nonfunctionalized PEG chains have a
molecular weight of 2kDa. The magnified
inset shows details of the NTA-Ni"/6 x His-
tag interaction. Reproduced with permission
from Ref. [72]; © 2006, Wiley-VCH.

nylhexyl-triethoxy silane, and a polyethylene sorbitan tetraoleate in a polar solvent
[76]. The films obtained by spin-coating and thermal curing possessed the neces-
sary functions and were successfully used in studies of advanced biointerfaces. In
particular, the bioactive species were successfully immobilized, while the adhesion
of nonspecific protein, bacteria and cells was inhibited.

2.2.2.5 Plasma Polymerization and Chemical Vapor Deposition (CVD) Approaches

Plasma treatments (low-pressure glow discharge) represent versatile methods for
the modification and functionalization of polymer surfaces [77]. In addition to a
broad range of surface characteristics, which can be obtained by introducing dif-
ferent functional groups (e.g., by changing the type of gas, hydrophilic and hydro-
phobic surfaces can be achieved) [78], the deposition of polymers [79], the
immobilization of (for example) surfactant molecules [80], and/or etching of the
specimen surface [81] can each be utilized to tailor the surface properties by using

this technique.
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Figure 2.17 (a) Schematic representation of  another layer of IAP. The pentagonal and

the assembly of the reactive polymer after rectangular shapes symbolize the reactive
reaction with the silanized substrate. Only the moieties of IAP; squares and triangular
top layer of the functional groups is shown; shapes symbolize the functional groups of

(b) Schematic representation of the assembly  2-aminoethanol. Black circles denote amide,
of multilayers of IAP on silicon oxide surfaces: urea, and urethane functional groups formed

(i) reactive polymer layer assembled on a by the reaction of 2-aminoethanol with IAP.
silanized surface; (i) after reaction with Reproduced with permission from Ref. [74];
2-aminoethanol; (iii) after reaction with © 1996, American Chemical Society.

The formation of polymer films by plasma deposition is a very attractive approach
to thin coatings prepared in a “clean” process. The precursor molecules are first
introduced into a low-pressure glow discharge chamber by using a carrier gas, and
are activated in the plasma (here, the term “activation” refers to dissociation and
radical formation). Polymerization reactions initiated by these radicals can lead to
a reaction with monomers and monomer fragments in the chamber, with such
reactions taking place both in the plasma and on the substrate surface. If suitable
monomers are chosen, then a more or less crosslinked film can be deposited.
Plasma-polymerized films have been reported to show interesting characteristics,
such as improved adhesion [82] or improved blood compatibility [83]; they have
also been applied as coatings for DNA sensors [84].

In the particular case of polyallylamine layers obtained by pulsed plasma deposi-
tion, the plasma deposition parameters allow one to tune important properties
such as swelling and loading. The adsorption of ssDNA onto pulsed plasma-
polymerized allylamine films, as assessed by in situ SPR measurements, correlated
with the chemical nature of the plasma films that can be tuned by varying the
corresponding plasma on and off times (Figure 2.18).

The earlier-introduced electrostatic adsorption of PLL-g-PEG onto oxidic sur-
faces, suffers from the drawback that the deposited films are unstable for use in
extreme pH values or in high ionic strength solutions. However, this limitation
can be addressed by a combination of plasma modification and covalent attach-
ment of the PLL-g-PEG copolymers. As reported by Blattler and coworkers, alde-
hyde plasma-modified substrates provide an excellent platform to couple, and
thereby permanently immobilize, PLL-g-PEG [85]. Even after a 24h exposure of
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resonance (SPR) kinetic measurements of American Chemical Society.

DNA binding on a low DC (10/200), a 5W

covalently immobilized layers of PLL-g-PEG to high ionic strength buffer (2400 mM
NaCl), no significant change in the protein resistance was observed (Figure 2.19).
By contrast, simply electrostatically adsorbed PLL-g-PEG coatings would have lost
their protein resistance under the same conditions. This combined approach also
broadens the scope of PLL-g-PEG, since the requirement for charged surfaces is
lifted.

For the surface modification of microfluidics devices made from poly(dimethyl
siloxane) (PDMS), the gas-phase processes possess a variety of advantages. One
very successful route which was introduced by Langer and colleagues [86, 87] is
based on a CVD polymerization using poly-[para-xylylene carboxylic acid
pentafluorophenolester-co-para-xylylene] (PPX-PPF) (Figure 2.20). In this case, the
deposited reactive coating exposes reactive pentafluorophenol ester groups at the
surface, and these can be utilized to immobilize amino end-functionalized
biomolecules.

The deposition, which can be tuned such that no byproducts are formed [88], is
carried out at room temperature and does not require any catalyst, solvent, or
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Figure 2.19 Schematic diagram of the covalent
immobilization of PLL-g-PEG onto propanal plasma-modified
substrates via reductive amination. Reproduced with
permission from Ref. [85]; © 2006, American Chemical
Society.
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Figure 2.20 Chemical vapor deposition (CVD) polymerization
of a reactive coating. Reproduced with permission from Ref.
[86]; © 2001, American Chemical Society.

initiator. In addition to PPX-PPF, the use of poly-(p-xylylene-2,3-dicarboxylic acid
anhydride) has also been reported [89]. For these coatings the functional groups
are retained and the subsequent reaction with biological ligands or proteins does
not require any further activation. The extension of this approach to different
pending reactive groups allows the selective functionalization of confined micro-
geometries (Figure 2.21a) [90]. Moreover, the process has also been extended to
orthogonal chemical functionalities which render surfaces reactive towards differ-
ent ligands in a selective manner [91]. In this way, defined and stable surface
properties are ensured, along with the capability to immobilize active biomolecules
onto a surfaces of miniaturized biodevices.
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for the chemical immobilization of biotin of the multivalent surface. The activated ester

and subsequent binding of streptavidin onto
a reactive coating, which exposes a
trifluoromethyl-substituted ketone.
Reproduced with permission from Ref. [90];

only reacts with the aminomethyl group, while
the hydrazide group shows selective reactivity
toward ketones. Reproduced with permission

from Ref. [91]; © 2006, Wiley-VCH.
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223
Surface Modification of Polymer Surfaces, and Selected Examples

The modification of polymers by postsynthesis modification, and the concomitant
formation of functional polymers, has been recently reviewed by Gauthier, Gibson
and Klok [92]. In principle, all approaches developed as “polymer-analogous reac-
tions” can also be considered at this point, and provide a “toolbox” for the modi-
fication of polymer surfaces and thin films [93].

2.2.3.1 Coupling and Bioconjugation Strategies

In general, surface reactions differ in several aspects from reactions carried out in
solution. These differences are most pronounced in ordered environments, such
as those encountered in monolayers, although they may also affect reactions at
the surfaces of polymers. These effects can be categorized as “solvent” (e.g., altered
surface pKj, values), “steric,” and “electronic/anchimeric” [94], among which the
solvent and anchimeric effects do not necessarily possess analogues in solution.
Further surface-specific peculiarities include the susceptibility to contamination,
a limited mobility of surface-immobilized functional groups and spacers, a hin-
dered access of the reactants to reactive sites in organized assemblies, crowded
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transition states, the presence of surface forces, and problems related to reaction
byproducts.

2.2.3.1.1 Covalent Coupling and Bioconjugation Strategies Covalent coupling
reactions can be grouped into substitution and addition reactions, the difference
between which relates to the presence of a leaving group in the former case.
While a good leaving group may increase the reactivity—as in the case of reactive
(active) esters versus conventional esters—the transition state may be more
complex as the bulky leaving group contributes to the steric hindrance. A recent
review by Jonkheijm et al. has summarized the most important classes of cova-
lent attachment chemistries, as well as the different formats and approaches
(Table 2.1) [95].

Table 2.1 Methods used for covalent protein immobilization. Reproduced with permission
from Ref. [95]; © 2008, Wiley-VCH.

Surface functional group Protein functional Product
group
NHS ester o H,NR amide
imine

"/OL
Aldehyde | H,NR
o

Isothiocyanate H,NR thiourea
5
N=C=$S NS R
H H
Epoxide H,NR aminoalcohol
OH
H
HO(O)CCH,R ° amide
‘*Nw ’——N'J'L“—R
H

a  With coupling reagent [e.g., carbonyldiimidazole (CDI)].
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Figure 2.22 Chemistries used to modify the
PMMA substrates and to covalently
immobilize 5”-end-modified DNA
oligonucleotides to amine-terminated
surfaces. (a) The available methyl esters of
the PMMA, under basic pH conditions, are
reacted with an electron donor (N) present on
the hexamethylenediamine, yielding primary
amines on the surface; (b) Protocol described
by Bulmus et al. [115]; (c) Attaching the
aminated DNA to aminated PMMA surfaces.
The aminated PMMA was treated with the
homobifunctional crosslinker
glutardialdehyde, having a terminal aldehyde
group reacting to the primary amino groups

PMBMA

of the PMMA, through an imine bond. The
NH,-DNA probes are subsequently reacted
with the other aldehyde terminal of the
crosslinker, establishing a covalent bond
between the surface and the oligonucleotide
probe; (d) Attaching thiolated DNA to
aminated PMMA surfaces. The aminated
PMMA is reacted with the NHS ester group of
the heterobifunctional crosslinker sulfo-EMCS,
and subsequently the maleimide portion of
the sulfo-EMCS is reacted with a 5™-end-
thiolated DNA probe, to achieve a covalent
immobilized DNA. Reproduced with
permission from Ref. [24]; © 2004, Oxford
University Press.

The basis for the surface attachment of, for example DNA, can be the design of
polymers or conventional polymers that are activated. Examples comprise typical
photoresist materials, such as SU-8 [113], elastomeric materials that are used in
soft lithography (including PDMS) [114], or typical mass polymers, such as PMMA
[24]. PMMA can be functionalized as shown in Figure 2.22.

A well very established and widespread substitution reaction in aqueous media
is the already many-fold mentioned substitution employing active esters, such as
NHS esters (see Table 2.1) [109, 116, 117]. Under mild conditions, (bio)molecules
with primary amino groups are efficiently coupled. For each type of protein the
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relevant reaction parameters, including pH, concentration, ionic strength and
reaction time, must be optimized in order to achieve high coverages. This reaction
is of particular value as many proteins contain a number of lysine residues that
often are located on the outer periphery of the protein. However, it has also been
shown that an abundance of lysines may often result in multipoint attachment.
In this case, the resultant layers and biointerfaces comprise unwanted heterogene-
ity, while the immobilized protein may exhibit a restricted conformational
flexibility.

In reactions on model SAMs, the yield of the activation step has been reported
to be limited to 50% also in the case of sulfonated NHS esters [118]. This limit
has been attributed to the steric packing of the NHS ester intermediate. By repeated
carboxylic acid activation and reaction with NH;, up to 80% all of the carboxylic
acid-terminated molecules were converted to amides. In the case of polymers, the
transition state would be expected to be less crowded [119], and hence higher yields
should be observed. Examples with polymers include the NHS ester-based cou-
pling reactions of, for example, DNA, proteins, and PEG [120]. If the pH of the
buffer is well controlled, then the hydrolysis of the NHS ester is only a negligible
side reaction (compare Figure 2.8). However, this side reaction will limit the shelf
life of commercially available DNA array support slides that employ NHS chem-
istry [40]. In such films, the inefficient surface activation reaction is circumvented
by using NHS ester-equipped polymers.

The Schiff base (imin) formation between a surface-immobilized aldehyde and
a primary amine on the biomolecule may serve as an illustrative example of an
addition reaction, an example being the immobilization of DNA [121]. The imin
reaction product is formed either as the cis or trans isomer, and is in dynamic
equilibrium with the free reactants; this equilibrium can be exploited for reversible
and reusable biochips. However, if a robust attachment is sought, then a reduction
of the imine with borane chemistry would typically be carried out to yield a more
stable secondary amine.

One class of reaction, with a unique applicability in the context of biointerfaces
and biofunctionalization of polymers, has been developed during the past decade.
This so-called archetypal “click” reaction is based on the long-known 1,3-dipolar
cycloaddition (Huisgen reaction), where the reaction between an azide and a ter-
minal acetylene proceeds in the presence of a copper catalyst, with essentially
quantitative yield under the mildest conditions, to yield a stable 1,2,3-triazole. The
tolerance of this reaction towards other functional groups, coupled with the mild
conditions, render this reaction highly valuable within the context of this chapter.
The 1,3-dipolar cycloaddition, which was pioneered by Sharpless and others,
has since found ample application in the field of bioconjugation and surface
modification [28, 122, 123].

Here, we will briefly discuss a recent example that combines the above-
introduced gas-phase CVD polymerization with click chemistry [28]. The CVD
polymerization of a suitable monomer affords the para-phenylene-based polymer
with pending acetylene groups. The reaction proceeds under mild conditions, with
an azide-functionalized biotin derivative (Figure 2.23, left). The efficient capture
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Figure 2.23 Left: Huisgen 1,3-dipolar cycloaddition between a
biotin-based azide-ligand and acetylene-polymer. Right:

(a) Fluorescence micrograph showing the binding of tetra-
methylrhodaminisothiocyanate-streptavidin to patterns of
biotin azide; (b) Corresponding ellipsometric image for
determining the layer thickness. Reproduced with permission
from Ref. [28]; © 2006, Wiley-VCH.

of fluorescently labeled streptavidin can be monitored using fluorescence micro-
scopy and imaging ellipsometry (Figure 2.23, right).

2.2.3.1.2 Noncovalent Coupling and Bioconjugation Strategies The covalent cou-
pling reactions discussed above are complemented by a series of noncovalent
bioconjugation reactions that are frequently used as alternatives if an enhanced
selectivity of the surface reactions is targeted. Two of the most prominent exam-
ples are briefly discussed here, based on their relevance and widespread use (see
also the example vide supra; Figure 2.23).

The interaction of the proteins streptavidin or avidin on the one hand, and of
biotin (vitamin H) on the other hand, is characterized by the largest free energies
of association yet observed for the noncovalent binding of a protein and a small
ligand in an aqueous medium. The strength of this interaction is characterized by
an extraordinarily high binding constant of ~10*° M for the interaction between
biotin and streptavidin (for avidin and biotin, ~10" M™") [124]. In practice, such a
bond can be regarded as permanent, even over a wide range of temperature and
pH. Compared to chemical reactions that may require particular conditions (cf.
NHS ester chemistry), this complexation is very specific. Furthermore, the posi-
tioning of two pairs of biotin-binding sites on opposite faces of the protein allow
this system to be exploited as a molecular platform for the construction of designed
interfacial architectures.

Many of the covalent reactions summarized in Table 2.1 also require biomole-
cules with defined pending functional groups. Other than in custom-synthesized
DNA, where the chain end function is determined by design, the lysine and
cysteine residues of naturally occurring proteins are rarely unique. Hence, the
covalent attachment of proteins via their lysine residues does not provide any
control over the correct orientation of the immobilized protein. This lack of
regiospecificity may ultimately lead to the undesired blocking of a reactive site of
a protein as a result of the immobilization reaction.

83
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These shortcomings can be overcome by using the biotin—streptavidin system
described above, although metal ion chelator systems have also been further
developed and refined in this context. One well-established approach utilizes the
N-nitrilotriacetic acid (NTA)/Hise-tag chelator system, which is also well known
in the isolation and purification of gene products as a single step [125, 126]. The
NTA is typically immobilized on a surface and, in the presence of nickel ions, will
capture histidine-tagged biomolecules by exploiting the high affinity of histidine
for Ni** ions. In this way, the His-tagged protein is bound to the surface [127]. As
the His,-tag is small and flexible, the function of the protein is preserved. In order
to generate reusable biochip surfaces, the complexation can be reversed by adding
imidazole or ethylene diamine tetraacetic acid (EDTA). More recently, protein
binding by multivalent chelator surfaces was shown to be a strategy by which to
overcome the known problems with the low affinity and rapid dissociation of the
mono-NTA-Hisetag interaction. As demonstrated by Tampe and coworkers,
immobilized histidine-tagged proteins were uniformly oriented and retained their
function [128]. These approaches should also be feasible for polymer-based
platforms.

As noted above, the attachment chemistries applicable to protein immobiliza-
tion do not differ fundamentally, if one compares the monolayer- and polymer-
based approaches. However, some striking differences have been noted with, in
many cases, the polymer-based approaches comparing in many ways very favora-
bly with SAMs [129]. In addition to the inherent advantage of a higher loading per
unit surface area (due to the increase in dimensionality from 2-D to quasi-3-D;
this was alluded to in Section 2.2.2.2), it is mainly the improved robustness and
stability, as well as the compatibility with micropatterning and nanopatterning
methodologies, that can be proposed, among other factors.

In order to increase the molecular loading—that is, the number of molecules
immobilized per unit area—hydrogels [130, 131], dendrimers [132, 133], hyper-
branched polymers [134], CVD approaches [89], self-assembled polyelectrolyte
multilayers [135], self-assembled polymer layers [136], plasma polymers [84, 112],
and comb copolymers [137] have been investigated, among others [138].

The aspect of a high loading per unit surface area is illustrated in Figure 2.24
for a dendron-modified cellulose [139]. Dendrons, which can be considered as the
building blocks for highly branched, well-defined dendrimer macromolecules,
provide within their coupling layers many attachment points. Biofunctionalized
surfaces based on dendronized cellulose were prepared, for example, by the het-
erogeneous functionalization of a deoxy-azido cellulose film, with the polyami-
doamine (PAMAM) dendron exploiting the above-mentioned “click” chemistry.
The amino groups provided by the solid supports were exploited to covalently
couple the enzyme glucose oxidase after activation with glutardialdehyde. These
biofunctionalized surfaces, when based on dendronized cellulose, were reported
to provide excellent reproducibility and a good storage stability.

The same theme has been exploited commercially in hydrogel sensor chips.
Most notably, crosslinked carboxymethyl (CM) dextran-based platforms have
found widespread application since, as hydrophilic highly swollen hydrogels, they
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Figure 2.24 (a) Syntheses of 6-deoxy-6- acetate (DS = 2.50) and subsequent surface
(1,2,3-triazolo)-4-polyamidoamine (PAMAM)  activation with glutardialdehyde for covalent
cellulose of 2.5th generation obtained by immobilization of glucose oxidase (GOD;
copper-catalyzed Huisgen reaction (idealized  light gray bars), cellulose acetate (black bars),
structure); (b) Schematic preparation of a and 6-deoxy-6-(1,2,3-triazolo)-4-PAMAM
blend of 6-deoxy-6-(1,2,3-triazolo)-4- cellulose. Reproduced with permission from
polyamidoamine cellulose (degree of Ref. [139]; © 2009, American Chemical
substitution (DS) = 0.25) and cellulose Society.

provide a large surface area which enables high-loading biomolecule immobiliza-
tion [140]. Such polymeric hydrogels afford up to 100-fold higher capacity of
immobilization than is found for planar surfaces. In order to realize stable micro-
array chips, antibodies or other recognition units can be coupled covalently to the
pending carboxyl groups in the dextran matrix. The hydrogel nature of the matrix
also afford low levels of nonspecific protein adsorption.
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As an alternative approach, natural, synthetic and biohybrid hydrophilic poly-
mers have each been investigated for the attachment or entrapment of biomole-
cules [96]. Polymer networks are readily accessible via photochemically or thermally
initiated crosslinking and, due to the wide variety of possible chemical structures
of the monomers used, and the precise control of the molecular architecture and
morphology, a variety of polymer supports for protein immobilization have been
developed. In addition to hydrophilic polymers such as PEG and poly(vinyl alcohol)
(PVA), hydrophobic polymers—including nitrocellulose or polyacrylamide or acr-
ylate gels—have been widely used for the immobilization of biomolecules. Both,
agarose and acrylamide were photopolymerized onto surfaces which had been
functionalized with acryl groups; subsequently, amine groups were generated on
the polymer surface by reaction with hydrazine or ethylenediamine. Other exam-
ples of biopolymer-derived gels applied to the immobilization of proteins include
polysaccharides. One such example is chitosan, an amine-modified, natural, non-
toxic polysaccharide that is pH-responsive and can (depending on the state of
charge) adhere via electrostatic interaction with both glass surfaces and solution-
borne proteins.

2.2.3.2 Interaction with Cells

Investigations into the interactions of cells with designed surfaces is one area
where polymers have made a considerable impact. As noted by several groups, the
microenvironment determines cell adhesion and other important processes [97].
Yet, in addition to the required biochemical patterns, polymers can easily be struc-
tured and tuned in terms of their mechanical properties.

Shi et al. reported recently on the development of materials with optimized
biointerfaces for the modulation of spreading, proliferation, and differentiation of
human mesenchymal stem cells on gelatin-immobilized poly(L-lactide-co-e-
caprolactone) (PLCL) substrates [98]. The fabrication of the substrates involves a
classical radiation-induced modification of a PLCL film surface, followed by classic
activation by ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride/N-
hydroxy succinimide (EDC/NHS) chemistry. Finally, gelatin was immobilized
covalently (Figure 2.25).

Tailored surfaces on the basis of designed polymer surfaces also the interaction
of cells and selected proteins to be interrogated, with unprecedented resolution.
In the atomic force microscopy (AFM) images shown in Figure 2.26a, a PaTu8988T
cancer cell interacted with fibronectin that was covalently immobilized on the film.
(Note: these AFM experiments were carried out with fixed cells, although live cell
imaging is also possible.) The length scale of the filopodia and of the microphase
separation of the block copolymer was comparable; thus, nanometer-scale control
may ultimately be achieved if the block copolymer domains can be selectively
functionalized with ligands. These fundamental interaction studies can be
expanded to a microarray format, as shown in Figure 2.26b. Here, Hook et al.
demonstrated the suitability of the robotic approach for chip-based functional
genomics and high-density cell assays that may become relevant within the context
of toxicology and drug screening [99].
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Figure 2.25 Upper panel: Schematic diagram  (b) Fibronectin (FN)-coated glass; (c) PLCL;
of the biofuctionalization of PLCL films using  (d) AAc-PLCL; (e) Gelatin-AAc-PLCL. Larger
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acid groups formed during the irradiation, each film, obtained using fluorescence

and the subsequent grafting of gelatin. Lower microscopy at x100 magnification (scale
panel: Morphologies of human mesenchymal  bar = 200um). The inserted square images

stem cells (hMSC) cultured on various show the detailed morphology of the adherent
substrates. (a) Phase-contrast light cells captured using laser scanning confocal
microscopy image of the adherent h(MSC on  microscopy (x1000 magnification; scale

the tissue cell culture plate (scale bar = 50um). Reproduced with permission
bar = 300um) and immunofluorescent from Ref. [98]; © 2008, American Chemical

staining of the adherent cells on the films; Society.
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Figure 2.26 (a) Tapping mode AFM
amplitude image of PaTu8988T cell on
fibronectin-functionalized polystyrene-block-
poly (tert-butyl acrylate) (PSgoo-b-PtBA ).
Inset: tapping mode AFM height image.
Reproduced with permission from Ref. [100];
© 2009, Wiley-VCH; (b) Schematic of the
formation of a chemically patterned surface
for cell microarray applications. A polymer
functionalized with a photoreactive azide
group is arrayed onto a PEG surface using a
robotic spotter. Subsequent irradiation with
UV light covalently crosslinks the polymer to
the PEG surface, resulting in the formation of
a patterned surface, which can subsequently

formation of a DNA, protein, or small
molecule array formed by the same robotic
spotter that was utilized for the polymer array
formation. When cells are seeded to these
patterned surfaces, cell attachment follows
the crosslinked polymer pattern, while
attachment on the PEG surface between the
printed spots is prevented. (Note: the
schematic is not drawn to scale.); (c)
Fluorescence microscopy image of Hoechst
33342-stained SK-N-SH neuroblastoma cell
microarray (x4 magnification; scale

bar = 500um). Reproduced with permission
from Ref. [101]; © 2009, American Chemical
Society.

be used as a base substrate for the additional

Simultaneous biochemical and topographical patterning has been reported (for
example, by the Textor group) in the investigation of isolated cells and their inter-
action with the microenvironment. The first successful experiments on single cells
that were enclosed individually into well-like structures demonstrated the feasibil-
ity of investigating the relationship between the shape and function of single cells
(or clusters of cells) in a 3-D microenvironment (Figure 2.27) [102].

These structures were fabricated using a two-step replication process. First, the
polymer (polystyrene) was hot-embossed to provide the topographic profile. The
plateau surface between the microwells was then decorated selectively with a pas-
sivating PLL-g-PEG layer by inverted microcontact printing. Finally, the microwells
were functionalized by their adsorbing proteins or functionalized PLL-g-PEG.
Whilst this outstanding example demonstrated the feasibility of fabricating well-
defined microwell structures, the process is beyond the scope of currently available
surface and interface engineering techniques to implement patterning and struc-
tures on all relevant length scales. In this case, one length scale is set by the size
of the cells themselves, while the other length scale is controlled by the clustering
processes of receptors in the cell membrane. As shown by Spatz and coworkers,
the distances between individual RGD-(Arginine-Glycine-Aspartate)-peptides [103]
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(d)

Figure 2.27 Scheme of the concept of single epithelial cell (MDCK 1) attached
(a) conventional 2-D patterning of cells and inside a microwell (10um diameter, 17 um
(b) micro-3-D culturing of single cells. The depth); 3 h culture time in fetal calf serum

surface of the microwells exhibits cell-binding  (FCS) containing medium; fixed in PFA and
properties, while the plateau surface inhibits  filamentous actin stained with FITC-
adsorption of proteins and attachment of phalloidin. (a) View from below; (b) View
cells. (c,d) 3-D reconstruction of a confocal from the side. Reprinted with permission
laser scanning microscopy (CLSM z-stack of a from Ref. [102]; © 2005, Elsevier.

of €58 nm and 273 nm caused the presence or absence, respectively, of focal adhe-
sions. The corresponding length scale was attributed to the characteristic length
scale for integrin-receptor clustering [104-106]. Hence, there is a need to control
surface chemical functionality and structures on more than one length scale, start-
ing from the scale of cells down to the molecular level [107].

2.2.3.3 Patterned Polymeric Thin Films in Biosensor Applications

In addition to cell-surface interaction studies, patterned polymer-based bio-
interfaces are important in applications related to biochips. Typical commercial
biochip-based sensors possess spot sizes with dimensions on the order of several
micrometers to 100um [108]. A novel approach to prepare a stable, crosslinked,
bioreactive polymer film is shown in Figure 2.28 [110] where, by exploiting star
polymers, glass substrates have been modified as a support material for oligonu-
cleotide microarrays.

A decrease in spot dimensions to the nanometer scale may offer several added
advantages. As reported by Colpo and coworkers [111], the immunoreaction effi-
ciency of uniformly functionalized polyacrylic acid (PAA) surfaces and chemically
nanopatterned PAA surfaces differ significantly for antigen—antibody interactions.
By using a combination of colloidal lithography and plasma-enhanced chemical
vapor deposition (PE-CVD) (Figure 2.29), Colpo and colleagues were able to fab-
ricate nanopatterned surfaces that exposed COOH-functionalized nanoareas in a
passivating poly(ethylene oxide) (PEO)-like matrix. Moreover, the immunoreaction
efficiency was found to be enhanced on the nanopatterned film in the absence of
protein A (pA) as the orienting protein.
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Figure 2.28 (a) Scheme of the immobilization
strategy of amino-terminal oligonucleotides
(green). Freshly prepared star PEG layers
contain isocyanate groups (red) that
covalently bind the printed or spotted
oligonucleotides. After hydrolysis and
crosslinking, the reactive isocyanate groups
have been removed, and the

Figure 2.29 (a) AFM image of the
nanopatterned surface; (b) Efficiency for the
immunoreaction IgG/Ab-IgG.

NS = nanostructure. Routes 1 and 2 refer to
unstructured PAA surfaces. In the first and
third routes, human IgG was immobilized by
direct adsorption onto, respectively,
homogeneously PAA-functionalized and

nonfunctionalized parts of the star PEG
coating are nonadhesive; (b) Fluorescence
microscopy image of oligonucleotide stamped
onto a star PEG layer prepared from a
solution in tetrahydrofuran (THF) (17.7nm
thickness) by microcontact printing.
Reproduced with permission from Ref. [110];
© 2005, American Chemical Society.
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nanopatterned PAA/PEO surfaces. In the
second and fourth routes, the human IgG
immobilization onto, respectively,
homogeneously COOH-functionalized and
nanopatterned COOH/ PEO surfaces, was
protein A-assisted. Reproduced with
permission from Ref. [111]; © 2008, American

Chemical Society.
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Summary and Future Perspectives

In this chapter, the fabrication of polymer-based biofunctional surfaces and bio-
interfaces was treated from the point of view of chemistry and surface engineering.
Established and new methods for altering the surface chemistry to ensure efficient
and controllable bioconjugation, and to implement the important function of
suppressed nonspecific adsorption of proteins, were introduced. Emphasis was
placed on polymeric materials as substrates or molecules for modification because
of the central role of macromolecules in this context. Such a role stems from the
unique combination of factors and determinants which render polymers ideal
in many respects. In polymers, the structuring, control of mechanical properties,
and control of chemical composition are paired with low cost and optimized
processing.

The topic was developed based on a discussion of the general requirements for
biofunctionalized surfaces and the polymer-specific features of surface modifica-
tion. Starting from the chemical surface modification of polymer surfaces and
polymeric thin films for the fabrication of advanced biointerfaces, the focus was
shifted toward cell-surface interactions studies and routes that are compatible with
patterning approaches.

The surface properties of medical devices, sensor platforms and other biointer-
faces can be tuned, as outlined in this chapter, over a broad range. The powerful
arsenal of methods already available to researchers is constantly complemented
by new approaches; hence, the level of control of both chemical composition and
structure at these biointerfaces is improved continually and significantly. The
relevance of structured and biofunctionalized polymer architectures is not limited
to the application areas of biosensing and controlled cell-surface interactions.
Indeed, with more recent developments in the suppression of any unwanted non-
specific adsorption of proteins and efficient bioconjugation/surface decoration,
numerous new areas for potential applications and uses have materialized. It is
however, also important to point out that the suppression of unwanted nonspecific
adsorption of biomolecules is both material- and biosystem-dependent. Thus, it is
questionable as to whether one single solution exists that would satisfy the require-
ments of all applications. This lack of a generic solution must be acknowledged,
notably in relation to microbial adhesion and the bacterial colonization of
surfaces.

Within the specific context of biointerfaces, the developments outlined in this
chapter promise to provide new incentives across the traditional boundaries of the
disciplines involved. Tailored microenvironments, as demonstrated by the groups
of Textor and others, already allow the behavior of single cells to be interrogated.
In view of the challenges encountered in toxicology screening and drug testing,
cell microarray technology might also be expected to play an important role in the
future. Of equal importance are the microenvironments and niches for stem cell
differentiation. The biofunctionalization and structuring approaches developed so
far offer control in terms of dimensionality and sophistication. By following the
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pathways via designed/engineered surfaces and structures, based on the approaches
detailed in this chapter, routes to systematic biomedical studies have been opened.
It is expected that research groups in both biology and biomedicine in general will
expand the pioneering studies referred to here to include a wide range of different
cell types, as well as more complex microenvironments. Likewise, the creation of
low-cost, high-efficiency biosensors—an example being personalized point-of-care
applications—remains a clear target for future activities.
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3
Stimuli-Responsive Polymer Nanocoatings
Ana L. Cordeiro

3.1
Introduction

Polymers that are capable of responding to changes in the surrounding environ-
ment are often referred to as being “stimuli-responsive,” “smart,” “intelligent” or
“environmentally sensitive.” Such polymers are of widespread interest in nanote-
chnology, pharmacy, medicine, biomaterials, materials sciences, and engineering,
mainly because they mimic biological systems, responding to environmental
changes by changing their conformation, solubility, hydrophilic/hydrophobic
balance, reaction rate, and molecular recognition. In general, these responses are
reversible, and this type of “switching” may occur repeatedly. One key parameter
when defining the behavior of smart polymers is their nonlinear response to
external stimuli. In other words, a system may remain stable over a wide variation
of an external parameter to which it is sensitive (such as temperature or pH), but
will then undergo a drastic conformational change when that parameter is varied
over a very narrow range that is close to a critical value. Polymers can be classified
according to the stimuli towards which they are sensitive; some typical stimuli are
summarized in Table 3.1. Polymers that respond to a combination of two or more
external stimuli have also been developed.

Stimuli-responsive polymers can also be classified according to their physical
form [19]. Responsive polymers have found applications as free chains dissolved
in aqueous solutions (e.g., for the recovery of target molecules) [1], as hydrogels,
whether covalently or noncovalently crosslinked [2, 20] (e.g., for drug delivery), and
immobilized onto solid surfaces, whether adsorbed or surface-grafted [21, 22] (e.g.,
for cell sheet engineering). In recent years, stimuli-responsive polymer surfaces
have attracted substantial research interest, and the advances in their applications
have been particularly outstanding [21, 22]. The grafting of stimuli-responsive
polymers onto substrates, for example silica or polymeric surfaces, has led to
the generation of smart surfaces with stimuli-modulated properties that allow
inclusively the production of “on-off” systems by varying either the surface
hydrophilicity/hydrophobicity or the pore/channel dimensions. Both, the design
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3 Stimuli-Responsive Polymer Nanocoatings

Table 3.1 Environmental stimuli.

Stimulus Reference(s)
Physical
Temperature [2, 3]
Tonic strength [4]
Solvents [5]
Radiation (ultraviolet, visible, ultrasonic) [6,7]
Electric and magnetic fields [8, 9]
Mechanical stress and strain [10]
Chemical
pH (11, 12]
Specific ions [13, 14]
Chemical agents
Biochemical
Enzyme substrates [14]
Affinity ligands [15-17]
Other biochemical agents [18]

Reprinted in part with permission from Ref. [1].

and development of stimuli-responsive or smart surfaces are defined by the appli-
cations for which those materials are intended. For example, surfaces may be
designed to modulate cell adhesion (which may be achieved by controlling surface
hydrophilicity), or to modulate diffusion profiles (achievable by controlling the
pore dimensions in porous substrates). The dynamic control of surface properties
using stimuli-responsive polymers is of major interest for the control of biomo-
lecular adsorption, cell adhesion and function, and also biocompatibility [23-25].
The development of dynamic surfaces capable of regulating biological functions
in response to applied stimuli is very important for a variety of medical applica-
tions, including tissue engineering and regenerative medicine, and offers new
possibilities for fundamental cellular studies. One excellent example of this is to
provide the capability to understand cell-extracellular matrix (ECM) interactions.

In recent years, the field of stimuli-responsive materials has attracted intense
research efforts, with several reviews having summarized progress in areas such
as biomedical applications (tissue engineering, cell culture, drug delivery) [2—4, 8,
19, 22, 26-49], separation [19, 50-53], bioconjugates [54-58], and microfluidics [21,
59]. Despite many reports having been produced, only selected examples are
included in this chapter. In general, attention will be focused on those polymers
that are responsive to temperature and pH, as these have been recognized for
their efficiency and convenience in many applications. The conjugation of respon-
sive polymers with biological molecules, such as proteins, oligopeptides and
polysaccharides, is of particular interest as it enables these materials to respond
to physical, chemical and biological stimuli, thus expanding their potential. As an
understanding of structure—property relationships is essential for the design and
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development of new, “smart” materials, brief details are provided of the prepara-
tion of polymer films and the characterization of their interfacial properties.
Finally, an overview of the major advances and applications of stimuli-responsive
surfaces is provided, and future perspectives are discussed.

3.2
Stimuli-Responsive Polymers

3.2
Polymers Responsive to Temperature

Temperature-responsive polymer systems are possibly the most widely studied
class of stimuli-responsive polymers [28, 58]. Thermosensitive polymers are espe-
cially important in biomedicine, as they can be prepared to gel in situ by simply
increasing the temperature from ambient to physiological [2]. They can also be
used to prepare materials capable of releasing drugs when the local temperature
is changed, perhaps as the result of fever, infection, or disease [28].

The most widely studied thermoresponsive polymer is poly(N-isopropylacryla-
mide) (PNIPAAm) and its derived copolymers [58, 60]. These polymers are
characterized by a lower critical solution temperature (LCST), defined as the
critical temperature above which a polymer solution undergoes a phase transition
from soluble to insoluble [58]. Below the LCST, the strong hydrogen bonding
between the polymer hydrophilic (i.e., amide) groups and water exceeds the
unfavorable free energy associated with the exposure of hydrophobic groups to
water, leading to good polymer solubility. Above the LCST, the interactions
between the hydrophobic side groups are dominant, which leads to a release of
the structured water and to polymer collapse. PNIPAAm is the most investigated
thermoresponsive polymer because it undergoes a reversible sharp coil-to-globule
transition at 32°C in water [60-63]. The unique properties of PNIPAAm and
derived copolymers have been widely used in the fabrication of drug delivery
systems [28, 42, 43, 45, 51], to modulate cell adhesion and protein adsorption
[24, 64-70], in cell sheet engineering [71-73], and in a variety of separation
processes [50, 51, 74].

Many efforts have been made towards the modification of the swelling/deswell-
ing behavior of thermoresponsive hydrogels, to control the swelling degree, transi-
tion dynamics, and transition temperature to generate materials that fit specific
applications [75-81]. The transition temperature of PNIPAAm can be tuned by
various means; an example is by the copolymerization of NIPAAm (Figure 3.1a)
with hydrophilic or hydrophobic comonomers. In general, the LCST is lowered by
the introduction of hydrophobic comonomers, but increased by the introduction
of hydrophilic comonomers [43, 76, 78, 83-86]. Changes in the LCST triggered by
the incorporation of comonomers with different properties are believed to be due
to changes in the overall polymer hydrophilicity, and not to the direct influence
on the structuring of water around the hydrophobic groups. The introduction of
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Figure 3.1 Chemical structures of: (a) NIPAAm. Examples of
(b), (c) more hydrophilic and (d), (e) more hydrophobic
comonomers copolymerized with NIPAAm to tune its LCST;
(b) Diethyleneglycol methacrylate [71]; (c) Acrylamide;
(d) N-(1-phenylethyl) acrylamide) [83]; (e) Butyl methacrylate
24].

hydrophobic comonomers decreases the content of the hydrophilic groups and, as
a consequence, the polymer hydrophobicity increases due to the strong interac-
tions between the polymer hydrophobic side groups [78]. Depending on the appli-
cation purpose, many comonomers have been used to tune the LCST of PNIPAAm.
A recent review on advances in the synthesis, structural phenomena and proper-
ties of copolymers of NIPAAm with various types of comonomers has been pro-
vided [56]. The structural formula of NIPAAm and examples of comonomers
introduced to tune the LCST of PNIPAAm are presented in Figure 3.1.

In addition to copolymerization with comonomers of variable hydrophilicity, the
LCST can be further tuned simply by the addition of surfactants [87] or salts [62]
to the aqueous solution. The effect of adding salt on the transition temperature
and the degree of swelling is especially important in many practical applications,
and has been widely investigated [60, 62, 87-93]. The effect of salt addition on the
LCST was attributed to the promotion or disruption of the ordered water molecules
surrounding the polymer [89, 91]. The LCST may be either increased (“salting-in”)
or decreased (“salting-out”) by the addition of salt, with the effect being determined
by the nature of the salt that is added [87, 89].

Control of the kinetic and thermodynamic aspects of thermoresponsive materi-
als is fundamental in practical applications. The main strategies to improve the
response dynamics of PNIPAAm-based hydrogels have been summarized by
Zhang and coworkers [81]. These strategies can be classified as: physical, if changes
in the microstructure of the hydrogel are introduced (e.g., by generating a porous
structure or phase-separated structures); or chemical, if a chemical modification of
the hydrogel at the molecular level is involved (e.g., by introducing residual
amounts of hydrophilic moieties) [81].
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The immobilization of PNIPAAm-containing layers on surfaces has been
achieved using a variety of different techniques, including plasma polymerization
[94-96], electron beam irradiation [61, 97, 98], photografting [99], gamma irradia-
tion [100], low-pressure plasma immobilization [76], and in-situ polymerization on
activated surfaces [101]. The resultant surface-immobilized hydrogels preserved
their bulk properties, responding to changes in environmental conditions, and
were therefore susceptible for use in practical applications. The method used for
surface immobilization plays a critical role in determining the final temperature-
dependent properties of the immobilized hydrogel. The graft architecture and
grafting density were shown strongly to influence temperature-dependent changes
in wetting due to the different motilities of the grafted polymer chains [102]. Ter-
minally grafted PNIPAAm chains are characterized by an enhanced chain mobil-
ity, as compared with multipoint grafted chains; this is reflected in the larger
changes in water contact angles with temperature variation [102]. Additionally, by
altering the thickness (and crosslinking degree) of the thermoresponsive layer, it
is possible to tune the swelling/deswelling degree of the immobilized hydrogel
[103]. The properties of the surface used to graft the thermoresponsive layer also
play a role in the temperature-dependent properties of the grafted polymer. For
example, the grafting of PNIPAAm onto nanotextured surfaces greatly influences
surface wetting. The difference between the water contact angle above and below
the LCST was shown to increase with increasing pore size, which can be explained
by the topographical changes associated with the expansion and collapse of the
grafted polymer layer with the transition temperature [104].

3.22
Polymers Responsive to pH

Polymers sensitive to variations in environmental pH contain pendent acidic (as
for example carboxylic) or basic (e.g., amino) groups that either accept or release
protons in response to changes in the environmental pH. Polymers that contain
a large number of ionizable groups are designated by polyelectrolytes [32]. The
change in net charge of pendent groups causes a change in the polymer chain
hydrodynamic volume. Hydrogels constituted by polymer chains with ionizable
groups are therefore characterized by improved swelling characteristics, as com-
pared to uncharged polymers due to electrostatic repulsion between charges in the
polymer chain. Consequently, environmental conditions capable of influencing
electrostatic repulsion—such as pH, ionic strength and the type of counterion—
strongly influence the swelling/deswelling degree of charged hydrogels [12, 28,
105, 106]. Ionic gels containing weakly acidic pendent groups are characterized by
an increasing degree of swelling with increasing solution pH, whereas gels con-
taining weakly basic pendent groups are characterized by an increasing degree of
swelling with decreasing pH. The electrostatic repulsion between charges in the
polymer chains drives the precipitation or solubilization of a polymer in solution,
to the swelling or deswelling of hydrogels, and to the hydrophilic or hydrophobic
properties of a surface [58]. The most widely investigated pH-responsive polyacids
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Figure 3.2 Chemical structure of examples of pH-responsive
polyacids. (a) Poly(acrylic acid); (b) Poly(methacrylic acid))
and polybases; (c) Poly(N,N’-dimethyl
aminoethylmethacrylate); (d) Poly(vinyl imidazole).

are poly(acrylic acid) (PAAc) and poly(methacrylic acid) (PMAAc) (Figure 3.2).
Poly(N,N’-dimethyl aminoethylmethacrylate) and poly(vinyl imidazole) are exam-
ples of pH-responsive polybases (Figure 3.2). Hydrogels based on weakly ionizable
polysaccharides, such as alginate and chitosan, and some polypetides consisting
of amino acids with ionizable pendent groups, show pH-responsive phase transi-
tion [58, 107]. A recent comprehensive review has been produced on the synthesis
and properties of pH-responsive polymers [12].

The pH-sensitivity and swelling properties of pH-responsive polymers can be
tuned by introducing neutral comonomers [105, 108]. The introduction of hydro-
phobic moieties was shown to have the effect of shifting the transition pH to
higher values in polyacid-based hydrogels, and to lower values in polybasic-based
hydrogels [58]. The applicability of pH-responsive hydrogels can be mostly found
in drug delivery systems (as oral and implantable drug delivery agents) [28, 32].
In that respect, pH-responsive materials are particularly suitable, as significant
variations in pH exist in the different organs and tissues. The unique properties
of pH-responsive polymers have also been used in separation processes [109], in
DNA and gene delivery [110] , and in biosensing.

3.23
Dual Responsive/Multiresponsive Polymers

Efforts have been directed towards the preparation of polymers that can respond
to more than one stimulus. For example, PNIPAAm copolymers that can respond
to other stimuli in addition to temperature have been successfully prepared. By
adding monomers such as acrylic acid (AAc), methacrylic acid, maleic acid, and
N-isopropyl-maleamic acid, it was possible to generate polymers that were sensi-
tive to both temperature and pH [11, 89, 111-116], whilst when using photodimer-
izable chromophores (e.g., acridizinium) it was possible to obtain polymers that
responded to both temperature and light [117]. Using a different approach, it
has been shown that by grafting PNIPAAm onto the surface of a pH-responsive
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alginate, a porous structure with a fast swelling/deswelling response to both
changes in pH and temperature can be obtained [118]. Polymers with distinct
temperature transitions (i.e., doubly thermoresponsive polymers) can be obtained
by combining copolymers with different thermosensitivities. A comprehensive
description on the combination of thermoresponsive properties with other types
of sensitivity (pH, light, solvent, magnetic field) has been provided in a recent
review by Dimitrov et al. [119].

3.24
Intelligent Bioconjugates

The conjugation of biomolecules with stimuli-responsive polymers results in
polymer—biomolecule systems of increased versatility, as these are responsive
not only to chemical and/or physical but also biological stimuli. For this reason,
responsive polymer—biopolymer conjugates have been the target of many investi-
gations, notably by the Hoffman group [1, 54, 120]. The reversible LCST behavior
of thermoresponsive polymers was conjugated to various biomacromolecules (e.g.,
antibodies, proteins and enzymes) to create dually responsive or multiresponsive
polymer—biomolecule systems. In order to facilitate the chemical incorporation of
biomacromolecules, a variety of polyfunctional thermoresponsive copolymers con-
taining reactive functional groups have been designed and synthesized by various
routes (for details, see Ref. [56] and references therein). The conjugation of pro-
teins with responsive polymers has been achieved both by randomly using the
protein reactive sites (usually lysine groups) [121] and by site-specific conjugation
to genetically engineered specific amino acids (e.g., cysteine) into selected sites
of the amino acid sequence of the protein [17, 122]. Random conjugation
may result in a decrease in the protein’s bioactivity as a consequence of possible
interference with the active site, or changes in the microenvironment. Site-specific
conjugation can only be used when the amino acid sequence of the protein
is known. However, site-specific conjugation offers the advantage that the
binding site may be selected to be located either near or within the active site (in
order to control ligand—protein processes and protein bioactivity), or far away from
it (so as to avoid influencing bioactivity) [17]. Further details on the approaches
for the synthesis of polymer bioconjugates can be found in recent reviews [54,
55, 123)].

Conjugates of stimuli-responsive polymers and biomolecules have found appli-
cations in biotechnology, medicine and nanotechnology, being inclusively used
for affinity separation, as molecular sensors for lab-on-a-chip devices, and as
switches for the control of protein and enzyme activities [1, 6, 16, 17, 54, 57, 58,
120, 124, 125]. The activity of thermoresponsive polymer—biomolecule conjugates
depends on the hydrophilic/hydrophobic changes of the responsive polymer
chains as a result of changes in environmental temperature. Target proteins can
be successfully separated from multicomponent aqueous solutions through
affinity binding to thermoresponsive polymers to which a specific ligand to the
target protein is coupled. After binding of the target protein to the coupled ligand,
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the protein may be easily recovered by triggering hydrophilicity/hydrophobicity
changes by a variation of temperature [1, 58, 120]. For example, it was possible to
control the reversible binding and release of biotin to streptavidin site-specifically
conjugated with PNIPAAm, simply by varying the ambient temperature [17, 122].
Stimuli-responsive polymer—enzyme conjugates are of special interest, as the pos-
sibility of regulating enzyme activity through changes in the environmental condi-
tions (e.g., temperature and light) opens new perspectives for the development of
diagnostic assays, and for bioprocessing [6, 124].

Parameters such as the conjugation site, length of polymer chain, molecular
weight and type of stimuli-responsive polymer, should be considered when devel-
oping bioconjugates with optimal activity [58]. Although thermoresponsive biocon-
jugates have been mainly used in separation applications as free chains in solution,
they have also been grafted onto surfaces for their use for the separation of target
proteins from flowing aqueous solutions [126, 127]. The target proteins are bound
to the surface-immobilized affinity ligands above the LCST, and can then be recov-
ered by lowering the temperature below the transition temperature of the respon-
sive polymer, as a result of polymer dehydration and collapse.

3.25
Responsive Biopolymers

Biomimetic approaches have been used to produce polypeptides with characteris-
tics similar to those of synthetic responsive polymers. One of the most widely
studied responsive peptide-based biopolymers was inspired by the mammalian
protein elastin. Elastin is an abundant ECM protein that is responsible for provid-
ing elasticity to tissues, due to its unique mechanical properties that allow repeated
extensibility followed by elastic recoil [128-131]. Tropoelastin, the soluble precursor
of elastin, is secreted by cells during elastogenesis, and is composed of alternating
hydrophobic and hydrophilic domains containing lysine crosslinking sites [129].
Elastin-like polypeptides (ELPs) are based on the repeating motif of tropoelastin.
The most studied EPLs consist of the pentapeptide sequence Val-Pro-Gly-X-Gly,
where the residue X is any amino acid, with exception of Pro [132-134]. ELPs are
thermally responsive polypeptides that undergo phase transition in aqueous solu-
tion upon changes in the environmental temperature. In the literature related to
elastin, the LCST behavior of ELPs is also designated by inverse transition behav-
ior, and the LCST is referred to as inverse temperature transition (T,) [130, 134].
Below the LCST, ELPs are highly solvated and therefore soluble in water. However,
when the temperature is increased above the LCST the polypeptides undergo a
phase transition that is characterized by desolvation and aggregation. This transi-
tion is completely reversible, and can be triggered not only by changes in ambient
temperature but also by changes in pH or ionic strength [134]. The LCST is deter-
mined by the choice of the guest residue X [132-137]. The effect of each guest
residue on the transition temperature on EPLs containing a single guest residue
was investigated by Urry and coworkers [132, 134]. The LCST of the ELPs decreases
as the hydrophobicity of the guest residues is increased [134], an effect which
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depends on the molar content of specific guest residues [132]. The dependence of
temperature transition on chain length allows further adjustments of the LCST
over a wide range [134, 136, 138]. Additional functionalities and environmental
sensitivities, without disrupting the transition, can be added by introducing spe-
cific guest residues. Residues with chemically reactive side chains (e.g., lysine) can
be added to allow for crosslinking or for the incorporation of further functionali-
ties. The introduction of guest residues with ionizable side chains enables a trig-
gering of the transition not only by changing the temperature but also by varying
the pH [130, 139, 140].

Although ELPs have been chemically synthesized [136], recent syntheses have
been mainly based on genetically encoded ELPs [130, 135, 140, 141]. Genetic
polymerization is highly advantageous as it allows the control of important
macromolecular properties ensuring monodispersity, exact stereochemistry and
molecular weight, while permitting a high yield. Additionally, the type, number
and location of reactive sites in the polypeptide can be specified with precision,
which in turn makes possible the controlled grafting of ELPs to surfaces [135].
One of the main advantages associated with ELPs, as compared with other
polymer systems, is that they can be synthesized with precisely tuned LCSTs
between 0°C and 100°C; making the design of responsive materials to fit specific
applications possible. The LCST behavior of ELPs has the additional advantage
of permitting their easy purification based simply on their responsive
properties.

Biopolymers, such as peptide-based materials, have become increasingly impor-
tant, and have found a variety of potential applications in biomedicine, an example
being in regenerative medicine. In particular, ELPs have shown good in vivo bio-
compatibility, with a controllable degradation rate, and minimal cytotoxicity,
immune and inflammation responses [130]. The potential uses of ELPs have been
demonstrated over a very wide range of applications, including controlled drug
delivery [45, 46, 142, 143], protein purification [133], tissue engineering and regen-
erative medicine [142-149], and biosensing [150-152]. Further details on the
medical and biotechnological applications of ELPs can be found in recent reviews
and references therein [46, 48, 130, 140, 153].

ELPs have been successfully immobilized onto a variety of surfaces, while
preserving responsive properties, and undergoing a reversible phase transition
as a result of changes in the environmental conditions. The use of environmen-
tally sensitive surfaces based on ELPs opens up new possibilities as compared
with conventional smart surfaces, due to a precise control of the structure and
function of the biopolymers, the possibility of incorporating useful ligands, and
an improved biocompatibility and biodegradability [130]. The phase transition
and stimuli-dependent properties of surface-immobilized ELPs have been used
to dynamically control the immobilization of proteins and other biomolecules
[135, 144, 150-152, 154-156], as well controlling cell adhesion [157-160]. This
opened a new route to create regenerable protein arrays for immunoassays
and drug screening, and for the development of novel methods for cell sheet
engineering.

m
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33
Polymer Films and Interfacial Analysis

Stimuli-responsive polymer films may be prepared using a wide variety of deposi-
tion techniques (e.g., by spin-coating or plasma deposition). The choice of tech-
nique used depends on the characteristics of the substrate to be coated, of the
polymer to be deposited, and of the requirements of the final film. Covalent attach-
ment is usually preferred as this results in polymer films with enhanced stability.
The covalent grafting of the polymer to the surface may be achieved by using either
“grafting-to” procedures (i.e., by the reaction of an end-functionalized polymer
in solution with an activated surface) or “grafting-from” approaches (i.e., by the
polymerization of monomers from surface-anchored initiators). Although the
“grafting-to” method makes possible a predetermination of the properties of
the polymer to be surface-grafted, the “grafting-from” method has the advantage
of permitting larger grafting densities, as “grafting-to” is restricted by the steric
hindrance of surrounding bonded chains [19, 22]. Among “grafting-from” methods,
atom transfer free radical polymerization (ATRP) and reversible addition-
fragmentation chain transfer (RAFT) polymerization have recently received
increasing attention, and have been used to generate responsive polymer films
with a high control over film thickness, grafting density, composition, and chain
architecture [74, 161-163].

Correlations between the surface structure and properties of polymer films are
fundamental, as these determine whether a surface will have the determined
required properties. An understanding of structure—properties relationships is
therefore fundamental to the development and rational design of novel smart
surfaces. The structure of stimuli-responsive polymer films has been analyzed
using multiple surface-sensitive techniques, including atomic force microscopy
(AFM) [83, 94, 164-167], time-of-flight-secondary ion mass spectrometry
(ToF-SIMS) [94], contact angle measurements using several different techniques
[83, 101, 102, 165, 168-170], ellipsometry [76, 83, 164, 171], surface plasmon
resonance (SPR) [170], laser scanning confocal microscopy [172], sum frequency
generation (SFG) vibrational spectroscopy [94], neutron reflectivity measurements
[80, 173], Raman spectroscopy [174], and electrokinetic measurements [83, 175].

Among stimuli-responsive surfaces, the PNIPAAm-based surfaces have been
the most widely investigated. Surface analyses using a wide range of techniques
have enabled a detailed characterization of the temperature dependent properties
of surface-immobilized thermoresponsive films and to reveale their structural
features, providing information for the design of responsive surfaces with improved
characteristics. The temperature-dependent swelling/deswelling of PNIPAAm-
based films in different media (pure water, phosphate-buffered saline solution,
artificial sea water) has been investigated using in situ ellipsometry measurements
[76, 83, 176]. The results revealed the impact of temperature and the presence of
electrolytes on the swelling degree of the immobilized films, and also provided an
insight into the effects of heating/cooling rates on swelling/deswelling kinetics
[76, 83, 176]. AFM studies, aimed at probing the mechanical properties of surface-
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immobilized NIPAAm films, have shown that the collapsed film is stiffer than the
expanded film, with moduli below and above the transition temperature (depend-
ing on the degree of crosslinking) in the range of kilopascals to a few megapascals,
respectively [94, 167].

Wetting properties are considered to be the most important temperature-
dependent interfacial properties of thermoresponsive films. The ability to modu-
late surface wettability by varying temperature has found broad applicability,
namely in the design of surfaces for the controlled release of proteins [64, 66, 67,
69, 70] and cells [36, 37, 72, 113, 177]. A wide range of water contact angles for
PNIPAAm-immobilized films has been reported [94, 101, 165, 168-170]. These
different angles can be explained by considering the variations in film preparation
(which result in different surface coverages, film thicknesses and compositions)
and the various experimental procedures adopted for the measurements. Recently,
the captive bubble method, in combination with a contact angle technique known
as axisymmetric drop shape analysis (ADSA), was used to determine the advancing
and receding contact angle of fully hydrated thermoresponsive surfaces in contact
with aqueous solution, and its dependence on temperature [83]. The measure-
ments provided a novel understanding of the characteristics and environmentally
dependent properties of the responsive surfaces in aqueous media. In addition,
an analysis of the hysteresis between advancing and receding contact angles
allowed an inference to be made of the extent of changes that occur in surface
properties during wetting and dewetting which, again, were seen to depend on the
temperature. Inverse receding contact angle measurements of poly(NIPAAm-co-
N-(1-phenylethyl)acrylamide) films supported the intrinsic properties of the ther-
moresponsive film, as the surface hydrophilicity was shown to decrease with
increasing temperature [83]. Couriously, the advancing water contact angle
decreased with increasing temperature; this was explained by the different molecu-
lar mobilities at different temperatures, which either allowed or hampered the
reorientation of hydrophobic segments at the solid-liquid and solid—fluid inter-
faces [83]. The rearrangement of surface groups of plasma-polymerized PNIPAAm
films with temperature was recently investigated using SFG vibrational spectros-
copy [94]. The results indicated that, above the transition temperature, the surface
organizes to resemble the dehydrated film so as to free any bound water and allow
hydrogen bonding below the surface. As a consequence, the hydrophobic isopropyl
side chains organize towards the aqueous environment. Below the transition
temperature the hydrophobic isopropyl groups are disordered, either away from
the surface, towards the bulk, or in the surface plane [94]. These observations
support the existing proposed mechanisms for the LCST behavior of thermore-
sponsive polymers [178]. Below the transition temperature, the well-hydrated
polymer chains adopt a random conformation, with the amide groups forming
hydrogen bonds with water. When the temperature is increased the polymer
adopts a compact conformation with enhanced hydrophobic interactions, accom-
panied by dehydration.

As will be shown below, the magnitude of the conformational changes that
occur in grafted polymer chains with temperature, determines the temperature-
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dependent surface properties and plays a critical role in defining whether a par-
ticular polymer film would be suitable for a certain application, or not. Recent
investigations have clearly shown the importance of addressing interdependent
variables such as the swelling ratio, molecular mobility, wettability, chain density,
and the concentration of hydrophobic groups when designing and developing
responsive surfaces. An understanding of how to design surfaces while controlling
any temperature-dependent conformational changes would enable not only the
modulation of surface interactions with proteins, cells and analytes, but also the
production of surfaces to fit specific applications.

34
Applications

341
Release Matrices

Surface-immobilized stimuli-responsive hydrogels have been used for the active
release of drugs to prevent the formation of biofilms on the surfaces of medical
implants. Bacterial infection is a major limitation associated with the use of
medical implants (such as catheters, artificial prostheses and subcutaneous
sensors), and represents a serious problem in biomedicine [179, 180]. Infections
associated with medical implants result from the attachment of bacteria to the
surface of the medical device, and the subsequent formation of a biofilm. As the
bacterial cells in a biofilm are characterized by an increased resistance to antimi-
crobial agents [181, 182], the incorporation of an antimicrobial agent (e.g., an
antibiotic) into the surface of the implanted device might represent an effective
means of preventing bacterial colonization and infection, avoiding the problems
associated with a high-doseage of antibiotics. Although recently much progress
has been made in the incorporation of antimicrobial compounds into medical
devices, strategies for the adequate loading and controlled release of agents remain
a challenge [180, 183].

PNIPAAm and related copolymers have demonstrated their applicability to be
used as immobilized hydrogels for drug delivery [184-186]. Recently, Jones and
coworkers developed surface-immobilized PNIPAAm-based hydrogels with
improved mechanical and swelling properties which permitted their use as coat-
ings for medical devices [185]. The expanded hydrogels (i.e., when maintained
below the LCST) enabled the loading/entrapment of aqueous soluble drugs,
which could be released in pulsatile mode by increasing the temperature above
the LCST, so that hydrogel collapse occurred. In particular, poly(NIPAAm-
co-2-(hydroxyethyl)methacrylate)) hydrogels showed high loading and release
capabilities for the drug chlorhexidine diacetate, which in turn resulted in a
very encouraging decrease in the viability of Staphylococcus epidermidis [185]. The
in-situ replenishment of the surface-immobilized hydrogels was made possible
simply by providing a contact with the drug solution and a decreasing tempera-
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ture. This possibility of in-situ drug reloading of surfaces is especially attractive
as it enhances not only the lifetime but also the clinical efficacy of the coated
device. In another example, polypropylene surfaces were grafted with interpen-
etrating networks of PNIPAAm and AAc [186]. The introduction of AAc had
the advantage of decreasing the friction coefficient and increasing drug loading
capacity due to an enhanced hydrophilicity and the presence of ionizable groups.
The grafted interpenetrating networks allowed both the drug loading and
drug release rate to be tuned, in turn reducing the formation of biofilms of
Staphylococcus aureus [186]. These results clearly demonstrated the potential
benefits of using responsive coatings to prevent biofilm formation on implanted
surfaces.

342
Cell Sheet Engineering

One of the most innovative applications of thermoresponsive surfaces in tissue
engineering for regenerative medicine was introduced by Okano and coworkers
during the early 1990s [61, 187], and consists of cell sheet engineering [36, 37,
72, 73].

In tissue engineering, the fundamental approach is to grow cells at a surface
and subsequently to harvest them without damage. Classical methods of cell
culture involve growing cells to confluency on polystyrene (PS) tissue culture
dishes, and subsequently detaching them, either by mechanical dissociation or by
using chemical agents (e.g., EDTA) or biochemical reactions (with proteolytic
enzymes, such as trypsin). Unfortunately, these methods have certain disadvan-
tages as they damage the cell membrane, the cellular junctions, and the ECM
[95, 188]. Such disruption of the formed tissue-like structures is clearly a drawback
from the tissue-engineering perspective.

The cell sheet engineering approach to harvest cultured cells is based on the
observation that (in general) cells preferentially attach to and grow on hydrophobic
rather than on hydrophilic surfaces. Since the hydrophilicity of PNIPAAm-grafted
surfaces increases with decreasing temperature, it was hypothesized that cells
cultured on these surfaces above the LCST might become detached simply by
lowering the temperature—that is, by increasing the surface hydrophilicity [61].
This hypothesis was first verified through the successive subculture of bovine
hepatocytes onto PNIPAAm-grafted PS dishes. At 37°C, the slightly hydrophobic
PNIPAAm surface allowed for cell attachment and proliferation (similar to PS
surfaces). However, on lowering the temperature below the polymer LCST (32°C),
the surface became hydrophilic and swelled due to the phase transition of the
polymer, which in turn caused the adhered cells to detach [61]. To date, the
concept of using of NIPAAm-based thermoresponsive surfaces as cell culture car-
riers for cell sheet harvesting has been demonstrated for a very wide variety of cell
types, including fibroblasts [176], vascular endothelial cells [189], aortic endothelial
cells [24, 190, 191], cardiomyocytes [192], microglial cells [193], and, corneal
endothelial [71] and epithelial cells [194, 195]. As different cells have cellular
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metabolisms with different temperature sensitivities, the optimal temperature for
cell recovery from a thermoresponsive surface will depend on the cell type. For
example, the optimal temperature for recovery of endothelial cells from PNI-
PAAm-grafted PS surfaces was found to be 20°C, whereas for the recovery of
hepatocytes this was 10°C [98].

Comparative studies between classical methods of cell detachment (mechanical
dissociation and addition of trypsin) and the use of thermoresponsive surfaces
revealed that the latter approach resulted in less damage to the cells and to the
ECM [187, 188, 190, 191]. Cells released from PNIPAAm-based surfaces were
harvested as closed monolayers (preserving tight cell junctions) and with an almost
intact ECM [82, 95, 97, 190, 191, 196]. Whilst the use of conventional methods
disrupt cell-cell junctions and the attachment of the ECM to the surface, the use
of a thermoresponsive surface will disrupt only interactions between the cell-
adhesive proteins at the surface and the polymer surface [36, 95, 191]. It has also
been shown that cell detachment using thermoresponsive surfaces enables a
higher cell recovery efficiency, and will maintain cell properties as compared to
conventional methods (which may cause damage to the cell receptors and alter
gene expression) [193]. Although harvested cell sheets using thermoresponsive
surfaces are accompanied by the majority of the ECM components, a detailed
analysis of the surfaces following cell lift-off, by using immunoassay, X-ray pho-
toelectron spectroscopy (XPS) and ToF-SIMS, revealed that some extracellular
proteins (as well as some collagen) had remained at the surface [190]. Experiments
performed by seeding cells onto surfaces from which cells had already been lifted
revealed a higher cell adhesion than with cells seeded onto surfaces from which
cells had been released using conventional methods [190]. These observations
further support the proposal that the detachment of cells from surfaces based on
PNIPAAm causes less damage to the ECM proteins than classic cell culture
methods.

The detachment of cell sheets from thermoresponsive surfaces by varying the
temperature is driven by changes in surface properties such as hydrophobicity/
hydrophilicity, swelling degree and exposure/nonexposure of functionalities.
Investigations into the mechanisms of cell detachment on temperature change
from PNIPAAm surfaces revealed that cell detachment mediated by active
energy-consuming metabolic processes, including intracellular signaling and
cytoskeletal organization [98, 189]. Confluent cell sheets can be detached from
PNIPAAm-grafted surfaces together with a deposited fibronectin matrix by
decreasing temperature [191]; indicating that, below the LCST, the interactions
between the deposited ECM and the cell receptors were maintained. Interestingly,
fibronectin could not be released from the surface in the absence of cells upon
surface hydration alone, which indicated that cellular activity is necessary for
fibronectin release [97]. Initially, cell adhesion is controlled by the physico-
chemical interactions between the cell, the ECM and the surface; a second step
involves cellular metabolic processes such as the development of focal adhesion
and cytoskeletal reorganization [97, 98, 197]. Above the LCST, the physico-
chemical properties of the collapsed polymer surface enable cell adhesion
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and proliferation. However, when the temperature is lowered below the LCST,
hydration of the polymer surface causes a decrease in the anchorage strength of
the deposited ECM to the surface. This loss of cell-ECM-surface equilibrium,
despite cellular activity (including cytoskeleton dynamics) being retained, causes
the cells to become rounded and to detach from the surface. As the cell-ECM
binding is preserved, any ECM that is deposited beneath the cells will become
detached together with the cells [97]. The small fraction of proteins that remains
at the thermoresponsive surface after cell detachment [190] may be due to the fact
that cells mainly interact with the ECM at focal points, and consequently the ECM
proteins do not interact strongly with the cells retained on the surface [95]. Since
each specific cell phenotype creates different ECM structures, it is likely that
the deposited basal structure will vary with the cell type. It is therefore also
expected that a different response to the temperature-triggered detachment will
occur, depending on the cell source [30].

Thermoresponsive surfaces based on PNIPAAm for cell sheet engineering
applications have been fabricated using a wide variety of methods, including elec-
tron beam [61, 98, 103, 187, 193, 198] and plasma polymerization of NIPAAm [70,
94, 95, 190]. It was, however, found that some of the surfaces produced based
on PNIPAAm do not support cell adhesion (even above the LCST), and are there-
fore unsuitable for use as culture substrates. The most frequently reported method
for fabricating thermoresponsive surfaces for cell sheet engineering is electron
beam polymerization of NIPAAm onto PS substrates. Investigations into the influ-
ence of the properties of electron beam-grafted PNIPAAm layers on cellular behav-
ior revealed that the layer thickness played a clear role in cell adhesion and
detachment [103]. Although, changes in surface wettability were observed for all
tested grafting densities between 20°C and 37°C, temperature-dependent cell
adhesion and detachment occurred only on PNIPAAm layers with a thickness of
15-20nm (grafting density ca. 1.4 igcm ™). No cell adhesion occurred on PNIPAAm
layers thicker than 30nm (grafting density ca. 2.9 ugcm™) above the LCST [103],
while no cell detachment upon temperature decrease occurred on layers thinner
than 15nm. Kikuchi and Okano suggested that this dependence of cell behavior
on the thickness of the PNIPAAm layer is due to an enhanced or limited mobility
of the grafted polymer chains, which in turn depended on the grafting density,
hydration, and temperature [37]. The grafting density of the PNIPAAm layer was
shown to influence chain mobility and to have an effect on the temperature-
dependent surface wetting [102, 168]. PNIPAAm layers grafted onto PS, and of
thickness 20-30nm, were divided into two regions: at the PS interface, the
PNIPAm chains are highly hydrophobic and aggregated, whilst at the top-most
surface the PNIPAAm chains have a restricted mobility and limited hydra-
tion—which possibly enable a temperature-based regulation of cell attachment and
detachment [37, 72]. In contrast, PNIPAAm layers of thickness >30nm are
constituted by the regions as described above, but with an additional region
at the top-most surface of relatively hydrated and less restricted PNIPAAm
chains, which do not permit strong cell-surface interactions, and so influence cell
adhesion [37].
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A remarkable contrast was observed when PNIPAAm was grafted onto glass
substrates instead of PS, with no cell attachment being observed above the LCST
for grafting densities of 1.28ugcm™ [199]. For the same grafting density of
1.4pgem™ the grafted layer thickness was larger on PS (15.5nm) than on glass
(8.8nm), which indicated that the PNIPAAm grafted onto glass was extremely
compact [103, 199]. The fact that no cell attachment was observed for lower graft-
ing densities onto glass substrates than onto PS, indicated that the surface proper-
ties of the underlying substrate were playing a role in the properties of the grafted
layer. In the case of glass substrates, less dehydration at the surface would be
expected as compared with PS, due to the presence of silanol groups; conse-
quently, a thinner, more dense layer with a restricted molecular motion would
provide temperature-dependent cell adhesiveness.

Temperature-triggered cell attachment and release was also found to depend on
the layer thickness and amount of PNIPAAm when it was grafted onto PS surfaces
by surface-initiated ATRP; in this case, the number of adhered cells increased with
decreasing PNIPAAm layer thickness [200]. An opposite tendency was observed,
however, when PNIPAAm was grafted by ATRP onto silicon substrates (i.e., the
number of attached cells increased with increasing layer thickness). These
different tendencies may, again, be attributable to the different properties of
the underlying substrates [201]. In analogy to the situation observed for the elec-
tron beam grafting of PNIPAAm onto PS surfaces [103], the cell attachment/
detachment behavior of PNIPAAm that had been grafted by ATRP was seen to
depend not only on the amount of PNIPAAm that had been grafted, but also on
the layer thickness [200].

As noted in Section 2.1, the copolymerization of NIPAAm with hydrophobic or
hydrophilic comonomers allows the generation of thermoresponsive copolymers
with transition temperatures that are tunable over a broad range [56]. A variety of
different monomers have been copolymerized with NIPAAm and used in cell
sheet engineering. For example, the addition of poly(ethylene glycol) (PEG) per-
mitted an adjustment of the LCST to biologically relevant temperatures. Graft
copolymers of PNIPAAm or poly(N,N-diethylacrylamide) (PDEAAm) as compo-
nents of the polymer backbone, and oligo(ethylene glycol) or PEG as side chain,
were synthesized by free radical copolymerization [75, 202] with an optimized
composition for a desirable hydrophilic/hydrophobic balance and an adjustment
of the transition temperature to 37 °C. When the copolymers were successfully
immobilized using a low-pressure plasma treatment [76], the resultant films main-
tained their temperature-dependent properties [76] and were utilized as fast
responsive surfaces for temperature-triggered cell detachment [71, 176]. The incor-
poration of PEG was shown to allow the surface to maintain its gel properties in
the collapsed state, as it did not allow for complete water extraction above the
LCST. The gels produced were nontoxic, and permitted cell attachment, spreading
and proliferation below the LCST, indicating that the PEG content (ca. 19wt%)
did not impair cell adhesion when the hydrogel was in the collapsed state [176].
When the temperature was decreased by only a few degrees (from 37°C to
34°C)—and long before the hydrogel was completely swollen—the cells became
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Figure 3.3 Micrographs of mouse fibroblast 0.1 Kmin™. The temperature-dependence of
during cell detachment when decreasing the  the film thickness was measured using in situ
temperature: correlation to the film thickness  spectroscopic ellipsometry. Reproduced with
of the hydrogel. Cells were cultured overnight permission from Ref. [176]; © 2003, American
and then placed in a Zeiss Cell Observer; the  Chemical Society.

temperature was reduced at a rate of ca.

detached from the surface within a few minutes (Figure 3.3). This immediate
response of the cells towards temperature variation was attributed to the increased
mobility of the hydrophilic PEG contained in the hydrogel diffusing towards the
surface.

The acceleration of cell detachment from NIPAAm-containing surfaces by incor-
porating ionic groups or PEG was also explored by Okano and coworkers [204].
Interestingly however, in those experiments the incorporation of amounts of PEG
as low as 0.5wt% had a dramatic effect on cell adhesion [204]. This difference can
be explained by the different cell types used in both studies, which may behave
differently, and also to the possibly differing graft architecture of the plasma-
immobilized films exhibiting a strong interaction of the PEG unit with the
PNIPAAm (or PDEAAm) above the transition temperature [176].

Research has also been directed toward lowering the LCST, by incorporating
hydrophobic monomers (e.g., n-butyl methacrylate; BMA). The temperature
transition of the generated poly(NIPAAm-co-BMA) films, and the magnitude
of hydrophilic to hydrophobic changes, were each decreased with increasing
the content of the hydrophobic monomer [24]. These effects were attributed to a
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suppression of the cooperative hydration of NIPAAm in the vicinity of BMA,
and to the hydrophobic interactions produced by the BMA domains leading
to aggregation of the BMA component [24]. Cell detachment studies showed that
the time required for cell sheet detachment increased with increasing BMA
content, although this may have been accelerated by decreasing the treatment
temperature [24].

As lengthy treatments at low temperature may have negative effects on cell
function, a rapid detachment and recovery of cell sheets is required to maintain
the cell phenotype and biological functions. Much research has been directed
towards developing strategies to improve the response rate of PNIPAAm hydrogels
(for a review, see Ref. [81]). In order to accelerate cell sheet detachment, micropo-
rous culture membranes were grafted with PNIPAAm by electron beam irradia-
tion [205]. Subsequently, cells cultured on PNIPAAm-grafted membranes detached
more rapidly than from PNIPAAm-grafted PS culture dishes. The kinetics of cell
detachment was enhanced when using porous membranes, as water for hydration
of the grafted PNIPAAm was supplied not only by diffusion from the periphery
of the cell sheet, but also from the pores beneath adherent cells. The rapid
access of water molecules through the pores beneath the cells facilitated a rapid
hydration of the grafted PNIPAAm, thus accelerating cell sheet detachment [205].
The introduction of a limited amount of PEG chains on the microporous culture
surfaces caused a dramatic enhancement of the diffusion of water molecules,
decreasing the time necessary for cell detachment as compared with grafted mem-
branes without PEG moieties [198].

The incorporation of matrix polymers and growth factors into the surface-
immobilized hydrogel enhanced the functionalities of these coatings [206-211].
For example, the introduction of reactive carboxylate functional groups by using
the comonomers 2-carboxyisopropylacrylamide or 3-carboxy-n-propylacerylamide
[204, 210] enabled the immobilization of biomacromolecules via amide bonding.
The immobilization of RGD cell adhesion peptides (example: Arg-Gly-Asp-Ser)
onto reactive thermoresponsive surfaces facilitated cell spreading under culture
conditions in the absence of serum, at physiological temperature [212]. The
decrease in temperature resulted in the spontaneous detachment of the cells as
the hydrated grafted polymer chains dissociated the immobilized RGDS from the
cell-surface integrins. The coimmobilization of RGDS, and of the cell growth
factor insulin (INS), onto thermoresponsive surfaces resulted in both a facilitated
initial cell adhesion and an induction of cell proliferation (shortening the culture
time) above the LCST [211]. When decreasing the temperature, the polymer
conformational changes weakened the interactions of the surface-immobilized
molecules and respective receptors on the cell membrane, thus inducing cell
detachment [211].

Recently, cell sheet engineering based on a novel genetically engineered ECM
protein containing ELP was developed [159]. The genetic engineering of proteins
enables the modification of a constructed thermoresponsive ECM with functional
domains. Investigations using biocompatible coatings fabricated by the layer-by-
layer (LBL) assembly of ELP-polyethyleneimine (PEI) and ELP-PAAc [160] showed
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that cell proliferation, focal adhesion and cytoskeletal organization each depended
on the number of bilayers constituting the coating. The advantages of ELP-based
coatings fabricated by LBL technology offer new possibilities for investigating the
influence of layer thickness and the mechanical properties of responsive coatings
on cellular responses.

Heterotypic cell interactions are fundamental to achieve and maintain specific
functions in tissues and organs, as these modulate cell growth, migration, and/or
differentiation; they are, therefore, fundamental to regenerative medicine [213].
The fabrication of patterned grafted PNIPAAM surfaces generated by electron
beam radiation using mask patterns enabled the coculture of heterotypic cells and
the recovery of cocultured cell sheets [214, 215]. The combination of controlled
micropatterning of different cells and three-dimensional (3-D) cell sheet tissue
engineering allowed the generation of multilayered tissue constructs, without the
need for scaffolds or acellular materials [216]. Controlled cell adhesion, growth
and thermally triggered detachment were further achieved using advanced pat-
terned functionalized thermoresponsive surfaces [217]. The site-selective biofunc-
tionalization of patterned carboxyl-functional thermoresponsive polymers with
RGDS and/or cell growth factors (e.g., insulin) induced site-selective cell adhesion
and growth, along with patterned biofunctional domains. The biomolecular pat-
terned thermoresponsive surface allowed the fabrication of either contiguous
cell monolayers or mesh-like monolayer tissues, thus revealing a multifunctional
potential in cell culture technology [217].

In order to precisely control the structural organization of cell sheets, micro-
textured thermoresponsive substrates were fabricated by grafting PNIPAAm (via
electron beam radiation) onto microtextured PS produced by hot embossing [218].
This combination of surface texturing providing guidance cues for a precise
control of cellular organization and temperature sensitivity, allowing for the
detachment and harvest of cultured cell sheets. This made possible the generation
of cell sheets with a defined organization; indeed, the cell sheets maintained their
defined tissue organization when transferred from patterned to nonpatterned
surfaces [218].

Harvesting of the ECM deposited during cell culture, together with the
released cell sheets from the thermoresponsive surfaces, enables the ready adhe-
sion of harvested cells to various surfaces, as well as to other cell sheets and
host tissues. This facilitated adhesion results in a very high efficiency in cell
delivery to host tissues by using cell sheet engineering transplantation [36]. Cell
sheets fabricated through cell sheet engineering can be directly transplanted
into host tissues, without the need to use scaffolds or carriers; alternatively, they
can be layered to create 3-D tissue-like structures [33, 34, 38]. By using a direct
transplantation process, corneal epithelium [194], bladder urethelium, and peri-
odental ligaments have each been reconstructed. Likewise, 3-D structures can
be created by the layering of homotypic cell sheets; an example is the re-creation
of cardiac muscle [192, 219, 220]. The heterotypic layering of cell sheets allows
the engineering of higher (organ-like) structures [216], an example being kidney
glomeruli.
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343
Biofilm Control

Natural and artificial surfaces are rapidly colonized by microorganisms when
immersed in natural aqueous environments [221-223]. The formation of biofilms
is highly advantageous for the species involved, as it allows survival under hostile
environments (e.g., protection against dehydration, predation and antimicrobial
agents) and provides optimal conditions in terms of available nutrients (due to
the relative higher concentration of nutrients at the solid/liquid interface). Bio-
films are formed in a wide variety of surfaces, including medical devices (e.g.,
implants) and industrial systems (e.g., cooling systems). Unfortunately, biofilms
may have a severe negative impact, as they can reduce the lifetime and operation
of devices, increase the operating and maintenance costs and, in the case of
biomedical surfaces, cause infection and pain; in severe cases they may endanger
human life.

The potential of stimuli-responsive polymer coatings as bacterial anti-biofouling
agents was first investigated by the group of G. Lopez during the late 1990s [101,
177, 224]. In these studies, PNIPAAm was surface-grafted onto PS surfaces, after
which the effect of surface hydration upon temperature decrease on the attach-
ment of two bacterial species which differed in the degree to which they attach
to hydrophilic and hydrophobic surfaces (Halomonas marina and Staphylococcus
epidermis) [225], was investigated [224]. Interestingly, the marine bacterium
H. marina (Gram-negative), which had been observed to more readily attach to
hydrophobic surfaces than to hydrophilic surfaces [225], attached onto the col-
lapsed PNIPAAm-grafted surface at 37°C and was released upon lowering the
temperature by rinsing at 4°C (i.e., upon hydration of the surface). The opposite
effect was observed for S. epidermis, which attached readily onto the hydrated
PNIPAAm-grafted surface and detached upon increasing the surface temperature
(i-e., on hydrogel collapse). The attachment of S. epidermis to the surfaces was seen
to correlate directly with the hydrophilicity of the surface, with a preference for
hydrophilic surfaces [225, 226]. A similar preference was observed for the food-
borne pathogen Listeria monocytogenes, the attachment of which was shown to be
affected by the phase transition of PNIPAAm copolymer surfaces, with a higher
bacterial attachment on surfaces below the LCST (i.e., to more hydrophilic sur-
faces) [227]. Recently, carboxyl-terminated thermoresponsive polymers with LCST-
values of 20°C, 32°C, and 42°C, all of which were prepared by free-radical
polymerization of NIPAAm, were grafted onto aminofunctionalized surfaces and
used to investigate the effect of the phase transition of the polymers on the attach-
ment of the pathogens Salmonella typhimurium and Bacillus cereus. The results
showed a higher attachment of both bacterial strains above the LCST, revealing
a preference of the strains tested for hydrophobic surfaces [66, 113]. A short-
term reversibility of bacterial attachment to the thermoresponsive surfaces
was also demonstrated. Although the long-term effects remain to be investigated,
these are expected to require surfaces capable of responding to adaptive adhesion
mechanisms.
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The use of stimuli-responsive surfaces in investigations with microorganisms
is especially important, since such surfaces can be used as probes of biological
adhesion mechanisms. Indeed, possible applications in biotechnology may be
envisaged, for example to reduce biofouling in industrial applications. These
dynamic surfaces may enable the removal of formed biofilms, simply by changing
the temperature of the washing solutions, without any need to use antimicrobial
agents or surfactants. Clearly, this would represent an environmentally friendly
approach to classical methods of biofilm control.

344
Cell Sorting

The sorting of specific cells from multicellular tissues or aggregates is essential
for the development of engineered tissues. Existing cell-sorting techniques include
density gradient isolation via centrifugation and fluorescence-activated cell sorting
(FACS) [228]. Recently, a novel method based on surfaces containing a mixture of
the cell adhesive PNIPAAm-gelatin and nonadhesive PNIPAAm was introduced
by Matsuda and coworkers [229]. These authors were able to sort two bovine vas-
cular cell types (endothelial cells and smooth muscle cells) of different adhesive-
ness to well-defined, mixed coatings. This was achieved by seeding and culturing
the cell mixture at physiological temperature, with subsequent release of endothe-
lial cells by lowering the temperature to below the LCST (i.e., to room tempera-
ture). Sequential procedures of culturing the collected cells at 37 °C and the release
of target cells at room temperature resulted in highly pure cultures of target cells.
The mechanisms by which both cell types adhered to coatings containing variable
mixing ratios of cell-adhesive and non-cell-adhesive materials remains unclear, but
it is believed to be related to the different amounts/densities of cell membrane
adhesion receptors (integrins) [229].

In a different approach, thermoresponsive membranes constituted of PNIPAAm
grafted onto polypropylene (PP) membranes by plasma-induced graft polymeriza-
tion [230] were used to adsorb monoclonal antibodies to allow for the capture of
specific cell types from a cell suspension, thus enabling cell separation and/or
enrichment [231, 232]. The simple adsorption of antibodies onto the PNIPAAm-
g-PP membrane effectively enabled the binding of target cells, which could easily
be recovered by lowering the temperature below the LCST, as a result of the hydra-
tion of PNIPAAm and increase in surface hydrophilicity [232].

345
Stimuli-Modulated Membranes

Modification of the surface of porous membranes with stimuli-responsive poly-
mers allows the membrane pore size to be controlled, due to the coil-to-globule
transition of the responsive polymer. Stimuli-responsive polymers have been
widely used as responsive valves to control diffusion and permeation [19, 51, 100,
233-235]. (For a recent review, see Ref. [19].) The grafting of PNIPAAm onto
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porous membranes allows control of the solute diffusion rate, with higher diffu-
sion at temperatures above the LCST as a result of polymer collapse and opening
of membrane pores [19, 51]. For example, a composite material consisting of
PNIPAAm grafted onto sintered glass filters was developed to function as a
membrane of controllable permeation [184]. The on-off control of permeation
was possible by temperature variation. Below the LCST, the expansion of
PNIPAAm resulted in a closing of the pores of the sintered glass filter, and
consequently in a decrease of the permeation rate. An increase in temperature
above the LCST resulted in chain collapse, an opening of pores, and an increase
in permeation rate [184]. The opposite effect was observed with drug delivery
capsules, which are coated with PNIPAAm, since drug release from the capsule
interior was hampered with increasing temperature as result of polymer aggrega-
tion above the LCST; closing the pores on the capsule surface and blocking solute
diffusion [236]. Porous polypropylene membranes were grafted with PNIPAAm
for the separation of macromolecules from solutions containing hydrophilic
and hydrophobic solutes [237]. Above the LCST, the surface of the membrane
pores were hydrophobic, which resulted in an adsorption of the hydrophobic
solutes onto the pore surface and a diffusion of hydrophilic solutes. However, by
decreasing the temperature below the LCST, the hydrophilicity of the surface of
the pores increased the desorption of adsorbed hydrophobic solutes, which con-
densed in the permeate side [237]. The grafting of membranes with responsive
polymers has revealed certain drawbacks, including modifications of the pore size,
pore size distribution and nonhomogeneous grafting densities between the pore
interior and exterior. Consequently, recent investigations have been directed
towards the fabrication of responsive membranes (e.g., by phase inversion) [58,
238, 239]. One alternative approach involved the fabrication of polymeric compos-
ite membranes; for example, nanoparticles of poly(NIPAAm-co-MAAc) were
embedded into a matrix of a hydrophobic polymer. Then, in response to external
stimuli (e.g., temperature, pH), the variation in particle size caused opening/
closing of the matrix channels, controlling the permeation of various proteins and
peptides [240].

346
Chromatography

Temperature- and pH-responsive polymers are the most widely used stimuli-
responsive polymers in applications related to the recovery of target molecules
(e.g., proteins and drugs) [50]. Hence, particular attention has been focused on
their potentialities in chromatographic separation [50, 51, 53, 74, 93, 126, 163,
241-249].

The temperature-dependent hydrophilicity/hydrophobicity of  surface-
immobilized PNIPAAm has been used to fabricate high-performance liquid chro-
matography (HPLC) packing materials to separate a wide variety of molecules [53,
93, 247, 250, 251]. Below the LCST the polymer chains are hydrated, and therefore
the analytes will interact weakly with the polymer surface; this will result in short



3.4 Applications

retention times and poor resolution. However, when the temperature is raised
above the LCST the polymer collapses, increasing the hydrophobic interactions
between the analytes and the thermoresponsive stationary phase. This results in
increased retention times allowing the resolution of the components of the solu-
tion. The retention times are increased as the hydrophobicity of the components
is increased; in other words, the elution order of the components reflects their
hydrophobic properties. The applicability of PNIPAAm-based coated surfaces as a
stationary phase for chromatographic separation was demonstrated for different
types of samples, including steroids, peptides, proteins, enzymes, and environ-
mentally relevant samples [52, 53, 203]. In the case of complex samples consisting
of components of polarity which vary over a wide range, separation with the
required resolution within a reasonable time frame, can be achieved by using
temperature gradients. For example, a complex mixture of steroids was success-
fully resolved by separating the components of lower hydrophobicity at high
temperatures. The subsequent temperature decrease weakened the hydrophobic
interactions of the remaining components with the surface of the stationary phase,
thereby decreasing their retention times [53].

The use of temperature-controlled stationary phases for chromatographic sepa-
ration has the advantage of enabling the separation of biomolecules in an aqueous
environment and under isocratic conditions, avoiding the denaturation of
proteins and peptides. The separation of bioactive molecules (e.g., enzymes)
without any loss of bioactivity has been successfully achieved. Additionally, ther-
moresponsive chromatography columns can be easily cleaned by washing the
column with water at a low temperature, as the increasing surface hydrophilicity
will allow for the release of any remaining adsorbed biomolecules. Moreover,
as there is no need to use organic solvents, the method is environmentally
advantageous.

The selection of the polymer grafting method determines the molecular archi-
tecture of the grafted thermoresponsive layers, and is critically important for
defining the separation capacity of the grafted column. As mentioned above, dif-
ferent grafting methods lead to different grafted polymer configurations, which in
turn greatly influences the temperature-dependent physico-chemical properties
(such as wettability) of the surface. Consequently, the grafting architecture of the
grafted polymer influences solute elution [51, 102]. For example, the introduction
of freely mobile PNIPAAm-grafted chains onto multipoint immobilized PNIPAAm
showed improved temperature-dependent changes in wettability and thickness
[102]. As a result, longer retention times were observed on the surface following
the inclusion of freely mobile chains onto the multipoint immobilized PNIPAAm.
In the case of thin hydrogel layers, a 3-D crosslinked structure with limited
mobility resulted in a peak broadening that promoted the partitioning of analytes
51, 102].

The modification of chromatography column materials with PNIPAAm-based
polymers has been mainly achieved by using “grafting-to” procedures [203, 248].
The grafting of pure PNIPAAm may not achieve acceptable levels of biomolecular
separation, possibly due to an insufficient dehydration of the PNIPAAm chains
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below the LCST. Hydrophobic comonomers were therefore introduced to improve
the hydrophobicity of NIPAAm. The introduction of hydrophobic comonomers
will increase the hydrophobic interactions of the surface with analytes and, as a
result, improve the separation. For example, polymers composed of BMA and
NIPAAm [93, 203], or poly(N-(N"-alkylcarbamidepropyl methacrylamide) ana-
logues [93, 203] showed promising potential for use as matrices for the chroma-
tographic separation of several biomolecules. It should be noted however that, as
discussed in Section 2.1, the introduction of hydrophobic comonomers has the
additional advantage of allowing the LCST to be tuned to lower temperatures.

Recent investigations have been directed towards the fabrication of thermore-
sponsive surfaces for separation by using a “grafting-from” approach, for example
via ATRP [74, 163] or RAFT polymerization [162]. The “grafting-from” method has
the advantage of permitting larger grafting densities, with amounts of PNIPAAm
grafted onto silica beads by ATRP approximately 10-fold higher than when pre-
pared using conventional methods [163]. The resultant enhanced hydrophobicity
of the densely grafted surfaces above the LCST enabled the separation of peptides
[163], without any need to incorporate hydrophobic comonomers, as was necessary
when using other grafting methods [203]. ATRP polymerization allows the regula-
tion of grafting density by varying the concentration of the ATRP initiator on the
surface [74], and of the grafted chain length by varying the polymerization time
[163]. For example, a variation in chain length of the grafted PNIPAAm allows an
adjustment of the temperature-dependent interactions with analytes. In this case,
short chains would not allow sufficient dehydration and aggregation such that the
separation of steroids could not be achieved, whereas long, densely packed chains
allowed such separation with high resolution [163].

As discussed in Section 3.4.2, the temperature-dependent changes in the surface
properties of PNIPAAm grafted surfaces appear to also depend on the properties
of the underlying substrate, and this is reflected in cell adhesion and detachment.
Thus, it was hypothesized that a possible influence of substrate polarity on the
phase transition behavior of grafted PNIPAAm might be reflected on the separa-
tion efficacy of biomolecules. Nagase and coworkers used PNIPAAm brushes
grafted onto mixed silane self-assembled monolayers (SAMs) to investigate
the effect of substrate properties on the retention of steroids [252]. The results
showed the retention time of hydrophobic steroids to be increased with decreas-
ing interface polarity, due to an enhanced hydration of the PNIPAAm brushes
when grafted onto polar surfaces, when compared to apolar surfaces. As a
consequence of this greater temperature-dependent hydration/dehydration
of the PNIPAAm layers, wider variations in retention factor related to tempera-
ture were observed on the polar grafted interface. Clearly, the polarity of the
grafted interface plays an important role in the temperature-dependent wetting
properties of the grafted PNIPAAm, and consequently on temperature-modulated
separation [252].

The simultaneous modulation of electrostatic and hydrophobic interactions with
temperature is of great interest in the separation of biomolecules. The introduction
of weakly charged comonomers into PNIPAAm, allows to create surfaces that
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Figure 3.4 Chromatograms of a mixture of
phenylthiohydantoin (PTH)-amino acids at: (a) 10°C; (b) 50°C
on a P(NIPAAm-co-tBAAm-co-AAc) gel column. Peaks:
1 =Asp; 2 =Asn; 3 = His; 4 = Met; 5 = Arg; 6 = Phe.
Flow-rate 1.0mImin™"; Eluent PBS (pH 6.0, | = 0.1); Detection
UV 280nm. Reproduced with permission from Ref. [245];
© Elsevier.

respond to temperature variations with changes in hydrophilicity/hydrophobicity,
as well as with changes in surface charge density. Bioactive ionic compounds have
been successfully separated using copolymer surfaces by introducing either
anionic monomers (e.g., acrylic acid) or cationic monomers [2-(dimethyl-amino)
ethyl methacrylate or N,N-(dimethyl-amino)propyl acrylamide] into PNIPAAm
[126, 244, 249, 250, 253-256]. Below the LCST, the polymer chains are hydrated,
which allows electrostatic interactions to occur between the charged groups on the
immobilized polymer chains and the charged analytes. By raising the temperature
above the LCST, the ion-exchange groups on the polymer chain surface become
hidden due to chain collapse, and this in turn changes the surface from charged
to uncharged [52, 245, 256]. By changing the temperature in this way it is possible
to trigger changes in both the charge and hydrophobicity of the pH- and
temperature-responsive polymers. Thermoresponsive surfaces containing ionic-
charged monomers can be used to separate components of similar hydrophobici-
ties, but with differing ion-exchange groups. For example, poly(NIPAAm-co-
tBAAm-co-Aac)-immobilized layers allowed the separation of a mixture of
phenylthiohydantoin (PTH)-amino acids [245]. Whilst the retention time of apolar
amino acids was increased with increasing temperature, the inverse was observed
for basic amino acids (Figure 3.4). The results indicated that the elution behavior
of nonpolar amino acids might be attributable to hydrophobic interactions,
whereas the elution of polar amino acids was due to electrostatic interactions.
Attempts have also been made to develop size-selective separation media
based on thermoresponsive polymers [50, 51, 257-260]. For example, the use
of silica beads grafted with PNIPAAm-based polymers as a stationary phase for

127



128

3 Stimuli-Responsive Polymer Nanocoatings

high-performance size-exclusion chromatography showed temperature-responsive
elution changes for low-molecular-weight proteins and polysaccharides [259].
However, the elution was found to be temperature-independent for high-
molecular-weight substances. A higher resolution was observed below the LCST,
possibly due to the hydrophilic properties of the surface beads, which improved
porosity [50, 259]. For some proteins, the elution time was extended when the
temperature was increased, possibly due to hydrophobic interactions between the
protein and the collapsed polymer surface [51]. In another example, hydroxypro-
pylcellulose beads exhibiting temperature-dependent porosity were shown to be
promising for chromatographic applications since, by raising the temperature a
decrease in pore size due to shrinkage of the beads allowed the separation of
proteins [258].

Bioconjugates, as proteins conjugated with PNIPAAm, were revealed as showing
promise for the affinity separation of biomolecules in immunoassays and enzyme
recovery [54, 121, 231]. Affinity separation consists basically of the separation of
target biomolecules from a complex mixture via their specific interaction with
immobilized affinity moieties. The formation of conjugates of biomolecules
and thermoresponsive polymers allows the one-step separation of biomolecules
such as proteins and antibodies, simply by cyclical heating and cooling [1, 17, 54,
127]. In general, bioconjugates can function in solution and be recovered by
precipitation as a result of temperature changes, although they may also be used
whilst immobilized on surfaces [261, 262]. For example, the possibility of using
temperature-controllable molecular recognition based on masking and forced-
release effects was investigated by Okano and coworkers, who independently
grafted PNIPAAm and the ligand Cibacron Blue F3G-A (CB) onto a matrix surface
[261]. Under optimal immobilization conditions (i.e., density, spacer length, and
polymer) the PNIPAAm collapsed chains below the LCST, which permitted an
easy access of the target molecules (albumin) in solution to the immobilized
ligands. On decreasing the temperature, the PNIPAAm chains extended, both
sheltering the immobilized ligand (which made access of the target molecules to
the ligand very difficult) and forcing out any previously bound target molecules
(forced-release) [261].

For applications of thermoresponsive polymers in separation applications, an
enhanced kinetics of swelling/deswelling (i.e., thermosensitivity) is usually desir-
able, in order to improve resolution and selectivity [50]. The thermosensitivity
of PNIPAAm polymer systems can be improved by copolymerization with
hydrophilic monomers (such as acrylic acid) or by preparing comb-like structures
which create hydrophobic regions that facilitate water extraction upon polymer
collapse [263].

347
Microfluidics and Laboratory-on-a-Chip

A temperature-dependent microfluidic chromatographic matrix consisting of
PNIPAAm-coated latex beads has proven capable of separating biomolecules from
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a flow stream, revealing a high potential for use in diagnostics [241, 242].
PNIPAAm-coated beads were functionalized with an affinity moiety (biotin [242])
and flowed through a microfluidic channel. On raising the temperature above the
LCST the beads aggregated adhering to the channel walls. These beads were
shown of binding target molecules (streptavidin [242]) which subsequently was
flowed through the channel. The coated beads and captured biomolecules were
easily eluted by lowering the ambient temperature to below the LCST. This easy
removal of the matrix was advantageous, as it not only allowed the beads to be
reused but also added flexibility to the microfluidic devices. A single device can be
used to separate different target molecules, depending on the packed matrix [242].
The smart microfluidic system was further improved by developing a complemen-
tary switchable surface trap [264] by grafting PNIPAAm onto the walls of the
poly(dimethyl siloxane) (PDMS) channels. Above the LCST, a more uniform bead
deposition was observed on the PNIPAAm-grafted channel walls as compared to
the nongrafted walls. The PNIPAAm-grafted walls allowed a faster and more
complete bead release when the temperature was decreased below the transition
temperature [264].

Huber and coworkers have developed a microfluidic device that allows the pro-
grammed adsorption and release of proteins [25]. For this, a 4nm-thick coating
was generated by in situ polymerization of NIPAAm on functionalized SAMs, and
integrated onto a microfluidic hot plate device. The device allowed the adsorption
of proteins, their retention with negligible denaturation, and their release upon
thermal switching. The rapid response characteristics of the device (<1s) can be
manipulated for proteomic functions, including the preconcentration and separa-
tion of soluble proteins on an integrated fluidic chip [25].

The potential for using ELP nanostructures as reversible smart biomolecular
switches for the “on-chip” capture and release of target proteins from complex
mixtures in bioanalytical devices, has been investigated by fabricating a nanoscale
array of ELPs (Figure 3.5) [154]. The phase-transition behavior of the ELPs was
used to reversibly immobilize a thioredoxin-ELP (Trx-ELP) fusion protein onto the
ELP nanopattern above the LCST. The immobilized protein remained bioactive,
which allowed the binding of an antithioredoxin (anti-Trx) antibody. This concept
was further used to reversibly bind proteins directly from cell lysates [155]. The
incubation of a patterned ELP surface into a solution of cell lysate containing an
expressed ELP fusion protein resulted, upon temperature transition, in the capture
of the ELP fusion protein onto the immobilized ELP. The captured proteins
allowed the binding of its target from solution. The bound complex could be
reversibly dissociated below the LCST [135, 154, 155], revealing a great potential
for the use of immobilized responsive polypeptides in the fabrication of regener-
able protein arrays for bioanalytic devices.

Stimuli-responsive polymer coatings have been also used for fluid flow control,
acting as both sensors and actuators. For example, by coating the interior of capil-
laries with PNIPAAm, fluid flow could be controlled by varying the temperature,
due to the temperature-dependent wetting of the grafted capillary surface
[265, 266]. Using a different approach, Beebe and coworkers have incorporated
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Figure 3.5 (a) Atomic force microscopy cross-section, showing a typical feature height
(AFM) tapping mode height image of a 10 x 9 of 5-6nm and a lateral feature size of
ELP dot array in PBS buffer at room approximately 200 nm. Reproduced with
temperature; (b) Enlarged view of the area permission from Ref. [145]; © 2004, American
indicated in panel (a) and a representative Chemical Society.

responsive hydrogels into a microfluidic device by direct in situ photopatterning,
and shown that the immobilized hydrogel can be used as an actuatable valve for
fluid flow control [267]. The potentialities of controlling fluid flow in microchan-
nels (including the control of flow rate and flow direction) as a result of the stimuli-
dependent expansion and contraction of hydrogel-coated structures were nicely
shown by these authors, using different designs [267]. The coating of nanopores
with stimuli-responsive polypeptide chains to provide a novel mechanism for fluid
flow control via the helix-coil transition of the grafted chains was also recently
demonstrated [268]. Temperature- and pH-responsive hydrogels have also been
used in the fabrication of autonomous micropumps and micromixers, by explor-
ing the volume changes experienced by the responsive hydrogels under stimuli
[269]. Recently, PNIPAAm was used to fabricate bidirectional actuacting flaps to
control a microchannel concentrator [270]. Some further developments of autono-
mous microfluidics incorporating stimuli-responsive hydrogels are highlighted in
a recent review [59].

3.5
Summary and Future Perspectives

During the past few years, much effort has been expended towards the
generation of smart switchable surfaces that mimic biological systems and enable
the modulation of complex systems. The unique dynamic and controllable proper-
ties of stimuli-responsive materials have not only made possible the detailed
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investigation and control of cell-cell, cell-protein and protein—surface interactions,
but have also found diverse applications that include controlled drug release, cell
culture, chromatography, biosensing, and microfluidics. Progress in the field of
cell sheet engineering for regenerative therapies has been particularly impressive.
The use of surface-immobilized responsive layers in cell culture technologies is
highly beneficial due to their advantageous mechanical properties that allow cel-
lular matrix reorganization while retaining cell anchorage, to the facilitated diffu-
sion and delivery of nutrients and growth factors, and their ability to release cell
sheets without damage and without altering the cells’ properties. The possibility
of incorporating different bioactive molecules on the surface of immobilized layers
will open new perspectives for the control of specific cell-protein interactions and
the regulation of functions between cell-surface proteins and the corresponding
ligands. The recent development of patterned coculture methods, using thermore-
sponsive polymers, will allow the further investigation of cell-cell communication
and angiogenesis, the control of cell migration, and the fabrication of complex
tissue grafts for regenerative medicine. New, elegant concepts for the design of
intelligent materials and surfaces are continuously being reported to improve the
properties (as higher biocompatibility or enhanced mechanical properties) and to
extend the applicability of these materials. It is expected that surfaces of increased
complexity will continue to be generated, aimed at a close resemblance to biologi-
cal systems. Today, exciting new perspectives lie ahead, notably to use smart
surfaces for the fabrication of self-controlled biosensors, for the controlled release
of molecules in medicine and biotechnology, and for the modulated fabrication of
complex tissues for regenerative medicine. The combined efforts of scientists from
a wide variety of disciplines, including chemistry, materials science, engineering,
biology and medicine, will enable the exploration and expansion of the already
wide potential of this ongoing field.
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Ceramic Nanocoatings and Their Applications
in the Life Sciences

Eng San Thian

4.1
Introduction

During the past three decades, major advances have been made in the develop-
ment of biomedical materials for use as bone replacements. The first such bioma-
terials to be developed were tolerated within the physiological environment, but
were generally metallic in nature and lacked any ability to encourage direct bone
apposition [1]. As a consequence of this, Hulbert and coworkers introduced a
stable oxide layer onto the metallic surface in order to activate bone growth [2].
However, although this concept was shown to elicit a favorable tissue reaction, a
much longer time scale was required before osteointegration could occur. Today,
the emphasis has shifted towards the use of bioactive ceramic materials, in par-
ticularly calcium phosphates (CaPs), due to their similarity with the mineral phase
that is found in natural bone [3].

Calcium phosphates—and hydroxyapatite (HA) specifically—are often used in
the form of coatings on metallic implants, to confer the biological and mechanical
advantages of both types of material. However, in comparison with bioactive
glasses and glass-ceramics, HA unfortunately has a relatively low bone-bonding
rate [4]. The main approach towards improving the osteointegration rate of HA
has been to perform a chemical doping of the ceramic material, using small
amounts of those elements which are commonly found in human bone [5], since
the HA structure is very tolerant of ionic substitution. The ultimate aim of this
procedure was to provide a rapid return to structural stability so that patients could
live a normal life as quickly as possible.

The idea of incorporating silicon (Si) into HA is largely based on the benefi-
cial role of Si* ions in bone, and the excellent bioactivity of silica-based glasses
and glass-ceramics. Previously, Carlisle [6-8] had reported that chicks receiving
dietary silicon had shown an enhanced bone growth and development. Likewise,
a significant upregulation of bone cell proliferation and gene expression were
observed for bioactive glasses, due to the release of low levels of Si** ions into
the physiological environment [9-11]. These findings led to the development of
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silicon-substituted HA (SiHA) as a potential bone graft material, with several
studies having demonstrated a significant increase in the amount of bone
apposition and quality of bone repair, compared to the use of HA ceramics
[12-14].

Based on the success of the SiHA bone grafts, many investigations have been
conducted recently to explore alternative techniques for the deposition of SiHA as
coatings on metallic surfaces. In this chapter we will discuss the fabrication of
SiHA nanostructured coatings, and provide details of comprehensive studies of
the physical, chemical, and biological properties of these materials.

4.2
Magnetron Sputtering

The production of nanostructured SiHA coatings can be conducted via a magnet-
ron sputtering process at room temperature, using a combination of phase-pure
HA and Si targets. The application of this technique leads to the formation of
uniform, well-adhered thin coatings, with the additional possibility of incorporat-
ing controlled amounts of beneficial elements, in this case Si.

Thian et al. [15, 16] reported a systematic approach for the deposition of SiHA
coatings, using a sputter deposition system; a typical set-up to produce such coat-
ings is shown schematically in Figure 4.1. Here, a constant flow of argon gas at a
working pressure of 0.6 Pa was supplied to the chamber at each deposition run.
The composition of SiHA coating could be controlled by the relative discharge
power density supplied to each target. Generally, a radiofrequency (RF) of
13.56 MHz, with a power density of 3.1Wcm™ was supplied to the HA target,
while three different direct current (dc) power densities of 0.2, 0.5 and 0.8 Wcm™
were supplied to the Si target to achieve coatings with three different Si
contents.

Following the successful deposition of SiHA coatings by sputtering, a number
of recent reports have recently emerged describing the preparation of SiHA coat-
ings. For example, Solla et al. [17, 18] reported that SiHA coatings could be
obtained using a pulsed laser deposition technique, with analyses having revealed
that the Si had been incorporated into the HA structure. In a separate study, the
same group found that osteoblasts could proliferate and differentiate well on
these SiHA coatings [19]. Later, Hijon et al. [20] produced SiHA coatings with Si
contents of up to 2.1wt% using a sol-gel technique, and showed that these coat-
ings could support cell proliferation in vitro [21]. SiHA coatings have also been
produced by electrophoretic deposition [22] and biomimetic deposition [23, 24]
techniques, with the bioactive properties of the coatings being enhanced by the
presence of Si.
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Figure 4.1 Schematic of the magnetron sputtering system set-up [16].

4.3
Physical and Chemical Properties of SiHA Coatings

When nanostructured SiHA coatings of thickness 0.7 um were produced, the Si
composition in the coating (0.8, 2.2, and 4.9 wt%) was shown to increase in relation
to the direct current power density on the Si target [16].

Following heat-treatment at 600°C, the amorphous coatings were transformed
into phase-pure, polycrystalline coatings, with major peaks matching that of HA
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Figure 4.2 X-ray diffraction patterns of SiHA coatings of
varying Si composition. (a) As-deposited; (b) Heat-treated,
0.8wt% Si; (c) Heat-treated, 2.2wt% Si; (d) Heat-treated,
4.9wt% Si [16].

[Joint Committee on Powder Diffraction Standards (JCPDS) #9-432], as indicated
by X-ray diffraction (XRD) scans (see Figure 4.2). The lattice plane reflections were
also shown to become broader and less intense with the increasing Si level.

Heat-treatment led to several changes in the infrared (IR) spectra, with four
typical absorption bands for HA being observed: (i) at 3571cm™, which was
assigned to the stretching mode of hydroxyl (O-H); (ii) at 1089 cm™, which was
assigned to the v; phosphate (P-O) stretching mode, and became sharper and
more intense; (iii) at 1038 cm™, which was also assigned to the v; P-O stretching
mode; and (iv) at 962cm™, which was assigned to the v; P-O stretching mode
(Figure 4.3). Although all if these IR spectra exhibited absorption bands associated
with HA, the band intensities corresponding to O—-H and P-O (most noticeably at
962 cm™) decreased with the increasing Si level.

All of these coatings signified the transformation of an amorphous coating into
a well-crystallized, phase-pure HA coating after heat treatment. Discussions have
been on-going, however, concerning the performance of amorphous and crystal-
line coatings. Since crystalline HA has a considerably lower dissolution rate than
amorphous HA [25, 26], it may be beneficial for long-term implant performance
as it may lead to a reduced incidence of osteolysis [27, 28]. In contrast, amorphous
HA was observed to enhance early bone apposition in vivo [29]. Phase-purity is
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Figure 4.3 Infra-red spectra of SiHA coatings of varying Si
composition. (a) As-deposited; (b) Heat-treated, 0.8 wt% Si;
(c) Heat-treated, 2.2wt% Si; (d) Heat-treated, 4.9wt% Si [16].
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also a critical issue for coatings of <1 pum thickness, as secondary calcium phos-
phate phases, such as tricalcium phosphate and tetracalcium phosphate, will dis-
solve more rapidly than HA [30]. This effect would cause the coating to dissolve
completely in the physiological environment, even before it is able to trigger the
promotion of a direct attachment at the bone/implant interface.

Changes in the crystallite size and in the unit cell parameters of the heat-treated
coatings were noted with the substitution of Si into the HA structure [16]. With a
Si addition from 0.8 to 4.9wt%, the crystallite size of SIHA was seen to decrease
from 50 to 19nm. These results were in agreement with the findings of both
Gibson et al. [31] and Arcos et al. [32], who showed that the addition of Si inhibited
grain growth, with the effect being more significant as the Si level was increased.

The unit cell parameter’s axes (a, from 0.9436 to 0.9466nm; ¢, from 0.6915 to
0.6956nm) were increased with Si substitution, following the trend as described
by Kim et al. [33]. Although Si addition increased and decreased the cell parameters
and crystallite size, respectively, the XRD scans did not highlight any significant
changes in the relative peak intensities—as would normally be expected when there
is an atomic substitution. This occurred because Si and phosphorus (P) are adja-
cent to each other in the Periodic Table (they differ by only one atomic number),
and the level of Si substitution is relatively low (<5 wt%).

Contact angle measurements demonstrated that an uncoated titanium (Ti)
substrate (67.9£2.1°) possessed the highest contact angle value among all samples.
As for the coated-Ti substrates, SiHA-coated Ti exhibited a lower contact angle
when compared to the HA-coated Ti (50.1 £ 3.5°), with 0.8 wt% SiHA (34.0 £ 3.4°)
showing the lowest value.

From both physical and chemical viewpoints, it appears that Si** ions are struc-
turally incorporated into the HA lattice in solid solution, and are not segregated
as a second phase. The phosphate tetrahedrals were basically replaced by silicate
tetrahedrals, this being reflected in the decrease in IR P-O intensity with increas-
ing Si. It also appeared that a substituted Si level as high as 4.9wt% could be
incorporated into the HA structure while maintaining phase purity. Clearly, the
magnetron sputtering technique combined with heat treatment allows the produc-
tion of nanostructured SiHA coatings with predictable properties.

4.4
Biological Properties of SiHA Coatings

4.41
In Vitro Acellular Testing

During the 1990s, a method for the rapid ranking of the bioactivity of materials
was developed by Kokubo and coworkers [34], using a so-called “simulated body
fluid” (SBF). The concentrations of ions present in this solution (which is
known as SBF-K9) match the ionic concentrations of human blood plasma. Con-
sequently, the rate at which a material is able to induce surface calcium phosphate
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precipitation from the SBF-K9 solution will provide a measure of its level of bio-
activity, and this effect can be correlated with the likely activity in vivo.

Immersion tests using SBF-K9 solution have demonstrated that heat-treated
SiHA coatings possessed a better bioactivity under physiological conditions, com-
pared to as-deposited SiHA coatings or even as-deposited HA coatings and
uncoated titanium (Ti) substrates [35].

Dissolution of the as-deposited SiHA coating, as evidenced by the appearance
of submicrometer-sized pits on the surface, was observed after a one-day
immersion in SBF-K9 solution, while pit formation was abundant by day 4
(Figure 4.4a). However, newly precipitated circular patches, comprising freshly
nucleated crystallites, appeared to form on the surface by day 7 (Figure 4.4b), and
a homogeneous, porous layer was observed after a 14-day period of immersion
(Figure 4.4c).

Surface cracks on the heat-treated SiHA coating appeared to be exacerbated after
immersion in SBF-K9 solution for 1 day, although this effect may be due to a
preferential dissolution along the crack regions. By day 4, freshly nucleated crystal-
lites were observed which covered up to 85% of the coating surface (Figure 4.5a).
A homogeneous, porous layer was then observed after day 7 (Figure 4.5b), which
had transformed into a dense layer by day 14 (Figure 4.5¢).

In contrast, a porous layer consisting of short interconnecting rods (similar to
Figure 4.4c) and loosely-packed globules (Figure 4.6) formed on the surface of
as-deposited HA coating and uncoated Ti substrate after 14 days of immersion,
respectively.

A detailed characterization of the newly formed layer confirmed that it was rich
in calcium and phosphorus, along with the incorporation of sodium and magne-
sium. Broad and diffuse XRD peaks ascribed to HA were observed (Figure 4.7),
indicating that the calcium phosphate (CaP) layer was apatitic in nature. With
prolonged immersion in SBF, the peak intensity corresponding to lattice plane
reflection (002) increased, which implied that this CaP layer was aligned prefer-
entially along the c-axis. The appearance of carbonate (C-O) bands at 867 and
1416cm™ in the IR spectra (Figure 4.8) confirmed the presence of a carbonate-
containing apatite layer. It was also noted that the hydroxyl (O-H) band intensity
decreased, while the intensities of the C-O bands became more pronounced; this
suggested a substitution of CO}™ ions for OH" ions in the HA structure [36].

In the case of the as-deposited SiHA coating, the effect of precipitation process
was attributed to a lack of coating crystallinity. Dissolution is known to occur
during the initial stage when Ca’* and P** ions are released into the SBF. These
ions will increase the degree of supersaturation of SBF solution, thereby facilitat-
ing the initial formation of CaP nuclei on the coating surface, by consuming the
Ca’ and P* ions in the SBF solution. CaP crystallite growth may then proceed
along with the continued formation of additional nuclei.

As for the heat-treated SiHA coating, the apatite nucleation process could be
related to the structural-scale factor, which explains why heat-treated SiHA is
more bioactive than as-deposited SiHA. It has been proposed that the nanocrystal-
line structure creates an increased grain boundary area, thereby providing an
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Figure 4.4 Micrographs of as-deposited 0.8 wt% SiHA coating
after immersion in SBF solution for: (a) 4 days; (b) 7 days;
and (c) 14 days [35].



Figure 4.5 Micrographs of heat-treated 0.8 wt% SiHA coating
after immersion in SBF solution for: (a) 4 days; (b) 7 days;
and (c) 14 days [35].



158 | 4 Ceramic Nanocoatings and Their Applications in the Life Sciences

Figure 4.6 Micrograph of uncoated Ti substrate after immersion in SBF solution for 14 days.

Intensity (a.u.)

(002)

* Apatite
+ Ti

20 25 30 35 40
2Theta (degrees)

Figure 4.7 X-ray diffraction patterns of 0.8 wt% SiHA coatings
before and after immersion in SBF solution [35].
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Figure 4.8 Infra-red spectra of 0.8 wt% SiHA coatings before
and after immersion in SBF solution [35].
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abundance of nucleation sites for CaP crystallites to form, since crystallite forma-
tion usually commences at areas of low surface energy. Once formed, these crystal-
lites grew spontaneously and transformed into an apatite layer on the coating.

When comparing SiHA and HA coatings, a dense carbonate-containing apatite
layer was formed on SiHA by day 14. However, this was not the case for HA,
which suggested that SiHA was more bioactive than HA. As dissolution—
precipitation is a surface-mediated process, the presence of surface silicate anions
(due to the released Si** ions from SiHA) might have altered the surface properties
of the material, thus attributing to the high bioactivity of SiHA. Botelho et al.
[37] demonstrated that, in the presence of silicate anions, the surface charge of
SiHA was decreased, inducing favorable sites for nucleation and crystallization
of the apatite.

4.4.2
In Vitro Cellular Testing

Although the bioactivity of SiHA coatings has been established using acellular
SBF, the conclusions drawn from such tests are often limited as the procedure
does not take into consideration the effects of the cellular response to material
surfaces. Hence, in this section we will detail the biological response of human
osteoblast-like (HOB) cells to SiHA coatings, taking into account the effect of
varying the Si substitution on the coating stability and its bioactivity.

The results of the AlamarBlue™ assay suggested that an increase in HOB cell
growth with culture time was generally observed for all samples (Figure 4.9a) [38].
Although HOB cells growing on heat-treated 0.8 wt% SiHA (S2) samples showed
the greatest growth level at all time points, significant differences were seen at
days 3, 7, and 14 when compared to as-deposited 0.8wt% SiHA (S1) and S2
samples, or to uncoated titanium (Ti) substrate and S2 samples.

Thian et al. [39] also showed that the metabolic activity of HOB cells varied with
the different levels of Si substitution (Figure 4.9b). In general, all samples were
capable of supporting cell growth, with the heat-treated 2.2 wt% SiHA (S3) sample
exhibiting the highest growth level throughout the culture period. A statistically
significant increase in cell growth was observed at day 14 on heat-treated 4.9 wt%
SiHA (S4) as compared to S2 samples. Furthermore, a significant increase was
noted for S3 when compared to S2 at days 4 and 7.

HOB cells attaching to the S1 and S2 samples displayed numerous well-
developed actin filaments (green staining in Figure 4.10a,b) and distinct vinculin
focal adhesion plaques (red staining) throughout the cell membranes. In contrast,
very few adhesion plaques were expressed on the uncoated Ti substrate, and the
cytoskeleton organization was poorly developed (Figure 4.10c) [38].

The cytoskeleton organization revealed distinctive differences in its quality
among SiHA coatings with varying Si levels [39]. Well-developed actin filaments
which aligned along the long axis of the cells were apparent within HOB cells on
both the S3 and S4 samples (Figure 4.10d,e), but were less distinct and diffuse
within HOB cells on the S2 sample.
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Figure 4.9 (a,b) Growth of HOB cells with
culturing time. Key to samples: S1 = as-
deposited 0.8wt% SiHA; S2 = heat-treated

0.8 wt% SiHA; S3 = heat-treated 2.2 wt%
SiHA; S4 = heat-treated 4.9wt% SiHA.

°p < 0.05, higher on uncoated Ti substrate
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S1 between groups; °p < 0.05, higher on S2
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between groups; fp < 0.05, higher on S2 than
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than S1 within groups; "p < 0.05, higher on
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groups, 'p < 0.05, higher on S4 than S2 within
groups; )p < 0.05, higher on S3 than S2
within groups [38, 39].
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Figure 4.10 Confocal fluorescence microscopy of the nuclear
DNA (blue), actin cytoskeleton (green) and vinculin plaque
(red) in an HOB cell, as revealed with multiple labeling using
TOTO-3, fluoroscein isothiocyanate (FITC)-conjugated
phalloidin and Texas red-conjugated streptavidin on: (a) ST;
(b) S2; (c) uncoated Ti substrate (control); (d) S3; and (e) S4
38, 39].
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The cells appeared to attach, spread, and grow on all samples, with filopodia
extending from the cell edges [39]. Cell spreading was less pronounced, with
underdeveloped lamellipodia displayed, on the uncoated substrate (Figure 4.11a).
In contrast, well-flattened cells were seen to cover the surfaces completely on all
SiHA coatings (Figure 4.11b). Beyond day 42, signs of mineralization were
observed on the surfaces of all samples. The formation of CaP mineral deposits
on the uncoated Ti substrate was sparse (Figure 4.11c), whereas numerous and
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Figure 4.10 Continued

large mineral deposits were seen on all SiHA coatings, the most significant being
for S4 (Figure 4.11d—f).

An apparent difference in the coating behavior was revealed after subjecting
samples to a cell culture medium [38, 39]. For the S1 sample, the surface was
covered by a lacey CaP network structure, with CaP spherulites seen precipitating
and coalescing on the dissolving coating surface (Figure 4.12a). Beyond day 56,
the CaP spherulite precipitates was detached completely from the S1 sample.

Nanocrystallites began to nucleate on the surfaces of the S2, S3, and S4 samples
(Figure 4.12b—d). Furthermore, surface dissolution was observed on S4, as evi-
denced by the appearance of dissolution pits. A porous CaP structure was obtained
for the S2 sample, while a dense structure was achieved for both the S3 and S4
samples. Beyond day 42, the CaP precipitate layer on all samples appeared similar,
as it grew more thickly and more dense (Figure 4.12e). In contrast, a CaP layer
was formed on the uncoated substrate after only 42 days in culture (Figure 4.12f).

The enhanced bioactivity of SiHA-coated substrate was attributed to the follow-
ing effects: (i) the presence of HA promoting cell adhesion, growth and minerali-
zation; and (ii) the presence of Si stimulating bone cell metabolism.

Si has been shown to inhibit crystal growth, and this effect was more significant
with increasing Si levels [16, 31, 32]. As such, it might be expected that with
increased Si content, the HA crystals would tend to dissolve faster, thereby facili-
tating the rapid precipitation of a carbonated-apatite layer which provides favorable
sites at which the cells can attach and grow [40]. The released Si** ions might also
have a positive protein adsorption. The formed silicate network structure was
shown to be capable of adsorbing proteins [41], and consequently SiHA coatings
would tend to contain a higher protein concentration than would either uncoated
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Figure 411 Cell morphology at different culture times.

(a) Uncoated Ti substrate (control) at day 2; (b) S2 at day 2;
(c) Control at day 42; (d) S2 at day 42; (e) S3 at day 42; (f) S4
at day 42 [16, 39].

Ti substrates or HA-coated substrates. These adsorbed proteins are likely to trigger
a specific mRNA for gene expression, thereby carrying the coded information to
ribosomal sites of protein synthesis in the cell, and stimulating osteoblast out-
growth. The results of studies conducted by Keeting et al. [42] and by Reffitt et al.
[43] supported these hypotheses, as they showed that soluble Si simulated the
proliferation and differentiation of HOB cells in vitro.
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Figure 411 Continued

A correlation also existed between surface wettability and cell response. The
results obtained from contact angle measurements suggested that the uncoated
and coated Ti were hydrophobic and hydrophilic in nature, respectively. As such,
it could be deduced that, by rendering a surface more hydrophilic, it would be
possible to promote an initial cell adhesion and spreading, and thereby govern
later cell proliferation and differentiation. This result is in accordance with the
findings of Redey et al. [44] and Spriano et al. [45], who indicated that cells tended
to spread better on a more wettable substratum.
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Cell growth was retarded at early culture period for coatings with a high Si level
(4.9wt%), due to a rapid dissolution of the coatings owing to their small crystallite
size. However, when the surface was surface was modified by the growth of a new
carbonated-apatite layer the cells began to migrate, adhere, and grow rapidly.

Taken together, all of these findings have indicated that Si tends to control the
dissolution rate of the coating and, at the same time, plays an important role in
the mineralization process. As such, of the three compositions studied, 2.2wt%
SiHA would be the preferred optimum, and merits further investigation.
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CaP
precipitation

Figure 4.12 Coating morphology at different culture times.
(a) ST at day 4; (b) S2 at day 2; (c) S3 at day 2; (d) S4 at day
2; (e) S2 at day 42; (f) Uncoated Ti substrate (control) at day
42 [39].

4.5
Future Perspectives

Whilst the recent introduction of SiHA as a nanostructured coating for biomedical
applications continues to show great promise, there is still potential for major
advances to be made in this area. These include:
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 An evaluation of the mechanical performance of existing deposited coatings.

e An evaluation of the bonding mechanism between bone and existing coatings,
using an animal model in vivo.

e An improvement of existing coatings, with the ability to incorporate biological
agents.

 An investigation of the precise mechanism by which Si activates cell activity.
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Figure 4.12 Continued

4.6
Conclusions

Novel, nanostructured SiHA coatings of varying Si levels have been deposited on
metallic substrates using a magnetron sputtering technique. The results of in vitro
studies indicate that these coatings exhibit a bioactivity which is clearly superior
to that of uncoated and HA-coated substrates. Whilst a high Si level resulted in
an enhancement of the biomineralization process, it also led to a rapid coating
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dissolution rate. In summary, the choice of coating depends on the final applica-
tion; however, these SiHA coatings represent an excellent substitute for plasma-

sprayed coatings and HA thin coatings.
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Gold Nanofilms: Synthesis, Characterization, and Potential
Biomedical Applications

Shiho Tokonami, Hiroshi Shiigi, and Tsutomu Nagaoka

5.1
Introduction

In the past, metal nanoparticles have played important roles in many remarkable
developments in nanotechnology. Gold nanoparticles (AuNPs), in particular, are
recognized as the most stable metal nanoparticles. Such stability, coupled with
their simple synthesis procedures and surface functionalization, have helped both
scientists and engineers expand the use of AuNPs over a wide range of applica-
tions, including cytological staining, sensors, and electronics. When in aqueous
solution, AuNPs exhibit a purplish red color in the dispersion state; in fact, col-
loidal gold has long been used as a pigment to produce ruby-colored glass and
stained glass. Some examples of this date back to the fourth century BC, and the
Lycurgus Cup [1], now a possession of the British Museum, is probably the most
famous example. Although reports dating from the seventeenth century refer to
the use of colloidal gold sols in medicine, Faraday’s treatise of 1857 on the prepara-
tion of colloidal gold by the reduction of an aqueous solution of chloroaurate
(AuCly), is recognized as the first such academic report [2]. The AuNPs that
Faraday prepared are now housed at The Royal Institution of Great Britain, and
still exhibit a deep red color despite their age. Faraday described the red suspended
solution as a “divided gold metal” and, as a consequence, first investigated the
relationship between particle size and the color of the solution. Today, metal nano-
particles, including semiconductor nanoparticles, play extremely important roles
in the progression of nanotechnology [3-5], and several excellent reviews of their
applications as chemical/biological sensors and as electronics components,
together with details of their preparation, have been published during the past
decade [6-12].

One of the most outstanding properties of AuNPs is their extreme visibility;
for example, 40nm AuNPs exhibit an extinction coefficient of 2 x 10°M"'cm™,
which is far greater than a typical fluorescent molecule such as fluorescein
(9.2 % 10*M'cm™ in ethanol at 483-nm), This high extinction coefficient results
in an enhanced detection sensitivity of approximately 2.2 x 10*fold [13]. In
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addition, AuNPs exhibit properties of surface modification through their self-
assembly with thiols and/or amino groups, which in turn adds surface functional-
ity; indeed, such particles have been widely used as functional probes.

Another striking feature of AuNPs is their ability to change color as they aggre-
gate [2]. AuNPs often carry a negative charge that leads to their particle dispersion
being stable in solution. The color changes that result from aggregation can be
used to great effect in the recognition of interactions between receptor-modified
nanoparticles and analytes, either by the removal of particle charge or by the for-
mation of an interconnected structure, AuNP-analyte—AuNP. Such interactions
produce a measurable color change due to long-range plasmon coupling. Since
the mid-1990s, a host of research groups have exploited these valuable character-
istics of AuNPs to develop a wide range of applications, many of which have
focused on bioanalysis.

The enhanced sensitivity of AuNPs as markers has been utilized not only for
microscopic observations but also for a variety of spectroscopic techniques; the
latter include fluorescence spectroscopy and surface-enhanced Raman scattering
(SERS), both of which are sufficiently sensitive to report a single molecular event.
Very intense SERS signals have been observed from molecules that have been
adsorbed onto the aggregated particle assembly [14]. The increased mass that
results from the binding of an analyte with an AuNP-immobilized electrode can
be efficiently monitored using a quartz crystal microbalance (QCM).

Recently, a new sensing technique has been developed by the present authors,
using an AuNP array that consists of AuNPs interconnected with a dithiol
linker, and is deposited on a glass substrate. The inter-particle separation
created by the dithiol is ~1nm, and total resistances of 100-100 MQ have been
obtained with this array. These arrays can also be formed using a bulky mol-
ecule, such as AuNPs capped with dendrimers, where the nanospace created
between the particles provides a receptacle of molecular dimensions that can
be optimally utilized to immobilize a single receptor molecule. In this way,
molecular conductivity can be measured directly, and changes in array resist-
ance can be evaluated when an analyte binds to the inserted receptor. In fact,
the insertion of an appropriate receptor molecule (e.g., a single-stranded DNA
oligomer) between the particles will result in a substantial decrease in resistance
when a base-matched oligomer is added, due mainly to the higher conductivity
of the hybridized oligomers. Such an electrical detection constitutes a novel
assay technique, and affords a cost-effective alternative to the fluorescence
technique.

The first part of this chapter includes a discussion of the basic characteristics of
metal nanoparticles (with special emphasis on gold), in addition to a brief descrip-
tion of recent developments in analytical applications. Following this, the details
are provided of nonlabeling sensing systems that use AuNP arrays deposited on
an insulator material. Whilst these systems are used to quantify organic gases,
antigens, and DNA, particular emphasis is placed here on the DNA assay, and on
efforts to enhance the sensitivity of the array sensors.
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5.2
Preparation of Various AuNPs

A wide variety of spherical metal nanoparticles, including functionalized nanopar-
ticles, have become commercially available with the growth of applications in the
biological field. In comparison with nanoparticles of other metals, AuNPs can be
synthesized very easily. Moreover, in the case of AuNPs control can be exercised
not only on the particle shape, to yield spherical, planar (disk or trigonal), hexago-
nal, rod, and core—shell nanoparticles, but also on the particle size, with a variety
of diameters having been reported [15-18]. To date, the control of particle size has
been achieved over the range of ~100nm. The typical preparation methods
employed are described later in the chapter [19].

Among the many “conventional” methods used for AuNP synthesis, citrate
reduction is perhaps the best-known [7]. The most popular of the reports appears
to be that of Turkevitch which, in 1951, described the synthesis of AuNPs that
were approximately 20nm in diameter. The synthesis of AuNPs in this way is
simple, and leads to an easy complex formation with DNA and antibodies. The
Brust method (a two-phase synthesis and stabilization with thiol), which dates back
to 1994, also ranks high among synthesis techniques as it permits not only the
control of particle diameter and grain-size distribution, but also a functionalization
of the particle surface with thiol molecules. The Brust method also has had a
considerable impact on the thermal and air stabilities of synthesized particles with
mean particle diameters ranging from 1.5 to 5.2nm [20, 21].

Synthetic techniques using physical energy, such as gamma beams, heat, and
ultrasonic waves, have also been reported [22, 23]. An interesting report was also
made on the production of AuNPs via biological activity, when Paradeep and
coworkers reported the formation of submicrometer-diameter Au, Ag, and Au/Ag
alloy nanoparticles in bacteria, by mixing HAuCl, and AgNO; with Lactobacillus
strains [24]. Indeed, a preparation method that uses living organisms might rep-
resent an attractive approach for an “environmentally conscious” synthesis.

Common reducing agents, such as citric acid and ascorbic acid, impart a nega-
tive surface charge to the AuNPs. However, in many applications of AuNPs, and
in many fields, it is necessary to prepare positively charged AuNPs, especially for
interactions with biological molecules, such as DNA. Weare et al. have developed
a simple method to synthesize phosphine-stabilized AuNPs with a core size of
approximately 1.5 nm [25]. Their procedure was as follows: Hydrogen tetrachloro-
aurate trihydrate (2.54 mmol) and tetraoctylammonium bromide (2.93 mmol) were
dissolved in a water/toluene mixture (50:65, v/v) with nitrogen bubbling. As the
golden color of the solution transferred into the organic phase, triphenylphosphine
(8.85 mmol) was added, and the solution stirred for at least 10 min until the color
of the organic phase changed. Aqueous NaBH, (37.3mmol, dissolved in 10ml
water) was added rapidly, and the solution stirred for 3h under nitrogen.

As another general scheme, these authors developed a one-step method for
preparing positively charged AuNPs using aniline as a reducing agent [26]. Briefly,
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aqueous aniline solution was added to a 0.03% chloroauric acid aqueous solution
(200ml) and stirred at 65°C for 30min. The resultant solution was centrifuged
at 8500r.p.m. (7300xg) at 5°C. The first supernatant was removed and the precipi-
tate redispersed in 30ml of ultrapure water; the dispersal process was repeated
three times.

Typical synthesis procedures for AuNPs with various grain sizes were as follows:

2nm AuNPs: 375ul of 4.0% chloroauric acid and 500ul of 0.2 M K,CO; were
added to 100ml of deionized water and cooled to 4°C. Five 1ml aliquots of
sodium borohydride solution were added to the chloroauric acid/carbonate
suspension and stirred for 5min on ice.

5nm AuNPs: 6.25ml of 1.0% chloroauric acid and 5.8ml of 0.1 M K,CO; were
added to 500ml of deionized water. A 4.16ml aliquot of diluted phosphorus
solution (one-fourth concentration of saturated white phosphorus in diethylether)
was then added to the chloroauric acid/carbonate suspension, followed by
stirring for 15min at ambient conditions. The solution was brought to a boil
and refluxed until the color changed.

12nm AuNPs: A 5.2-ml aliquot of 2.0% L(+)-ascorbic acid (sodium salt; used as a
reducing agent) and 6 ml of potassium carbonate were added to 200ml of 0.03%
aqueous chloroauric acid, and the mixture stirred at 278 K. At this point, the
color of the solution was purple-red. The mixture was stirred at 353 K for 20min
until the color of the suspension changed from purple-red to red.

30nm AuNPs: A 4.5ml aliquot of 2.0% sodium citrate as a reducer was added to
200ml of 0.03% aqueous chloroauric acid, and the mixture stirred at 353K for
20min.

50nm AuNPs: 10ml of 3.0% citric acid (used as a reducing agent) was added to
200ml of 0.03% aqueous chloroauric acid, and the mixture stirred at 353K for
20min, producing an Au dispersion of 0.14gl™".

5.3
Functionalization of AuNPs and their Applications through Aggregation

The ease by which AuNPs can be functionalized by surface modification is one
reason why they have attracted so much attention in the field of analytical chem-
istry. Thiol molecules are used most frequently for the immobilization of func-
tional materials on the surface of AuNPs. The free energy of binding between the
thiol group and Au is approximately —20k] mol™ [27]. Although the value for plati-
num (Pt) is very similar, it has been reported that when thiols are chemisorbed
onto Pt they are prone to degradation via oxidation with adsorbed and dissociated
oxygen [28, 29]. At the same time, the fact that AuNPs are less active than Pt nano-
particles during catalysis makes them more advantageous for thiol modification.
For these reasons, gold is the material of choice in analytical chemistry and related
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Figure 5.1 The UV-visible spectra of gold nanoparticles 2, 12,
and 50nm in diameter, dispersed in water. A red shift of the
surface plasmon band is observed with increasing particle
size.

fields. As mentioned above, metal nanoparticles—and AuNPs in particular—
continue to attract attention as the fundamental building blocks for the formation
of one- to three-dimensional, nanometer-sized architectures, sensors, and electric
devices engineered for their specific shape and functionality.

AuNPs have a broad absorption band in the visible region of the electromagnetic
spectrum. The first investigator to formulate the nature of the optical band as a
surface plasmon effect was Mie—hence the so-called “Mie theory” [30]. The char-
acteristics of the band arise from the collective oscillation of free-conduction
electrons induced by an interacting electromagnetic field, and their resonances are
noted as surface plasmon. The specific resonance frequency depends on a number
of parameters, such as nanoparticle composition, morphology, concentration,
solvent refractive index, surface charge, and temperature [31-38]. As for the
relationship between particle diameter and plasmon absorbance, particle mean
diameters of 9, 22, 48, and 99 nm give rise to surface plasmon absorbance maxima
of 517, 521, 533, and 575nm, respectively. An increase in the particle diameter
results in the red shift of the plasmon band, as shown in Figure 5.1.

Although AuNPs are used as biomarkers in various types of bioassay, their
surface plasmon properties have only recently been utilized in real applications
[39-46]. Figure 5.2 represents some techniques based on the particle aggregation
induced by the addition of target analyte, which is visually recognized as a plasmon
shift from red to blue. Among these, Mirkin and coworkers first reported a
technique based on the aggregation of DNA-modified nanoparticle probes for
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Figure 5.2 Various target analyses based on the crosslinked
aggregation of gold nanoparticles. The target analytes are:
(A) DNA; (B) heavy metal ions; (C) potassium ions; and
(D) protein. Reprinted with permission from the Japanese
Society for Analytical Chemistry.

application to DNA detection (Figure 5.3) [47]. Due to their high surface energy,
AuNPs are extremely sensitive to environmental conditions. Mirkin et al. success-
fully applied this property to realize a simple application for the detection of
nucleic acid. This method is basically a “sandwich assay” in which a target DNA
molecule crosslinks two AuNPs by hybridization. Dispersed free AuNPs have a
red color as a consequence of their plasmon absorption; however, upon aggrega-
tion, interparticle plasmon coupling gives rise to a lower energy state, which makes
the optical observation of the hybridization event possible. Consequently, the
shorter interparticle distance caused by complexation between DNA strands causes
a change in the color of the AuNP dispersion. Since the early studies of Mirkin
and colleagues, colorimetric detection using AuNPs has attracted considerable
interest as a straightforward detection technique and an inexpensive alternative to
the conventional fluorescence-type detection, owing to the distinct color change
(Figure 5.2).

As a variant, Maeda and colleagues recently reported that the color change
occurred even between a single DNA-modified probe nanoparticle and target DNA
[48, 49]. These authors found that the color change arose very rapidly in their
framework, compared to the crosslink method. A mismatch in the forefront of the
probe anchored on the AuNPs was sensitive to hybridization in their system, and
the existence of such a mismatch barely gave rise to precipitation, even for a high
salt concentration. However, in the case of a mismatch in the probe sequence, a
significant difference in the color was not observed due to particle aggregation.

It was suggested that the modified single stranded DNA (ssDNA) was adsorbed
onto the AuNP surface to form a lying-down structure, leading to a nonspecific
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Figure 5.3 Aggregation-based DNA detection using two
different gold nanoparticle probes modified by respective
oligonucleotides. The probes are aggregated by hybridization
with the added target complementary DNA, which induces the
color change of the dispersed colloidal solution resulting in a
red shift of the UV spectrum [47].

adsorption of the probe DNA. This adsorption was attributed to the interaction
between the particle surface and one of the four bases constituting the probe DNA
(adenine, cytosine, guanine, and thymine), thus giving rise to particle aggregation.
Nonspecific adsorption occurs to different extents depending on the bases in the
DNA sequence; a sequence of only thymine, for example, has less incidence [50].
Nonspecific adsorption on the gold substrate can be circumvented by inserting an
appropriate alkanethiol at the 3’- or 5”-ends of a ssDNA sequence in order to reduce
the density of DNA on the AuNP surface [51].

Zhao and colleagues examined the feasibility of target DNA analysis by changing
the interparticle distance of AuNPs on paper substrates [52]. They conducted two
assays for an endonuclease (DNase I) and aptamer-based adenosine detection. In
this procedure, AuNPs crosslinked by DNA were first spotted onto the paper
(purple), after which DNase I or adenosine was added to redisperse the AuNPs
and change the color of the spot to red, within 1min. This simple assay would be
expected to provide a marked improvement in the practical analysis of pathogen
tests, environmental analysis, and disease diagnosis.

Immunoassay techniques have attracted considerable attention in environmen-
tal monitoring, food safety, and clinical diagnosis [53]. Liu and colleagues have
reported a one-step immunoassay technique for the detection of prostate cancer
and free prostate-specific antigen (f-PSA) [54]. This method utilized an optical
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Figure 5.4 One-step immunoassay technique, addition of the target antigen through an
reported by Liu et al., for the detection of a antibody—antigen—antibody linker, leading to
prostate cancer biomarker and free prostate-  an increase in the particles’ diameter, which is
specific antigen. Detector antibody-modified =~ measured using dynamic light scattering.
AuNPs and capture antibody-immobilized Au  Adapted from Ref. [54] with permission from

nanorods are used as an optical probe. The American Chemical Society.
nanoparticle and nanorod conjugate upon the

probe that comprised a detector AuNP (37 nm) modified with the antibody and a
captured Au nanorod (40 X 10nm) immobilized with another antibody (Figure
5.4). The addition of antigen f-PSA enabled the conjugation of nanoparticle and
nanorod through the antibody-antigen—antibody reaction, and the linked assem-
bly was successfully detected using dynamic light scattering. The f-PSA molecule
was detected over a concentration range from 0.1 to 10ngml™ without the washing
step, which is highly advantageous from the viewpoint of practical applications.
Using Au nanoshells composed of a 96nm silica core covered by a 22nm gold
shell, Hirsch et al. used immunoassays to detect a variety of clinically relevant
blood-borne analytes that ranged in concentration from 0.8 to 88 ngml™, within
10-30min [55].

5.4
AuNP Assemblies and Arrays

5.4.1
AuNP Assemblies Structured on Substrates

Many research groups have attempted to provide building blocks for engineering
substances of angstrom-scale and nanoscale dimensions by using metal nanopar-
ticles. These can be fashioned on various materials with a wide functional diver-
sity. As a result of their quantum-scale dimensions, these materials can be very
different from the corresponding bulk materials with respect to their electronic,
optical, and catalytic properties [S6—65]. For example, AuNPs give rise to unique
spectroscopic properties, such as surface plasmon resonance (SPR), and electro-
catalytic properties due to their high surface area, high edge concentration, and
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Figure 5.5 A schematic representation of the procedures for
the fabrication of the gold nanoparticle assembly on a glass
substrate in combination with a trialkoxysilane as a linker
molecule. Lower right: Scanning electron microscopy image of
a prepared AuNP monolayer film [70].

different electronic states. Assembling AuNPs onto nanoscale objects has been
extensively studied due to their expected novel properties; this has been achieved
through aerosol-gas depositing, inkjet printing, and the self-assembly of molecules
[66]. Many reports exist on the fabrication and functionalization of 2-D or 3-D
cumulative films using AuNPs, and their application to chemical sensors
[67-69).

Since the mid-1990s, nanoparticles have been assembled on many substrates
such as quartz, soda glass, and indium tin oxide (ITO). Willner et al. utilized
trialkoxysilane functionalized with thiol or amino groups to modify a glass
surface with AuNPs (Figure 5.5) [70]. The Au colloidal films thus prepared
exhibited sufficient stability to withstand a series of electrochemical measure-
ments, and revealed SPR bands resulting from the AuNP particles on the
substrate [71-73].

The assemblies built on the conductive substrate functioned well in electro-
chemical experiments due to the high conductivity between the substrate and the
metal nanoparticles (as discussed above). However, when the assembly was fabri-
cated on an insulated substrate, the small particle density on the substrate surface
precluded the development of electronic applications that required lateral, particle-
to-particle conductivity. In order to circumvent this problem, the authors have
successfully assembled AuNPs on a plastic plate and on microbeads, constructed
from polystyrene and polyethylene, and using alkylthiol as a binder [74-78].
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Figure 5.6 Effect of alkyl chain length in thiol binder
molecules on a fabricated AuNP assembled film. The
resistivity of the film changes exponentially with respect to the
number of carbon atoms in the binder molecule [77].

The AuNPs assembled in this manner produced a single-layer film, the conduc-
tivity of which (4.8 x 10°Q'cm™) was comparable to that of metallic bulk
gold (7.7 x 10°Q"'cm™), when it was fabricated with a short alkyl chain binder
(butanethiol); in contrast to the authors’ technique, more than 15 layers of AuNPs
have been required to construct a conductive AuNP array [79]. Moreover, by chang-
ing the length of the alkyl chain in the binder molecule, the resistance of the film
could easily be varied from low values (typical of conductors) to high values (typical
of insulators) (Figure 5.6). Electrocatalysis on the particle-deposited plastic surface
was successfully monitored for H,0,, molecular oxygen, and organic amines [77].
Furthermore, the film prepared with butanethiol substantially attenuated the oxi-
dation of ascorbic acid, indicating that this technique could be applied effectively
for the electroanalysis of biochemical fluids.

5.4.2
AuNP Assembly on Biotemplates

For the precise positioning of AuNP nanostructures, the interaction between the
particles and substrate is a key factor, and the surface charge of AuNPs, therefore,
plays an important role. Most of the surface charges of nanoparticles are fixed on
the particle surface through the adsorption of a reducing agent in the preparation.
Organic acid reductants (e.g., citric acid and ascorbic acid) yield negatively charged
AuNPs; the anionic carboxylate added in the synthetic process is adsorbed onto
the surface of AuNPs as a protective layer, thereby imparting a negative charge.
However, applications often need not only negatively charged but also positively
charged AuNPs. For example, positively charged AuNPs are required for interac-
tion with DNA, a polyanionic biomolecule.
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Figure 5.7 Schematic illustration of a gold nanoparticle highly
ordered on a substrate by using electrostatic interaction of
straightened DNA and aniline-coated, positively charged gold
nanoparticles. The AFM image shows that gold nanoparticles
are highly arranged in one dimension on the substrate.
Illustration courtesy of Dr Nakao [86].

Typically, positively charged AuNPs are prepared by the ligand exchange tech-
nique, in which the adsorbed anion is exchanged with cationic thiol through the
following controlled two-step protocol:

o Step 1: AuNPs are synthesized in an aqueous/organic solution interface and
then adsorbed with the thiol molecule in organic media.

e Step 2: The protectant layer is then exchanged or modified with a cationic thiol
(80, 81].

The layer thus treated, however, provides only a low coverage of the cationic thiol
on the surface of the nanoparticles, so that the nanoparticle must be modified with
alkylthiols before the first step. In recent years, several studies have reported a
simpler preparation technique for positively charged AuNPs that employs aniline
as the reducing agent; the technique is a one-step process that does not require
extra control, organic solvents, and ligand exchange [82-84]. It was proposed that
an aniline oligomer would act as a protectant of AuNPs from the observation of
UV-visible spectra and conductivity measurements of an AuNPs film cast on the
microelectrode [26].

It has been suggested that, as positively charged nanoparticles are easily carried
into a living cell, this would provide a means for gene delivery [83]. Nakao et al.
have succeeded in fixing DNA strands straight onto a glass surface without any
sophisticated equipment [85]. By using DNA as a template, they created a DNA
nanowire from aniline-protected and positively charged AuNPs, as described above
(Figure 5.7) [86]. Warner and coworkers assembled AuNPs into lines, ribbons, and
junctions (such as Y-shaped 2-D structures) templated with DNA, using positively
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charged AuNPs synthesized from a triphenylphosphine-passivated precursor-
nanoparticle by a biphasic ligand exchange reaction with thiocholine (N,N,N-
trimethylaminoethanethiol iodide) [87]. An interesting report on 2-D AuNP arrays
fabricated via DNA hybridization may serve as another example, where the pro-
grammable DNA sequences provide multiple 2-D nanocomponents consisting of
AuNPs with different particle sizes. This technique differed from the two reports
mentioned above, in that it utilized the hybridization reaction rather than the
charge interaction between AuNPs and DNA [88]. First, a scaffold was assembled
that consisted of a set of 22 DNA strands. The hybridization of DNA that was
immobilized on the 5nm and 10nm AuNPs, with the hybridization sites arranged
on the DNA scaffold, provided an ordered array of AuNPs with lines of large and
small nanoparticles.

5.4.3
AuNP Arrays for Gas Sensing

As noted above, over the past few decades many research groups have utilized
AuNPs to develop novel biochemical and chemical sensors. For example, a new
type of electrical sensor has been fabricated from an electroconducting particle
array by depositing ligand-capped AuNP onto appropriate insulating substrates.
Thiol was selected as the ligand and acted as a tunneling barrier between the
adjacent nanoparticles, such that the adsorption (insertion) of analyte into the
ligand caused the resistance to change (Figure 5.8). The array, which consisted of
a networked particle film, could be prepared from a variety of chemical linkers,
such as organic dithiols [89-94] and polyfunctional dendrimers [95, 96]. By using
these ligand layers, several groups have fabricated gas-sensing devices, which were
similar to chemiresistor sensors [89-99]. A metal nanoparticle array sensor based
on a monolayer was first described by Snow et al. in 1998 [100]. Here, the thin
transducer film developed was composed of 2nm AuNPs encapsulated by octa-
nethiol monolayers, and was deposited on an interdigital microelectrode [100, 101].
When the group applied the film to organic vapor sensing, it was discovered that
its responses were large (resistance changes up to twofold or more), fast (90%
response in less than 1s), reversible, and selective. Subsequent to these studies, a
number of nanoparticle arrays have been shown to serve as viable sensing and
transducer layers for chemical sensing.

Zamborini and coworkers fabricated a film of monolayer-protected AuNPs with
a monolayer prepared from alkanethiolate and w-carboxylate alkanethiolate; the
group observed the existence of conductivity when the AuNPs were linked together
in a networked array with carboxylate-Cu®*-carboxylate [102]. The chain length of
the alkanethiolate ligands exponentially affected the conductivity, and the result
was consistent with observations of both electron tunneling through the alkanethi-
olate molecule and with nonbonded contact between the particles through the
ligands. The exposure of the array to organic vapors, such as ethanol, CH,Cl,, and
nitrogen, decreased the conductivity and increased the mass of the device, as
observed by quartz crystal microgravimetry. Zamborini et al. also fabricated the
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Current

Figure 5.8 Schematic image of a 2-D nanoparticle film,
consisting of repeated gold nanoparticle-insulator—gold
nanoparticle sequences on a microelectrode. Reprinted with
permission from the Japanese Society for Analytical
Chemistry.

arrays with other metal nanoparticles, such as Pd protected with alkylamine or
tetraoctylammonium and PdAg nanoparticles. The prepared films were highly
reactive to H,, even though an O; atmosphere and thermal treatment were not
required; this result differed from that in a previous report on hexanethiol-coated
Pd monolayer-protected clusters [103].

Raguse et al. developed a chemiresistor sensor to detect small organic molecules
in aqueous solution; the sensor comprised an array of AuNPs capped with a
1-hexanethiol monolayer that was deposited onto a pair of microelectrodes
with an inkjet printing device. The sensor allowed the detection of toluene,
dichloromethane, and ethanol with detection limits of 0.1, 10, and 3000 p.p.m.,
respectively [104].

With respect to these sensing devices, it has been suggested that the change in
permittivity and/or swelling of a vapor would induce the sensor response accord-
ing to the expression for the conductivity of the film, ¢ [105, 106]:

O o< exp(—ﬂ(?)exp(;B—E]f) (5.1)

where fis the tunneling decay constant, ¢ is the edge-to-edge separation of metal
cores, E, is the activation energy, kp is the Boltzmann constant, and T is the abso-
lute temperature. The swelling of an organic vapor increases resistance due to the
increased tunnel distance (6). The permittivity of the organic matrix in which the
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particles are embedded decreases the resistance because of the decrease in E, and
the reduction in the heights of the potential well barriers between the particle
cores, thus decreasing the tunneling decay constant . However, two conflicting
reports have appeared in which directly opposite responses were reported using
arrays prepared in the same way [107, 108]. To clarify the working mechanism,
Joseph and colleagues have recently studied the sensor response for dodecylamine-
stabilized AuNP assemblies networked through a dodecanedethiol linker [109].
They observed different sensor responses for arrays fabricated with different
amounts of AuNP, and compared the results for nanoparticle-dominated, island-
dominated, and 3-D close-packed arrays. Ultimately, they suggested that the prepa-
ration of a well-controlled and uniformly distributed array was the key to obtaining
reproducible results.

5.4.4
AuNP Arrays for Biosensing

AuNP assemblies interlinked with organic and/or inorganic media have been
fabricated for further application, not only to vapor sensing but also to biological
sensing. An electric DNA-detection device has been reported by Mirkin et al. (see
Figure 5.9 [110]). In this approach, small microelectrodes with a 20um gap were
used, and a capture strand was immobilized on the glass substrate between the
gaps. Based on the three-oligonucleotide sandwich approach, the hybridized target
strand was captured in the electrode gap (as shown in the middle panel of Figure
5.9). The nanoparticle can function as the nucleus for metallization, and this leads
to a deposition of metallic silver onto the AuNPs when the device is submerged
in the silver developing solution. The deposition of silver leads to the formation
of an electrical connection between the microelectrodes, and target capture is
detected by a sharp decrease in the resistance of the circuit. Although this tech-
nique has provided a simple and cost-effective solution for the detection of the
DNA sequences, a post-processing is required to make the deposit conductive and
ready for measurement.

In an effort to develop a straightforward and cost-effective detection technique
in a label-free format, many research groups have begun to actively explore the
feasibility of using molecular conductivity as a primary mechanism. The conduc-
tivity of a single molecule is attracting considerable attention in many disciplines,
from the viewpoint of developing nanosized electronic devices for computing,
sensing, and so on. In many studies, DNA is being utilized to develop the device
components, such as nanowires, nanodimensional memory, and nanosized
sophisticated arithmetic units; consequently, the charge transport through single
DNA strands has been studied using photochemical [111-114], biochemical [115-
118], electrochemical [119-121], and direct electrical measurements [122-127].

Many studies have already investigated the use of DNA in the development of
nanosized sensing devices for future nanosized applications. The fabrication of
sensing devices using this property requires a molecule of choice to be wired
onto a pair of probing electrodes [128]. However, there is no conformity between
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Figure 5.9 Electrical DNA detection using gold particles based
on a “sandwich hybridization” of capture, probe, and target
DNA with metallization [110].
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Figure 5.10 Direct measurement of current through a DNA
molecule using the atomic force microscopy technique [130].

different studies with regards to the conductivities of single molecules measured
in this manner, moreover, the reported values range from those of conductors to
those of insulators in terms of magnitude. This large divergence is believed to be
due to the difficulty in forming good molecule—electrode contacts, and also to
variations in the experimental conditions [129]. Recently, experimental data for
single-molecule conductivity have become available via atomic force microscopy
(AFM) and scanning tunneling microscopy (STM) techniques, in which a mole-
cule is covalently attached between a probe tip and a gold substrate (Figure 5.10)
[130-133]. According to these studies, alkane and DNA molecules would not be
very good conductors (10MQ-100GQ), but it is true that the molecules would
exhibit conductivity, at least to some degree.

Many technical difficulties may be encountered when constructing practical
electronic molecular nanodevices based on AFM/STM techniques and other
nanogap techniques (e.g., the break junction method), although the techniques do
not require intractable labeling molecules. In this connection, fabricating devices
with a AuNP array comprising nanometer-sized gaps created through the self-
assembly process appear to be a more realistic choice for the electrical detection
of molecules in a high-density format, as the device size can be miniaturized
economically when a mass-produced, high-density die becomes readily available.

The impedance of the AuNP array can be understood by Ohm’s law. The array
can be defined by the assembly of series and parallel connections of a unit imped-
ance cell, the impedance of which is defined as Z,. The total impedance of the
array, Z, can simply be expressed as:

N
ZZMZO (52)

where N and M are the number of cells in the array along the x and y directions,
respectively (Figure 5.11). When a voltage is applied to the array, the voltage of the
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Electrode
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Figure 5.11 Equivalent circuit diagrams for an AuNP array.
(a) An array structure; (b) A unit cell defined by an impedance
of Zy; (c) A circuit diagram equivalent to the array.

cell at the same y location should be the same throughout the array, and hence,
the lateral current can be ignored. Accordingly, the array impedance is equivalent
to that of an assembly of serially connected cells, each independent of the
next series unit, located at (x — 1) and (x + 1). Each series unit is composed of
serially connected N-unit cells and, at the same time, the series units are connected
in parallel, where the number of the unit involved in the array is defined in the
figure. Thus, the total impedance of the array is expressed in terms of Equation
5.2, and is equal to the impedance of the nanosized unit cell when M = N. Although
this simple relationship holds only for a well-defined particle array system, it
does provide some idea of how a nanodimensional event is reflected in a macro-
scale system.

The present authors’ group has recently succeeded in developing an electrical
DNA sensor system based on the molecular conductivity of DNA using an array
fabricated with a 50nm AuNP and 1,10-decanedithiol, the latter of which was
used to create a nanometer-sized-gap between the nanoparticles. The array
was composed of repeated AuNP-alkyl chain—~AuNP sequences on an insulator
substrate (similar to that discussed in Section 5.4.3; see also Figure 5.8). The
assembly process used here has received much attention as one of the most
promising techniques to construct such a nanometer-sized gap in nanoparticle
networks [26, 76-78]. The array was deposited on an interdigital microelectrode
by submerging the electrode alternately in decanedithiol solution and an
aqueous AuNP dispersion. The interdigital electrode consists of two rows each
of 65 fingers of Pt electrodes spaced 5um apart, and is fabricated on a quartz
glass plate (Figure 5.12). These repeated deposition cycles produced an array
film with an equally spaced nanometer-sized gap created by the binder mole-
cule. The gap interval between each particle can be adjusted by the length of
alkyl chain of dithiol (ca. 1.3nm), and the resistance of the array (30Q-cm) is
comparable to the value of 20Q-cm reported by Han et al. for nonanedithiol
(ca. 1.1nm) [89, 134].
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Figure 5.12 Procedures for the fabrication of a gold
nanoparticle array. The sequential immersion of an interdigital
electrode into thiol and gold nanoparticle solutions leads to
an AuNP array in which particles are interlinked with an alkyl
chain of the binder. Adapted from Ref. [138] with permission
from the American Chemical Society.

A ssDNA probe (12-mer) with a sulfur head group at the 5’-phosphate end was
fixed between the two nanoparticles to bind the sample DNA by hybridization.
Following the probe DNA modification onto AuNPs, target ssDNA dissolved in
TE buffer (10mM Tris-HCI, 1.0mM EDTA and 1.0M NaCl; pH 7.4) was added to
the probe-modified AuNP array. Upon the sample addition, a resistance decrease
was immediately observed with a signal-to-noise ratio (SNR) >40, followed by a
steady-state resistance within 2min (Figure 5.13a). After sample addition, hybridi-
zation occurred with the probe DNA, modified on the AuNP film, between adja-
cent AuNPs (as shown in Figure 5.13b). The formation of a DNA double strand
between nanoparticles accelerated the electron transfer, which may have induced
a decrease in film resistance. The magnitude of the response was dependent on
the number of mismatched base pairs (bp) in the DNA strands, and the largest
response among the samples was produced by the complementary strand. An
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Figure 5.13 (a) Time course of resistance changes in the
AuNP film caused by hybridization of the probe, modified on
the film, and target DNA, indicating the possibility of single
nucleotide polymorphism detection; (b) Schematic images of
the sensor electrodes before and after hybridization. Adapted
from Ref. [138] with permission from the American Chemical
Society.

increase in the number of mismatches led to a decrease in the response, and the
11-bp mismatched DNA showed the smallest response. As seen in Figure 5.14,
the resistance changed in a nonlinear fashion with respect to the number of mis-
matches, which implied that the presence of a 1bp mismatch, which is an impor-
tant diagnostic criterion for detecting single nucleotide polymorphisms (SNPs),
was amplified [135-137]. Such differences in resistance change may contribute to
the conductivity of double-stranded DNA.

Hihath et al. have measured the conductivity of fully matched and mismatched
strands located between a Au substrate and a STM tip [133]. The conductivity of
the 1bp mismatched strand was one order of magnitude lower than that of the
fully matched strand. Furthermore, a 2bp mismatch decreased the conductivity of
a DNA sequence by two orders of magnitude. These results agreed with the above-
described observation, and confirmed the role of DNA conductivity in resistance
changes with respect to the number of mismatched base pairs. In order to verify
that the hybridization caused the resistance changes, a study was also made of the
effect of DNase I (from bovine pancreas), an enzyme that breaks DNA strands, in
random fashion, at their phosphodiester bonds [134].

In order to increase the sensor sensitivity, a bridge substructure was introduced
into the AuNP array which consisted of 46nm and 12nm AuNPs (Figure 5.14).
The substructure was formed between the 46 nm particles to anchor 12nm AuNP
probes (A and B), on which 12 nm oligomers were immobilized. The feasibility of
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Figure 5.15 (a) Dependence of the sensor response on

the target DNA concentration; (b) Sensor response versus the
number of mismatched base pairs in the target DNA. The
sensor array enables detection of random sequences and
SNPs. Adapted from Ref. [138] with permission from the
American Chemical Society.

this array structure as a new electrical sensing platform was examined. Upon the
addition of a 24-mer target oligomer, hybridization of the target with two 12-mer
probes occurred to close the bridge, creating an additional circuit [138]. This sensor
functioned over a wide concentration range, with a detection limit of 5.0fmol,
accomplishing a sensitivity which was 1000-fold that of the single particle system
(Figure 5.15). Bridged hybridization occurred between the adjacent particles, and
the resultant conductivity change may account for the direct electron transfer
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between the probe particles as well as the molecular conductivity of DNA
[124-133]. These coupled effects would result in a dramatic improvement in the
detection limit, by an order of three, when the sensitivity was compared for
the single-AuNP array system [134-137]. Based on these findings, the technique
discussed here shows potential for use in a wide variety of applications, not only
for DNA analysis but also for the quantification of other molecules, using their
conductivities as a new class of sensing platform.

5.5
Conclusions

Metal nanoparticles have been used as the building blocks of structures such as
nanowires, 2-D films, and stereoscopic supercrystals. As the chemical, electrical,
and optical properties of the above structures are determined by their constitu-
tional units such as size, shape, and regularity, the control of these structures is
important for the elucidation of structure-dependent properties and the applica-
tion of regularly ordered nanoparticles to nanodevices. From the viewpoint of
straightforward preparation and surface modification techniques, AuNPs have
been preferred for use in nanoarchitecture and biological areas, as well as in their
integrated field. In this chapter, we have summarized the evolving research in a
field that combines assembled AuNPs and molecular biotechnology. Along these
lines, sensing technologies that utilize AuNPs were reviewed, with emphasis
placed on recent developments in analytical applications for particle assemblies.
New techniques using AuNP assemblies on glass and other substrates, together
with techniques employing biomolecular templates, have been discussed in detail.
Such regularly arrayed AuNPs have been applied to various organic-vapor and
biomolecule sensors, as they provided the nanospace for the analyte receptor with
the thiol- or amino group-derivatized linker molecule. These developments may
enable the realization of high-density and high-throughput sensing platforms for
bioassociated materials such as DNA, antigens, and enzymatic reactions.
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6
Thin Films on Titania, and Their Applications in the Life
Sciences

Izabella Brand and Martina Nullmeier

6.1
Introduction

When Brianemark introduced titanium as an implant material almost 40 years ago
[1], it very quickly became the most favored and one of the most widely used
medical implant and prosthetic materials [2-5]. The major success of titanium
implants is due to their very high acceptance by host organisms [2, 5]. Titanium
implants fulfill the requirements of biocompatibility; namely, they are not corro-
sive in the environment of an organism, nor do they cause a number of inflamma-
tory reactions [1-3]. Much histological information is available relating to deposits
which build up in vivo on the surface of titanium implants following implantation
[2, 3, 6-8]. The interface between the titanium implant and the bone is filled by a
cement layer, which is composed of biomaterial from the extracellular matrix
(ECM) such as polysaccharides, proteins, inorganic mineral material containing
calcium and phosphate ions [2, 3, 6, 7, 9]. This very stable cement coating is inte-
grated between the titanium implant and bone. Although cells rarely occur within
this layer, the surface of the layer provides ideal conditions for cell and tissue
growth. In contrast to a titanium implant, the surface of a steel implant will attract
inflammatory cells that are in direct contact with the implant material and, as a
consequence, the adhesion of the steel implant to the bone surface will be poor [2,
9]. Interestingly, for titanium implants the composition and thickness of the layer
of adsorbing biomolecules differ from those on the surfaces of other implants,
and it is for these reasons that titanium is such a unique and valuable material in
medicine [5, 10, 11]. Whilst the excellent performance of titanium implants within
organisms is not understood at the molecular level, the situation was summarized
by Parsegian, who suggested that: “It might be wild luck that makes titanium
work so well” [12]. Despite the many studies aimed at determining the molecular
level of interactions, including the structure of adsorbing water [13, 14], proteins
[15-18], lipids [19-21], cell membranes [22, 23], inorganic layers containing
calcium ions [2, 24, 25], many details remain unknown, with the following struc-
tural data still to be derived:
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e The exact composition, structure and hydration of various proteins in the
adsorbed layer.

¢ The exact composition of the cement coating on the titania surface formed from
the ECM, and its structure.

e The structure and hydration of lipid molecules in the lipid membrane that is in
contact with the titania.

In practical terms, many surface-characterizing techniques have been used to
study the structure of the biomolecules adsorbed onto the surface of the titanium
implant [10]. Unfortunately, however, the requirements of these techniques may
introduce certain limitations to the system being analyzed, including: (i) a
uniform orientation of the molecules in the layer; (ii) a limited thickness of the
adsorbed layer; (iii) the introduction of a third component to the system (e.g., a
fluorescent probe); and (iv) that the signals measured from various molecules
can be overlapped. In order to overcome these problems, and to identify the
problems from medical and technological points of view, several important struc-
tural details and models that mimic the assembly on a titanium implant have
been examined [10, 26]. The aim of this chapter is to present the available infor-
mation relating to the structure of biological materials that are adsorbed directly
onto the titania surface, thus mimicking the situation within an organism. First,
the composition of the biological layer created in vivo on the surface of the titania
implant is briefly described. As cell membranes and proteins may come into
direct contact with the implant surface, the discussion here will be limited to
lipid bilayers and to two proteins of the ECM, namely collagen and fibronectin.
Interactions with cells occur via a cell membrane that is composed mainly of
lipids, with structures being assembled on the implant surface as and when
required. Since, in vivo, most proteins will be in direct contact with a titania
surface, the recognition of structural details is important in areas of both medi-
cine and technology.

6.2
Titanium in Contact with a Biomaterial

The titanium surface, when in contact with air, is very rapidly covered by a thin
native oxide layer [5, 27]; in fact, in less than 1ms a layer of titanium oxide which
is approximately 1nm thick will be built up on the metal surface [27]. On a tita-
nium implant, however, the native oxide layer will range from 3 to 10nm in thick-
ness [10, 27], and incorporate the stable titanium oxides of TiO,, TiO and Ti,O;
[27, 28], with TiO, being the most common [28]. The chemical properties — and
thus the interfacial chemistry — of the titanium implant are determined by the thin
oxide layer, and not by the metal itself [29, 30]. Those biomolecules which are
adsorbed onto the surface of the titanium implant will make direct contact with
the oxide and, under physiological conditions, the TiO, surface will have a negative
net charge [25, 31].
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Figure 6.1 Scheme of the adsorption of various biomolecules
(listed below the main diagram) on the surface of the titania
implant. The size of individual molecules is not to scale. The
approximate time scale is shown.

Within an organism, the adsorption of biomolecules on an implant surface will
occur via a strictly ordered procedure. First, water molecules and small inorganic
ions (such as OH", Ca*, Na*, ClI” or PO}") will contact the titania surface (see
Figure 6.1). Then, in less than 1s, water molecules and hydroxyl ions will be
adsorbed onto the titania surface to form an interfacial water layer that is 0.5—
1.5nm thick [32, 33].
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Body fluids such as blood and serum contain a variety of inorganic ions which,
together with water, will be adsorbed onto the titania surface. A high negative
charge which is accumulated on the TiO, surface will attract positively charged
species, especially polyvalent cations [25, 34]. The Ca*" cations from physiological
fluids will be attracted by oxygen atoms at the titania interface by electrostatic
interactions [2, 25]. Within an organism, those molecules that bind calcium
contain functional groups of carboxyl, phosphate, or sulfate [25, 27], while the
proteoglycans and polysaccharides from the ECM contain carboxyl and/or sulfate
moieties [25]. Hydroxyapatite, the main inorganic component of bone, contains
phosphate groups [18]. Hence, for successful osteointegration to occur, all of these
molecules will need to be adsorbed onto the implant surface [2, 7].

Before cells approach the surface of the titania implant, proteins are adsorbed
at the interface [5, 35]. Then, only a few seconds after implantation, the proteins
(in parallel with other components of the ECM) will begin to adsorb to the titania
surface. As the titanium implant normally serves as a bone substitute, collagen
(due to its abundance in hard tissues) would be expected to adsorb in large quanti-
ties at the interface. Indeed, collagen has been shown to form a three-dimensional
(3-D) lattice surrounding the implant [2]. From a physiological point of view, the
adsorption of proteins other than collagen is critical for cell adhesion [36]. At
approximately 1h after implantation, the first cells are ready to assemble on the
protein layer that has been built on the titania implant surface [5]. If this process
of cell adhesion is successful, the cells will start to grow such that, within one
month a new tissue will be created on the implant surface. Figure 6.1 illustrates,
schematically, the structurally very complex process that occurs in vivo at the
implant surface. Since an analysis at the molecular and atomic levels of the bio-
materials involved in the interaction (and also of their conformation and struc-
tures) would be extremely difficult to conduct, simpler systems (e.g., using a lipid
bilayer or protein coat) can be used as a compromise. The morphology and struc-
ture of the lipid bilayers and of collagen and fibronectin, as adsorbed onto the
surface of the implant, are discussed in Sections 6.3 and 6.4, respectively.

6.3
Lipid Bilayers at the Titania Surface

The preparation and detailed morphological and structural characteristics of phos-
pholipid bilayers on the titania surface are of major importance to understand the
responses of an implant material in a biological host. Due to similarities in its
organization, physical state and structure, the phospholipid bilayer mimics very
well a cell membrane [37]. In addition, a variety of biologically important mole-
cules, including other lipids, polysaccharides, proteins, and polypeptides can easily
be incorporated into the phospholipid bilayer [38]. Phosphatidylcholine (PC), one
of the most extensively studied lipids used to model natural membranes, is known
to preserve its structure in crystal, gel and liquid phases, while the polar head
group is aligned with the bilayer plane. Long-chain diacyl PCs form predominantly
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lamellar phases over a wide range of temperature and concentration [37, 39]. Such
properties have led to the PCs becoming universal and fundamental models of
lipid bilayers.

6.3.1
Formation of Lipid Bilayers on the Titania Surface

A lipid bilayer can be successfully transferred onto the titanium surface by the
combined Langmuir-Blodgett and Langmuir—Schaefer (LB-LS) method [21, 40,
41]. The spreading of lipid vesicles represents an alternative method to form an
organized lipid bilayer [42, 43]. However, the experimental results showed that,
on the titania surface, lipid vesicles did not always spread to form a planar bilayer.
Details relating to the formation of lipid bilayers on TiO, surfaces from vesicles
are outlined below.

6.3.1.1 Spreading of Vesicles on a TiO, Surface: Comparison to a SiO, Surface

Although, on the surface of a hydrophilic material such as SiO, or mica, unilamel-
lar phospholipid vesicles spread to form a compact, well-organized bilayer [42, 43],
on the titania surface the preparation of a lipid bilayer from vesicles is both prob-
lematic and challenging. It has been shown that, on the TiO, surface, the lipid
vesicles will indeed be adsorbed, but will remain in the form of a supported vesi-
cles layer (SVL) rather than spread to form a bilayer [44—46]. When the adsorption
and spreading of egg-yolk PC unilamellar vesicles of various sizes on silica and
titania surfaces was investigated using a quartz crystal microbalance (QCMB)
[44—46], the lipid concentration was shown to range from 10 to 15mgml™, and
the size of the filtered vesicles from 25 to 200nm diameter [44, 45]. Independently
of vesicle size, the measured frequency of the microbalance decreased to a
minimum after only 4-8 min adsorption onto the silica surface. However, both
the minimum frequency and time at which the minimum was reached were
greater for larger vesicles. With longer adsorption times, the frequency increased
to a constant value of approximately —25 Hz [44], and the larger the vesicle size,
the lower was the frequency minimum. The minimum value was also attained
over a longer time. By contrast, on the TiO, surface, the frequency values decreased
monotonically to reach a plateau after 40-60min of adsorption [44]. Here, the
larger the vesicles size, the lower were the frequencies measured. The change in
the frequency during egg-yolk PC vesicle adsorption was seen to be greater on a
titania than on a silica surface. For example, when egg-yolk PC vesicles of 200nm
diameter were applied to silica a frequency minimum of approximately —80 Hz
was reached after 6min adsorption. In contrast, for TiO, the frequency plateaued
after about 50min, and decreased to about —350Hz [44]. It was suggested that,
initially, the silica surface had adsorbed only unruptured vesicles. The critical
coverage was achieved at a time which corresponded to the measured minimum
of the QCMB frequency. At longer times, the rupture and spreading of vesicles
and formation of an egg-yolk PC bilayer was observed. An increase in the fre-
quency, corresponding to a decrease in the mass, accompanied the process of lipid
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bilayer formation. The mass reduction was considered due to the release of water
trapped inside the vesicles. On the titania surface, only a monotonic increase in
mass was observed. The lipid vesicles were adsorbed onto the TiO, surface until
a saturated coverage was achieved, and they remained in the form of a SVL [45].

Additional, more intensive, studies showed that the phospholipid vesicles may
spread and form an organized bilayer on the titania surface under the following
conditions:

o the lipid concentration in the vesicles of the suspension was changed;
o other lipid/lipids was/were introduced into the PC vesicles;

e certain specific peptides are used;

¢ the ionic composition and strength are changed; and

e the pH is changed.

6.3.1.1.1 Concentration-Related Factors The PC vesicles will fuse to form a well-
ordered bilayer on the titania surface over a certain concentration range of lipid
vesicles in solution. The spreading of PC vesicles on an atomically flat TiO,
(100) surface, composed of monoatomic and biatomic steps, led to the formation
of lipid bilayers [47]. In this study, the vesicles were composed of two PCs:
1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine (DPoPC); and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC). At a temperature of 5°C, at which the process
of vesicle adsorption and spreading was monitored, the lipids used exist in two
phases, namely DPoPC in liquid phase, and DPPC in gel phase [47]. When the
concentration of the vesicles in the solution was less than 0.025mgml™, only the
SVL was formed, in agreement with previous reports [44—46]. However, at higher
vesicle concentrations, ranging from 0.025 to 0.05mgml™, a lipid bilayer was
formed on the titania surface [47]. Images produced using atomic force microscopy
(AFM) showed that the lipid molecules had spread to follow the surface structure
of the TiO, (100), while the formation of lipid domains in the gel phase was also
observed. Such gel-phase domains were ~200nm wide (comparable to the terrace
width), and were able to grow such that they crossed monomolecular or bimolecu-
lar steps on the TiO, (100) surface [47]. The DPPC gel state domains were higher
by 1.3nm relative to the surrounding DPoPC matrix existing in the liquid state.
Although the formation of well-ordered lipid bilayers on the titania surface was
proven [47), if the vesicle suspension concentration exceeded 0.05mgml™, then
second bilayers and more of adsorbed vesicles were observed [47].

6.3.1.1.2 Composition-Related Factors The preparation of vesicles from a mixture
of different lipids also results in the formation of a well-organized lipid bilayer on
the titania surface [40, 48, 49]. Epifluorescence images of lipid assemblies prepared
from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) vesicles, from vesi-
cles containing POPC and 30mol% cholesterol, and from a POPC bilayer prepared
using the LB-LS method on the titania surface, were compared [40]. Pure
POPC vesicles did not spread to form a uniform bilayer, but bright spots were
observed on epifluorescence images. In contrast, the LB-LS POPC bilayers formed
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a uniformly oriented lipid bilayer on the titania surface [40]. However, the addition
of 30mol% cholesterol to POPC vesicles resulted in the formation of a uniform
lipid bilayer on the titanium oxide surface [40]. Cholesterol facilitates formation
of the lipid bilayer on the titania surface, either by enhancing vesicle fusion or by
inhibiting their adhesion. Phosphatidylserine (PS) was also reported to facilitate
vesicle spreading on the titania surface [48, 50]. Mixed vesicles containing 0-30%
by weight of 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (sodium salt) (DOPS) in
a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) matrix were used to study the
adsorption process on the titania surface. At DOPS concentrations below 10% (by
weight), the intact vesicles remained adsorbed on the TiO, surface; however, if the
DOPS concentration was raised above 20% and Ca’ ions were present in the
electrolyte solution, a supported lipid bilayer was formed [50]. Moreover, lipid
molecules in the bilayer were formed from DOPS and the DOPC vesicles were
distributed unsymmetrically [50]. The negatively charged DOPC molecules were
concentrated in the leaflet that was turned toward the titania surface. This finding
was confirmed by studying the adsorption of undiluted human serum protein
(concentration ~52ngml™) on DOPC and mixed DOPC: DOPS bilayers [50], when
far less protein was found in 20% DOPS/80% DOPC bilayers on titania than on
silica. These findings led to the conclusion that much less PS was present in the
leaflet facing the solution than in the leaflet which was turned towards the titania
surface. It was postulated that the unsymmetric bilayer was formed during the
bilayer formation process [50], since lipid redistribution is favored by the presence
of defects which are abundant during supported phospholipid bilayer (SPB) forma-
tion [51]. Interestingly, the unsymmetric distribution of PS molecules in the lipid
bilayer mimics the membranes of eukaryotic cells [52, 53].

It should be noted at this point that the formation of SPBs on the titania surface
was observed only in the presence of calcium ions in solution [46, 48, 50]. The
importance of ionic strength and composition in relation to the formation of
planar lipid bilayers from vesicles is detailed in the next section.

6.3.1.1.3 lonic Composition- and lonic Strength-Related Factors As noted above,
the presence of divalent cations in an electrolyte solution facilitates the spreading
of lipid vesicles and the formation of planar lipid bilayers on a titania surface [46,
48, 50]. In the presence of Ca’* cations in the solution, vesicles composed of POPC
and phosphatidylglycerol spread to form a bilayer. However, in 44% of the experi-
ments the adsorbed mass detected using the QCMB was ~1.8-fold greater than
was expected to form a SPB. Thus, it was suggested that the POPC bilayer might
contain adsorbed, unruptured vesicles [46]. Indeed, Rossetti et al. [48, 50] later
confirmed that lipid vesicles would spread over the titania surface to form a planar
lipid bilayer when Ca®* ions were present in solution. Although, in the absence of
Ca™, vesicles containing DOPC and DOPS did not form a planar bilayer on the
TiO, surface, the addition of 2mM CaCl, to a buffer containing 10mM N-
(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES) and 100mM NaCl
resulted in the formation of a planar lipid bilayer [48, 50]. Phosphatidylserine is a
negatively charged lipid that is known to interact with Ca** ions [54-56]. When
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vesicles contain more than 20% (by weight) of DOPS, fluorescence microscopy
images demonstrated the formation of a well-ordered lipid bilayer [48]. Ca*" ions
mediate the adsorption of vesicles containing PS and, through an interaction with
the lipid and the negatively charged TiO, surface, facilitate the formation of a
planar bilayer [48, 50]. It was postulated that “... the role of Ca* ions is to reduce or
abolish the energy barrier which arises due to electrostatic repulsion between the nega-
tively charged titania and vesicles surfaces” [48]. A sufficient number of lipid vesicles
can be adsorbed onto the titania surface due to Ca** mediation in ion-vesicle and
ion-metal oxide interactions. The presence of densely packed vesicles layer is
required to form a bilayer via either a fusion or fusion-decomposition pathway
[57-59]. Vesicles containing only PC do not form a bilayer, even in the presence
of Ca™ ions in solution.

Vesicles containing the cationic lipid 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP) and DOPC were found to fuse on the TiO, surface and to form
bilayers, even in the absence of divalent cations [49]. DOTAP vesicles (100nm
diameter) were adsorbed onto the titania surface in NaCl solutions of various
concentrations (0-300mM), although three different lipid assemblies were found
on the TiO, surface depending on the NaCl concentration. No spreading of the
DOTAP vesicles was observed in the absence of NaCl, [49], which was consistent
with studies using neutral PCs [40, 46, 47] and PS [48, 50]. At NaCl concentrations
approaching 100mM, a patchy bilayer was formed [49], while further increases in
NaCl concentration (to 150-200mM) led to the formation of a tubule network. As
the titania surface is negatively charged, an interaction with positively charged
lipid molecules can facilitate the adsorption of vesicles and also their fusion, with
the resultant formation of a lipid bilayer.

6.3.1.1.4 Use of Some Specific Peptides Recently, the addition of an amphipathic
o-helix (AH) peptide (concentration 0.05mgml™) to the electrolyte solution was
found to facilitate the spreading of lipid vesicles and the formation of a planar
POPC bilayer on the titania surface [60]. In the absence of the AH peptide,
however, the POPC vesicles were adsorbed onto the titania surface. The AFM
image showed the titania surface to be covered by grains, the size and height of
which corresponded to those of the used unilamellar vesicles. The vesicles layer
(30nm diameter) was transferred into a planar compact lipid bilayer after a 50—
70min exposure to the AH solution, such that a complete POPC bilayer was
formed, and the roughness of the POPC bilayer corresponded to the roughness
of the titania surface. However, when larger vesicles (100nm diameter) were used
in the presence of the AH peptide, an incomplete lipid bilayer was formed on the
titania surface, with some unruptured lipid vesicles being observed on the top of
the lipid bilayer [60]. The AH peptide created, through electrostatic interaction, an
instability on the surface of the lipid vesicle, and this led to an expansion of the
vesicle and finally to its spreading on the titania surface. The interesting point
here was that a biological material which could interact with a lipid molecules
may lead to the fusion of adsorbed vesicles and the formation of a well-organized
lipid bilayer.
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6.3.1.1.5 pH Factor An interesting study was carried out to investigate the
adsorption of small unilamellar vesicles of DPPC (diameter 50nm) onto a titania
surface from solution over a range of pH values [31]. The adsorption phenomena
and process of bilayer formation was compared for three substrates, namely 0.-SiO,
(quartz), o-TiO, (rutile), and o-Al,O; (corundum). The experiments were con-
ducted at pH 5.0, 7.2, and 9.0 in the presence and absence of Ca’" ions in the
vesicle solution. Each oxide has a characteristic pH at which the net surface charge
is equal to zero; this is the so-called “potential of zero charge” (pzc). Quartz, rutile
and corundum have pzc-values of 3, 5.8, and 9.4, respectively [61, 62]. When the
pH value is below the pzc, the surface of an oxide will bear a positive charge, but
when the pH is above the pzc it will bear a negative charge. The adsorption iso-
therms of DPPC vesicles for three investigated substrates at various pH values are
shown in Figure 6.2 [31].

On all surfaces, in solutions at an initial pH of 5.0, 7.2, and 9.0, and at low
concentrations of DPPC vesicles (0.3-0.5mM), vesicle adsorption occurred in
similar manner. However, at higher lipid concentrations greater differences were
observed in the adsorption of negatively and positively charged oxides. For 0.-SiO,
at all pH-values, and for a-TiO, at pH 2= 7.2, a plateau corresponding to 10—
13umolm™ of adsorbed lipid was observed (Figure 6.2). On o-AlLO; at all pH-
values, and on 0-TiO, at pH 5.0, an increase in the concentration of adsorbed lipid
(to ~20-25 umolm™?) was observed. On the corundum surface at pH 9.0, however,
less lipid was adsorbed than at pH 5.0 and 7.2 (Figure 6.2c). The adsorption
process was studied at 55 °C, at which temperature DPPC exists in the liquid state
[31]. In the liquid state, the surface area of a lipid molecule is determined by the
area of the PC head group, and is equal to 0.64 nm? [39]. Thus, a simple calculation
showed that formation of the DPPC bilayer required 5.2 umol m™ of the lipid. The
experimentally determined quantities were twofold times higher for oxides having
a negative net charge, which indicates that two lipid bilayers are formed on 0-SiO,
at all pH-values, and on 0.-TiO, at pH > 7.2. The results of an earlier QCMB experi-
ment showed that the quantity of adsorbed POPC vesicles on a titania surface in
solution at pH 7.3 was ~1.8-fold higher than for a bilayer [46]; thus it was postu-
lated that, on a negatively charged TiO, surface, a planar bilayer with unruptured
vesicles would be formed. Recently, Tero et al. [47] observed the formation of a
disturbed second bilayer of DPPC and POPC at lipid suspension concentrations
>0.05mgml™. These results corresponded very well with the findings of Oleson
and Sahai [31] who showed that, on surfaces bearing a positive charge, the con-
centration of DPPC molecules would reach ~20-25umolm™. This indicated that
up to four lipid bilayers may be formed on 0-Al,O; at all pH-values, and on o-TiO,
at pH 5.0.

An increase in pH resulted in a lesser amount of lipid being adsorbed on all of
the studied substrates (see Figure 6.2). An increased pH indicates a more negative
surface charge on each oxide. The PC headgroup is a zwitterion bearing a negative
charge on the phosphate ester moiety; indeed, the negatively charged phosphate
ester group is electrostatically attracted by the positively charged sites on o-TiO,
and on a-Al,05. The phosphate group will be repelled from o-SiO, at all pH-values,
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Figure 6.2 Equilibrium adsorption of DPPC from bulk solution
at pH (a) 5.0, (b) 7.2 and (c) 9.0 onto quartz, rutile, and
corundum surfaces at 55°C in 50mM HEPES buffer. Error
bars represent one standard deviation, based on
spectrophotometric analysis of triplicate solution samples.
The lines are shown to guide the eye. Reproduced with
permission from Ref. [31]; © American Chemical Society.
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and from o-TiO, at pH > 7.2. However, as adsorption occurred at pH > pzc for
the oxides, this indicated that the adsorption was controlled by attractive van der
Waals forces, and modified by electrostatic interactions of the oxide surface with
charged phosphate moieties in the lipid headgroup [31].

As noted above, the adsorption and spreading of lipid vesicles on titania surfaces
is a complicated process that is influenced by many factors. The formation of a
planar lipid bilayer is dependent on the lipid (or lipids) composition used, the ionic
composition of the vesicles suspension, and also on other biological molecules
present in the solution. The spreading of lipid vesicles on a titania surface repre-
sents a sum of various attractive and repulsive interactions that take place at the
interface. Interactions leading to the formation of planar lipid bilayers on titania
surfaces are discussed in the following section.

6.3.2
Interactions: Lipid Molecule-Titania Surface

The formation of a planar lipid bilayer from adsorbed vesicles is the result of
interactions between the surface and the vesicle, between the electrolyte and the
surface, and between the electrolyte and the vesicle. The size of lipid vesicles
ranges between 20 and 200 nm, which corresponds to the size of colloidal particles;
consequently, the interactions of adsorbing vesicles with the titania surface may
be described using the Derjaguin-Landau-Verwey—Overbeek (DLVO) theory [63].
According to this theory, interactions between colloidal particles are controlled by
both van der Waals and electrostatic forces. In addition, short-range non-DLVO
interactions between two surfaces in a solvent, such as hydration, double layer and
steric forces, should also be taken into account [47]. In general, the interaction
energy between lipids and the TiO, surface is the sum of the van der Waals forces,
double layer and hydration interactions [63]. Moreover, the total interaction energy
can be modified by electrostatic interactions. Each of these interaction energies
can be expressed as a function of the separation distance. Recently, interaction
energies between PC and the titania surface were discussed in detail by Tero et al.
[47] and by Oleson and Sahai [31]. It is well recognized that a thin water layer
(about 0.5-2.0nm thick) is present between the titania surface and an adsorbed
lipid bilayer. When calculating the interaction energy, it was necessary to introduce
three media, namely titania—water layer-lipid bilayer [47]. In order to provide the
total interaction energy, the van der Waal, double layer and hydration forces were
each taken into account

The van der Waals interaction energy is a function of the Debey length, the static
dielectric constant of each medium, the adsorption frequency of each medium in
the UV range, and the temperature [47]. The adsorption frequency is a function
of the refractive index of the medium, while the Tabor-Winterton (TW) approxi-
mation is a simplification which assumes that the adsorption frequencies of
all media are identical [64-66]. However, it was reported that the TW approxima-
tion for the TiO, was overestimated due to a significantly lower absorption fre-
quency than that of the SiO,, water, or hydrocarbons [47]. An alternative to the TW
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lipid systems calculated for TiO, (100), TiO,

approximation is the Prieve-Russel (PR) approximation, which utilizes experi-
mentally obtained absorption frequencies for each media [47]. The van der
Waals interaction energies (calculated using both approaches) for the TiO,~water
layer-lipid bilayer and the SiO,~water layer-lipid bilayer interfaces are shown in
Figure 6.3a.

On the silica surface, the TW and PR approaches produce similar results,
whereas on the titania surface they differ significantly (Figure 6.3a). However, a
general trend in the shape of two plots is preserved, which shows that the van der
Waals interaction is stronger on the titania surface than on the silica surface. On
the titania surface, a lipid molecule at 1-2nm distance (the thickness of the water
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layer) gains more energy than on the silica surface. However, the van der Waals
interaction is still attractive and operates to a distance of ~6nm from the titania
surface.

The double layer energy for a neutral lipid such as PC is equal to zero, and has
no influence on the total interaction energy.

The third term, namely the hydration energy between the oxide and the lipid
headgroup is repulsive, as it occurs between two hydrophilic particles in aqueous
solution. At the TiO,-lipid bilayer interface the hydration energy is attributed to
the structured water layer bound to the solid substrate. The hydration repulsive
energy between two lipid bilayers is dominated by thermal fluctuations [47].

The sum of the three forces described above provides the total interaction energy
for both the TiO,~water—PC bilayer and the SiO,~water—PC bilayer systems, which
depend on the distance from the interface (as shown in Figure 6.3b). The total
interaction energy is presented for two different TiO, surfaces: TiO, (100) and TiO,
(001) annealed at 700°C and at 800°C, respectively [47]. The minimum energy is
equal to —58.2 1] cm™ on the TiO, (100) surface, and to —=76.7 ] cm™ on the TiO,
(001) surface. A sharp energy minimum indicates that the distance between the
bilayer and the titania surface is precisely determined. This distance, of 1.2nm,
corresponds to the water layer assembled between the substrate and the lipid
bilayer. The blue line in Figure 6.3b corresponds to the total interaction energy
for the SiO,~water—PC bilayer system. In order to facilitate reading, this plot was
magnified fivefold. Indeed, on the SiO, surface the total energy of interaction has
a very weak minimum at —3.41J cm™ at a distance of 2.8 nm. According to the
authors, the calculated distance for energy minimum was overestimated [47]. The
thickness of the water layer between the silica surface and the lipid bilayer, as
obtained experimentally, ranged from 1.3 to 1.7nm [67]. In conclusion, the total
interaction energy of the SiO,~water-PC bilayer system was much weaker than
that of the TiO,~water—PC bilayer system. On the silica surface, the energy gain
from van der Waals interactions was compensated by the energy loss from double
layer and hydration energies at a distance of ~4nm. On the TiO, surface, however,
the attractive van der Waals interaction energy was significantly larger than the
repulsive hydration energy. At a distance from the interface where the second
bilayer may be formed (~7nm), the total interaction energy had a value of
—4.7uJcm™ (Figure 6.3D). It should be noted that this value was lower than the
interaction energy calculated for adsorption of the first bilayer on the silica surface
(-3.4uJ cm™) [47]. Apparently, the strong van der Waals attraction on the titania
surface promotes the formation of a second lipid bilayer (or at least its fragments).
Indeed, the results of earlier QCMB studies pointed to an adsorption of lipid mass
onto the titania surface which corresponded to the formation of about 1.8 bilayers
[46]. In the study conducted by Tero et al. [47], the AFM images demonstrated the
formation of a second bilayer on the titania surface [47], a result which agreed very
well with more recent investigations into the adsorption of DPPC vesicles on rutile,
silica, and corundum surfaces [31]. In these studies, two contributions to the
total energy — the van der Waals and electrostatic interactions — were taken into
account [31]. Whilst the van der Waals interaction was much weaker on silica and
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corundum surfaces than on titania surfaces, the electrostatic interaction was alter-
nated or even diminished by altering the pH of the solution. On negatively charged
surfaces, the DPPC concentration corresponded to the formation of two bilayers.
As shown in Figure 6.3b, the van der Waals forces did indeed operate at a distance
of two bilayers, allowing for formation of the second DPPC bilayer on the titania
surface [31, 47]. The adsorption is halted at this stage. On positively charged sur-
faces, however, the determined amount of DPPC corresponded to the formation
of four lipid bilayers. Apparently, at distances in excess of two bilayers the van der
Waals interaction is modified by the electrostatic interaction [31]. Repulsion on
negatively charged surfaces hinders further adsorption, whereas attraction on
positively charged surfaces allows further adsorption. As PC is a zwitterion with
negative charge accumulated on the phosphate ester group, and positive charge
on the choline moiety, Oleson and Sahai suggested that the negatively charged
phosphate ester group might be involved in an electrostatic attraction with posi-
tively charged TiO, and Al,O; surfaces. Based on this interaction, two additional
bilayers could be formed on the positively charged oxide surface [31].

The above-discussed studies are complementary, and point to a specific interac-
tion between the titania surface and an adsorbing lipid molecule [31, 47]. On the
titania surface, the strong attractive van der Waals interaction serves as the driving
force for adsorption and the spreading of lipid vesicles, and this results in the
formation of a planar bilayer. At large distances from the interface, however, the
van der Waals attraction compensates the repulsive hydration and double layer
forces, facilitating the adsorption of two lipid bilayers. At even larger distances
(>7nm), the van der Waals forces can be further modified by electrostatic interac-
tion, thus facilitating the adsorption of larger amounts of biological material. On
the one hand, these very interesting and important findings show that, under
strictly defined conditions, the adsorption of well-organized lipid bilayers on the
titania surface may be achieved. This property of titania may result in a high
acceptance of this material for implantation in vivo. On the other hand, the pres-
ence of PS in the leaflet facing the titania (which corresponds to the outer leaflet
of the natural cell membrane) may activate macrophages, initiate blood coagula-
tion at the site of injury or at the implant surface, and also activate the inflamma-
tory response. All of these reactions are characteristic of implant rejection [50].

The results discussed above give rise to the question of whether the strong
attraction on a titania surface may influence the hydration, lateral distribution, and
structure of lipid molecules in the bilayer assembly. Current data relating to the
structure and conformation of lipid molecules in the bilayer on titania surfaces,
both as predicted by calculations and as found experimentally, are discussed
below.

6.3.3
Structure and Conformation of Lipid Molecules in the Bilayer on the Titania Surface

As noted above, the interaction between a lipid molecule and the titania surface
is a complicated issue that involved van der Waals, hydration, double layer, and
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electrostatic interactions [31, 47]. On the one hand, this strong attraction may
support the excellent biocompatibility of titania as an implant material. On the
other hand, strong forces operating at large distances (~7nm) from the interface
may significantly influence the conformation and structure of a lipid assembly on
the titania surface. Recently, a number of investigations, both theoretical [19] and
experimental [20, 21], have been conducted to identify the molecular-scale picture
of a lipid bilayer as it is adsorbed on the titania surface. A series of molecular
dynamics studies provided the atomic-scale picture of three lipid molecules
adsorbed onto the titania surface, namely DOPC, DOPS, and 1,2-dimyristoyl-3-
trimethylammonium-propane (DMTAP). The DOPS and DMTAP lipids are both
charged under physiological conditions, with Na* and CI” counterions (respec-
tively) being used to neutralize the charge [19]. Interaction of the lipid headgroup
with the substrate was investigated for neutral nonhydroxylated, fully hydroxylated,
and partially hydroxylated, negatively charged titania surfaces.

The structure of the PC headgroup, as obtained by theoretical means, was at
variance with experimental data obtained using infrared reflection absorption
spectroscopy (IRRAS) [20, 21]. Moreover, the lack of experimental data on the
structure of lipid bilayers composed of PS and TAP on the titania surface raised
the need for experimental confrontation.

6.3.3.1 Structure of Phosphatidylcholine on the Titania Surface

6.3.3.1.1 Structural Data Available from Theoretical Considerations In the head-
group region of PC (the most widespread lipid in a cell membrane), four oxygens
can interact directly with Ti atoms on the surface, while eight possible acceptors
for hydrogen bonds are present [19]. The atom-surface distance and probability
distributions of oxygen and nitrogen atoms as a function of the simulation time
for two DOPC molecules adsorbing on the nonhydroxylated, partially hydroxylated
and hydroxylated titania surfaces, are shown in Figure 6.4.

On the nonhydroxylated and partially hydroxylated TiO, surfaces, two oxygen
atoms — one belonging to the phosphate nonesterified moiety (O9) and one
carbonyl oxygen atom (O16) in the sn2 chain — are seen to interact directly with
Ti atoms on the surface. The structure of the PC headgroup on both surfaces is
similar. The phosphate oxygens were found to stay in close contact with the Ti
atom of the interface; the average distance O(9)-Ti was equal to 1.94A (Figure
6.4a,b) [19]. This conformation of the headgroup favored an interaction of the
carbonyl oxygen (016) of the sn2 chain. The distance between O(16)-Ti atoms is
equal to 2.01A [19]. The oxygen atom in the ester group (037) in the snl chain
has greater flexibility, and is exposed to water molecules; this oxygen atom may
be involved in hydrogen bonding. On the nonhydroxylated TiO, surface, the PC
headgroup is stiff and strongly bonded to the surface. On the partially hydroxylated
titania surface, the structure of the PC remains the same as on the nonhydroxy-
lated surface, but the lipid molecule gains more flexibility, due to the loss of some
Ti—O binding sites; thus, a weaker interaction with the surface is observed [19].
On the nonhydroxylated titania surface, the angle between the P-N vector and the
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surface normal is close to 136°, pointing away from the surface. The P=0 bonds
create an angle of 44° with the surface normal [19]. On the partially hydroxylated
TiO, surface, the P-N vector creates an angle of ~80° and 94° with the surface
normal. A turn of the P-N vector in the direction of the surface normal indicates
a weaker adsorption and an increased mobility of the PC group. Indeed, the simu-
lations confirmed a weakening of the Ti-O binding in the phosphate and carbonyl
groups [19]. An interaction with nitrogen atom of PC was detected. On the hydroxy-
lated titania surface, a much weaker interaction with PC was reported [19]. The
phosphate oxygens were found to create hydrogen bonds to OH groups adsorbed
on the titania surface. As seen in Figure 6.4, the distance between O in the phos-
phate group and the TiO, surface is large (~4 A), and the probability of O atoms
approaching the titania surface is significantly decreased to below 10%, compared
to ~50% on the nonhydroxylated and partially hydroxylated titania surfaces [19].

6.3.3.1.2  Structure Obtained from Experiments: IR Spectroscopy The structure of
the DPPC LB monolayer and multilayers, and also of the film formed from vesi-
cles, was investigated using attenuated total reflection infrared spectroscopy (ATR
IRS) [20]. The structure of the 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
LB-LS bilayers transferred onto the titania in the liquid expanded (LE) and liquid
condensed (LC) states were studied using polarization modulation-infrared reflec-
tion absorption spectroscopy (PM-IRRAS) [21]. First, the structure and hydration
of the polar PC headgroup are reported; subsequently, the conformation and
structure of the hydrophobic hydrocarbon chains are presented.

6.3.3.1.3 Choline Group The choline moiety is the most outer fragment of the
PC headgroup, which bears a positive net charge on the nitrogen atom. The
choline group gives rise to absorptions arising from two asymmetric methyl
bending modes 8,(N*(CH,);) located at ~1491cm™ and ~1479cm™, and to a weak
symmetric methyl bending mode §,(N*(CHs);) at ~1400cm™ [20, 21]. In the DMPC
bilayer in the LE state, the PM IRRA spectrum shows clearly two overlapping
0.(N*(CHj3)3) bands. However, the 6,(N*(CHj;);) mode in the LC DMPC bilayer has
an ill-defined band with the overall maximum found at 1490cm™. It was reported
that an electrostatic interaction of the ammonium cation in the cetyltrimethylam-
monium bromide (CTAB) molecule with sodium dodecyl sulfate (SDS) anion
gives rise to a broad, badly defined &,(N*(CH;);) mode observed at 1482cm™,
instead of two well-defined bands centered at 1490cm™ and 1479cm™ [68]. A
lateral interaction between positively and negatively charged molecules is respon-
sible for the described changes in the shape and position of the &,(N*(CHs)s)
mode. To conclude, in the zwitterionic PC the ill-defined 8,(N*(CH;);) mode is
due to lateral interactions between the positively charged N*(CHj); choline and the
negatively charged phosphate PO; moieties in neighboring lipid molecules [20,
21]. The fact that the §,(N*(CHs);) mode is less-defined in the DMPC bilayer in
the LC state supports stronger interactions between choline and phosphate groups
than in the loosely packed bilayer that exists in the LE state.

The advantage of the PM-IRRAS technique is the possibility of performing a
quantitative analysis of selected parts of an organic molecule adsorbed onto the
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solid surface [69, 70]. From the integral intensity of a given IR absorption band,
the angle between the transition dipole moment of a given vibration and the elec-
tric field vector (being perpendicular to the substrate) can be calculated. This angle
allows conclusions to be drawn regarding the orientation of a particular group in
the lipid bilayer [69-71].

The 8,(N*(CHs);) mode at 1492cm™ has the transition dipole moment located
along the C;, axis [21]. The angle calculated for this band corresponds directly to
the inclination of the C-N bond with respect to the surface normal. In the DMPC
bilayer prepared in the LE state, the C-N bond makes an angle of 70 £ 2°. In the
DMPC bilayer prepared in the LC state, the C-N bond makes a smaller angle of
54.5 £ 1.5° with respect to the surface normal [21]. The tilt angle of the C-N bond
in the choline moiety corresponds to the average tilt in the bilayer assembly, in
which statistically half of the molecules are in direct contact with the titania
surface. The analysis does not provide directly the tilt of the C-N bond in the leaflet
turned towards the substrate. However, in the LE state of the bilayer a large tilt
(70° with respect to the surface normal) suggests that this bond is more inclined
towards the bilayer plane than in the LC state. Interestingly, only in the LC bilayer
is a 6,(N*(CHj;);) mode at 1399cm™ observed [21]. Earlier, Jiang et al. [20] reported
that, on the titania surface in a DPPC monolayer, the symmetric 6,(N*(CHj;);) band
is more intense than in three or five DPPC layers. The more DPPC LB layers were
transferred onto the titania surface, the weaker the §,(N*(CH;);) mode at 1396cm™
was observed [20]. Similarly, the IR spectra of a positively charged CTAB adsorbing
onto the titania surface showed a higher intensity of the 6,(N*(CHjs);) mode, with
an increase of the surface concentration of the salt adsorbing directly on the
surface [72]. In the DMPC bilayer transferred in the LC state, the average area per
lipid molecule was equal to 0.48nm? and provided more sites for choline-titania
interactions than in the bilayer transferred in the LE state, where the surface area
per lipid molecule was equal to 0.72nm? [21]. In addition, an electrostatic interac-
tion with the surface supported an oriented arrangement of the choline group in
the LC bilayer.

In DPPC monolayer and multilayers, the ratio (Ajss/Assso) of the absorption
band at 1396cm™ (6,(N*(CHs);) (providing the number of lipid molecules directly
interacting with the titania surface) to the absorption at 2850cm™ (v,(CH,) (cor-
responding to the methylene stretching mode in the acyl chains, thus being not
sensitive to interaction with the substrate) was calculated (Figure 6.5) [20].

The intensity ratio A;396/A,g50 decreases monotonically with the increase of the
number of the LB bilayers transferred onto the titania surface. This ratio shows
the percentage of lipid molecules which directly interact with the charge sites on
the titania surface. The Ajz5/Ajss ratios for the DPPC LB films and the film
obtained from the DPPC vesicles are compared in Figure 6.5. Interestingly, the
Ai396/Asgso Tatio in the film formed from vesicles was close to 0.043, and this value
was close to that of 0.028 obtained for five LB layers. Five LB layers corresponds
to two-and-a-half of the lipid bilayers. As reported by others [20], the ATR spectra
of five LB layers of DPPC, and of the film obtained from vesicles, are very similar.
These results, together with those discussed in Section 6.3.2, confirm indeed,
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that PC vesicles spread on the titania surface form more than a single lipid
bilayer.

6.3.3.1.4 Phosphate Group The 1400-1000cm™ spectral region corresponds to
phosphate-stretching modes and to methylene-wagging modes. The polarization
modulation-infrared reflection absorption (PM-IRRA) spectra of DMPC bilayers
existing in LE and LC states, and transferred onto the titania surface, are shown
in Figure 6.6.

The number, positions, and intensities of absorption bands observed in this
region differ significantly in those two DMPC bilayers. In general, the phosphate
stretching modes of DMPC bilayers transferred in the LE state are very weak and
red-shifted compared to the bilayer transferred in the LC state. In the DPPC mon-
olayer, the v,;(PO;) mode is observed at 1223cm™, and is so broad that the band
almost disappears from the ATR spectra [20]. To conclude, in the LC DMPC bilayer
as well as in the DPPC monolayer, the phosphate group is well hydrated and the
1223-1221 cm™ position of the v,,(PO; ) mode and its low intensity combined with
a large width, point to hydrogen bonding occurring between the water molecules
and the phosphate moiety [20, 21]. In DPPC multilayers, absorption arising from
the v, (PO;) mode is stronger [20]. In the DMPC bilayer transferred onto the
titania surface in the LC state, the v,,(PO; ) mode is overlapped with CH, wagging
modes progression. The deconvolution shows that the v,,(PO; ) band is located at
1258cm™ [20]. An increase of packing of DMPC molecules, and an increased
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number of LB layers transferred onto the titania surface, are due to a blue shift of
the v,(PO;) mode. This indicates a lower hydration of the phosphate group.

As shown in Figure 6.6, the major difference in the PM IRRA spectra of two
DMPC bilayers arises from the different intensities of absorption of the phosphate
stretching modes. In the LE bilayer, the phosphate stretching modes are weak.
The reduction of the v(PO; ) band intensity in the LE state is partially due to the
increased hydration of the phosphate group [73, 74]. However, a four- to fivefold
change in the integral intensities cannot originate from changes in hydration
degree only, but rather is related to a different orientation of the phosphate moiety



6.3 Lipid Bilayers at the Titania Surface

in the LE and LC states of the lipid bilayer. Indeed, the esterified O—P-O part of
the PC headgroup has a different tilt in both bilayers. In the LE state of the DMPC
bilayer, the in-plane vector of the O-P-O group makes an angle of only 15° with
respect to the surface normal. However, in the densely packed DMPC bilayer (LC
state), the in-plane vector of the O-P-O ester group is tilted by 28° with respect to
the surface normal. These results are counterintuitive; on the one hand there is
an almost vertical orientation of the in-plane vector of the O-P-O ester group,
together with large intermolecular distances in the LE state provides space for
water of hydration. On the other hand, in a loosely packed bilayer, a larger tilt
would be expected than in a densely packed bilayer.

6.3.3.1.5 Ester Carbonyl Group In PC, the C=0O group in the intermediate ester
moiety strongly absorbs IR light in the 1760-1700 cm™ region. The v(C=0) stretch-
ing mode in the DMPC bilayers and the DPPC LB films is unsymmetric [20, 21].
This unsymmetric v(C=0) band is composed of two absorptions: one centered
around 1743-1742cm™, and one around 1733-1726cm™. In PC, two carbonyl C=0O
groups in the ester moiety (sn1 and sn2) are not equivalent for the IR spectroscopy,
and this leads to a splitting of the v(C=0) stretching mode into two bands that
correspond to the in-phase and out-of-phase motions of oxygen atoms. However,
in DMPC and other PCs, this split is small and varies from 1cm™ to 5cm™,
depending on the structure of the PC headgroup [75, 76]. The large split observed
for the DMPC and DPPC bilayers cannot originate from in-phase and out-of-phase
stretching of the C=0O bond. It has already been proved that the position of the
v(C=0) mode is heavily dependent on the hydration of this group [76]. Indeed, for
the above mentioned PC films, the high-frequency band corresponds to a dry ester
group, and the low-frequency band to a well-hydrated ester group [21, 75, 76]. To
conclude, independent of the packing density and the number of transferred
layers, the ester group in PC has two different degrees of hydration. The C=0 bond
makes an angle of 74.0 £ 0.5° in the LE DMPC bilayer, and 62.6 + 0.5° in the LC
bilayer. The C=0O bond of the ester group tends to lie in the bilayer plane.

6.3.3.1.6 Hydrocarbon Chains The physical state of the hydrophobic hydrocar-
bon chains in the lipid molecule is provided by the position and full-width at half
maximum (fwhm) of the methylene stretching modes [76]. The positions and
fwhm values of the asymmetric v,(CH,) and symmetric v(CH,) methylene
stretching modes in DPPC and DMPC assemblies on the titania surface are listed
in Table 6.1.

High frequencies of the methylene stretching modes show that, in the LE
DMPC bilayer, the hydrocarbon chains are melted and contain many gauche
conformations. In the LC DMPC bilayer and in all assemblies of DPPC (this lipid
has two methylene units more in each chain compared to DMPC), the hydrocar-
bon chains exist in the all-trans conformation. In the DMPC LC bilayer, however,
the v,(CH,) mode has a higher frequency than 2920cm™ and the v(CH,) than
2850cm™, indicating some gauche defects in the acyl chain region. Indeed, the
CH, wagging modes confirm the existence of the hydrocarbon chain in a ripple
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Table 6.1 Positions and full width at half-maximum (fwhm) of
the asymmetric v,,(CH,) and symmetric v{(CH,) methylene
stretching modes in 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) films on
the titania surface.

Lipid sample and its Vas(CHZ) fem™ V4(CH;)/em™ Technique Reference
arrangement frequency fwhm  frequency fwhm
DPPC

1 LB layer 2919 20 2851 14 ATR-FTIRS [20]

3 LB layers 2919 19 2850 13 ATR-FTIRS [20]

5 LB layers 2918 18 2849 12 ATR-FTIRS [20]

Vesicles 2916 15 2848 11 ATR-FTIRS [20]
DMPC

LE bilayer 2926.3 22 2855.7 16 PM-IRRAS [21]

LC bilayer 2921.1 19 2852.8 15 PM-IRRAS [21]

ATR-FTIRS: Attenuated total reflection-Fourier transform infrared spectroscopy; PM-IRRAS:
Polarization modulation-infrared reflection absorption spectroscopy.

phase. In the ripple phase the hydrocarbon chain has predominantly all-trans
conformation with some gauche-trans-gauche (gtg) kinks and end-gauche confor-
mations [21, 77-79]. The all-stretched hydrocarbon chain in the LC DMPC bilayer
makes an angle of 26° with respect to the surface normal [21].

6.3.3.1.7 Conclusions The results of simulations and experimental investiga-
tions into the structure, conformation and hydration of PCs adsorbing onto par-
tially hydroxylated titania surfaces are compatible. The partially hydroxylated
titania surface correspond most to the surface of the titania existing under experi-
mental conditions, and in vivo after implantation. The calculations point to an
electrostatic interaction between the nitrogen of the choline group and the tita-
nium atoms [19]. Indeed, IR spectroscopy based on the analysis of the §(N*(CHj)s)
mode in loosely and densely packed DMPC and DPPC films confirmed this inter-
action. The interaction between N-Ti atoms influences the tilt of the C-N bond
in the choline group, which is most pronounced in the loosely packed DMPC
bilayer transferred in the LE state. Moreover, in the LC DMPC bilayer, IR spec-
troscopy pointed to increased interactions between positively charged choline and
negatively charged phosphate groups of adjacent molecules. Interestingly, the line
of the esterified O—-P-O group has a small angle of 15° and 25° with respect to the
surface normal in LE and LC bilayers, respectively. These values are by 15-20°
smaller than the tilt of the O-P—O vector in DMPC bilayers assembled on Au and
SiO, surfaces [80, 81]. In the loosely packed DMPC bilayer, an almost vertical
orientation of the esterified phosphate group provides space for hydration and
hydrogen bonding. Indeed, hydrogen bonding of the phosphate group to water
has been detected using both PM-IRRAS [21] and ATR IRS [20], and also predicted
by simulations [19]. The small tilt of the O-P-O esterified line, and large tilt of
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the C-N bond (average tilt of 70° with respect to the surface normal), suggest an
open conformation of the PC headgroup. X-ray diffraction (XRD) studies have
proven the existence of two crystal structures of DMPC, namely A and B [39, 82].
The B structure has a more extended conformation due to a tighter binding of
water (relevant here) and its interaction with charged groups of the adjacent bilay-
ers (not relevant for a single bilayer studies) [82]. In this structure, the ammonium
group does not fold back under the phosphate group. In the crystal form, the polar
headgroup tends to orient the P-N dipole parallel to the bilayer plane and does
not separate opposite charges. In the PC headgroup adsorbed onto a partially
hydroxylated titania surface, the P-N vector is oriented perpendicularly to the
surface normal. To conclude, the orientation of P-N found by XRD studies, and
predicted for the adsorbed lipid molecule on the titania surface, is the same. From
an IR spectroscopic experiment, the tilt of the P-N vector cannot be provided. An
agreement of the IR spectroscopic studies [20, 21] with XRD data [82] on the one
hand, and of the theoretical predictions [19] with XRD [82] on the other hand,
indicate that in a loosely packed PC bilayer, the B structure dominates and that
the P-N vector lies in the bilayer plane.

In a densely packed DMPC bilayer, the tilt of the C-N bond decreases to ~55°
and the in-plane vector of the O-P-O line increases to 28° with respect to the
surface normal [21]. These rearrangements result in a reduction of the space avail-
able for a single lipid molecule, and thus the hydration of the polar headgroup
decreases. In addition, the C=O bond makes an angle of 62° and the acyl chains
are titled by 26° with respect to the surface normal. In the A structure of the
DMPC molecule, the C=0O bond makes a normal angle to the tilt of the hydrocar-
bon chain; moreover, the C-N bond of the choline groups makes an angle of ~55°
with the surface normal [39, 82]. In a densely packed PC film, the A structure of
the lipid is found. In the crystal, the P-N vector is inclined by 17° towards the
bilayer plane. Simulations show that the P-N vector is perpendicular to the surface
normal, and thus indeed lies in the bilayer plane [19]. The IR spectroscopy experi-
ments showed an increase in the coulombic interactions between the choline and
the phosphate group. An increased interaction is justified by a weaker hydration
of the phosphate moiety, and by the parallel to the bilayer plane orientation of the
P-N vector.

Interestingly, IR spectroscopy also showed that some of the carbonyl ester
groups in the DMPC and DPPC films are dry, while others are well hydrated.
Indeed, the calculations showed that the sn2 C=0(16) oxygen is involved in the
direct interaction with Ti surface atom, while the sn1 C=0(37) oxygen is flexible
and forms a hydrogen bond to water.

The degrees of hydration and hydration sites predicted by simulations and
observed experimentally, are in agreement. Depending on the packing of the lipid
molecules on the titania surface, reorientations and conformational changes in
the lipid films were observed. The polar headgroup rearranges depending on the
strength of the interactions between N-Ti, PO;-Ti, PO;-H,0, C=0-H,0 and
N-PO;. To conclude, it is worth underlining here that these experimental results
agree very well with theoretical predictions. An analysis of the orientation
of various bonds in the polar headgroup, and of the hydrocarbon chains of PC,
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provides a detailed molecular-scale picture of the lipid bilayer adsorbed onto the
titania surface.

6.4
Characteristics of Extracellular Matrix Proteins on the Titania Surface

On an implant surface, the assembly of cells and tissues is followed by the adsorp-
tion of proteins. Those proteins which are exposed to an implant material belong
to the ECM, which is composed of gels of polysaccharides and fibrous proteins
[83]. Among the proteins of the ECM, the most abundant is collagen; other ECM
proteins include: fibronectin (FN), elastin, and laminin [84]. In an organism, the
ECM has the following functions: (i) to support the adhesion of cells; (ii) to seg-
regate tissues from one another; and (iii) to regulate intercellular communication
[84]. The proteins of the ECM are essential for the growth of cells and tissues, for
the healing of wounds, and for fibrosis (the formation and development of excess
fibrous connective tissue).

A fibrillous collagen is the main protein found in the bones, skin, cartilage, and
the walls of blood vessels; in fact, in the human bone matrix, collagen constitutes
almost 90% of the protein present. Fibrillar collagen (types I, II, and III), due to
its abundance and importance in nature, is the most studied structure of collagen.
Within the collagen molecule, tropocollagen forms the subunit of a larger collagen
aggregate (fibrils); tropocollagen is approximately 300nm long and ~1.5nm wide
[85]. Collagen is composed of three polypeptide strands, each possessing the con-
formation of a left-handed helix; these are twisted together into a right-handed
coil, a triple helix. Collagen has a very specific structure and composition that is
not found in other proteins; glycine (Gly) constitutes one-third of all the amino
acids contained in collagen, while two other amino acids — proline (Pro) and
hydroxyproline (Hyp) — constitute around one-sixth. In the collagen fibril, the
sequence of the three amino acids, (Gly-Pro-Pro), and (Gly-Pro-Hyp),, is repeated.
The relatively high content of Pro and Hyp rings, which have geometrically con-
strained carbonyl and secondary amino groups, combined with a large content of
Gly, creates a spontaneous left-hand turn of a peptide strand. The assembly of the
triple helix places the Gly moiety in the interior of the helix, while the Pro
and Hyp rings are oriented outside. Neutral Gly, negatively charged glutamic acid
(Glu) and the positively charged lysine (Lys) are present in the side chains of
collagen [84].

In parallel with collagen, the presence of the second important ECM protein,
FN is essential for cell healing and development processes, as well as in the
binding of proteins from the cell membrane proteins [36, 86, 87]. The presence of
FN is of major importance in blood coagulation and bacterial adherence reactions
[88]. Thus, FN may be responsible for inflammation and lead to the rejection of a
newly implanted material.

Fibronectin is a large, adhesive, dimer glycoprotein; each monomer has a molec-
ular weight of 220-260kDa [87, 89]. The FN protein is composed of three repeating
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homologies: FN I, FN II, and FN III. Close to the C-terminus, the FN I homologies
contain Cys residues that form two disulfide bonds which join two monomers of
the protein [87, 90]. The FN protein contains the highest number of FN III homolo-
gies, which have a common secondary structure, namely, a B-sandwich formed by
two antiparallel B sheets [87, 90]. The EN III,, homologue contains a loop com-
posed of three amino acids, arginine-glycine-aspartic acid (Arg-Gly-Asp; this is also
known as RGD). The RGD loop is responsible for the binding of integrin proteins
present in a cell membrane. The RGD loop has a well-preserved structure and
extends by ~10 A above the core of the molecule [36, 90, 91].

The secondary structure of FN is composed of 3 sheet structures. The amino
acid sequence, and particularly the presence of charged Arg and Asp amino acids,
make FN one of the most flexible proteins studied to date [87, 89, 92]. Under
physiological conditions, FN can exist in a folded and flexible conformation, but
an increase in ionic strength (e.g., at NaCl >0.3M) [93], in pH (to 11) [89], or the
binding of collagen [89] will cause the protein to unfold. The structural changes
in the FN molecule that occur in solutions of various pH and ionic strengths
suggest that electrostatic interactions are very important for the ability of FN to
fold. The charge which accumulates on the surface of an implant may also influ-
ence the structure of the adsorbing FN and, in the adsorbed state, also modify the
properties of the protein as compared to the native state.

The molecular-scale recognition of the changes that take place in collagen and
fibronectin, when adsorbed onto the titania surface as a perfect implant material,
remain largely unknown. Current knowledge regarding the adsorption, morphol-
ogy, and structural changes that accompany collagen and fibronectin when they
are adsorbed onto titania surfaces is presented in Sections 6.4.1 and 6.4.2,
respectively.

6.4.1
Collagen Adsorption on Titania Surfaces

As an implant material, titanium is used extensively in bone replacement proce-
dures, notably for dental purposes, and in hip and knee implants. It follows,
therefore, that the protein which most frequently comes into contact with titania
surfaces is collagen. Collagen layers, when examined ex situ, are unstable on a
titanium surface, which itself is covered by a 3-10nm thick layer of native oxide
[5]. The adsorption of collagen onto an oxidized titanium surface is slow, and the
protein films formed are generally unstable [94-96]. Investigations using an
AFM-separation approach have shown that collagen, when in direct contact with
a titania surface, has a reduced elasticity and poor mechanical properties [95]. In
order to facilitate the adsorption of collagen that is so crucial to osteointegration,
the titania surface must either be preadsorbed with other biomolecules, or the
metal surface must be activated [11]. Although the predeposition of biomolecules
on the titania surface may facilitate further collagen adsorption, it will not provide
any direct contact between the collagen protein and the TiO, surface. Moreover,
the morphology and structure of the adsorbed protein may differ from that of a
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protein adsorbed directly from the ECM. In order to facilitate and strengthen col-
lagen adsorption, the titania surfaces can be activated in several ways, including:

a) athermal or anodic oxidation process can be applied to generate a thick surface
titania layer [18, 97, 98];

b) the oxidation can be conducted under corrosive conditions (with the use of
H,0, and HCl) [96];

¢) a calcium coating can be created, to serve as an anchor layer for the collagen
(18, 99].

6.4.1.1 Morphology of Collagen Adsorbed on an Oxidized Titanium Surface

A titania surface which is covered by a 10 to 180 nm thick titanium oxide layer has
been shown to provide a good matrix for collagen adsorption [18, 97, 98]. The
electrochemical oxidation of the titanium facilitated the adsorption of type I col-
lagen [18, 97, 98]. In the presence of an electric field, collagen molecules contain-
ing positive charges were attracted by the cathode, thus facilitating protein
deposition on the TiO, surface. The adsorbed collagen fibrils, with a diameter of
400-500nm, were much larger than their native counterparts [18]. The adsorbed
collagen fibrils did not form a dense monolayer on the titania surface, but a similar
structure of type I collagen adsorbed on an oxidized titanium surface was reported
by Born et al. [97]. On the TiO, surface, the collagen fibrils were seen to overlap
each other and to be randomly oriented. On an electrochemically oxidized titanium
surface, the collagen molecules were partially integrated into the TiO, layer [97].

Another electrochemical study showed that collagen adsorbed onto a 50pum
thick titanium oxide surface layer covered the surface uniformly, with the open
circuit potential remaining constant for almost three months [98]. The open circuit
potential in a buffer composed of 8.74gl™ NaCl, 0.35gl™ NaHCO;, 0.06gl™
Na,HPO,-12H,0 and 0.06gl™ NaH,PO, (pH 6.5) was close to —25mV (versus
Ag/AgCl reference electrode) [98]. It appeared that the collagen had formed a
dense layer, thus preventing corrosion of the titania surface. It must be noted,
however, that these results should not be compared due to the different collagen
preparations, and the different adsorption times and collagen concentrations used
[18, 98]. The measurements of open circuit potential were also conducted in an
electrolyte solution containing Ca** and PO} ions [98], both of which may crystal-
lize on the titania surface and facilitate collagen adsorption [18, 99]. In summary,
whilst an initial adsorption of collagen results in a surface coverage of less than a
monolayer, the formation of a densely packed protein film over a longer time
cannot be excluded.

To conclude, our existing knowledge of the morphology of collagen adsorbed
onto oxidized titanium surface remains very limited. Likewise, the structure of the
protein, and the eventual changes that accompany the adsorption process, are
essentially unknown.

6.4.1.2 Adsorption of Collagen on a Hydroxylated Titania Surface
It has been reported that collagen fibrils may be adsorbed successfully on
a hydroxylated titania surface [96] such that, after a 30 min adsorption period a
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frequency decrease of 630 Hz was measured using QCMB. Bearing in mind the
uniform distribution of adsorbed collagen on a titania surface, this frequency
change corresponded to a 12 nm thick protein layer [96]. Quantitatively, the assem-
bly of collagen on titania surfaces has been monitored using ATR IRS and X-ray
photoelectron spectroscopy (XPS). The ATR IR spectra recorded after collagen
adsorption showed a broad absorption band in the range of 3400-3000cm ™, origi-
nating from the OH and NH stretching modes, and sharp absorption bands at
about 1650 cm ™ and 1550 cm™, arising from the amide I and 11 modes, respectively
[96]. An XPS spectrum of collagen adsorbed onto a titania surface displayed Ols,
C1s, N1s and Ti2p signals [96]; however, the presence of Ols and Ti2p indicated
that the collagen layer was not distributed uniformly on the titania surface.

The stability of collagen adsorbed onto titania surfaces was studied over wide
temperature (10-60°C) and pH (1-13) ranges [96]. Interestingly, up to 50°C no
change in the mass of adsorbed collagen was detected with the QCMB. Collagen
also remained adsorbed on the titania surface over a wide pH range, from 1.3 to
13.0. Taken together, these results point to a high stability of collagen when
adsorbed onto the titania surface, and suggested a strong interaction with the
substrate. Over the pH range studied, the surface charge of the titania changed
from positive to negative [31, 96, 100]. The fact, that collagen is strongly adsorbed
onto the positively and negatively charged surfaces, suggests that the net charge
on the titania does not influence the adsorption process [96]. Unfortunately, in the
study reported by Acharya and Kunitake [96], no comparison was provided of the
ATR IR spectra of the collagen layer at various temperatures and pH-values. Con-
sequently, no conclusions can be drawn relating to changes in the secondary
structure and hydration during protein desorption and/or denaturation.

6.4.1.3 Morphology and Structure of Collagen Adsorbed on a Calcified

Titania Surface

As noted above, titanium implants serve in the majority of cases as bone substitu-
tion materials. In vivo, hydroxyapatite [HA; Ca;o(PO4)sx(OH),], which is the main
inorganic component of many human hard tissues [99], forms crystals that grow
in contact with collagen fibrils [18, 99]. As the coexistence of these two compounds
is crucial in the process of bone mineralization, it was proposed that a coating of
HA might further increase the biocompatibility of titanium implants, and this in
turn would result in an increased (and stronger) adsorption of collagen onto the
TiO, surface [18, 94, 99, 101]. The process of bone mineralization requires the
presence of two components, namely inorganic HA and organic collagen. Methods
that have been reported for the surface coating of titania include spin-coating [99]
and electrochemical deposition [18, 94, 97], and the morphology of the created
collagen/HA coating was found to depend on the method used for the surface
modification. Spin-coating of the titanium plate, using sols that contained 10%,
20% and 30wt% HA showed an increase in the surface roughness and also an
increase of the HA content in the film [99]. The layer containing collagen/30%
HA was found to be 7.5um thick, while scanning electron microscopy images
showed the collagen/HA coatings to be tightly connected to the titania surface,
with both components being homogeneously distributed [99].

229



230 | 6 Thin Films on Titania, and Their Applications in the Life Sciences

S ' ~
\.» TR A } 5

Figure 6.7 Transmission electron microscopy images of
collagen fibrils/HA nanocrystals coating obtained by
electrodeposition on the titania surface for 30 min. (a) The
collagen fibril; (b) The HA nanocrystals, shown between the
collagen fibrils. Film was deposited from 42mM Ca** and
25mM POZ® solution containing 0.012wt% collagen, pH 7.4
Reproduced with permission from Ref. [18]; © Elsevier.

The electrochemical deposition of apatite [from Ca(NO;),, NH,H,PO,] and type
I collagen facilitated collagen adsorption on the titania surface [18, 94, 97]. Trans-
mission electron microscopy (TEM) images of collagen fibrils/HA nanocrystals
assembled on the titania surface after a 30min period of electrodeposition is
shown in Figure 6.7 [18]. Figure 6.7a shows a collagen fibril surrounded by small
HA crystals, while Figure 6.7b shows that, on the titania surface, certain areas are
present that are covered only by HA nanocrystals that, typically, were 160 £ 20nm
long and 60 £ 10nm wide [18]. Interestingly, the HA crystals mimicked perfectly
the morphology and dimensions of bone inorganic crystals [18]. To conclude, both
components of the coating were adsorbed onto the titania surface, and the collagen
fibrils were surrounded by HA crystals. However, as seen in Figure 6.7, phases
that either contained or were rich in only one component were present on the
titania surface. The IR microscopy spectra of collagen/HA coatings obtained after
30s, and 5 and 30 min of electrodeposition were recorded and analyzed [18]. Whilst
the formation of nonhomogeneous collagen-rich or HA-rich domains was con-
firmed at short times of adsorption, an increased collagen/HA deposition time
resulted in the formation of more homogeneous coatings. IR microscopy spectra
collected after 30s of electrodeposition showed bands that were dominated by the
absorption of functional groups originating from collagen or from HA crystals.
The IR spectra typical of aggregates rich in collagen showed absorption bands
around 3500-3000cm™, 1650cm™and 1550cm™ that originated from the amide
A, amide I, and amide II modes, respectively [18]. In these spectra no (or minimal)
absorption originating from the phosphate stretching modes in the HA crystal
around 1100-1000cm™ was detected [18]. An increase in the adsorption time
resulted in a more homogeneous distribution of two phases in the coating. IR
spectra recorded at various locations on the titania surface had absorption bands



6.4 Characteristics of Extracellular Matrix Proteins on the Titania Surface

that were characteristic of collagen and hydroxyapatite, while the intensities of
each band were comparable.

The first attempts to interpret the interactions and structure of the collagen/HA
nanocrystal coating on the titania surface were based on analyses using XPS and
IR spectroscopy [18, 94]. In the XPS spectra, signals originating from Ca2p, Cls,
N1s were observed [94], with the major contribution to the Cls signal at 285.0eV
being due to the aliphatic carbon atoms of collagen. Weak signals at 286.5, 288.0,
and 290.5 eV corresponded to C-N, C=0, and O—C=0 bonds in the protein, respec-
tively [94]. The calcium signal Ca2p was split into a doublet (Ca2p,,, and C2p,)
typical for Ca* ions in inorganic phosphate compounds [94, 102]. The exact
positions of the Ca2p signals depended on the compound containing Ca** cations
and being deposited with collagen (HA and B-tricalcium phosphate) [94]. The shift
of the binding energy pointed to an interaction between the collagen fibrils and
the Ca® ions in the coating. It was concluded, that the carboxylic group COO™ in
the side chains interacted with Ca®* cations [94], and this was confirmed using IR
spectroscopy [18, 103]. The symmetric COO" stretching mode (v{(COO")) in col-
lagen adsorbed onto the titania surface was found at 1347 cm™ [18]. Already, in
the initial stages of adsorption of the collagen/HA coating, the v,(COO") mode was
red-shifted to 1337cm™ [18]; a red-shift of the v,(COO") mode was also reported
for calcified collagen [103]. A 10cm™ red shift of the v,(COO") mode indicated a
strengthening of the binding of the carboxylic group, which mirrored an interac-
tion of the carboxylic acid group in the side chain of the collagen fibril with Ca**
ions in the HA crystal.

To summarize, the morphology of the collagen/HA coatings is known and,
importantly, corresponds with the morphology of the mineralized bone material
[18]. Long collagen fibrils are distributed randomly on the titania surface and are
surrounded by HA nanocrystals. At the molecular scale, an interaction between
the carboxylic group of the amino acid side chain of collagen and Ca®* ions was
detected.

6.4.1.4 Conclusions
Despite the fact that the IR spectra of collagen and collagen/HA coatings were
recorded, no attempt was made to discuss the structure of the protein and its
eventual changes when adsorbed on the titania surface. The IR spectra of collagen,
collagen/HA, HA and turkey calcified tendon coatings are compared in Figure 6.8.
The amide I and amide IT modes of collagen adsorbed onto the titania surface
have maxima of absorption at 1667 cm™ and 1545cm™, respectively. Neither the
scale of the IR spectra in Figure 6.8 nor the spectral resolution allow for any
detailed analysis of the amide I region. However, in Figure 6.8 it is clearly visible
that the amide I band of pure collagen is composed at least of two absorptions. In
aqueous solution, the amide I band of type I collagen has an overall maximum of
absorption at 1656cm™ and is composed of three overlapping bands centered at
1637, 1656, and 1678cm™ [104]. Three absorptions that compose amide I band
originate from a unique amino acid sequence and structure of collagen [104, 105].
Moreover, as shown in Figure 6.8, a red-shift of the maximum of absorption of
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Figure 6.8 The IRRA spectra of the HA, collagen, collagen/HA
and turkey calcified tendon coatings, prepared on the titania
surface. Spectral resolution 4cm™, average of 32 scans.
Reproduced with permission from Ref. [18]; © Elsevier.

the amide I band of the collagen/HA and calcified tendon coatings compared to
pure collagen film was observed. This change may be induced by: (i) the denatura-
tion process of collagen; (ii) the reduction in the degree of hydration of the amide
group upon interaction with Ca*; and/or (iii) a change in the secondary structure
of the protein, namely in an increase of the unordered collagen structure [106].
The problems listed above are open and require further investigation. The first
steps to provide a molecular-scale image of the collagen molecule adsorbed on the
titania surface were taken based on theoretical calculations. Information relating
to the hydration, molecular orientation and structural changes that accompany the
adsorption of collagen onto the titania surface are detailed in the following
subsection.

6.4.1.5 Structure of Collagen on the Titania Surface: Theoretical Predictions
Collagen, compared to other proteins, has a specific amino acid sequence and, in
consequence, a unique structure. A small ratio of the molecular width to length
may determine the strength of interactions with the titania surface. Moreover,
adsorbed collagen fibrils may undergo structural changes. Due to the specific
structure of the collagen molecule, molecular dynamics studies of protein adsorp-
tion onto the titania surface cannot be compared with theoretical studies of the
adsorption of other proteins.

The process of adsorption — the interaction at the atomic level of fragments of
the triple helix of type I collagen with the titania surface — has been the subject
of molecular dynamics studies [13, 107], the majority of which employed a
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triple helix of type I collagen that was composed of two identical al helices and
one 02 helix. In the study conducted by Monti [13], each helix was composed of
21 amino acid residues, while the side chains contained non-charged amino acids
such as alanine (Ala), Gly, or serine (Ser). In a second study, Képpen et al. [107]
used a triple helix of a type I collagen-like peptide composed of 30 amino acids in
the two al helices, and of 29 amino acid residues in the 02 helix. In contrast to
previous investigations, the side chains of the collagen-like peptide contained
charged amino acids, including Glu, Asp and Lys [107]. In both studies, the adsorp-
tion process of collagen was modeled onto the hydroxylated titania surface in
aqueous solution [13, 107].

Despite different amino acids having been placed in the side chains of collagen,
as introduced by Monti [13] and Képpen et al. [107], similarities in the adsorption
process at the molecular level were observed. The theoretical studies showed that,
upon adsorption of the collagen-like peptide, a number of water molecules were
removed from the surface, due to the stronger interaction between the TiO, and
peptide functional groups [13, 107]. A direct interaction between the amino acids
of the collagen helix and the titania surface was observed only for collagen without
charged amino acids in the side chain. These modeling results showed that side
chains formed the highest number of connections to the surface atoms of the
titania. The noncharged amino acids found in the side chains of the collagen-like
peptide formed hydrogen bonds via their hydroxyl and carbonyl groups to the
oxygen atom of the TiO,. The O atom of interacting hydroxyl group is preferentially
oriented toward the Ti surface atom. The number of O-Ti coordinations and the
number of hydrogen bonds was shown to depend on the initial orientation of the
collagen-like peptide, in which electrostatic interactions between the charged
amino acids (e.g., Asp, Glu, Lys) and the titania surface dominated. The negatively
charged carboxylic groups of Asp and Glu at the C-terminus of the peptide chain
formed very stable hydrogen bonds with the protonated bridging atom of the
titania surface. Lys, the positively charged amino acid of the side chain at the
N-terminus, created a weak hydrogen bond to the hydroxyl group on the titania
surface. These calculations showed that the ammonium group NHj interacted
with two adjacent oxygen atoms on the surface, while one hydrogen of the NH3
group formed a stable hydrogen bond with the OH on the surface, and two other
hydrogen atoms formed unstable hydrogen bonds with one hydroxyl group on the
titania surface [107]. These hydrogen bonds were constantly opened and broken.
The molecular dynamics studies showed that the ammonium group had rotational
freedom, which pointed to its weak adsorption on the titania surface. Indeed, a
threefold (C;,) symmetry of the ammonium group did not find optimal orientation
in the twofold symmetry of the rutile surface [108].

It should be emphasized at this point that the two simulations presented above
were performed on atomically smooth [13, 107] and rough [107] titania surfaces.
Interestingly, at the molecular scale, the differences in collagen adsorption were
negligible, due to the formation of a relatively small number of contact points
between the collagen-like protein and the titania. To summarize, the interaction
between collagen and the titania surface is limited to rather weak electrostatic
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interactions of the carbonyl group with the Ti atom and the OH group on the
surface, and the formation of hydrogen bonds between the carbonyl and hydroxyl
groups of amino acids and O and OH surface groups of the titania. Interestingly,
it was predicted, on a theoretical basis, that at a certain pH the chemisorption of
the carboxylic group (COO") of the amino acids in the side chains to the titania
surface would be possible [107, 108]. At sufficient pH, the hydroxyl group bridging
two Ti atoms could be removed from the surface; the deprotonated carboxylic
moiety could then be introduced into this gap [108].

6.4.2
Fibronectin Adsorption on the Titania Surface

Fibronectin is an important protein from the ECM, the adsorption of which onto
an implant material is crucial for the successful binding of cells and, in conse-
quence, for the acceptance of the implant by the recipient organism. The mor-
phology, interactions with the titania surface and structure of FN are discussed
below. The process of FN adsorption, from solutions containing between 0.1 ngml™
and 200 ugml™ of the protein on titania surfaces of various roughness, was inten-
sively studied [91, 109-112]. To demonstrate the differences in the morphology of
various titania surfaces, it should be noted that commercially pure titanium treated
with H,0, (TiO, cp) had a 14-fold greater surface roughness than did titanium
oxide sputtered on Si (TiO, sp) [109]. The TiO, sp surface was, in effect, atomically
flat; the root-mean square (RMS) parameter measured using AFM in air was close
to 0.4nm, and in water close to 1.6nm. The RMS parameter measured for the
TiO, cp sample was close to 6nm in air, and to 16nm in aqueous solution [109].
Independently of the surface roughness of the titania and the concentration of FN,
the protein was found to adsorb easily onto TiO, surfaces. The adsorption of FN
onto titania surfaces of various roughness, and degrees of hydration, were con-
firmed quantitatively using XPS [109, 110]. On TiO, cp and TiO, sp surfaces, the
following XPS signals were detected: Cls, N1s, S2p, Ols, and Ti2p [109-111]. In
the XPS spectra, the adsorption of FN was reflected by a broadening of the Cls
signal. The main contribution to the Cls peak at 285.0eV corresponded to the
aliphatic C atoms (CH; and CH, groups) in the protein. The peak at 286.6eV origi-
nated from amine groups (C-NH), at 288.2eV from the peptide bond (C=O-NH)
and at 289.6eV from acidic carboxylic groups (COO") [111, 113]. The N1s signal at
400.1eV was due to the peptide bond (C=O-NH). Two weak N1s signals at 401.8eV
and 389.9-399.9eV were due to positively charged ammonium groups (NH3) and
to amine NH, groups, respectively [111]. The S2p signal at 164.1 eV originated from
the S-S disulfide bond in the FN molecule. The O2p signal was composed of two
peaks; one peak originated from the O atoms in carboxyl groups of the peptide and
O atoms in the electrolyte solution, while a much smaller second O2p signal origi-
nated from the O bonded to Ti atoms of the substrate [111]. In concluding, XPS
confirmed the adsorption of FN onto the titania surface. The presence of Ti2p and
O2p signals in the XPS spectra indicated either a surface coverage of FN below a
monolayer, or the presence of aggregates and regions poor in protein on the titania
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surface [109-111]. Independent ellipsometric [109] and surface plasmon resonance
(SPR) [113] experiments showed that the FN adsorbed on the titania surface formed
a2nm thicklayer. Although, these techniques proved to be perfect for studying the
structure of an assembly in the direction normal to the surface, they are not suffi-
ciently sensitive to in-plane discontinuities.

6.4.2.1 Morphology of Fibronectin Adsorbed on the Titania Surface

Atomic force microscopy is widely used to investigate the morphology of proteins
adsorbed onto various surfaces. The two-dimensional (2-D) structure of FN
adsorbed onto titania surfaces of various surface roughness and hydrophilicity was
studied [109, 110]. On the rough hydroxylated TiO, cp surface in water, a decrease
in the RMS parameter, from 16nm to 8 nm, was detected upon FN adsorption,
which indicated that the protein had been adsorbed into “valleys” on the titania
surface. The AFM images of FN recorded in air on the smooth TiO, sp surface
showed an increase in surface roughness by 0.2nm [109], whereas those recorded
on both rough and smooth titania surfaces did not show a compact, densely packed
FN layer. These findings agreed very well with the above-reported XPS studies of
FN adsorbed onto the titania surface [109-111]. The dimensions of a single protein
molecule, or its aggregates, were provided based on the cross-section analysis of
AFM images. Following a 10min period of adsorption of FN from a 50ugml™
solution, the average dimensions of disk-shaped aggregates (10 samples) indicated
a radius of 55 £ 9nm and a height of 4.6 £ 1.6nm. After a 30min adsorption
period, the radius of the assembled protein on the titania surface had not changed,
but the height had increased to 7.1 £ 3.2nm. The fact that only the thickness of
the FN layer had increased indicated that FN had been adsorbed on the top of an
already existing protein layer [109]. When FN was adsorbed onto the titania surface
from a more concentrated (75ugml™) solution, larger aggregates were formed in
which the average width was 83 £ 17nm and the height 8.4 = 5.3nm [109]. An
additional AFM study of FN adsorption from a diluted solution (10ngml™ FN in
0.05 M Tris buffer and 0.15 M NaCl) showed small globular protein assemblies on
the titania surface, with an average length of 16.5 £ 1.0nm, a width 0of 9.6 £ 1.2nm,
and a height of 2.5 £ 0.5nm [110]. The thickness of the protein layer measured
here matched that determined by ellipsometry and SPR [109, 114]. In addition,
these parameters corresponded very well to the ~13 x ~10 x 1.3nm dimensions
of unfolded FN in NaCl solution, as determined using X-ray scattering [93]. It
should be noted here that the concentration of FN used by Sousa et al. [109] was
7500-fold higher than that used by MacDonald [110]. The different images of FN
adsorbed onto the titania surface reported here [109, 110] may arise either from
the large differences in the initial concentrations of the protein, or from structural
changes of the FN molecule. When the concentration of FN was very low, the
adsorption of single protein molecules was observed [110]. FN is a very flexible
protein that undergoes reversible folding and unfolding, depending on the ionic
strength or pH of the solution [87, 89]. This process drastically alters the dimen-
sions of the FN molecule, with protein unfolding changing the globular FN into
an elongated fibril approximately 130nm long and 2nm in diameter. As suggested
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by Sousa et al. [109], a partial unfolding of the FN protein adsorbed in the aggregate
on the titania surface cannot be excluded. To support this proposal, it should be
mentioned that unfolded FN was adsorbed onto a hydrophilic mica surface [115].
To conclude, when FN is adsorbed onto the titania surface it exists rather in folded
state; however, the presence of fully unfolded and partially unfolded molecules
must be taken into account, especially when the FN film was adsorbed from con-
centrated solutions.

6.4.2.2 Fibronectin-Titania Interactions

As described above, FN is easily adsorbed onto the titania surface, forming aggre-
gates of various sizes, in which individual protein molecules have been suggested
to exist in different states and orientations. These findings also suggested that
interactions governing the affinity of FN to the titania surface may depend on the
molecular packing, surface charge, hydrophilicity, or pH. The adsorption of FN,
and the strength of interactions between the protein and the titanium covered by
its native oxide layer and hydroxylated titania, have been investigated [91, 111, 112,
116]. The two titania surfaces differed in hydrophilicity; furthermore, the adsorp-
tion of FN altered the hydrophilicity of the titania surfaces. As referred to previ-
ously [111], a contact angle equal to 76 + 4° was measured for the TiO, cp surface
treated with H,0, (hydroxylated or partially hydroxylated). FN adsorption from
solutions containing 20ugml™ and 200pugml™ caused decreases in the contact
angle, to 35 £ 3° and to only 62 + 2°, respectively; on the TiO, sp surfaces the
measured contact angles were 5-7° smaller [111]. Interestingly, the adsorption of
FN from solutions containing less protein caused more drastic changes in the
contact angle, producing more hydrophilic surfaces. These results suggested the
existence of different orientations and/or structures of FN adsorbed from diluted
solutions, where the polar groups of the protein were exposed to the electrolyte
solution.

Values of measured contact angles and the surface tension of FN in aqueous
solutions were used to calculate the work of adhesion of the protein on titania
surfaces. This does not provide a direct measure of protein adsorption, but rather
describes the change in interfacial free energy of the solid-liquid interface upon
protein adsorption [117]. Values of the work of adhesion on two investigated titania
surfaces were shown to decrease with an increase in FN concentration, indicating
a weakening of the protein-titania interactions. In the case of loosely and densely
packed monolayers, this points to differences in interactions between the adsorb-
ing protein and the titania surface. A better understanding of protein behavior
during the adsorption process was acquired by investigating the adsorption iso-
therm [111], using a range of FN concentrations, from 0 to 200pugml™ (in PBS
buffer, pH 7.4). The adsorption isotherm created showed a gradual increase in
the surface concentration of adsorbed FN with an increase in the solution concen-
tration of the protein, but no plateau was observed [111]. The surface concentra-
tions of FN adsorbed onto a solid surface, assuming side-on (folded state) and
end-on (unfolded state) conformations, were calculated [118] as 1750pugm™ and
41000 ugm™?, respectively.
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Atlow FN concentrations, the surface coverage was below the maximal coverage
corresponding to the side-on orientation of FN (<1750ugm™). It was concluded
that, when adsorbing onto the titania surface, FN existed in a folded conformation
that provided more binding sites and strengthening interactions with the surface.
This proposal was supported by higher values of the work of adhesion determined
at low FN concentrations. A further increase in protein concentration resulted in
the formation of more dense FN layers, in which the probability of steric hindrance
and electrostatic repulsion was increased. At FN concentrations >100pugml™, the
amount of adsorbed protein was higher than expected for a FN monolayer oriented
in the side-on position [111]. The maximum surface concentration of FN adsorbed
from a 200ugml™ solution onto a TiO, cp surface was close to 8000 ugm™ [111];
this was approximately fivefold smaller than would be expected for a FN monolayer
in an end-on orientation, and indicated that an exclusively end-on orientation of
the protein would be unlikely. The amounts of adsorbed FN, measured using the
QCMB, were close to ~11000ugm™ (solution concentration 100ugml™, Tris
buffer, pH 7.4) [91] and ~5800pugm™ (solution concentration 20ugml™) [116];
these values were higher by a factor of 4-5 than reported by Sousa et al.[111].
Indeed, several-fold higher concentrations determined with the QCMB were
expected due to the sensitivity of this technique water that had been coadsorbed
and/or was bound to the protein [91]. In the study of Hemmersam et al. [91],
the calculated average surface area for a single FN molecule was approximately
62nm?, compared to the value of 348 nm? found by Tooney for FN adsorbed onto
carbon tape [119].

To conclude, in a densely packed FN monolayer two different protein orienta-
tions coexist, namely side-on and end-on adsorbed molecules. This indicates that
a folded FN may exist next to an unfolded and/or partially folded molecule, and
suggests a degree of disorder in the monolayer. Molecular reorientations in these
densely packed FN monolayers may lead to a weakening of the interactions with
the titania surface, and this is observed experimentally as a decrease in the work
of adhesion. Such weakening of interactions may also be demonstrated by the
formation of FN adlayers on the top existing monolayer, as observed using
AFM [111].

Sousa et al. observed that, at each FN concentration in solution, the work of
adhesion calculated for the TiO, cp treated with an H,0, surface was larger than
for Si TiO, sp [111]. Higher values of the work of adhesion on hydroxylated or
partially hydroxylated TiO, cp surfaces indicated stronger interactions with the
protein and, in consequence, a stronger binding. A higher affinity of FN for the
TiO, cp surface, with its greater number of hydroxyl groups, points to the impor-
tance of electrostatic interactions in the adsorption process. MacDonald et al. [112]
showed that the zeta potential (a measure of accumulated surface charge) of the
TiO, shifted towards more negative values when the sample was heated, or when
treated with H,0,. The adsorption of FN onto the titania surface also caused a
further negative shift of zeta potential [100]. The reported potential of zero charge
for FN (range: 5.5 to 6.3) [120] indicated that, under physiological conditions, FN
has a net negative charge. The accumulation of a charge on the protein facilitates
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electrostatic interactions with hydroxyl groups adsorbed on the titania surface, or
with Ti surface atoms; this explains the higher observed affinity of FN to this
surface [111].

Approximately 70% of the FN adsorbed onto the titania surface was removed by
washing with a buffer [100]; this not fully reversible desorption process indicated
a moderate affinity of FN for the titania surface. A quite strong adsorption of FN
onto the titania surface was explained either by a high number of binding sites,
or by a partial denaturation of the protein in the adsorbed state [100]. Indeed, the
electrostatic interactions and large number of binding sites appears to determine
the strength of FN adsorption on the titania surface. A surface coverage that was
higher than in a side-up oriented monolayer pointed to the presence of folded and
unfolded molecules in the adsorbed layer, and suggested that structural changes
might accompany the adsorption process. Details of the FN structure on the titania
surface are presented in the following section.

6.4.2.3 Structure of Fibronectin Adsorbed onto the Titania Surface

Spectroscopic methods such as Raman spectroscopy (RS) and infrared spectros-
copy (IRS) are well established procedures used to investigate the secondary struc-
tures of proteins [106, 121]. The structure of the bulk FN, and of FN adsorbed onto
TiO, nanoparticles, was studied using RS [17]. In another investigation, the struc-
ture of two peptides which may serve as models of FN homologies — Peptide A,
composed of H-RGDAEAEAKAKAEAEAKAK-NH,, and Peptide B, composed of
H-RGDAAKAEAEAAEKAKAEK-NH, — were each adsorbed onto the TiO, surface
and studied using IRS [16]. Within their C-termini, the two peptides each con-
tained the tripeptide RGD that was found in FN and was responsible for the
binding of cell membrane proteins. Here, RGD corresponds to the amino acid
sequence Arg-Gly-Asp, while A = Ala, E = Glu, and K = Lys [16]. The amino acid
sequence in both peptides can mimic the structure of FN. The presence of charged
amino acids, as in FN, provides locations for the formation of hydrogen bonds,
which in turn influences the secondary structure of the peptide. This simplified
FN model was used to identify the individual groups of amino acids involved
directly in interactions with the titania surface, and to determine their orientation
in the adsorbed state [16].

In Figure 6.9, the Raman spectra of FN adsorbed onto the TiO, surface (upper
part) and in the bulk (lower part) are compared [17]. The main differences between
the two spectra are apparent in the 1800-1400cm™ region. A comparison of the
bulk and adsorbed FN Raman spectra showed two main differences: (i) the appear-
ance of a new band at 1748cm™ in the adsorbed state; and (ii) a change of the
Raman intensity ratio of amide I band in relation to the CH, and CH; deformation
modes around 1450-1460cm ™" (Figure 6.9) [17].

As seen in the upper part of Figure 6.9, the spectrum of FN adsorbed onto the
titania surface has a weak band at 1748cm™ [17]. Similarly, Peptide B adsorbed
onto the titania surface has a weak absorption in an IR spectrum around 1710cm™
[16]. The appearance of a new absorption band in the 1760-1700cm™ region
originates from the v(C=0) stretching mode of a carboxylic group, which suggests
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Figure 6.9 Raman spectra after background correction of
fibronectin. Upper panel: adsorbed onto TiO, nanoparticles;
Lower panel: bulk dry sample. Excitation wavelength 514.5nm,

spectral resolution 3cm™. Reproduced with permission from
Ref. [17]; © the Royal Society of Chemistry.

that the side chains containing the carboxylic group are directly involved in the
interaction with the titania surface [16, 17]. Indeed, a carboxylic group is known
to form a bidentate or monodentate binding with the TiO, surface [122].

As mentioned above, the second difference between the bulk and adsorbed FN
Raman spectra was the ratio of the Raman intensities of CH, and CH; deformation
modes (at 1450cm™) to the amide I mode [17]. In the bulk FN, this ratio was equal
to ~2.6, but in the adsorbed state it had decreased to ~0.15. Strehle et al. ascribed
the change in intensity to the involvement of FN side chains in the adsorption
process [17].

The amide I band of bulk FN has two peaks located at 1673cm™ and 1632cm™.
As seen in Figure 6.9, the amide I band of FN adsorbed onto the TiO, nanoparticles
dominates the Raman spectrum; this broad band has a maximum intensity at
1675cm™, and is overlapped with a mode at 1608 cm™. The weak mode at 1608 cm™
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is due to the ring breathing modes of aromatic amino acids of FN [17]. However,
the presence of more than one band in the broad and intense amide I band cannot
be excluded, as was the case for the bulk FN sample [17]. Unfortunately, decon-
volution of the amide I band of FN adsorbed onto TiO, nanoparticles was not
reported [17]. The amide I mode of Peptide A, when adsorbed onto the titania
surface, has two maxima of absorption at 1684cm™ and 1620cm™ [16]. The IR
spectrum of Peptide B in this spectral region is different, with two absorptions
centered at 1635cm™ and 1650cm™ being observed [16]. In both RS and IRS, the
amide [ bands that are located around 1670-1685 cm ™" and around 1615-1625cm™
are characteristic of an anti-parallel B sheet, while those around 1670-1685cm™
and 1635cm™ are characteristic of a parallel B sheet secondary structure [16, 106)].
To conclude, the B sheet secondary structure is found in bulk and adsorbed FN,
as well as in Peptide A. The positions of the amide I bands of Peptide B point to
a disturbed, unordered B sheet structure; indeed, the secondary structure of FN is
dominated by B sheet structures [87]. It is also known that adsorption favors the
B sheet structure of a protein, as more than 50% of the side chains in this structure
are turned in the same direction, facilitating protein approach and binding to a
solid substrate [17, 123]. It appears that, upon adsorption, negligible changes in
the secondary structure of FN and peptides modeling FN were observed, as might
be expected for a protein with a 3 sheet structure.

The details concerning the orientation of individual atoms of various amino
acids involved in the interaction with the TiO, surface were also studied for Pep-
tides A and B, using near edge X-ray absorption fine structure spectroscopy
(NEXAFS) [16]. Depending on the angle of the incident X-ray light, the measured
intensities of the NEXAF spectra of O and C atoms of Peptide A were changed.
In contrast, all NEXAF spectra of Peptide B, independent of the angle of incidence,
had the same intensities. The orientation of a carboxylic group, and of the chain
of the Peptide A, were then calculated from the intensities ratio originating from
the O and C atoms. The carboxylic group that was directly involved in binding to
the TiO, surface was inclined by 40-45° with respect to the substrate surface [16],
while the tilt angle of the main axis of the peptide was close to 75° with respect to
the substrate surface [16]. This result was complementary to IRS, which showed
an ordered structure of Peptide A adsorbed onto the titania surface. Peptide B, as
determined using by IRS and NEXFAS, formed disordered monolayers where no
preferred orientation was identified [16).

6.4.2.4 Atomic-Scale Picture of Fibronectin Adsorbed on the Titania Surface:
Theoretical Predictions

The amino acid sequence of most homologies of FN guarantees a high plasticity
of the molecule, favoring a B sheet secondary structure. FN contains the highest
number of FN IIT homologies, which are arranged in antiparallel § sheet bilayers
[92]. As FN is a large protein (molecular weight >400kDa), the modeling of a whole
protein is a complicated task. However, small protein fragments (such as homolo-
gies, or even smaller) containing functional groups are good models for theoretical
studies of protein adsorption [15, 124-126].
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The adsorption of a protein unit composed of two antiparallel § sheet bilayers
(an analogue of the FN III homologue) onto a titania surface in an aqueous envi-
ronment was monitored in a molecular dynamics study [127]. For this, each 3
sheet contained 16 peptides such as Ala, Gly, Asp, Lys; the peptide contained eight
B sheets in each layer. The presence of charged Asp and Lys permitted the forma-
tion of intramolecular hydrogen bonds which stabilized the secondary structure
of the peptide, as was found in the FN III homologies [92]. Two orientations of
the protein fragment on the TiO, surface were taken into consideration, namely
parallel and perpendicular orientations of the B sheets with respect to the titania
surface.

The parallel orientation, compared to its perpendicular counterpart, provided
more interaction points between the charged side chains and the titania surface.
Adsorption of the peptide led to a removal of previously adsorbed water from
the titania surface. In the parallel orientation, the desorbed water moved into the
peptide structure, and molecular dynamics studies showed wider variations in the
B sheet structure at the sides of the adsorbing peptide, with the geometry of
the central part of the B sheet structure being well preserved. The side chains of
amino acids located close to the titania surface showed a limited mobility, which
pointed to direct interactions with the TiO, and/or the adsorbed water [127]. In
the parallel orientation of the peptide, one bidentate binding of the COO™ group
of Asp was detected, although many instances were identified of the hydrogen
bonding of NH, groups of Arg to O atoms of the TiO, and adsorbed water. When
the peptide was orientated perpendicularly, fewer interactions with the titania
surface were predicted and the peptide had a greater mobility. It could also rotate
and reorient its more hydrophilic regions towards the TiO, surface, in this way
strengthening the interactions with the surface. Hydrogen bonds between Arg and
Asp side chains with adsorbed water molecules were detected, with the Asp side
chain able to form a monodentate coordination to Ti atoms at the surface [127].

In both cases, the secondary structure of the studied protein fragment, namely
the B sheet structure, was not affected by the adsorption process. Two types of
interaction — direct coordination to the Ti surface atoms, and the formation of
hydrogen bonds to the O atoms of TiO, and H,0 — were observed. The strength
of the binding of the protein fragment was seen to depend on the number of direct
and indirect interactions of the adsorbing molecule with the titania surface. The
presence of charged COO™ groups in the side chains facilitated adsorption.

6.4.2.5 Conclusions

As demonstrated above, the adsorption of FN onto the titania surface is a well-
known process; in contrast to collagen, FN is easily adsorbed onto titania surfaces
of various degrees of roughness and hydrophilicity [109, 111]. The adsorption of
FN onto titania surfaces, as confirmed by washing experiments, is of moderate
strength [100], with the electrostatic interaction being the “driving force” of the
adsorption process. The strength of FN titania interactions, the number of binding
sites and the protein orientation were each found to depend on the surface cover-
age [111]. The adsorption of FN onto titania surfaces does not affect its f sheet
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Figure 6.10 Schematic orientation of fibronectin on the titania
surface in: (a) a monolayer with side-on orientation; (b) a
densely packed monolayer with end-on and side-on
orientations.

secondary structure; rather, the adsorbing FN protein interacts with the TiO,
surface via its carbonyl groups, both in the main chain and in the side chains [16,
125, 127]. As noted experimentally [16], and confirmed by numerous theoretical
studies [15, 124, 126, 127], the carboxylic groups are able to coordinate with Ti
surface atoms; indeed, the carboxylic group COO™ of Asp side chains make the
strongest coordination with Ti atoms at the interface [127]. In the initial stages of
the adsorption process, single, folded FN molecules oriented side-on are present
on the titania surface (as shown schematically in Figure 6.10a).

In this orientation, the largest number of interactions with the titania surface
was detected, and confirmed by the highest measured values of the work of adhe-
sion. Increases in the time of adsorption or in FN concentrations lead to the for-
mation of a densely packed FN monolayer, with surface coverage reaching values
characteristic of a full coverage of the side-on oriented FN (Figure 6.10a). In this
densely packed monolayer, both steric hindrances and electrostatic repulsions start
to overcome the interactions with the titania surface. The surface concentration of
adsorbing FN was also increased above values calculated for the uniform side-on
orientation of the protein in the monolayer, as observed experimentally [91, 109,
111] and predicted on a theoretical basis [127] (Figure 6.10b). Some of FN mole-
cules undergo reorientations, leading to an end-on arrangement, and this may be
connected to the unfolding (or at least partial unfolding) of the FN molecules.
These two processes reduce the number of binding sites between the protein and
the TiO, surface, as found both theoretically and experimentally.

6.5
Conclusions

Since titanium was first used as an implant material, major progress has been
made in understanding the biological processes that occur on its surface. Whilst
the composition of the biomaterial which initially adsorbs onto — and in time
integrates into — the titania surface has been identified, the sequence of events
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that accompany this osteointegration process are incompletely understood. Within
an organism, a highly specific and selective adsorption of biomolecules is required
before a new implant can be “adopted.” Yet, the structures of the individual mol-
ecules adsorbed onto the titania surface (notably proteins) remain unknown.
Despite the sophisticated techniques available, the structure of the biomaterial that
is adsorbed onto the titania surface in vivo has not been determined at the molecu-
lar level. In an attempt to determine the molecular-level structure of the interface,
simple systems such as lipid bilayers or self-assembled protein layers have been
used. It has long been known that lipid bilayers closely mimic the cell membrane,
and that the layers of collagen and FN approximate the ECM proteins adsorbed
onto the implant surface. Recently, substantial progress was made in analyzing
the structure of lipid bilayers adsorbed onto titania surfaces at the molecular and
even atomic levels. Whilst the structure of the adsorbed polar headgroup of a
variety of phospholipids was predicted using molecular dynamics studies, in only
one case — PC — was the theoretically predicted structure supported by experimen-
tal data. In the PC bilayer, phosphate, ammonium and carbonyl groups interact
directly with the titania surface, influencing the hydration and orientation of the
lipid molecule’s polar headgroup. The structures of other lipids important for
correct cell membrane function, including charged phospholipids, cholesterol or
glycolipids adsorbed onto the titania surface, remain unknown and await further
investigation.

At present, the structural information relating to protein layers adsorbed onto
titania surfaces is rather limited. Collagen, which is the most important ECM
protein and is extensively adsorbed onto titania surfaces, continues to provide the
greatest problems, as the details of collagen adsorption are poorly understood. As
noted in this chapter, theoretical studies have indicated that collagen adsorption
onto titania can range from a weak physisorption (with interactions occurring via
hydrogen bonds) to chemisorption (where carboxylic groups are bonded covalently
between two Ti surface atoms). It is of extreme importance therefore, that struc-
tural studies of collagen—titania adsorption are extended.

From medical and technological aspects, it is essential that all processes occur-
ring at the implant surface be examined in the greatest possible detail. An in-depth
recognition of molecular level behavior during osteointegration should, in time,
permit the creation of modified titania surfaces that will enhance the performance
of the titanium implants. For this, two approaches might be taken:

e To modify the titanium surface itself, via oxidation and/or exposure to corrosive
substances; in this way the surface morphology might be altered. Alternatively,
foam formation might be possible, using powder metallurgy;

e The creation of specific biochemical modifications.

It is well known that the surface properties of an implant, and notably its topology,
may significantly alter the osteointegration process. Thus, biomodifications of the
titania surface should aim at enhancing the required selective response from
proteins or cells (i.e., their adsorption), at increasing the resistance of bacterial
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attachment, or at reducing inflammatory reactions. The titania surface may also
be modified by the adsorption of peptides or proteins, by the formation of a mono-
layer with incorporated drugs or antibodies, or by coating it with hydrogels that
contain therapeutic agents. However, it should be stressed that, from a technologi-
cal standpoint, the challenge remains first to design a well-ordered structure at the
nanolevel, and then to adapt this to function within the macroscopic world of an
organism — a task which has already been perfected by Nature itself.
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Preparation, Characterization, and Potential Biomedical
Applications of Nanostructured Zirconia Coatings and Films
Xuanyong Liu, Ying Xu, and Paul K. Chu

7.1
Introduction

Zirconia (ZrO,) has excellent mechanical strength, thermal stability, chemical
inertness, lack of toxicity, and an affinity for groups containing oxygen. These and
other favorable attributes make ZrO, ceramics, coatings and films potentially
useful as biocoatings, femoral heads, orthopedic implants, and biosensors. Fol-
lowing the first report of the biomedical application of zirconia in 1969, its use in
the ball heads of total hip replacements (THRs) was introduced in 1988 [1]. In fact,
the THR femoral head remains one of zirconia’s main uses, with more than
600000 units having been implanted worldwide, mainly in the US and Europe,
up until 2005 [2).

Zirconia coatings and films may also be deposited onto other materials in order
to improve their surface properties, such as wear resistance, corrosion resistance,
thermal barrier capability, and biocompatibility. Several techniques, including
sol-gel processing, plasma spraying, anodic oxidation, magnetron sputtering, elec-
trochemical deposition, and plasma deposition, have been used to prepare ZrO,
coatings and films. In this chapter, we review the surface morphology, microstruc-
ture, crystallite size, phase composition and biomedical characterization of nanos-
tructured ZrO, coatings and films prepared using different techniques.

7.2
Preparation and Characterization of Nano-ZrO, Films

7.2
Cathodic Arc Plasma Deposition

Among others, research groups at the City University of Hong Kong and
Shanghai Institute of Ceramics, Chinese Academy of Sciences (SICCAS) have
fabricated ZrO, thin films with nanosized surfaces on Si (100) wafers using a
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Figure 7.1 Schematic diagram of the synthesis of ZrO, films
using a filtered cathodic arc system [4].

filtered cathodic arc system [3] (see Figure 7.1). The experimental apparatus
includes a magnetic duct and cathodic arc plasma source, with the zirconium
discharge being controlled by the main arc current between the cathode and
anode. Oxygen gas is bled into the arc region, and the mixed zirconium and
oxygen plasma is guided into the vacuum chamber by an electromagnetic field
applied to the curved duct. The duct is biased to —20V in order to exert a lateral
electric field, while the external solenoid coils wrapped around the duct produce
the axial magnetic field with a magnitude of 100 G. Before deposition, the samples
that are typically positioned about 15cm away from the exit of the plasma stream
are sputter-cleaned with an argon plasma for 2min, using a sample bias of
—500V. The base pressure in the vacuum chamber is approximately 1 x 10~ Torr,
and a radiofrequency (RF) power of 100W is applied for a deposition time of
120min. The as-deposited ZrO, thin films are subsequently heat-treated at either
800°C or 1000°C for 2h.

The X-ray diffraction (XRD) results in Figure 7.2 show that the resultant thin
film is crystallized, as indicated by the diffraction peaks at 29.83° and 34.85°
which can be attributed respectively to the (101) and (002) planes of the tetragonal
ZrO, phase. The small peak marked by the arrow in Figure 7.2 may stem from
the (111) plane of the monoclinic phase. The surface views of the as-deposited
and thermally treated ZrO, thin films observed using scanning electron micros-
copy (SEM) and atomic force microscopy (AFM) are shown in Figures 7.3 and
7.4. The surface of the as-deposited ZrO, thin film was very smooth, such that
the surface features could not easily be distinguished using SEM (Figure 7.3a).
However, some very small particles were observed on the surface of the ZrO,
thin film in the AFM image (Figure 7.3b). Following heat treatment at either
800°C or 1000°C for 2h, nanosized particles could be observed on the surface
of the ZrO, thin film (Figure 7.4). The sizes of the particles on the ZrO, thin
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Figure 7.2 Thin film-X-ray diffraction pattern acquired from

the ZrO, thin film deposited on silicon wafer [5].

Figure 7.3 (a) Scanning electron microscopy and (b) atomic
force microscopy images of the as-deposited ZrO, thin film

(4]

|'[l.'.ul-t-ri:1|tc'fl at 800°°C -+ G Heat-treated at 1000°C

Figure 7.4 Surface views of the ZrO, thin films heat-treated at 800°C and 1000°C for 2h [4].
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film heat-treated at 800°C or 1000°C were approximately 20nm and 40nm,
respectively, which indicated that the particle size could be regulated by optimiz-
ing the post-treatment processes.

7.2.2
Plasma Spraying

Plasma spraying has been used extensively to prepare ceramic coatings since its
development by Union Carbide during the mid-1950s. In plasma spraying, an
electrical arc is used to melt and spray the materials onto the surface of a substrate
(see Figure 7.5), with the parameters of the density, temperature and velocity of
the plasma beam each being important when forming the coatings. Although the
temperature in the core region of the plasma beam is relatively constant at approxi-
mately 12000K, it increases dramatically towards the nozzle, to a point where
almost any material can be melted in the plasma jet.

Nanostructured zirconia coatings have been prepared by the research group at
SICCAS since 2002, using plasma spraying [7-11]. The nanostructured zirconia
coating fabricated by Zeng et al. possesses two types of structure: (i) a poorly con-
solidated structure composed of nanosized particles; and (ii) an overlapping struc-
ture consisting of micrometer-sized particles [7]. The former structure constitutes
the main component of the coating. Whilst the zirconia coating has the same
phase composition as the starting powder, its thickness appears to be inconsistent,
as shown in the cross-sectional view in Figure 7.6. Subsequently, others have
investigated further the preparation and properties of plasma-sprayed nanostruc-
tured zirconia coatings, with the result that zirconia coatings with nanostructured
surfaces and uniform thicknesses have been successfully fabricated by optimizing
the spraying parameters (Figure 7.7).

Spray deposit ~ |
i
Cathode-\ / Anode

Plasma —

4 e e ——

e

/ } Electric arc ——— ——
/ \ Powsler and |

Pl carrier gas

ga:sma I—— Spray distance -—-——J

Electrical (-) Electrical (+)

connection connection Substrate
and water out  and water in

Figure 7.5 Schematic diagram of plasma spray torch [6].
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Figure 7.6 Cross-sectional views of the nanostructured
zirconia coating fabricated by Zeng et al. [7].

a1ensqng

Figure 7.7 (a) Cross-sectional and (b) surface views of the
nanostructural zirconia coating fabricated by Wang et al. [11].

7.2.3
Sol-Gel Methods

The sol-gel process has been used extensively to deposit thin films (<10um).
Compared to other, conventional, thin-film processes the sol-gel system allows
for a better control of the chemical composition and microstructure of the film,
for the preparation of homogeneous films, for a reduction of the densification
temperature, and finally the use of simpler equipment and a lower cost. The par-
ticular advantages of the sol-gel approach include an easy purification of the
precursors (by distillation or crystallization), and the ability to introduce traces of
other elements into the film. In addition, the precursors can be mixed at the
molecular level in the solution, such that a high degree of homogeneity can be
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b _." L

Figure 7.8 Morphology of the ZrO, film obtained at 150g ZrCl,I™" [12].

attained in the films. As a consequence, the sol-gel process permits a lower tem-
perature to be used during the sintering stage. The resultant microstructure
depends not only on the treatment of the precursors, but also on the relative rates
of condensation and evaporation during film deposition.

In the sol-gel process, the thin films are normally produced using spin- or dip-
coating techniques. The spin-coating process consists of four stages: deposition;
spin-up; spin-off; and evaporation. However, for complex-shaped substrates, the
most frequently used sol-gel technique is dip-coating, where the sample is dipped
into a solution containing the precursors and then withdrawn at a constant speed,
usually with the aid of a motor. The deposition of a solid film results from gravi-
tational draining and solvent evaporation, accompanied by further condensation
reactions.

Chang et al. [12] have proposed the use of a spin-coating sol-gel method to
fabricate highly porous or smooth ultra-thin ZrO, films. The morphology and
thickness of these thin films can easily be controlled by adjusting the concentra-
tions of ZrCl, in the sol solutions. A porous film with a large specific surface area
(180m*g™") can be obtained using 150g ZrCl, ™" ,without the addition of templates.
The ZrO, film prepared under these conditions is composed of nanofibers with a
typical width of approximately 100nm. The entangled and branched nanofibers
that constitute the thin film appear porous (Figure 7.8). A type II isotherm is
clearly found in the N, adsorption curve, indicating the macroporous characteris-
tics of the thin film. When the concentration of ZrCl, is reduced to 17gl™, the
porous surface turns into a smooth thin film. A linear relationship between film
thickness and the concentration of ZrCl,, ranging from 17 to 3gl™, has been
observed; for example, an ultrathin film with a thickness of 1.8 nm can be fabri-
cated when a ZrCl, concentration of 3g1™ is used.

The texture of sol-gel-derived thin films is mainly controlled by the rates of
hydrolysis, condensation, and phase separation. In theory, a smooth morphology
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Figure 7.9 Flow diagram demonstrating the preparation of doped zirconia films [14].

should be formed when hydrolysis and condensation are conducted separately at
a slow reaction rate. With decreasing ZrCl, concentrations the size of the ZrO,
fibers increases, however, and the thin films have a smoother morphology due to
the slower hydrolytic rate.

Lucca et al. [13] prepared multilayered ZrO, thin films by dip-coating and sub-
sequent heat treatment at temperatures ranging from 400 to 700°C, and then
investigated the near-surface mechanical responses of the films to nanoindenta-
tion. The elastic modulus and hardness are measured at depths which correspond
to 7-10% of the film thickness. The temperature of the heat treatment is found to
have a significant effect on the resultant near-surface hardness and elastic modulus.
Liu et al. [14] have prepared highly oriented CeO,, Y,0,, and MgO-doped ZrO,
thin films using a sol-gel process by dip-coating in an ethanol solution consisting
of zirconium oxychloride octahydrate and inorganic dopants, as shown in the flow
diagram in Figure 7.9. The doped ZrO, films contained only the zirconia tetragonal
phase and exhibited nanoscale morphology (Figure 7.10).

7.2.4
Electrochemical Deposition

Electrochemical deposition is used widely to deposit a thin metallic coating onto
the surface of another metal, by the simple electrolysis of an aqueous solution
containing the desired metal ion or its complex (Figure 7.11). Electrochemical
deposits possess a fine structure and valuable physical properties, such as a high
level of hardness and a high reflectivity [15].

In the electrochemical deposition process, reduction takes place when a current
is supplied externally, and when the sites for the anodic and cathodic reactions are
separate. The reduction mechanism pertaining to the electrochemical deposition
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Figure 7.10 Atomic force microscopy images of doped ZrO,
thin films. (a) 13CSZ; (b) 8YSZ; (c) 8MSZ [14].
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Figure 7.11 Schematic diagram of the cell used for electrochemical deposition [15].
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Figure 7.12 Reduction mechanism of solvated metal ion in electrochemical deposition [15].

of a simple solvated metal salt (see Figure 7.12) can also be extended to other
ligand-coordinated metal systems. The solvated metal ion present in the electrolyte
arrives at the cathode under the influence of the imposed electrical field, as well
as by diffusion and convection (Figure 7.12a), and enters the diffusion layer.
Although the field strength in the diffusion layer is not sufficiently strong to liber-
ate the free metal ion from the solvated state, the solvated water molecules are
aligned by the field (Figure 7.12b); the metal ion then passes through the diffused
part of the double layer. As the field strength of the double layer is high (on the
order of 10’Vcem™), the solvated water molecules are removed so as to leave the
free metal ion (Figure 7.12c), which is then reduced and deposited at the cathode
via an ad-atom mechanism [15].

Electrochemical deposition has been used widely to prepare zirconia and com-
posite films. For example, Stefanov et al. [16] investigated the electrochemical
deposition of zirconia film on stainless steel, where the films were obtained in an
electrolyte of anhydrous ethyl alcohol. With the rising cathodic voltage, the struc-
ture and morphology of the zirconia films exhibited essential changes; those films
with the most porous structure were formed at 21V, and those with the highest
density at 25 V. The composition in the bulk of the films was close to the stoichio-
metric value. Shacham et al. [17] have reported a novel electrochemical method
for the deposition of ZrO, thin films, where films with thicknesses ranging from
50 to 600nm were obtained by applying moderate positive or negative potentials
(from +2.5V to —1.5V versus SHE) on the conducting surfaces, which were
immersed in a solution of zirconium tetra-n-propoxide [Zr(OPr),] in iso-propanol,
in the presence of minute quantities of water (the water/monomer molar ratio
ranged from 107 to 107"). The magnitude of the applied potential and its duration
were thought to provide a convenient means of controlling the film thickness.
Thin films of zirconia and an organoceramic composite which consisted of
zirconium hydroxide and poly(diallyldimethylammonium chloride) (PDDA) have
been produced using cathodic electrodeposition [18], with films of up to 10um
thickness obtained on Ni and porous Ni-yttria-stabilized zirconia (YSZ)
cermet substrates. The amount of material deposited, and its composition, can be
controlled by varying the current density and the concentrations of the PDDA and
zirconium salt.
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7.2.5
Anodic Oxidation and Micro-Arc Oxidation

Anodic oxidation encompasses electrode reactions in combination with electrical
field-driven metal and oxygen ion diffusion, leading to the formation of an oxide
film at the anode surface. Anodic oxidation is a well-established method for the
production of different types of protective oxide films on metals, and different
dilute acids (e.g., H,SO,, H;PO,, acetic acid) can be used as the electrolyte in the
process. The structural and chemical properties of the anodic oxides can be varied
over a quite wide range by altering the process parameters, such as the anode
potential, electrolyte composition, temperature, and current. The anodizing appa-
ratus is shown schematically in Figure 7.13.

Micro-arc oxidation (MAO), which is also referred to as “anodic spark oxidation”
or “plasma electrolytic oxidation,” is a novel anodic oxidation technique that is
used to deposit ceramic coatings on the surfaces of valve metals such as Al, Ti,
Mg, Ta, W, Zn, and Zr, as well as their alloys. In MAO processes, the anode which
is composed of the valve metal is immersed in an aqueous solution, and an asym-
metric alternating voltage applied between the anode and cathode. In the anodic
half-circle, the voltage is usually in the range of 150 to 1000V, while in the cathodic
half-circle it is in the range of 0 to 100 V. MAO processes are typically characterized
by the phenomenon of electrical discharge on the anode in aqueous solution, while
temperatures of up to 10000K and local pressures of several hundred bar in the
discharge channels have been reported. The quality of the MAO coating is deter-
mined by parameters such as the composition and temperature of the electrolyte,
the alloy composition, the voltage, current density, and time; high-quality coatings
can be created by employing properly selected deposition parameters.

Zhao et al. [20] have fabricated zirconia nanotube arrays with a diameter of
approximately 130nm, lengths of up to 190um, and aspect ratios of more than
1400, by anodizing the zirconium foil in a mixture of formamide and glycerol
(volume ratio = 1:1) containing 1wt% NH,F and 3wt% H,0O (Figure 7.14). The
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Figure 7.13 Schematic diagram of the anodizing apparatus [19].
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(b)

Figure 7.14 Scanning electron microscopy (b) Surface structure after being rinsed

images of the as-prepared samples after ultrasonically; (c) Cross-section; (d) Cross-
anodization of Zr at 50V for 24 h. (a) Surface  section at higher magnification (the inset
structure (the inset shows a transmission shows a transmission electron microscopy
electron microscopy image of the top part); image of the zirconia nanotube) [20].

as-prepared nanotube arrays contained amorphous zirconia. Both, monoclinic and
tetragonal zirconia coexisted when annealed at 400 °C and 600°C, whereas mono-
clinic zirconia was obtained at 800°C; the ZrO, nanotubes retained their shape
after heating to up to 800°C. The lower dissolution rate of zirconia in organic
electrolytes was considered to be the main reason for fabricating zirconia nanotube
arrays with high aspect ratios.

Tsuchiya et al. [21] have reported the formation of self-organized porous layer
of ZrO, by the anodization of zirconium in H,SO, electrolytes containing low
concentrations of NH,F. Under optimized electrolyte conditions, and with polari-
zation in the range of several tens of volts, an orderly sponge-like porous ZrO, was
obtained, the layer thickness of which was on the order of several tens of microm-
eters, while the pore diameter typically varied from 10 to 100nm. The pore size
was almost independent of the applied potential, whereas the amount of well-
structured area on the sample surface increased with higher applied potentials.

Yan et al. [22] have reported that zirconia films can also be prepared by the MAO
of zirconium in an aqueous solution, using a pulse power supply. The groups
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Figure 7.15 Surface view of the MAO zirconia film [22].

results indicated that the MAO-formed films were nanostructured and porous
(Figure 7.15), and were composed of zirconia partially stabilized with CaO, together
with a small amount of monoclinic ZrO,.

7.2.6
Magnetron Sputtering

Magnetron sputtering represents one of the most common methods used for
depositing thin films, its popularity stemming from the simplicity of the physi-
cal processes involved, combined with versatility and flexibility. Magnetron sput-
tering sources can be classified as diode devices in which the magnetic fields
are used in concert with the cathode surface to form electron traps. The charged
particles are confined by a closed magnetic field, such that the high-density
plasma is produced in the vicinity of the cathode. An enhanced plasma ioniza-
tion can then be achieved via either additional gas ionization or plasma confine-
ment. This sputtering system can deliver large ion currents to the substrates,
and may be operated over a wide range of pressures. When using this process,
the coatings can be produced on substrates that may be very large, and also of
complex shape.

Huy et al. 23] have deposited zirconia thin films by using RF magnetron sput-
tering on zircaloy-4 (Zy-4) substrates directly from the ZrO, target. These thin
films are deposited at different substrate temperatures (from 40 to 800°C) and
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over different times (from 10 to 240min). By comparing the Raman studies on
zirconia thin films and on bulk zirconia, it can be concluded that:

e Zr0, is not completely dissociated during the deposition process.
e The zirconia films deposited on different substrates are polycrystalline.

e The structure and phase composition of the films depend on the substrate
temperature and on the deposition time, and therefore vary as a function of the
distance from the film surface.

7.3
Bioactivity of Nano-ZrO, Coatings and Films

Zirconia is generally considered to be a bioinert ceramic because, when implanted,
it shows morphological fixation only to the surrounding tissues, without produc-
ing any chemical or biological bonding. However, in the past few years many
attempts have been made to prepare bioactive ZrO, coatings/films, or to improve
their bioactivity by means of post-treatment.

The ability to induce apatite formation on a nanocomposite of cerium-stabilized
tetragonal zirconia polycrystals (Ce-TZP) and alumina (Al,O;) polycrystals via
chemical treatment in aqueous solutions of H;PO,, H,SO,, HCl, or NaOH has
been investigated [24]. When this type of nanocomposite is subjected to such treat-
ment at 95°C for 4h, Zr—OH groups that enhance the formation of apatite in
simulated body fluids (SBFs) are first formed on the surface. The apatite-forming
ability of zirconium metal pretreated in >5 M aqueous NaOH solution has also
been demonstrated in SBF immersion tests [25]. Apatite nucleation is believed to
be induced by Zr—OH groups in a zirconia hydrogel layer that forms on the metal
upon exposure to NaOH.

Both, macroporous and nanocrystalline zirconia films have been prepared by
the MAO of zirconium, and the effects of chemical treatments in aqueous H,SO,
or NaOH solutions on the microstructure and apatite-forming ability of the films
have been investigated [26]. Compared to the MAO film, the chemically treated
films did not exhibit any apparent changes in their phase component, morphology,
and grain size; however, there were more abundant basic Zr—-OH groups. The
films treated with H,SO, and NaOH solutions could induce apatite formation on
their surfaces in SBFs within 1 day, whereas no apatite was detected on the
untreated ZrO, surface even after 30 days. Thus, it was considered that the
enhanced apatite-forming ability of the chemically treated ZrO, films was related
to the abundant basic Zr-OH groups on the surface.

Plasma-sprayed nanostructured zirconia coatings stabilized with 3 mol% yttria
(3Y-TZP) also exhibited good bioactivity [11]. After immersion in the SBF solution
for 28 days, a bone-like apatite was formed on the surface of the plasma-sprayed
nanostructured zirconia coatings (Figure 7.16), but not on the surface of the
polished coating. The Zr—OH groups formed in the aging process, and the
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Figure 7.16 (a—c) Surface micrographs of the plasma-sprayed
zirconia coating immersed in simulated body fluid solution
for 28 days (magnifications as indicated); (d) Energy-
dispersive X-ray spectroscopy of the particles on the coating
surface [11].

nanostructured surface of the plasma-sprayed 3Y-TZP coating, were believed to
be the keys to the bioactivity of the coating.

The ZrO, thin films prepared by cathodic arc plasma deposition were immersed
in SBF to evaluate their bioactivity; the surface views of the as-deposited and ther-
mally treated ZrO, thin films, after soaking in SBF for 28 days, are shown in Figure
7.17. After immersion in SBF for 28 days, the surface of the as-deposited ZrO,
thin film was completely covered by the apatite layer, although relatively few
apatite structures appeared on the surface of the ZrO, thin film annealed at 1000°C
for 2h. These results indicated that the bioactivity of the ZrO, thin film might be
degraded after thermal treatment.

A high-resolution transmission electron microscopy (HRTEM) image, which
was recorded near the apatite and ZrO, thin film (Figure 7.18), showed the apatite
layer to be in direct contact with the ZrO, thin film. In this image, the many
disordered areas visible around the crystalline apatite indicated that the apatite
layer on the ZrO, thin film had only partially crystallized. The (211) planes of the
apatite, with a spacing of approximately 0.28 nm, were well resolved in this region.
The HRTEM image of the ZrO, thin film showed that it consisted of nanosized
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(a) (b)

Figure 7.17 Surface views of the different ZrO, thin films

soaked in simulated body fluid for 28 days. (a) As-deposited
thin film; (b) Thermally treated thin film (1000°C for 2h) [4].

Figure 7.18 High-resolution transmission electron microscopy
(HRTEM) image taken near the apatite and ZrO, thin film [5].

crystalline ZrO,, with the outermost ZrO, crystal smaller than that in the bulk
of the ZrO, thin film (as denoted by the arrows in Figure 7.18). The several-
nanometer size of the particles in the outermost layer was believed to be one of
the reasons why the ZrO, thin film was bioactive.

The results obtained with the nano-ZrO, thin films and coatings may indicate
that nanosized surfaces bode well for bioactivity and biocompatibility, when com-
pared to conventional surfaces. The deposition of calcium ions represents the first,
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and most crucial, step of carbonate-containing hydroxyapatite nucleation from an
ionic solution; indeed, this process is believed to initiate the growth of bone-like
apatite on the surface of biocompatible implants [27]. The formation of a negatively
charged surface gives rise to apatite precipitation because positive calcium ions
are attracted from the solution [28]. The charge densities of the particles are deter-
mined by their size; in fact, Vayssieres et al. [29] have suggested that finer nanoc-
rystalline particles might have higher surface charge densities than larger particles.
It has also been demonstrated, by using thermodynamic analysis, that the surface
or interfacial tension diminishes with decreasing particle size as a result of the
increased potential energy of the bulk atoms in the particles [30]. Smaller particles
with an increased molar free energy are more likely to adsorb molecules or ions
onto the surfaces in order to decrease the total free energy, and thus become more
stable. Therefore, the nanosized particles in the outermost layer of the ZrO, thin
films and coating might represent a key factor for inducing the precipitation of
bone-like apatite on surfaces during immersion in SBFs.

Uchida et al. [31] have also reported that pure zirconia gel and zirconia gels
containing sodium or calcium induce the formation of apatite in SBFs only
when they possess a tetragonal and/or a monoclinic structure. It has been shown
previously, that a plasma-sprayed calcium-stabilized zirconia coating is bioactive,
with the bioactivity depending on the content of the monoclinic phase in the
coating [32].

The bioactivity of zirconia coatings and films is thought to be related to the
crystalline structure of zirconia, as well as to the nanostructural surface. When the
coatings and films are immersed in a SBF, the water molecules react with zirconia
and dissociate to form surface hydroxyl groups. The quantity and nature of the
surface hydroxyl groups depend on the crystalline structure of zirconia [33, 34].
Although, the monoclinic phase has the lowest bulk energy among the three zir-
conia polymorphs [35], its surface energy is higher [36]. However, upon exposure
to water molecules there is a greater tendency for this energy to be lowered by the
molecular and dissociative adsorption of water, which is exothermic in nature. The
adsorption enthalpy of half-monolayer H,0O coverage on the monoclinic zirconia
surface was shown to be —142 K] mol™, whilst that on the tetragonal surface was
—90KJmol™ [37, 38], indicating the higher reactivity of the monoclinic zirconia
surface. Accordingly, the surface concentration of the hydroxyl groups on the
monoclinic ZrO, surface was higher than that on tetragonal ZrO, [34]. In fact, the
OH concentration of 6.2 molecules per nm? for monoclinic zirconia with a BET
surface area of 19m?g™" was much higher than the value of 3.5 molecules per nm?
for tetragonal zirconia with a BET surface area of 20m’g™". Moreover, in the
former case the dominant species were tribridged hydroxyl groups that were
shown to be more acidic, and in the latter case a combination of bibridged and
terminal hydroxyl groups. The higher acidity of the (Zr);OH on the monoclinic
zirconia surface signified that it would more easily donate protons to form nega-
tively charged (Zr);O™. Pettersson et al. [39] have reported that the isoelectric
point of the monoclinic zirconia without dopant was 6.4; this indicated that the
monoclinic zirconia surface should be negatively charged in an SBF solution with



7.4 Cell Behavior on Nano-ZrO, Coatings and Films

a pH value of 7.4. The negatively charged surface can attract calcium ions from
the SBF solution to its surface.

In conclusion, nanosized ZrO, coatings and films composed of tetragonal or
monoclinic phases can be prepared using a variety of technologies. Moreover, such
coatings and films are generally bioactive and can induce the precipitation of
apatite onto the surface when they are soaked in SBFs for a certain period of time.

7.4
Cell Behavior on Nano-ZrO, Coatings and Films

It has been observed that nano-ZrO, had no cytotoxic properties when cells were
cocultured on its surface. Likewise, it has been shown that nano-ZrO, is unable
to generate mutations of the cellular genome, and no adverse responses have been
reported following the insertion of nano-ZrO, into bone or muscle in “in vivo”
models. This lack of cytotoxicity is illustrated in Figure 7.19, which shows bone
marrow mesenchymal stem cells (BMMSCs) seeded onto ZrO, films after differ-
ent culture times. At one day, the BMMSCs were seen to grow and proliferate very
well on the film surface (Figure 7.19a), which became partially covered by the cells

Figure 7.19 Bone marrow mesenchymal stem cells seeded
onto the ZrO, films after different times. (a) 1 day; (b) 4 days;
(c) Higher magnification of 4-day sample [5].
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Figure 7.20 Morphology of the MG63 cells seeded on the
surface of the plasma-sprayed nanostructural 3Y-TZP coating
for different periods of time. (a) 1 day; (b) 3 days; (c) 7 days.
[1.

and the extracellular matrix. After a longer seeding time of four days the cells had
fused to form a complete layer on the thin film surface (Figure 7.19b). An exami-
nation at higher magnification (Figure 7.19¢) showed the cells to possess a good
morphology, with abundant dorsal ruffles and filapodia

The morphology of MG63 cells seeded onto the surface of a plasma-sprayed
nanostructured zirconia coating after one, three, and seven days, is shown in
Figure 7.20. The cells exhibited good adhesion and spreading after one day, with
dorsal surface ruffles and filopodia seen clearly after three days of culture. After
seven days, the coating surface was completely covered by MG63 cells, which
indicated that this surface favored their adhesion and growth. Cell attachment,
adhesion and spreading represent the first phase of cell-implant interaction, and
the quality of this phase is known to influence the capacity of cells subsequently
to proliferate and to differentiate. When the proliferation and vitality of MG63 cells
cultured on the 3Y-TZP coating and the polystyrene (PS) control were monitored
using the alamarBlue™ assay, the results (Figure 7.21) confirmed cell proliferation
on both surfaces (albeit with a longer culture time for PS). The fact that no signifi-
cant differences were identified between the 3Y-TZP coating and PS control indi-
cated that the cytocompatibility of both materials was similar.
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Figure 7.21 Percentage alamarBlue™ reduction for MG63
cells seeded on the plasma-sprayed nanostructural 3Y-TZP
coatings and the polystyrene control, over different periods

[11].

Vincenzo et al. [40] attempted to address the genetic effects of zirconia coatings
on osteoblast-like cells by using a DNA microarray technique. The study results
showed clearly that ZrO, could upregulate/downregulate certain functional activi-
ties of the osteoblast-like cells, such as cell cycle regulation, signal transduction,
immunity, and the cytoskeleton components. The surface morphology of the
sample was shown to have a major influence on the gene expression of proteins
for cellular binding, with cell adhesion/anchoring being improved by the presence
of surface canyons (~1um deep) placed between the large crystals that were dis-
tributed homogeneously over the surface.

7.5
Applications of Nano-ZrO, Films to Biosensors

Nanostructural materials have been used extensively for both the efficient trans-
port of electrons and optical excitation, based on their high surface-to-volume ratio
and tunable electron-transport properties—two factors which are crucial to the
function and integration of nanoscale devices. Since the sizes of biological mac-
romolecules such as proteins, enzymes, and nucleic acids are comparable to those
of nanoscale building blocks, any interaction between these biomolecules should
induce significant changes in the electrical properties of the nanostructured bio-
interfaces. A range of nanostructured materials, such as nanoparticles, nanotubes,
and nanowires—all of which have been produced from metals, semiconductors,
carbon, or polymeric species—have been investigated intensely for their ability to

269



270

7 Preparation, Characterization, and Potential Biomedical Applications

fabricate the functional biointerfaces and to enhance the response of biosensors.
Nanoscale biointerfaces on electrode surfaces can be obtained in a variety of
ways, including modification of the electrode surfaces using biological receptor
molecules such as enzymes, antibodies, or oligonucleotides or modification with
nanostructured materials. As a result, nanostructured biointerfaces have been
recognized as having impressive functional properties that point naturally towards
bioelectrochemical applications.

Methods for preparing nanostructured biointerfaces on electrodes include phys-
ical or chemical adsorption, self-assembly, sol-gel processes, electrochemical
deposition, and electrochemical polymerization. Nanoscale inorganic matrices
such as nano Au, Ag, ZrO,, SiO,, TiO,, ZnO, MnO,, aluminum silicate, magne-
sium silicate, phyllosilicate sol-gel matrices, and magnetic iron oxide nanoparti-
cles have good mechanical properties and thermal stability, and are also resistant
to microbial attack and organic solvents. Therefore, most of these are used as car-
riers and supports (especially the nanostructured biocomposites), and provide a
well-defined recognition interface. For these reasons they have become the ideal
materials for the immobilization of biomolecules.

Nanostructural zirconia particles and films have recently been considered as a
potential solid support for the immobilization of bioactive molecules in biosensor
applications, due to their large specific surface area, high thermal/mechanical/
chemical resistance, excellent biocompatibility, and their affinity towards groups
containing oxygen. During the past few years, both functionalized and unfunc-
tionalized zirconia nanoparticles have been developed as solid supports for enzyme
immobilization and biocatalysis. For example, nanosized zirconia gel has been
used to form a reproducible and reversible adsorption—desorption interface for
DNA, to immobilize hemoglobin for a novel hydrogen peroxide biosensor, to
immobilize DNA for investigating the effects of lanthanide on its electron transfer
behavior, for the detection of DNA hybridization, and to be grafted with
phosphoric and benzenephosphonic acids for the immobilization of myoglobin.
Zirconia films are also able to bond to nonbiomolecules such as PDDA by
coelectrodeposition.

Tong et al. have reported a novel and simple immobilization method for the
fabrication of hydrogen peroxide (H,0,) biosensors using horseradish peroxidase
(HRP)-ZrO, composite films [41]. Such composite films are synthesized on a gold
electrode surface based on the electrodeposition of zirconia doped with HRP by
cyclic voltammetric scanning in a KCl solution containing ZrO, and HRP. Within
the HRP-ZrO, film, the HRP retain its bioactivity and exhibits an excellent elec-
trocatalytical response to the reduction of H,0,. The results have indicated that
Zr0, is a good biomaterial capable of retaining the bioactivity of biomolecules,
while the HRP doped in biological HRP-ZrO, films exhibit a good electrocatalyti-
cal response to the reduction of H,0,.

A highly reproducible and reversible adsorption—desorption interface of DNA
based on the nanosized zirconia film in solutions of different pH-values has been
successfully fabricated by Liu et al. [42]. Their results showed that DNA could
adsorb onto the nanosized zirconia film from its solution, yet desorb from the
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nanoparticles in 0.1 M KOH solution. The ZrO, film serves as a bridge for the
immobilization of DNA on the surface of the glassy carbon (GC) electrode. This
reversible adsorption—desorption performance of the nanosized zirconia film gives
rise to potential applications in the preparation of removable and reproducible
biochips and information storage devices.

The direct electrochemistry and thermal stability of hemoglobin (Hb), when
immobilized on a nanometer-sized, zirconium dioxide (ZrO,)/dimethyl sulfoxide
(DMSO) -modified pyrolytic graphite (PG) electrode, have been studied by Liu
et al. [43]. Here, Hb showed a high affinity to H,0,, and both nanosized ZrO, and
DMSO could accelerate electron transfer between Hb and the electrode. The ZrO,
nanoparticles were more important in facilitating the electron exchange than was
DMSO, as they provided a three-dimensional stage, while some of the restricted
orientations also favored a direct electron transfer between the protein molecules
and the conductor surface. The particles were able to stabilize the oxidized form
of Hb, to decrease the polarization impedance, and to enhance the thermal stability
of the biosensor. These findings may lead to a new approach for the construction
of mediator-free sensors by immobilizing proteins or enzymes on the ZrO, nano-
particles, enabling the determination of different substrates such as glucose, by
using glucose oxidase.

The detection of DNA hybridization is of paramount importance for the diag-
nosis and treatment of genetic diseases, the detection of infectious agents, and
for reliable forensic analyses. A novel electrochemical DNA biosensor based on
methylene blue (MB) and zirconia (ZrO,) film-modified gold electrode for DNA
hybridization detection was described by Zhu et al. [44], in which the ZrO, film
was electrodeposited onto a bare Au electrode surface. This was considered to be
a simple, yet practical, means of creating inorganic material microstructures,
notably because it overcomes the inherent drawback of sol-gel materials, namely
brittleness. The DNA probe, with a phosphate group at its 5" end, can be attached
onto the ZrO, film surface, which has a high affinity towards phosphate groups.
As the electroactive MB is able to bind specifically to the guanine bases on the
DNA molecules, it can be used as an indicator in the electrochemical DNA hybrid-
ization assay. The steps involved in the fabrication of the probe DNA-modified
electrode, and the detection of a target sequence, are illustrated schematically in
Figure 7.22.

Liu et al. [45] have also developed a new method of immobilizing DNA, based
on the sol-gel technique. In this experiment, a ZrO, gel-derived, DNA-modified
electrode was used as the working electrode, with studies being conducted of the
electron transfer of DNA in 1.0mM potassium ferricyanide system in different
concentrations of lanthanum(III), europium(IIl), and calcium(Il). The results
showed that lanthanide ions could greatly expedite the electron transfer rate of
DNA in the Fe(CN);" solution, the order of effect being Eu** > La* > Ca®"; this
indicated that the lanthanide ions had a stronger interaction with the immobilized
DNA than did the calcium ions, with the order being consistent with the
charge:ionic radius ratio. The suggested reasons for the effect that lanthanide
ions had on current enhancement included an electrostatic effect and a weak
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Figure 7.22 Steps involved in the fabrication of the probe
DNA-modified electrode, and the detection of a target
sequence.

coordination of the La* ions to DNA. The negative charge on the phosphate back-
bones of DNA was seen to be neutralized by the metals with positive charges,
which in turn decreased the repulsion of the DNA-modified electrode surface to
Fe(CN);", and led to an increase in the current.

Four different types of layer-by-layer (LBL) film have been assembled on
solid surfaces. These have been designated as PDDA/{ZrO,}n, {PDDA/ZrO,}n,
{PDDA/NPZrO,}n, and {PDDA/PSS}n, where ZrO, represents the zirconia sol-
gel formed by a vapor—surface, sol-gel deposition [46]. Among the four film types,
PDDA/{ZrO,}n demonstrated a better porosity and permeability, and was capable
of loading greater quantities of myoglobin (Mb) from solution. Because of the
better porosity of this film, the small counterions in the buffer solution could enter
and exit it more easily, and this resulted in the film having a better cyclic voltam-
metry response, according to the mechanism of “electron hopping.” The fact that
the PDDA/{ZrO,}n-Mb films showed a larger surface concentration of electroac-
tive Mb (I" *) than did the {PDDA/ZrO,}n-Mb films, was probably because the
“soft” polyelectrolyte PDDA in the PDDA/{ZrO,}n films “blocked” some pores or
channels in the ZrO, layers. Compared to the {ZrO,/Mb}n films, which were
directly assembled LBL by Mb and ZrO, sol-gel, the advantage of the PDDA/
{ZrO,}n-MD films is that any possible denaturation of Mb could be prevented as
its loading into the films was completely spontaneous. Moreover, any possible
direct contact of Mb with the organic solvent used in the vapor-surface, sol-gel
deposition of ZrO, could be avoided. In this way, Mb was able to retain its original
structure and bioactivity.

Today, the interfaces between protein molecules and inorganic materials are
among the “hottest” research topics in biomedicine, biochemistry, biophysics, and
even in industrial applications. If there is a need to modify a substrate surface with
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protein molecules, the first step is to acquire a complete understanding of the
mechanism that underlies any specific binding between the target-specific protein
and the target in a direct way. Tomohiro Hayashi et al. [47] have analyzed the
adhesion force using AFM, and revealed for the first time the mechanism that
underlies the specific binding between a titanium surface and ferritin that pos-
sesses the sequence of a Ti-binding peptide in its N-terminal domain. Based on
such experimental data, it can be concluded that the electrostatic interaction
between charged groups, the hydrophobicity or hydrophilicity of the surface, and
the surfactant addition, each play important roles in the specific binding between
the Ti-binding peptide (minTBP-1) and Ti. Although the adhesion force decreases
dramatically in solution with the surfactant, the nonspecific interactions are sup-
pressed and the specificity and selectivity of the minT1-LF are enhanced due to
accretion of the surfactant.

In conclusion, nano-ZrO, films have been utilized as a solid support for the
immobilization of bioactive molecules in biosensor applications due to their high
thermal/mechanical/chemical resistance, excellent biocompatibility, and their
affinity to certain functional groups. It is possible that the phase (whether tetrago-
nal or monoclinic), morphology, surface microstructure, and crystallite size of
Z10, thin films could vary with under different synthesis processes, and this would
result in differences between the electrochemical properties and the biocompati-
bility of the ZrO, films. Although nano-ZrO, exhibits many excellent characteris-
tics, the electrochemical properties and biocompatibility of nano-ZrO, in biosensors
remain inadequate. It is important, therefore, to explore new methods that can be
used to improve the electrochemical properties and biocompatibility of the nano-
710, surfaces.
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8
Free-Standing Nanostructured Thin Films

Izumi Ichinose

8.1
Introduction

A free-standing thin film is defined as a thin film in which at least a part of the
film is not in contact with a support material. Although, in chemistry, the term
“self-standing” is often used for molecular assemblies with the shape of a thin
film, in this chapter we will use only the engineering term “free-standing thin
film,” a wide range of which is currently available. A metallic or inorganic film
with a thickness of several hundreds of nanometers (or more) can be handled as
a single sheet because of its intrinsic mechanical strength; these films are naturally
free-standing thin films. In fact, even polymers will become mechanically strong
films if they are a few micrometers thick. The handling of extremely thin films is
difficult, because they are often formed on a substrate with pores. They are also
often referred to as “free-standing thin films.” This is because the parts of the thin
film that cover the pores play a significant role in practical applications. Free-
standing thin films are not always solid; for example, a foam film can be formed
if a metal frame is immersed in an aqueous solution of surfactant, which then
makes it a liquid free-standing thin film. In this chapter, nanometer-thick, free-
standing thin films—or “free-standing nanostructured thin films” with nanopores
or nanofibrous structures—are described. The various relationships between
nanostructured free-standing thin films and the life sciences are also discussed.

8.2
The Roles of Free-Standing Thin Films

8.2.1
Films as Partitions

A free-standing thin film can be used to separate two phases and to control mate-
rial transfer between those phases which, in general, are either gas or liquid. The
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Figure 8.1 Differences in parameters of two phases separated
by a membrane, and permeation of molecules through the
membrane.

two phases, when separated by the film, have different composition and/or physi-
cal states. In other words, one phase may exist under different conditions in
comparison with the other phase with regards to temperature, pressure, solute
concentration, pH, and so on (Figure 8.1). In the case of a semipermeable mem-
brane, water and small ions can each pass through (permeate) the membranes,
but biopolymers cannot. The diffuse transmission of solutes due to concentration
differences is employed in dialysis.

Transfer through free-standing thin films is not limited to molecular transfer,
however. For example, in solid polymer electrolyte fuel cells, the two electrodes
are placed in position but are separated by a polymer thin film with a high-proton
conductivity. A potential difference is then generated by a series of electrochemi-
cal reactions, with subsequent proton transfer through the film. When producing
drinking water from seawater, reverse osmosis membranes are used [1] which
consist of a dense, ultrathin polymer layer formed on a porous support. These
membranes have a separation function that allows water to permeate, while
blocking dissolved ions. The osmotic pressure between seawater and pure water
is approximately 2.5 GPa; hence, if a pressure in excess of the osmotic pressure
is applied, water will be forced out from the seawater through the dense polymer
layer. Although, the roles of free-standing thin films depend mainly on the condi-
tions of the two separated phases, their performance in contrast, is largely
affected by the materials and the inner nanostructures of the free-standing thin
films. With much recent research activity having been expended in the area of
nanostructured free-standing thin films, significant improvements in their
performance—notably including material separation—are to be expected in the
near future.
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8.2.2
Nanoseparation Membranes

One example of improved separation performance is that of nanoseparation mem-
branes. In generally, liquid permeation through a porous thin film can be evalu-
ated using the Hagen—Poiseuille equation; this states that the liquid flux (J) is
given by Equation 8.1:

J=enrlAp/8uL (8.1)

where L is the film thickness, u is the liquid viscosity, Ap is the pressure difference
between both sides of the film, r, is the pore radius, and ¢ is the surface porosity
(the ratio of total pore area to the total film area) [2].

As is apparent from Equation 8.1, the liquid flux increases in inverse proportion
to the thickness; as compared to a 10pum-thick film, a 10nm-thick film gives a
1000-fold greater flux. In the case of molecular diffusion in a dense polymer layer,
the permeation rate increases in inverse proportion to the film thickness. Although
it is not completely clear to what degree of film thickness this relationship holds
true, nanometer-thick separation membranes have attracted interest for the devel-
opment of a membrane separation system with high energy efficiency. Another
important point for nanoseparation membranes is to selectively dissolve a target
molecule at high concentration. For example, natural rubber will absorb carbon
dioxide selectively compared to carbon monoxide, so that the films have a high
permeation rate for carbon dioxide [3]. If carbon dioxide can be absorbed selectively
at high concentration by designing the inner structure of the film, then a signifi-
cant improvement in separation performance can be achieved.

Ultrafiltration membranes are defined as pressure-driven separation mem-
branes that can remove either particles or macromolecules with a size ranging
from 2 to 100nm. These membranes are widely used for water purification, food
processing, the recovery of paint, and so on [2—4]. For example, Fauchet and cow-
orkers produced free-standing silicon films with a thickness of 15nm and pores
in a range of 5 to 25 nm, and used these to separate biomacromolecules [5]. As the
thickness of these films was approximately one-thousandth that of a typical ultra-
filtration membrane, they would be expected to be used as membranes for high-
speed separations. In fact, when the diffusion rate of biomacromolecules was
measured under a certain concentration gradient, the flux through the ultrathin
porous silicon films was approximately tenfold faster than that through conven-
tional ultrafiltration membranes with similar permeation properties (Figure 8.2).
One nanofiltration membrane which recently has attracted much attention is that
of free-standing films of carbon nanotubes (CNTs) embedded in silicon nitride or
polymer matrices [7, 8]. As an example, Holt et al. reported that, in films made
from double-walled nanotubes with an inner diameter of 1.3-2.0nm, the flux of
gases was more than one order of magnitude faster than the value calculated by
using the Knudsen diffusion model (Figure 8.3). Furthermore, the flux of water
through these films was more than three orders of magnitude faster than the value
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Figure 8.2 (a) Conventional ultrafiltration membrane;
(b) Ultrathin porous nanocrystalline silicon membrane.
Reproduced with permission from Ref. [6]; © 2007, Nature

Publishing Group, London.

Figure 8.3 (a) Seven-step fabrication process
of double-walled carbon nanotube (DWNT)
membrane; (b) Scanning electron microscopy
(SEM) cross-section of DWNTSs on silicon
substrate (step 3); (c) SEM cross-section of
DWNTs fixed with silicon nitride (step 5);

(d) Photographic image of the open

membrane area (the inset shows a close-up of
one membrane); (e) Photographic image of a
membrane chip of 89 open windows.
Reproduced with permission from Ref. [7];

© 2006, American Association for the
Advancement of Science.
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calculated by using a continuous hydrodynamic model [7]. It is supposed that the
high-speed permeation of water is caused by a remarkably low frictional resistance
of the inner wall of the nanotubes. Whilst, at present the detailed mechanism of
water permeation remains unclear, robust CNT films will undoubtedly lead to
applications such as water purification and the production of drinking water from
seawater.

8.2.3
Biomembranes

The role of free-standing thin films also includes the control of electron and energy
transfer between liquid phases or gas phases. Biomembranes are ultrathin films
which have superior chemical systems. As an example, various proteins are
embedded in the thylakoid membranes of the chloroplast, where chlorophyll (the
photosynthetic pigment) degrades water using light energy, after which protons,
oxygen molecules and electrons are produced. Subsequently, these electrons lead
to the production of NADPH (the reduced form) from NADP" (the oxidized form).
In similar fashion, ATP synthase is able to synthesize ATP by employing the
proton concentration gradient inside and outside of the thylakoid membrane.

Aquaporins are membrane proteins that are capable of blocking a solute and
ions, allowing the permeation of water [9]. The aquaporins have one or two internal
gates each with a width of approximately 0.3nm, which is of a similar size to a
water molecule (of about 0.25nm). Inside the gates, the hydrogen bindings
between water molecules are blocked such that only water, but not protons, are
allowed to pass. Aquaporins exist universally in various organism, ranging
from Dacteria to plants and mammals, where they contribute towards water
transportation in biomembranes. One surprising point here is the ultrafast per-
meation of water through the gates; water molecules may pass through a channel
of approximately 0.3nm at a rate of 4 x 10° molecules per second, which is equal
to a flux of 60000001h™"-m?*. Molecular-sized gates can generate a remarkably
large flux [10].

One other interesting biological membrane transport system is that of RNA
transfer via nuclear membranes [11]. The nuclear membrane of a eukaryotic cell
contains pores that are several tens of nanometers in size, and together form the
so-called “nuclear pore complex” [12]. It is said that the pores can block proteins
and similar components with a molecular weight of 60kDa or more, while they
pass ribosome precursors or large mRNA molecules at high speed. These mole-
cules are released from the nuclear pore complex by active transport, with the
recognition of (and binding to) specific transport signals providing selectivity to
the transportation process.

The functions of biomembranes have been substantially clarified in bio-
logical terms. Whilst a realization of the functions in artificial systems is not
straightforward, it does represent a worthy challenge for thin film research, the
mainstream of which is to create innovative separation membranes by the fabrica-
tion of free-standing films that are several nanometers thick. In addition, it is vital
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to design an internal structure that will exceed the superior performance of
biomembranes.

8.3
Free-Standing Thin Films with Bilayer Structures

8.3.1
Supported Lipid Bilayers and “Black Lipid Membranes”

A biomembrane is a free-standing thin film in water, and which is composed of
a lipid bilayer with a thickness of several nanometers. The lipid bilayer is a basic
component of cell membrane, while the cell nucleus and organelles such as mito-
chondria are also mainly composed of lipid bilayers. The dispersion of phospholi-
pids in water leads to the spontaneous formation of a vesicle structure termed a
“liposome.” The liposome is also composed of a lipid bilayer, and is therefore
useful for examining the functions of biomembranes. Because they exist in water,
liposomes are not always suitable for engineering experiments; hence, to solve this
problem a method of transferring a lipid bilayer onto a solid substrate has been
developed. These membranous transferred bilayers, which are known as sup-
ported lipid bilayers (SLBs) [13], are stronger and smoother than the lipid bilayers
in water, and consequently are suitable for atomic force microscopy (AFM) and
other spectroscopic measurements. If hydrophobic proteins can be embedded into
SLBs, then the evaluation of such functions becomes straightforward. Further-
more, when SLBs are used as substrates to assemble biomacromolecules (such as
proteins and sugar chains), applications in the area of medicine, such as biosen-
sors or diagnostic sheets become possible.

The oldest model of bilayer architectures appears to be the so-called “black lipid
membrane” (BLM), which is a free-standing thin film in water [14]. These
membranes may be fabricated by immersing a hydrophobic substrate with a
micrometer-sized pore in its center into water, and then coating the inside of the
pore with an organic solvent containing phospholipids. Because the hydrophobic
substrate is wet with the organic solvent, the phospholipid solution coating
the pores will gradually become a thin liquid film, while the outermost surfaces
of the liquid film will be covered with a phospholipid monolayer. Finally, the
micrometer-sized pore becomes covered with a single phospholipid bilayer that is
several nanometers thick. One drawback of the BLMs is their weak mechanical
strength, although because two aqueous solutions are separated by the ultrathin
free-standing film, BLMs are generally suitable for evaluating the electrical char-
acteristics of lipid bilayers. The large electrical resistance and capacitance of lipid
bilayers have each been monitored quantitatively by using BLMs.
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8.3.2
Foam Films and Newton Black Films

The aforementioned BLM is a free-standing thin film in water in which the
hydrophilic groups of the phospholipids face outwards. In contrast, free-standing
thin films containing hydrophobic groups that face outward have been known as
“foam films” for quite some time. The foam films are formed by, for example,
immersing a metal frame into an aqueous soap solution and pulling the frame
out (Figure 8.4). As with soap bubbles, the foam films are thin water films with
the surfaces covered by surfactant molecules. Whilst the above-mentioned
biomembranes are generally formed from phospholipids with two alkyl chains,
foam films can also be formed from a surfactant with only one alkyl chain. The
hydrophilic moieties may be anionic, cationic, nonionic, or zwitterionic, and each
surfactant will provide stable foam films.

The foam film that is formed in a wire frame takes on a shape which has the
minimum surface area; this occurs because the liquid composing the foam film
is subjected to pressure derived from the surface tension. This pressure acts posi-
tively on a convex area, and negatively on a concave area, according to the Young—
Laplace equation. As a result, the foam film formed in a square frame will become
flat. On the other hand, at the points where the foam film is in contact with the
frame and water surface, a concave will be formed on the liquid surface, and a
similar pressure (the capillary pressure) is generated. Therefore, the liquid in the
foam film will drain from the flat center part to the concave part on the edge.
When the metal frame is held vertically, the thickness of the foam film gradually

air

water

Ty

Figure 8.4 A foam film formed by lifting a square wire frame
from an aqueous solution of surfactant. The concave surface
at the boundary area between the film and water surface
induces capillary force.
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decreases, and the film becomes iridescent due to a light interference phenome-
non. At this moment, the thickness will range from approximately 1 pum to 200 nm.
If the foam film is left for longer, however, the film will become increasingly
thinner at the top and the color will change, from pale-white to black. The thick-
ness of the black region (known as the “black film”) is approximately 100 nm. This
phenomenon occurs because, when the thicker film becomes thinned, a repulsion
(which is caused mainly by electrostatic interactions) is generated between the
two surfactant layers, such that the repulsive force (which is referred to as the
“disjoining pressure”) and the capillary pressure will balance out. At this point,
the black film is termed a “common black film” [15-17].

In contrast, when an aqueous solution of surfactant contains salt such as sodium
chloride, the electrostatic repulsion generated between the two surfaces becomes
weak, and the black film will become thinner [18]. When the average thickness of
the liquid between two surfactant layers becomes several tens of nanometers, the
surface tension will gradually weaken. In other words, the van der Waals forces
between two surfactant layers becomes stronger and, as a result, the surfactant
layers move closer to each other so as to create a “Newton black film” with a thick-
ness of <7nm. These two types of black film are both equilibrium films; altering
a condition such as the capillary pressure will cause a transition from one type to
the other [16]. Even in a Newton black film (which is an ultrathin film), a water
layer containing a salt exists between the two surfactant layers; it is believed,
however, that this water layer provides a steric repulsion toward the two surfactant
layers so that the film thickness remains constant.

The stability of foam films is explained by the Gibbs—Marangoni effect. Although
the thickness of black films may be <100nm, they do not become dramatically
unstable in comparison with foam films, which may be approximately 1um thick.
In fact, it has been reported that thin foam films are less affected by liquid convec-
tion and thus are more stable. Although it is generally considered that Robert
Hooke, an English seventeenth century scientist, was the first to report the exist-
ence of black films, the realization a black film is actually a thin film first appeared
in Opticks, a writing by Isaac Newton. Research into black films was subsequently
continued by great scholars such as Dewar and Perrin, and later had a major influ-
ence on the research into oil films on water that was carried out by Rayleigh,
Langmuir, and others, and which helped to create the foundations of the molecular
sciences.

8.3.3
Dried Foam Film

Recently, it was found that free-standing, water-free, surfactant bilayers could be
obtained if the foam films were prepared in micrometer-sized pores and then dried
in air. These films, which are known as “dried foam films” [19], may be prepared
by immersing a copper transmission electron microscopy (TEM) grid in an
aqueous solution of 10mM dodecylphosphocholine (DPC), and then lifting it up
vertically. At the grid is lifted, a very small volume of the solution is captured in
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Figure 8.5 Formation of dried foam films from a dilute
aqueous solution of surfactant. The free-standing surfactant
bilayers form in micrometer-sized pores of a substrate [19].

Figure 8.6 Scanning electron microscopy cross-section of a
dried foam film prepared in a pore of a copper transmission
electron microscopy grid. The surfactant used was
dodecyltrimethylammonium bromide [19].

each of'its pores. Then, as the concentration of the surfactant (DPC) increases due
to evaporation of the water, a Gibbs monolayer will form at the air-water interface.
As the two Gibbs monolayers gradually move closer to each other, a free-standing
film with the thickness of two surfactant monolayers will be formed (Figure
8.5). An excess amount of surfactant molecules will accumulate around the
periphery of the pores during the film-formation process, and accordingly the
dried foam film will be an ultrathin free-standing film with a uniform thickness.
A scanning electron microscopy image of the dried foam film formed from
dodecyltrimethylammonium bromide (DTAB) is shown in Figure 8.6. This image
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was recorded after the deposition of a 2nm-thick platinum layer on the surface of
the film which, because of its very thin structure, appears quasi-transparent to the
electron beam. Based on high-resolution observations of the cross-section, the film
thickness was estimated as 2.5nm after having subtracted the thickness of the
platinum layers, while the thickness of the dried foam film was a little less than
twice the molecular length of DTAB (1.6nm). A dried foam film has a structure
similar to that of a Newton black film. However, whilst the latter has a very thin
water layer containing salt between the two layers of surfactant, the former does
not even contain hydration water. In fact, dried foam films can exist stably even
under ultrahigh-vacuum conditions, with some demonstrating thermal stability
above 150°C. The dried foam films can be obtained from either cationic or zwit-
terionic surfactants, and may also be prepared from long-chain silane alkoxides,
such as octadecyltrimethoxysilane. Furthermore, not only water but also polar
organic solvents (e.g., ethanol) can be used as the solvent. In contrast, homogene-
ous films have not been prepared from anionic surfactants such as sodium
dodecylsulfate (SDS) and nonionic surfactants which have a poly(ethyleneglycol)
(PEG) group as the hydrophilic moiety. Although the reason for this is not yet
completely clear, it can be assumed that the strong interaction among the
hydrophilic groups is essential to stabilize the dried foam films.

It has been reported that various inorganic materials can be deposited on the
surfaces of the dried foam films [20], and this may represent an interesting and
novel approach for the fabrication of inorganic free-standing thin films by using
liquid foam films. When DPC was used, dried foam films with a thickness of only
3nm could not be broken after depositing carbon or silicon layer with a thickness
of 100nm or more by using either thermal or electron beam deposition (Figure
8.7). The reason why these inorganic materials could be deposited was most likely
related to the mechanical stability of the dried foam films. Based on nanoindenta-
tion measurements using AFM, the Young’s modulus of DPC films was estimated
as about 15MPa [21], a value which ranged from one-tenth to one-hundredth of
that of elastic polymers such as polyethylene, and three to four orders of magni-
tude greater than that of biomembranes. Whilst the above-mentioned deposition
seems to be limited to amorphous materials, in the case of platinum or indium
(both of which cause aggregation of the corresponding nanocrystals during the
deposition process) the maximum thickness of the deposited layers was approxi-
mately 10nm.

83.4
Foam Films of lonic Liquids

Whilst, in general, a foam film is considered to be a water layer covered with two
surfactant layers, it has been found that foam films can also be obtained from
ionic liquids, if the correct surfactant is used [22]. One example of this is the
combination of an ionic liquid, 1-ethyl-3-methyl-imidazolium, and a nonionic
surfactant. Figure 8.8 shows the structural changes of foam films prepared by
using the above-described ionic liquid and nonionic surfactant with a polyethylene
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Figure 8.7 (a) Formation of a dried foam film (DFF) of
dodecylphosphocholine (DPC); (b) Schematic diagram of an
inorganic sheet deposited on a free-standing surfactant bilayer
[20].

oxide chain (Brij-35) as the hydrophilic moiety (Figure 8.8). Initially, the foam film
shows a rainbow color, but the interval of interference fringes then becomes larger
with decreasing thickness and, after 50min, a white region appears at the top of
the film. The film thickness of this white region is approximately 200nm. A foam
film made from an ionic liquid has a high viscosity, so that the film can be trans-
ferred onto a porous substrate. On transfer, however, the film becomes increas-
ingly thinner due to capillary forces from the inner wall of the pore, and finally
the thickness becomes approximately 9nm. Such a thin film may be considered
as a Newton black film solvated with an ionic liquid.

Although foam films made from ionic liquids are liquid films, they are able to
maintain their film structure even under ultrahigh-vacuum conditions. Further-
more, whilst the above-mentioned dried foam films are formed in micrometer-
sized pores, foam films of ionic liquid may occur in sizes of at least several
hundreds of micrometers. An important point here is that such films can be pre-
pared by using a polymer surfactant. Figure 8.9 shows a Newton black film pre-
pared from a triblock polymer, Pluronic F127, and an ionic liquid, [EMIM][BF,].
This surfactant polymer has a polypropylene glycol chain at the center, which acts
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Figure 8.8 (a—c) Photographic images of foam films made
from ionic liquid ((EMIM][BF,]) and nonionic surfactant
(Brij-35); (d,e) The film is transferred onto a porous substrate;
(f) Spontaneous thinning to ultrathin free-standing films [22].

Relatively hydrophobic
(OCH,CH(CH3))ss

-

\ /

Relatively hydrophilic
{OCH,CH,)sa0H

£
F
£
s

Figure 8.9 An ultrathin free-standing film made from a
surfactant polymer (Pluronic F127) and an ionic liquid
(EMIMI[BF.]) [22].

as a hydrophobic moiety, while the PEG chains at both ends are hydrophilic and
interact strongly with the ionic liquid. The obtained film covers (homogeneously)
a pore of 250 x 250 um?, and in this case the film thickness was 19nm. The excess
polymers tended to accumulate around the periphery of the film, where they
increased the film thickness.

As is normally associated with soap bubbles, general foam films disappear as
they are dried in air; however, this problem can be solved by using a nonvolatile
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ionic liquid. Furthermore, comparatively large ultrathin free-standing films can be
obtained by using surfactant polymers and, when in time their mechanical strength
is improved, these films will have great potential as separation membranes. The
formation of foam films represents an attractive fabrication process, in which
nanometer-thick free-standing films can be obtained from solution. Yet, in the
future it will most likely be possible to design a wide range of nanostructures by
using chemical methods.

8.4
Free-Standing Thin Films Prepared with Solid Surfaces

Free-standing films with a thickness of several nanometers may be fabricated
using lipid bilayer techniques. Miyashita and coworkers successfully fabricated
free-standing films of bilayer thickness (3.3 nm) by using vinyl polymers with long
alkyl side chains [23]. These ultrathin polymer films were designed to be stabilized
by the hydrogen bonds of hydrophilic polymer chains. The free-standing films
were prepared by transferring the polymeric monolayer formed at the air—water
interface onto a solid substrate that had been coated with a sacrificial cellulose
acetate layer, and then dissolving the sacrificial layer with acetone. The films which
were peeled from the substrates were readily transferred onto a TEM grid with
100pum pores. The air—water interface was also used to prepare inorganic free-
standing films. For example, Ozin et al. synthesized mesoporous silica films by
using an acidic aqueous solution of tetraethoxysilane and a cationic surfactant [24].
After aging the solution at 80°C over a reaction time of minutes to days, both
free-standing and oriented mesoporous films were formed spontaneously at the
air-water interface.

Free-standing films of several tens of nanometers thickness can also be obtained
by means of a layer-by-layer (LBL) adsorption of oppositely charged polyelectrolytes
[25]. This technique requires films to be produced on a smooth substrate and then
to be peeled from the substrate, although on occasion the peeling procedure may
cause damage to the ultrathin films. Consequently, rigid components are often
used as a component of free-standing thin films. For example, Kotov et al. fabri-
cated robust free-standing thin films from a combination of chemically modified
water-soluble CNTs and various polyelectrolytes. The maximum tensile strength
of the films produced was 200-300 MPa, this being approximately 10-fold higher
than that of ordinary polymer/CNT composites [26]. A method for covering pores
that were approximately 100 um in diameter with free-standing thin films by using
an LBL technique was reported by Mallwitz and Laschewsky [27]. These authors
alternately immersed a porous substrate into aqueous solutions of polyacrylic acid
and polyallylamine but, for the first three cycles, omitted the rinse and drying
procedures usually required for LBL adsorption. In this way, pores with a size of
100 X 100 um? could be covered with a polymer film of about 40nm thickness. It
was also possible to chemically stabilize the polymer films by heat treatment at
120°C, as the polyacrylic acid and polyallylamine were crosslinked with each other.

289



290

8 Free-Standing Nanostructured Thin Films

This technique should be especially interesting because it allows free-standing thin
films to be obtained without the use of sacrificial layers.

In a related investigation, Kunitake et al. reported the preparation of robust free-
standing thin films by using a spin-coating process. Here, zirconium butoxide
(Zn(O"Bu)4) and two types of acrylic monomer were spin-coated onto a substrate
with a sacrificial layer, followed by irradiation with ultraviolet light and the recovery
of a polymerized layer in ethanol. In this way, robust free-standing films with a
thickness of 35 nm and a width of several centimeters were obtainable [28]. Moreo-
ver, the films were very soft in texture, in spite of a maximum tensile strength of
100 MPa.

8.5
Free-Standing Thin Films of Nanopatrticles

Free-standing thin films of polyelectrolytes prepared using LBL techniques are
relatively unstable against strong acids and bases. In addition, because the films
are assembled by electrostatic interactions, they often break when other strong
polyelectrolytes such as sodium polystyrene sulfonate are added. Consequently,
these films generally need to be stabilized by crosslinking. However, it seems that
comparatively stable free-standing thin films can be obtained by using colloid
particles as a component of the alternate LBL assembly. Tsukruk et al. prepared
free-standing thin films with a thickness of 25 to 70nm by alternately assembling
gold nanoparticles and polyelectrolyte multilayers on a sacrificial layer and subse-
quently peeling them from the substrate (Figure 8.10) [29]. Despite a thickness of
several tens of nanometers, the films were obtainable in a size range of millimeters
to centimeters; moreover, the films had a Young’s modulus of 8 £ 3.5GPa-an
unprecedented high value for nanocomposite thin films. When Tsukruk et al.
investigated the deformation of free-standing thin films under applied pressure
(4kPa), they found that a free-standing film covering a pore of 600um diameter
possessed remarkable self-restoration properties. Specifically, when the films
were expanded under pressure, they returned to their original flat form in
approximately 10s.

The free-standing thin films of nanoparticles reported by Jaeger et al. also
showed interesting mechanical properties [30]. Here, the surfaces of gold nano-

Figure 8.10 Schematic illustration of a free-standing film
composed of gold nanoparticles and polyelectrolyte
multilayers. Reproduced with permission from Ref. [29];
© 2004, Nature Publishing Group, London.
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Figure 8.11 (a) Free-standing array of surfactant-modified
gold nanoparticles covering a 500nm pore in diameter;
(b) Schematic diagram of the array configuration inside a
single pore. Reproduced with permission from Ref. [30].;
© 2007, Nature Publishing Group, London.

particles of 6nm diameter were first modified with dodecanethiol, after which
a small volume of the gold nanoparticle solution in toluene was spread on a
water droplet. During evaporation of the toluene, the nanoparticles self-
assembled at the air-water interface to produce a densely packed, two-
dimensional array (Figure 8.11). A nanoparticle sheet prepared in this way could
be transferred onto a mesh of TEM microgrid. This single nanoparticle sheet
was approximately 9.4nm thick, such that nanoparticles of 6nm diameter could
be coated with a dodecanethiol layer of 1.7nm thickness. Such films show a
Young’s modulus of several GPa, a rubber-like flexibility, and a thermal stability
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of approximately 100°C. These robust and elastic films may be used as thin-film
sensors.

Recently, it has become clear that nanoparticles have similar functions to those
of the surfactant. The nanoparticles stabilize an oil-water interface or an air—-water
interface to form an emulsion, foam, or powder containing water [31, 32], while
the characteristics of the surfactant appear in both hydrophilic and hydrophobic
nanoparticles. Free-standing thin films of nanoparticles are mechanically more
stable than thin films of the surfactant; for example, the above-mentioned dried
foam films (free-standing bilayers of surfactant) have an elastic modulus of several
tens of MPa. Rigid bilayers may be obtained from the salts of anionic and cationic
surfactant molecules (a so-called “catanionic” surfactant), and these have elastic
moduli in the region of 100 MPa [33]. In contrast, free-standing thin films of nano-
particles have moduli that are 10- to 100-fold larger than those of surfactant-based,
free-standing thin films. The production of large-area, free-standing thin films of
nanoparticles was reported by Xia and Wang [34]. Although, in general, rigid
nanoparticle films are not suitable for scaling-up, it seems possible to form free-
standing thin films with areas of up to several square centimeters, and a thickness
of approximately 12 nm.

8.6
Nanofibrous Free-Standing Thin Films

8.6.1
Electrospinning and Filtration Methods

Nanofibrous free-standing thin films are usually fabricated by using an electros-
pinning technique where a polymer solution is poured into a syringe-like container
and a high voltage is applied. When the polymer solution is ejected through con-
tainer nozzle to a grounded electrode (usually a metallic plate), the solution flow
becomes extra fine, the solvent evaporates simultaneously, and a nanofibrous
sheet is formed on the electrode [35]. One advantage of this technique is that
various nanofibrous free-standing thin films can be formed by mixing different
components into polymer solutions.

Free-standing thin films can also be fabricated by the filtration of nanofibrous
materials, a method that is similar to the preparation of paper using cellulose
microfibers. Wu et al. fabricated nanofibrous free-standing thin films from aqueous
dispersions of single-walled carbon nanotubes (SWNTs) (Figure 8.12) [36]. When
prepared using a pulsed laser, the SWNTs may contain many impurities, but can
be purified by refluxing in aqueous nitric acid for a few days, followed by repeated
filtration. The surfaces of the purified nanotubes become partially oxidized, which
allows them to be dispersed in water, using a surfactant. The nanotubes were
filtered on an esterified cellulose filter, washed thoroughly, and immersed in
acetone to dissolve the cellulose filter. The result was a transparent free-standing
thin film with electrical conductivity, a thickness of >50nm, and a diameter in
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Figure 8.12 (a) Transparent SWNT films; (b) A large
80nm-thick SWNT film on a sapphire substrate; (c) The same
film on a flexible sheet; (d) AFM image of a SWNT film
surface. Reproduced with permission from Ref. [36]; © 2004,
American Association for the Advancement of Science.

excess of 10cm. Whilst the transmittance of visible light was similar to that
of indium tin oxide (ITO; a conductive metal oxide thin film), that of infrared
light was considerably greater. The free-standing thin films of CNTs, which are
known as “buckypaper,” are said to be used in spacecraft and next-generation
electronics.

Filtration represents a simple and excellent method for fabricating free-standing
thin films with a large area. Although the film thickness is well controlled by the
volume of the nanofiber dispersions to be filtered, the filtration method requires
nanofibrous materials with a high aspect ratio, such as CNTs. Notably, in order to
prepare ultrathin nanofibrous films, extremely fine nanofibers and a high dispers-
ibility in solvent are required. In addition, the nanofibers must be rigid and suf-
ficiently tough (in mechanical terms) to undergo treated with suction filtration.
The SWNTs satisfy all of these requirements.

8.6.2
Metal Hydroxide Nanostrands

Recently, extremely fine nanofibers that were very similar to SWNTs were
identified and referred to as “metal hydroxide nanostrands” [37]. For example,
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Figure 8.13 Scanning electron microscopy image of copper
hydroxide nanostrands. This image was obtained after
depositing 2nm-thick platinum [38].

when a dilute copper nitrate solution (Cu(NOs),; 1.6mM) is mixed with aqueous
ethanolamine to create a neutral pH and aged for one day, remarkably long and
thin nanofibers of copper hydroxide are formed. Indeed, their length exceeds
several tens of micrometers despite a diameter of only approximately 2.5 nm [38]
that is only slightly larger than that of SWNTSs (0.7-2.0nm). A scanning electron
microscopy (SEM) image of the nanofibers of copper hydroxide is shown in Figure
8.13. Similar nanofibers were obtained by mixing dilute aqueous solutions of
sodium hydroxide and cadmium nitrate; the resultant nanofibers of cadmium
hydroxide grew rapidly, producing a length of several micrometers after only
10min. Therefore, the nanofibers were discovered at an earlier time [37]. The
diameter of the cadmium hydroxide nanofibers, at 1.9nm, was very similar to
the 2.0nm diameter of double-stranded DNA (ds-DNA). These nanofibers could
also be obtained as an aqueous dispersion, and behaved in similar fashion to an
organic polyelectrolyte. Because their colloidal properties were very close to those
of ds-DNA, these nanofibers were named “cadmium hydroxide nanostrands.”
Subsequently, similar nanostrands of zinc hydroxide were prepared, with widths
ranging from 2 to 2.5nm (these varied according to the viewing angle) [39]. Zinc
is a biologically essential element, the recommended daily intake of which is 10mg
for an adult male human. The zinc hydroxide nanostrands were shown to dissolve
readily in water, and to form complexes with amino acids and other ligands.
For a combination of these reasons, they may be referred to as “nontoxic”
nanomaterials.

The most important feature of metal hydroxide nanostrands is the fact that they
are extremely positively charged. Based on the results of adsorption experiments
with negatively charged dyes, approximately one-sixth of the cadmium atoms that
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comprise cadmium hydroxide nanostrands are thought to be positively charged;
this corresponds to about one-third of the surface cadmium atoms. Similarly,
approximately half of the copper atoms at the surfaces of copper hydroxide nanos-
trands appear to be positively charged. The structure of a zinc hydroxide nanos-
trand is shown in Figure 8.14; this nanostrand is constructed from hexagonal
clusters that are stacked in the direction of the c-axis, and approximately one-fourth
of the zinc atoms at the surfaces are positively charged. Because of these abundant
positive charges, the metal hydroxide nanostrands can maintain a distance from
each other, and can be uniformly dispersed in water.

The above-mentioned nanostrands are formed in dilute aqueous solutions of
copper (also cadmium and zinc) nitrate at near-neutral pH. The typical concentra-
tions are 2.0mM for the copper ion and 0.8 mM for the base, under which condi-
tions the nanostrands appear to be obtained almost stoichiometrically with respect
to the added base. In other words, if the base concentration is 0.8 mM, approxi-
mately 0.4mM of copper ions will be converted to nanostrands in water. The
coexistence of many copper ions that remained unchanged might be related to the
fact that the nanostrands carry remarkable positive charges. Whilst at present this
is speculation, these nanostrands are the thinnest structures known to be capable
of existing in water; in fact, if they were to become much thinner they might
decompose to hydrated metal ions. Such speculation would, however, explain why
these nanostrands have a constant width.

8.6.3
Nanofibrous Composite Films

Metal hydroxide nanostrands may be readily filtered on a membrane filter with
pores of a few hundred nanometers, to produce ultrathin, nanofibrous, free-
standing films. Unlike CNTs, the nanostrands do not form bundle-like assem-
blies, and consequently the nanofibrous films are much thinner and more dense
than films formed from CNTs. It is also possible that the free-standing films of
metal hydroxide nanostrands are composed of ultrafine fibers that are 1000- to
10000-fold thinner than the cellulose fibers that constitute normal filter paper,
the fibers of which have widths of several tens of micrometers. As many pores
of several tens of nanometers in size are formed in the gaps of the nanostrands,
the latter might have a potential application in air filters for the removal of viral
particles. Likewise, because the nanostrands have considerable positive charges
on their surfaces they would adsorb anionic dyes, proteins, nanoparticles, and
many other compounds with negative charges in water, to form the correspond-
ing nanocomposite fibers. Free-standing thin films can be also obtained from
these fibers by filtration. A TEM image of nanocomposite fibers of cadmium
hydroxide nanostrands and gold nanoparticles is shown in Figure 8.15b. Here,
gold nanoparticles of 20nm diameter were adsorbed electrostatically onto the
nanostrands to produce a weakly gelled solution that could be filtered to yield
free-standing thin films of the nanoparticles. An SEM image of the nanocom-
posite fibers is shown in Figure 8.15a. Similar free-standing thin films may also
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Figure 8.14 (a,b) High-resolution transmission electron
microscopy images of zinc hydroxide nanostrands; (c) The
proposed crystal structure [39].
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Figure 8.15 (a) Scanning electron microscopy image of
free-standing nanocomposite films prepared with 20nm gold
nanoparticles and cadmium hydroxide nanostrands; (b) TEM
image of the corresponding nanocomposite fibers. The inset
in panel (a) shows a photographic image of the free-standing
nanocomposite film [40].
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Figure 8.16 (a) Scanning electron microscopy image of a
free-standing glucose oxidase/nanostrand composite film;
(b) The electrochemical properties of the composite film [40].

be fabricated from a combination of nanostrands and proteins such as cyto-
chrome c, ferritin, and glucose oxidase (GOx). It has been revealed from electro-
chemical experiments that GOx, when embedded in a free-standing nanocomposite
film, has a similar enzymic activity to the native enzyme. An SEM image of a
nanocomposite film formed from cadmium hydroxide-GOx composite nano-
fibers is shown in Figure 8.16a. Here, the free-standing thin film was transferred
onto a gold electrode and the redox properties were measured. The current—
voltage curves are shown in Figure 8.16b. The current response of the proteins,
when embedded into the film, was significantly amplified by the presence of
SmM glucose, which shows that glucose was oxidized and hydrogen peroxide
generated at the electrode.
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8.6.4
Nanoseparation Membranes

Although, in general metal hydroxide nanostrands are not thermally stable, this
problem was recently overcome by uniformly coating the surfaces with conjugated
polymers [41]. As an example, aminoethanol was added to an aqueous solution of
copper nitrate, after which the mixture was aged for several days to form the
developed nanostrands. A very small amount of sodium polystyrene sulfonate was
then added, after which pyrrole and ammonium peroxydisulfate (as oxidant) were
added, and the mixture again aged for several days. By adopting these procedures
the copper hydroxide nanostrands were coated with an extremely thin layer of
polypyrrole. As shown in Figure 8.17b, the thickness of the coating layer was
approximately 3nm, which was very similar to the width of the nanostrand
(2.5nm). Because the core—shell nanocomposite fibers are obtained as an aqueous
dispersion, it is possible to prepare the nanofibrous free-standing thin films by
filtration; such a film is shown in Figure 8.17a. As polypyrrole is chemically stable,
the free-standing thin films of the nanocomposite fibers were also stable over a
wide range of pH-values, and at temperatures up to at least 300°C. As seen in the
SEM image (Figure 8.17a), the surfaces of the free-standing films included pores
that were several tens of nanometers in diameter, although because the nanocom-
posite fibers overlapped each other the films were able to block water-soluble
proteins of several nanometers diameter. The UV-visible spectra of a dilute
myoglobin solution, before and after passing through this free-standing thin film,
are shown in Figure 8.18. Based on the peak intensities, approximately 90% of the
myoglobin (particle size 2.5 x 3.5 X 4.5nm’) was filtered out. One surprising point
was the ultrafast permeation of water through the nanofibrous membrane.
Although in the above-mentioned myoglobin filtration the rejection was 90%, the

Figure 8.17 (a) Scanning electron microscopy image of
nanofibrous free-standing film of copper hydroxide nanostrand
coated with polypyrrole; (b) High-resolution transmission
electron microscopy images of the nanocomposite fibers [also
inset to panel (a)] [41].
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Figure 8.18 UV-visible absorption spectra of myoglobin (Mb)
solution before and after filtration [41].

filtration rate was 59001h™ m™bar™", which was approximately two orders of mag-
nitude greater than that of normal ultrafiltration membranes. This effect was
achieved because the thickness of the free-standing thin films was only 40nm.
The free-standing films of polypyrrole-coated nanostrands were very tough, and
the applied pressure was not less than 100kPa if the film was placed on a porous
aluminum membrane with 0.2um pores. As a result, a very rapid ultrafiltration
could be achieved.

8.7
Conclusions

In this chapter, we have introduced new fabrication methods for nanostructured
free-standing thin films. In the past, free-standing films have been produced con-
ventionally by either the casting or spin-coating of polymer solutions, or by the
spreading of a polymer solution onto an air-water interface. Problems were
encountered, however, when attempting to obtain free-standing thin films with
thicknesses of only several hundreds of nanometers, or less. Previously, inorganic
free-standing thin films were formed by thermal deposition on a substrate, after
which the substrate had to be etched. Unfortunately, this method proved to be
very expensive and difficult to carry out when fabricating free-standing thin films
with a large surface area. In order to overcome such problems, mechanically stable
free-standing thin films have been designed and new processes developed. At the
same time, the fabrication of nanothickness, nonwoven fabrics became possible
by using long and thin fibers such as CNTs. This advance was mainly due to the
discovery of new inorganic nanofibers and to improvements in the fabrication
process. In particular, because metal hydroxide nanostrands can be produced only
by mixing metal nitrate and alkali in water, this has led to a general method for
the production of nanothickness, nanofibrous, free-standing films.
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These free-standing thin films may be rapidly incorporated into applications
such as water purification and, because the mechanical strength has been improved
and the films have become very thin, such that filtration rates have been improved
by two to three orders of magnitude. In future, the separation performance of
nanometer-thick free-standing films will be further improved by controlling not
only the film’s pore size but also its affinity towards molecules and macromole-
cules. In particular, the high-speed separation of biomacromolecules such as
proteins and polysaccharides might prove to be a major innovation in the fields
of medicine and food production. It is also clear that nanostructured free-standing
thin films will make significant contributions to the separation of materials such
as water, ethanol, methane, and carbon dioxide, which are considered to be the
“basic components” of the 21st century. Clearly, the main future target is to
develop the excellent performance of nanoseparation membranes for small mol-
ecules, as this will undoubtedly have a major social impact in terms of energy-
related and environmental problems.
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Dip-Pen Nanolithography of Nanostructured Thin Films for the
Life Sciences

Euiseok Kim, Yuan-Shin Lee, Ravi Aggarwal, and Roger J. Narayan

9.1
Introduction

The growth of nanotechnology during the past decade has led to the development
of different methods for the fabrication of nanostructures. In particular, nano-
lithographic methods such as electron beam lithography, nanoimprinting and
tip-based lithography have enabled the fabrication of features as small as 10nm.
This, in turn, has opened up the possibility of developing both microbioarrays
and nanobioarrays, which can revolutionize not only medical diagnostics but also
areas such as proteomics [1]. In general, small-sized biopatterning provides more
sensitivity and a higher throughput for protein analysis and medical diagnostics,
because a large number of targets can be evaluated in a more rapid manner. In
addition, it can provide significantly lower limits of detection [2]. Whilst most cur-
rently available protein arrays are generated using spotting methods (see Figure
9.1), these methods cannot meet the demand for smaller feature sizes. Hence,
there has been increasing interest in adopting nanolithography methods for
micro- and nanobiopatterning because of the improved resolution that these
methods provide over current techniques, including ink-jet printing and the ring
and pin method.

A variety of substrates such as metals, silicon and glass, which often are coated
with thin films, have been used for biopatterning using nanolithography. The
surface of these substrates is sometimes modified in order to improve or facilitate
the binding and immobilization of the biomaterials for subsequent applications [3].

Each nanolithography method has its own advantages and disadvantages for life
sciences applications. For example, whereas some methods can be used to deposit
biomaterials directly onto thin substrates, others can deposit biomaterials only
indirectly by using a prepatterning for self-assembly. In addition, different process
conditions may be required for the different methods, and the resolution of the
patterning may also differ. Consequently, the selection of a nanolithographic
method for biopatterning requires careful consideration of all these aspects. Today,
several reviews are available that describe nanolithography and biopatterning, and
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(a) (b)

biomaterial

pin

biomaterial

Nozzle
Figure 9.1 A description of the current methods used to
generate microarrays. (a) Inkjet printing method; (b) Ring and
pin method.

which discuss the advantages and disadvantages of nanolithographic methods for
applications in the life sciences [4, 5].

Dip-pen nanolithography (DPN) is a relatively new, tip-based nanolithography
method, which was first demonstrated in 1999 [6]. Since its discovery, DPN has
been investigated for its applications in nanofabrication, for semiconductors, and
also in the life sciences because of its simplicity and flexibility as a nanolitho-
graphic method. In fact, it has been shown that DPN can be used either directly
or indirectly to fabricate bioarrays, and with a high process flexibility. In this
chapter, attention will be focused on DPN processes and their application in the
life sciences. Various approaches towards the fabrication of bioarrays, including
direct and indirect DPN, together with details of the most important process
parameters, and of several applications (with examples) will also be discussed.

9.2
Dip-Pen Nanolithography

Dip-pen nanolithography is a direct writing method in which the tip of an atomic
force microscope is used to transfer molecules or nanoparticles to the surface of
a substrate so as to create a desired pattern. In DPN, the material to be patterned
is coated onto the microscope tip, and then transferred from the tip to the substrate
surface through a water meniscus. This process can be used to create self-
assembled monolayers (SAMs) on the substrate, with great selectivity. Although
the DPN concept is similar to that of micro/nano-contact printing, it provides a
greater flexibility because it allows control over the size of the pattern by manipu-
lating both the tip speed and dwell time (see below). Indeed, this process can be
used to pattern features with sub-100nm resolution.

DPN has several advantages over other nanolithography methods. Notably,
it involves neither expensive equipment nor a restricted environment (as does
electron beam lithography), and can be carried out under ambient conditions. In
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contrast to micro-contact printing and nano-imprinting methods, it is not neces-
sary to fabricate a pattern mold for DPN because the process itself can be used to
control the size and shape of the pattern, via the tip movement. Whilst the tip
movement speed will control the volume of ink that is transferred to the substrate,
using the tip to transfer material does place certain limitations on the process. For
example, the possible geometries generated by DPN are very limited because the
diffusion rate of the ink coated onto the tip is the same in all directions on the
substrate. This means that any polygonal pattern which includes sharp edges
cannot be created using DPN. When the tip moves around in a polygonal area on
the substrate, the resulting patterned shape may be a dot rather than a polygon,
because of the diffusion. Hence, DPN is suitable for the patterning only of
dots and lines which do not have sharp edges. The patterning of particle-based
materials does not have this limitation, as it is not affected to any great degree
by diffusion.

A second disadvantage of DPN is that it cannot support high process speeds
because of its serial nature. For example, if a dot pattern has to be created, the
microscope tip must move to every single dot and stay there for the same dwell
time. As an example, if DPN was used generate a 50 x 50 dot array with a 10s
dwell time in an 80 x 80um? substrate, it would take approximately 7 h; thus, the
duplication of 10 patterns would take 70h. To overcome this problem, a significant
amount of research is currently being conducted in the development of a parallel
DPN process. In one such effort, an AFM probe fitted with 55000 tips over a 1 cm?
area was developed for parallel writing, and achieved a very high throughput
(writing rate 3 X 10" um?h™ [7]) was achieved. A parallel polymer pen probe, instead
of a conventional silicon nitride pen, has also been developed for parallel DPN [8].

9.2.1
Important Parameters

The quality and resolution of patterns fabricated by DPN depends on many factors:

e Chemical interaction: The most important factor is the chemical interaction
between the ink material and the substrates. Only if there is good ink-substrate
interaction can DPN create a stable pattern. Although it is possible to transfer
the ink from tip to substrate when the chemical interaction is poor, the pattern
will not be stable as the ink will simply be placed on the substrate, without any
bonding. Based on these chemical interactions, several combinations of inking
material and substrate may be suitable for DPN [9].

« Diffusion: The diffusion of the ink represents another critical parameter that
determines the resolution and reproducibility of the DPN patterns. Ink diffusion
during DPN is controlled by many factors, including humidity, temperature,
and substrate roughness. Among these factors humidity is dominant, as the
formation and characteristics of the water meniscus between the microscope tip
and substrate are dependent on humidity. However, the influence of humidity
also depends on the ink material, and must be examined for each ink—substrate
combination.
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Figure 9.2 The effect of dwell time on the size of MHA dots
on a gold-coated mica substrate. Dwell time from right to left:
40s; 30s; 20s; 10s; 5s.

e Tip size: In order to achieve a high resolution of patterns, the tip size is an
important factor, as a larger tip radius will mean a greater contact area being
generated between the tip and the substrate, and hence poor resolution.

o Surface roughness and grain size of the substrate: Both of these factors may
influence the resolution of the pattern, as well as its reproducibility.

Consequently, the best DPN patterns are achieved with optimum humidity, a
small tip radius, and a smooth substrate surface, and with correct control of these
parameters DPN can easily create sub-100nm structures. Feature sizes generated
by DPN can also be controlled by the dwell time and tip speed (see Figure 9.2):

e Dwell time: In order to create a dot, the tip is held at a desired point on the
substrate for a certain time; this is known as the “dwell time.” A long dwell time
means a longer diffusion length and a larger diameter of the patterned dot. On
the other hand, lines can be created by moving the tip at a certain speed; again,
a slower tip speed will result in more time for diffusion and hence a higher
width of the patterned lines. The best resolution achieved to date for DPN
patterns has been ~15nm, for the patterning of mercaptohexadecanoic acid
(MHA) on gold substrates [10].

9.2.2
Applications of DPN

As discussed above, biomaterials such as proteins and viruses can be patterned
using DPN for medical diagnostic and biochip/sensor applications[11, 12]. Recently,
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Figure 9.3 Atomic force microscopy images of deposited gold
particle on modified silicon substrates using DPN. The sizes
of the gold squares were: (a) 1.150 X 1.150um?%

(b) 0.950 x 0.950um? (c) 0.760 x 0.760pm?

(d) 0.570 x 0.570 pm?.

DPN has also been used both directly and indirectly to pattern gold nanoparticles,
magnetic nanoparticles, and polymers [13-15]. Figure 9.3 shows the atomic force
microscopy (AFM) images of gold particles that have been directly patterned on a
modified silicon substrate. Although nanoparticles of several materials can be pat-
terned on suitable substrates, the binding strength between the nanoparticles and
the substrates is not sufficiently strong for the DPN method to be adopted for appli-
cations such as the repair of masks or the creation of mask resists for nanofabrica-
tion. There are also certain issues associated with dimensional control in both
horizontal and vertical directions. Notably, for the direct DPN patterning of nano-
particles it is almost impossible to control the pattern thickness; however, an indi-
rect patterning based on DPN may be used to generate SAMs of nanoparticles.

Polymers and molten metals can also be patterned using electrochemical and
thermal variants of DPN:

e In electrochemical DPN, a voltage is applied to the substrate through a cantilever
tip during the DPN process, and this causes the surface of the substrate to be
chemically modified. A pattern of polymer structures on silicon substrates has
been successfully generated using electrochemical DPN [16]. This was achieved
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by spin-coating the substrate with a thin monomer layer, which was then
selectively polymerized using electrochemical DPN.

o Thermal DPN uses heat rather than an electric voltage to modify the surface of
the substrates. Thermal DPN has been used to pattern polymers [17] and metals
[18], in which a thermally heated AFM cantilever tip will enable the modification
of a precoated polymer layer on the substrates. Thermal DPN can also be used to
deposit molten metals transferred through the heated cantilever to the substrate.

Typical structures created by the electrochemical and thermal DPN processes are
shown in Figure 9.4. The primary advantage of these DPN methods is that the
structures that they pattern are very stable.

(b)
Figure 9.4 Nanostructures generated by electrochemical and
thermal DPN. (a) Polymer structures on the silicon substrate
generated by electrochemical DPN. Reproduced with
permission from Ref. [16]; © 2006, American Chemical
Society; (b) The metal structure on the glass substrate
generated by thermal DPN. Reproduced with permission from
Ref. [18].; © 2006, American Institute of Physics.
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(a) Gold dot array on a mica substrate. Permission for this figure is being obtained.
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(b) Gold dot array on a silicon substrate. Permission for this figure is being obtained.

Figure 9.5 Atomic force microscopy images of a gold dot
array on (a) a mica substrate and (b) a silicon substrate after
wet etching.

Although, DPN cannot be used directly to fabricate three-dimensional (3-D)
nanostructures, if it is combined with processes such as wet/dry etching, the
two-dimensional (2-D) DPN patterns can easily be transferred into three dimen-
sions. Hence, indirect DPN may represent a substitute for current nanolithog-
raphy methods. The SAMs on substrates deposited by DPN can also serve as a
mask for wet chemical etching. For example, monolayers of thiols patterned on
gold substrates can protect a patterned area against a gold etchant, such that
the thiols patterned on a gold substrate may serve as a positive mask. Figure
9.5 shows gold patterns on mica and silicon substrates after chemical etching;
these were generated using DPN by patterning 16-MHA onto gold-coated sub-
strates, followed by an iron-nitrate/thiourea etching. Both, positive [19] and
negative [20] patterns created by DPN and chemical etching have been reported.
Regardless of the area of application, the most important issue for DPN is
to generate repeatable and high-resolution patterns; however, in order to
achieve such a feat, all of the parameters that affect DPN must be carefully
controlled.
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9.3
Direct and Indirect Patterning of Biomaterials Using DPN

9.3.1
Background

When conducting DPN of biomaterials, there are two important issues: (i) that the
biomaterials should maintain their native activity and properties after DPN pat-
terning; and (ii) that the target materials are immobilized on the pattern area of
substrate, using appropriate methods. In general, four methods can be used to
create such immobilization, namely electrostatic/hydrophobic interaction, physical
entrapment, covalent binding, and biorecognition [21] (for a visual description of
these, see Figure 9.6). Electrostatic immobilization utilizes the positive and nega-
tive charge between substrates and target materials, while covalent bonding uses
a common ion between the predeposited materials on a substrate and the target
material. In contrast, biorecognition utilizes the protein—protein interaction of
antibody and antigen. Among these methods, covalent binding and biorecognition
are the most frequently used for biomaterial deposition, while the nonspecific
adsorption of a material onto the substrate is used occasionally for physical entrap-
ment. For example, hydrophobic interactions are commonly used in materials for
microarray applications. Nonspecific interactions between the substrate materials
and patterned materials may occur during the patterning process; however, the
hydrophobic forces may sometimes cause denaturation of the proteins.

Two approaches, namely direct and indirect, are available for patterning bioma-
terials with DPN on the substrate:

e In direct patterning, a coated material on the microscope tip is deposited directly
onto the substrate, without any post processing, with the tip carrying the target

44+
|

Electrostatic Covalent
immaobilization immobilization
Physical

Biorecognition entrapment

Figure 9.6 The four general immobilization methods used for
bioarrays. Reproduced with permission from Ref. [21];
© 2006, Elsevier.
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material(s) to the substrate. Whilst it is possible that biomaterials are attached
via a surface modification of the tip, it is also necessary to generate a binding
force between the deposited material and the substrate, usually with the aid of
organic and chemical linkers for biomaterials. Following deposition of the linker
layer, which can bind with both the substrate and target material, the biomaterial
can be patterned onto the substrate using DPN.

e In indirect patterning, the biomaterial is not directly patterned using the
microscope tip. Instead an organic or chemical linker—but not the target
material—can be patterned, which in turn means that post-processing for the
deposition of target materials is essential. When the substrate has been patterned
with a binding material, the unpatterned area will be passivated against the
target material, after which the substrate is either immersed in a target material
(which is in a liquid state) or is incubated with a target material. The latter will
then be deposited selectively on the patterned area of the substrate.

For both approaches, purification is an important issue when immobilizing a
target material onto a substrate. In order to accomplish a high density of arrays
within the restricted area, it is vital that the size of a dot should be minimized,
and sub-100nm-diameter protein dots of <10nm thickness have been successfully
generated in this respect [11, 22]. Several different types of substrate can be used
to pattern biomaterials, including metals, glasses, and polymers. The direct and
indirect patterning approaches for depositing biomaterials are discussed, and
examples provided, in the following sections.

9.3.2
Direct Patterning

The direct patterning of biomaterials using DPN has opened up the possibility of
fabricating complex biomaterial arrays for functional applications. The challenge
remains during the DPN process, however, to transfer the biomaterial that has
been coated onto the microscope tip to a substrate, without impairing biological
activity [5]. Several different methods have been devised to overcome this problem.
First, the target material can be supplied directly to, rather than coated on, the tip,
using a process that resembles conventional ink-jet printing. In this respect, nano-
fountain probes (see Figure 9.7) have been created to deliver the target materials to
the substrate during DPN [23]; these probes consist of a microfluidics set-up, a
volcano tip, a microchannel network, and a reservoir. The reservoir holds a large
amount of the target material, which it supplies to the tip through the microchan-
nel network inside the probe cantilever. When compared to a conventional DPN
process, where the microscope tip is coated with the target material, a large volume
of material can be stored using this technique. By using the nanofountain probe
method, DNA dot patterns with a minimum feature size of ~200nm have been
successfully created, without impairing the biological activity of the DNA. In order
to improve the patterning rates, probes with multiple tips (up to 12) have been
used to produce DNA arrays, with the feature size being controlled by varying the
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(a) (b)

Figure 9.7 Description of the nanofountain probe. (a) The
overall system; (b) The reservoir and microchannel network
for multiple tips; (c) The volcano tip. Reproduced with
permission from Ref. [23]; © Wiley-VCH Verlag GmbH & Co.
KGaA.
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Figure 9.8 A description of the direct deposition of protein on
SiO,. For details, see the text. Reproduced with permission
from Ref. [22]; © Wiley-VCH Verlag GmbH & Co. KGaA.

dwell time. When using this method it is very important to control the microfluid-
ics within the probe in order to maintain a constant patterning rate.

A second approach is to chemically modify the surface of the microscope tip
and/or the substrate surface, in order to deliver and pattern the target materials
and achieve consistent and high-density bioarrays. In general, a silicon nitride
tip cannot be wetted by biomaterials such as proteins and DNA; consequently,
the tip must be modified by an appropriate chemical treatment to render it bio-
compatible and hydrophilic. Several methods have been introduced to coat the
target materials onto microscope tips. In the case of a silicon nitride tip coated
with 3-aminopropyltrimethoxysilane (MPTMS), DNA was successfully deposited
directly onto a gold surface using DPN [24]. The deposition of sub-100nm protein
features has also been reported on silicon oxide surfaces [22]; this was achieved
by modifying the cantilever with a coating of 2-[methoxypoly(ethyleneoxy)propyl]
trimethoxysilane (Si-PEG), which easily adsorbs the protein.

As shown in Figure 9.8, two different approaches—namely, electrostatic interac-
tion or covalent bonding between the protein and substrate—were used to create
a stable pattern on the substrate. Protein dots with minimum size of ~55nm
have been patterned using this approach. Lee et al. used a coating of gold and
mercaptoundecanoic acid (MUDA) on the microscope tip to increase the
hydrophilicity, which in turn helped to maintain protein stability during the
DPN process [25]. In this study, a gold-coated silicon substrate was coated with a
commercial linker solution (Prolinker™) to facilitate linking of the proteins to the
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substrates. Following modification of the tip and substrate, the protein was suc-
cessfully patterned onto the substrate using direct DPN. In general, the immobi-
lization of biomaterials onto the substrate represents a common problem,
regardless of the patterning method used. On the other hand, the adsorption of
biomaterials onto the tip is an important issue only for the direct DPN method.

9.33
Indirect Patterning

As noted above, the indirect patterning of biomaterials by DPN involves the tip
being used indirectly to pattern a biomaterial onto a substrate. In this case, DPN
is used to create a pre-pattern for binding a target material onto the substrate,
which in turn acts as a linker for a given biomaterial. Following this pre-patterning
by DPN, the biomaterial is applied to the entire substrate, including the unpat-
terned region; thus, there is a possibility that the target material might also bind
with the unpatterned zone of substrate. It follows that the passivation of unpat-
terned areas is necessary in order to prevent nonspecific binding. Many reports
exist of the patterning of biomaterials using DPN in indirect mode, with one of
earliest and best-known approaches being to create MHA patterns on the substrate
and then to bind proteins using those MHA patterns [26]. In order to prevent any
nonspecific binding of protein, 11-mercaptoundecyl-tri(ethylene glycol) was used
for passivation. As illustrated schematically in Figure 9.9, anti-IgG and lysozyme
have each been patterned successfully using this approach. Baserg et al. have also
demonstrated the patterning of a DNA array on a gold substrate [27] by first creat-
ing an MHA pattern on the gold substrate, and then passivating the unpatterned
area with 1-octadecanthiol (ODT). The final stage was to bind the DNA with the
MHA pattern on the substrate. In these studies, a silver and gold template was
fabricated to enable an easy retrieval of the DNA array; for this, the substrate
consisted of a square gold pattern on a silver layer, with the DNA pattern being
created inside the square area.

Other materials may also be patterned on gold substrates that can serve as
templates for biomaterial arrays [11]. For example, 11-mercaptoundecanoyl-N-hy-
droxysuccinimide ester (NHSC11SH) was used to pattern template dots instead
of MHA on a gold substrate. The 11-mercaptoundecyl-tril was used to passivate
the unpatterned zone, and this was followed by an incubation of the substrate in
protein A/G (a protein created using genetic engineering to enhance binding
affinity) and antibody . For these studies, a multipen probe with 26 tips was used
to achieve a high throughput, such that a high-density bioarray was fabricated. In
most cases of indirect patterning, the unpatterned zone of the substrate should be
passivated by chemical or other methods, following molecular patterning to create
linkers for the biomaterial. In some cases, however, a physical change in the
substrate surface can be used for fabricating bioarrays. For example, layers of
heptylamine plasma-polymer (HApp) and diethylene glycol dimethyl ether
plasma-polymer (DGpp) were deposited on a mica substrate [28]. Whilst HApp
is known generally as a protein-adsorbing surface, DGpp is not; consequently,
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Figure 9.9 Protein patterning process using a modification of
a multilayer substrate. Reproduced with permission from Ref.
[28]; © Wiley-VCH Verlag GmbH & Co. KGaA.

HApp could act as a linker for the proteins and DGpp as a passivation layer to
prevent any nonspecific binding of protein to the substrate. The top DGpp layer
was removed physically at selected spots by mechanical plowing with the micro-
scope tip. Following this physical change to the surface of the substrate, rabbit
IgG protein was patterned in those areas which had been physically modified;
finally, anti-IgG was selectively bound with rabbit IgG inside the patterned area.
One important issue in the fabrication of biopatterns is the isolation of single
proteins from complex proteins, which may be a time-consuming and labor-
intensive process. Clearly, it would highly beneficial if such patterning could be
achieved without a need for purification. Currently, most immobilization methods
are incapable of linking certain biomaterials in selective fashion; however, one
possible means to overcome this problem would be to carry out a selective immo-
bilization during the patterning process, using a nitrilotriacetic acid (NTA)/Ni**
pattern in order to bind His-tagged target protein [29]. For this, NTA was patterned
using DPN onto a glass substrate coated with a MPTMS monolayer. The unpat-
terned area was subsequently passivated by polyethylene glycol (PEG)-maleimide
to prevent nonspecific binding. With the NTA/Ni**-patterned substrate, the final
linker pattern on the glass substrate could be generated. Finally, the patterned

315



316

9 Dip-Pen Nanolithography of Nanostructured Thin Films for the Life Sciences

substrate was shown to bind target proteins from a protein complex. The pattern-
ing method, using NTA/Ni** pattern as linkers for His-tagged protein, is well
known and had been reported previously [30]; however, the protein array had
earlier been patterned on a silicon oxide (SiO,) substrate using nanoimprint
lithography.

In general, the indirect patterning process is simpler than its direct counterpart.
Moreover, the indirect method does not necessitate the delivery of biomaterial
using the tip because DPN is involved only in patterning the organic linkers for
the final pattern. Therefore, a high density of bioactive biomaterials can be easily
maintained during and after the patterning process. Despite these advantages, it
is difficult to create patterns with multiple biomaterials on the same substrate so
as to achieve a better functionality for advanced applications.

Although, in this chapter we have discussed only the basic methodology used
to fabricate bioarrays via direct and indirect DPN methods, several other tip-based
nanolithographic methods, including AFM scratching and nanografiing, have been
reported. Nanografting can be used to selectively replace the prepatterned bioarrays
with different biomaterials [31], by using not only a direct contact between the tip
and the substrates, but also self-assembly. Based on the basic methodology of
patterning bioarrays, applications such as biochips, medical diagnostics and
biosensors are discussed in the following sections.

9.4
Applications of DPN for Medical Diagnostics and Drug Development

Currently, the most promising application areas of biopatterning are those of
proteomics and genomics, including protein and DNA structural/functional analy-
sis. Yet, biopatterning can also be applied to medical diagnostics and drug develop-
ment, to achieve less complexity and a high throughput. On examining the current
blood test algorithms and microarray-based algorithms (see Figure 9.10), the sim-
plicity of the latter over the former is very clear. For example, the microarray-based
methods are cost-effective, based on the fact that the use of multiple instruments
with dedicated operators and specific reagents can be largely eliminated. The
microarray-based approach also provides a much greater flexibility, as the incre-
mental cost of additional probes is low. Moreover, the need for repeat testing may
be eliminated by using reaction patterns based on multiple probes per target [32].
As mentioned above, nano/micro bioarrays provide several unique advantages
over the current technology. For example, a high throughput can be achieved with
nano/micro bioarrays because high-density patterning within a relatively small
area provides parallel analyses and a larger number of results. In addition, multiple
tests can be substituted with a single micro/nano bioarray test. Moreover, each
bioarray of proteins, DNA, or other small molecule, has its own unique applica-
tions [33]. Nano/micro bioarray testing is also suitable for investigating pharma-
cogenomics when testing new drug candidates for their efficacy, adverse side
effects, and toxicity. In fact, the information obtained through medical screening
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Figure 9.10 Blood testing algorithms. Reproduced with
permission from Ref. [32].; © Wiley-VCH Verlag GmbH & Co.
KGaA.

and diagnostics may lead to the discovery of a new drug for a certain type of
disease.

9.4.1
General Methods of Nano/Micro Bioarray Patterning

Today, there is a strong move towards the miniaturization of diagnostic testing
for diseases such as cancer and various allergies. Such miniaturization is driven
not only by economic reasons but also by functional reasons such as simplicity,
low sample volume, high throughput, and flexibility [34]. A variety of applications
for micro/nano bioarrays have been developed to date, and some current applica-
tions are listed in Table 9.1. Overall, while microarrays are currently widely used
for many medical applications, nanoarrays are still very much at the developmental
stage.

In medical diagnostics with micro/nano arrays, an antibody can be used to
detect a virus, a cancer, or an allergen [50]. In contrast, for drug testing and/or
screening, the target virus, disease or cancer cells may be patterned and grown
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Table 9.1 Applications of micro/nano bioarrays for medical diagnostic and drug development.

Application Reference articles
Microarray Nanoarray (using DPN)
Cancer diagnosis Ovarian cancer [35] Prostate cancer [38]

Breast cancer [36]
Pancreatic cancer [37]
Prostate cancer [38]

Virus patterning/ Foot-and-mouth disease virus [39] rSV5-EGFP [42]
detection Influenza virus [40] CV1 [43]

Plum pox virus [41] HRV [44]
Allergy detection Glass/Tree pollen and latex allergen [45] -

Orchard grass, cow milk, egg white [46]

Drug development Drug toxicity [47, 48] -
Drug testing [49]

with the candidate drugs. Protein—protein and protein—drug interactions may then
be employed for drug testing and screening. In the case of medical diagnostics,
each type of antibody has its own functionality; for example, immunoglobulin E
(IgE) is the correct selection for allergy tests, whilst IgG can be used in the detec-
tion of viruses. The information acquired from medical diagnostics can subse-
quently be used (as intended) for diagnostic purposes, and perhaps also in the first
step(s) of drug development. There are, however, several critical issues related to
the fabrication of micro/nano arrays for medical purposes. The primary problem
is the immobilization of protein or DNA arrays on the substrate, followed closely
by the need to maintain the bioactivity of bioarrays during and after patterning.
This may be a less-serious problem in the fabrication of microarrays due to: (i) the
relatively large volume of each single drop; and (ii) the processing conditions that
are typically used in microarray fabrication. Nonetheless, these issues cannot be
ignored, as the fabrication of nanoarrays for nanolithography involves very small
volumes of biomaterial. Some of these processes may also require restricted condi-
tions, such as a high vacuum. The mechanism by which interactions between the
patterned materials and target materials is detected during experiments remains
another important issue; with quantum dots (QDs) having been used by others to
detect such interactions and to obtain high-intensity signals.

9.4.2
Virus Array Generation and Detection Tests

Micro/nano bioarrays can each be applied to study the properties and infective
mechanisms of viruses. The detection of viruses by using microarrays is currently



9.4 Applications of DPN for Medical Diagnostics and Drug Development

AFM Tip

W, == iy == ol

Passivation W Metal fon : .
Antibody l

.Qﬁ e B
Antigen |Ei ﬁ

Figure 9.11 Schematic diagrams of the process of virus
patterning generation. Reproduced with permission from Ref.
[43]; © Wiley-VCH Verlag GmbH & Co. KGaA.

MHA patterning

a highly active research area, due mainly to the importance for human medical
diagnostics and for livestock and agricultural products [39]. A detailed understand-
ing of the pathogenic progress between a virus and an infected host cell is not
only of fundamental importance, but also could (potentially) lead to new approaches
for antiviral drug development [42]. Today, several approaches are available for
patterning viruses while maintaining bioactivity and immobilization. Recently,
Vega et al. fabricated tobacco mosaic virus (TMV) patterns on metal templates [51],
and were also successful in patterning Parainfluenza virus SV5 (rSV5-EGFP) on
a glass substrate [42]; in this case, an MHA pattern was created on a glass substrate
using DPN. Here, 11-mercaptoundecylpenta(ethylene glycol) (PEG-SH) was used
to passivate the unpatterned region in order to prevent any nonspecific bonding
between the substrate and the virus particles. Following its passivation, the sub-
strate was immersed in an ethanolic solution of Zn(NOs),-6H,0 to immobilize
the Zn* ions and to bind the antibodies (polyclonal rabbit antibody) to the MHA/
Zn* pattern. Following an incubation for 2h, the antibodies were bound with the
target virus (SV5), after which an infection test on the virus pattern was conducted
using CV1 (African green monkey kidney) cells. The process for generating the
virus pattern is shown schematically in Figure 9.11.

The differential interference contrast microscopy (DIC) and fluorescence micro-
scopy images obtained between 74 and 89h post infection are shown in Figure
9.12. The fluorescence microscopy images indicate that the infection had intensi-
fied over time, with 14 of the CV1 cells having been infected at 95h post infection.
Another virus patterning was reported by the same group [43], using an identical
method of virus patterning with CV1 cells. The application of micro/nano arrays
has been also demonstrated for the detection of human rhinovirus (HRV) particles
[44], using AFM scanning. Clearly, although recent developments into the detec-
tion of viruses using micro/nano protein arrays has been highly successful, there
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Figure 9.12 Differential interference contrast (DIC)
microscopy images (left) and fluorescence microscopy images
(right) during an infection test. Each panel of the figure
relates to a 3 h time interval during the 74-89h post infection
period. The intensity of green fluorescence is seen to increase
over time. Reproduced with permission from Ref. [42];

© Wiley-VCH Verlag GmbH & Co. KGaA.

remains a need to develop patterns of a smaller size, as well as new detection
methods.

9.43
Diagnosis of Allergic Disease

Allergy testing represents another important example of medical diagnostics using
micro/nano bioarrays. Allergic diseases include a heterogeneous group of type I
IgE-mediated hypersensitivity reactions that affect more than 25% of the world’s
population in developed countries [52]. The basic approach to allergy patterning
is very similar to that of virus patterning (see Section 9.4.2), except that the IgE
antibody rather than the IgG antibody should be immobilized. When an allergen
is trapped by IgE, the antigen—antibody interaction can be detected and visualized
using appropriate methods that include fluorescence and chemiluminescence. A
comparison of allergy tests (type I) conducted using a microarray with conven-
tional allergy tests, such as enzyme-linked immunosorbent assay (ELISA) and the
radioallergosorbent test (CAP/RAST) [53], showed the microarray test to provide
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a greater sensitivity than the CAP/RAST. Moreover, the dynamic range of the
microarray was similar to that of the CAP/RAST, but much higher than the ELISA;
the microarray was also able to accelerate the test considerably so that the results
were obtained more rapidly. Although microarrays are unable to provide high
detection rates (due to their small volume) compared to conventional methods,
they will provide sufficient data in the majority of cases. Recently, microarrays
have been used successfully in a variety of allergen tests for pollen, foods, and
latex [45, 46], although a DPN-based device for allergy testing has not yet been
described. Nonetheless, the nanopatterning of antibodies to detect antigens is very
similar to the patterning of IgG, the details of which have been reported
previously.

9.4.4
Cancer Detection Using Nano/Micro Protein Arrays

In recent years, nanotechnology has opened new opportunities for cancer diag-
nostics, notably with regards to the early detection of cancer, tumor imaging, and
antitumor drug delivery [54, 55]. Indeed, today micro/nano protein arrays are used
widely in the study and diagnosis of many different types of cancer. Over the
years, although the “conventional” methods of cancer research have been slow,
they have nonetheless provided a limited insight into the global gene expression
patterns that occur during the different stages of tumor formation. According to
one report [56], within the United States 72% of lung cancer patients, 57% of
colorectal cancer patients and 34% of breast cancer patients are diagnosed at a
late stage. In order to effect a cure for cancer, it is very important that cancerous
cells are detected at as early a stage as possible, and micro/nano array technology
has shown great promise in achieving this goal. Today, micro/nano protein arrays
represent an alternative to the current cancer detection methods. As with other
micro/nano protein arrays, patterning can be achieved using currently available
microarray methods, as well as nanolithography, the key problem being the detec-
tion of the “clues” of cancer in the relatively small volumes of human serum and
blood that are available. Previously, protein microarrays, in conjunction with QD
probes, have been used for the early detection of cancer [57]. In this case the
microarrays were termed “sandwich arrays” because they consisted of an antigen
located between two antibodies. Each antibody acted as a linker on the substrate
and as a detector for the cancer test, with the QD probes being used to visualize
detection during the experiments. In general, cancer detection on micro/nano
protein arrays is a critical issue when acquiring the test results. Following fabrica-
tion of the protein arrays, cytokine detection tests [e.g., for tumor necrosis factor-o.
(TNF-o), interleukin (IL)-8, -6, -13 and -1, and macrophage inflammatory protein-
1B (MIP-1pB)] were conducted, based on the knowledge that cytokine levels in
human blood are altered in the presence of certain types of cancer. The study
results indicated that this method could be used to detect each cytokine above a
certain concentration, such that ovarian cancer [35], breast cancer [36], and pan-
creatic cancer [37] could be detected using protein/DNA micorarrays. In recent
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Figure 9.13 (a) Schematic illustration of a microarray; (b—d)
Images of protein—protein interaction obtained at: (b) 1h;
(c) 2h; and (d) 5h after incubation had commenced.
Reproduced with permission from Ref. [38]; © Wiley-VCH
Verlag GmbH & Co. KGaA.

years the “battery” of cancer-detection tests has expanded with the development
of denser and smaller-sized protein patterns using DPN [38]. Among these devel-
opments, QDs conjugated to antibodies for prostate-specific antigen (PSA) were
patterned on aldehyde-functionalized silicon substrates, using DPN; in this way,
prostate cancer could be detected using the protein arrays, with few control
factors. The bovine serum albumin (BSA) blocking layer used to pattern the
protein arrays caused strong, nonspecific interactions between the antibodies and
normal proteins that might have prevented the protein array from detecting pros-
tate cancer. However, in the absence of these blocking layers the nonspecific
interaction was no longer observed. The detection of such an interaction, and a
comparison of detection test results between normal protein and prostate-specific
antigens, are shown in Figure 9.13. The extent of nonspecific interaction was
clearly negligible.

Although, within this chapter, bioarrays have been discussed only for use in
medical diagnostics, there is no doubt that they offer immense advantages over
conventional diagnostics. However, a number of issues remain that must be
addressed before bioarrays can be applied to diagnostics, notably the efficiency of
the targeting, the quality of the bioarrays, and regulatory issues. Fortunately, none
of these points is expected to hinder the growth of the new technology, which
clearly has the potential to revolutionize health care in the near future.
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9.4.5
Drug Development

The process of drug development incorporates a sequence of stages that include
the screening and classification of disease, and the selection of candidates for
drug testing. Strictly speaking, medical diagnostics (as discussed above) may also
represent one part of the drug development procedure. Today, bioarrays are able
to play an important role in drug development, because they can offer major
advantages over conventional methods, including lower costs, time savings, and
simplicity of the process. The information gathered from medical diagnostics and
screening can be used to discover a new drug for a particular disease [58]. The first
stage of drug development is to screen a target so as to identify a disease pathway.
Then, based on the results of the first stage, the drug candidate is selected and
tested to verify its efficacy and mechanism of action. The final stage incorporates
the determination of any adverse side effects that the drug candidate might cause.
Today, each stage of development can be started using microarrays containing
diseased cells; in this way a disease pathway might be identified using disease
microarrays, whereas at a later stage the drug candidate may be tested based on
the disease arrays. In the drug-testing scheme the target cells (e.g., tumors or
viruses) are patterned, after which the drug candidates are added to the target cell
arrays and incubated with the target cells. Any interaction that occurs between the
target cells and a drug candidate may be detected by fluorescence. The major
advantage of microarrays is that they provide an opportunity to measure param-
eters on hundreds of individual cells and to generate an average value, rather than
measuring the same parameters on the entire cell population [59].

Recently, Lee et al. have developed a drug-metabolizing enzyme—toxicology assay
chip, termed the MetaChip, which is based on microarray technology [60]. The
primary objective of this investigation was to estimate the cytotoxicity of a prodrug
during the development of a novel pharmacologic agent. A schematic diagram of
the experimental set-up, together with the study results, is shown in Figure 9.14.
Here, a sol-gel solution with cytochrome P450 was patterned on a glass slide,
which was coated with methyltrimethoxysilane (MTMOS), using a microarrayer.
The anticancer therapeutic agent cyclophosphamide was then patterned over the
sol-gel solution, and MCF7 human breast cancer cells subsequently cultured.
The cytotoxicity of the prodrug was assessed by monitoring the proportion of dead
cells present.

Although nanoarrays have not yet been applied to drug screening (as discussed
above), if they were to be created using DPN they could be applied to achieve a
higher sensitivity and throughput.

9.4.6
Lab-on-a-Chip Using Microarrays

The term “Lab-on-a-chip” (LOC) refers to the technology in which several func-
tions that are typically performed in a traditional laboratory are, instead, placed on
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Figure 9.14 Schematic diagram of the MetaChip and images
of the results obtained. (a) The P450 sol-gel spots;

(b) Sol-gel spots with the prodrug solution; (c) Cell
monolayer after removing the sol-gel array. The red coloration
indicates dead cells. Reproduced with permission from Ref.
[60]; © 2005, National Academy of Sciences, USA.

a small chip. Although LOC technology is currently being used for medical diag-
nostics, it has plenty of scope for further development and applications. One pos-
sible area of use might be in environmental detection. Whilst medical treatment
is absolutely essential for every patient, the early detection of some types of disease
is more important than the medical treatment. In this respect, the LOC represents
a very promising means of achieving the early detection of a disease, especially
for those individuals who live in regions that lack comprehensive medical facilities.
This technology has a tremendous (though as yet unproven) potential to improve
the health of people in developing countries [61]. Compared to conventional
medical diagnostics, which may be both expensive and time-consuming, the LOC
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can be cheaper and much more accessible to the population. It also facilitates the
early detection of diseases and viruses because of the high sensitivity of the chip,
as well as an easy accessibility. Today, protein microarrays may be integrated with
microfluidics and sensing devices for medical use, with many companies produc-
ing LOCs for applications such as allergic diagnostics and other types of disease.
In one commercially available LOC (produced by STMicroelectronics) [62], the
chip consists of four parts: the microfluidics input ports; the polymerase chain
reaction (PCR) region; the microfluidics connection; and the microarray. In opera-
tional mode, the sample is loaded through the microfluidics input ports and
amplified by the PCR, after which the microarray is used to detect the virus/
disease. In future developments the microarray might be replaced by nanoarrays
patterned by DPN, to create high-sensitivity assays.

9.5
Summary and Future Directions

In this chapter, we have discussed the DPN process and highlighted its applica-
tions in the life sciences, notably in the fabrication of bioarrays. The most impor-
tant issue when patterning of biomaterials is to immobilize arrays on substrates
without impairing their bioactivity. With regards to medical diagnostics and drug
development, bioarrays offer advantages that include high throughout and sensi-
tivity that will most likely revolutionize these areas. The LOC concept, which
involves the incorporation of micro bioarrays for medical diagnostics, was also
discussed. In terms of a high functionality, the bioarray is the primary and most
important component of the LOC, but to achieve high sensitivity and throughput,
the bioarray size must be minimized. Reductions in the size of protein arrays can
be achieved using DPN; typically, it can be used to pattern small features with
sizes in the region of 50nm, and to provide flexibility in terms of bioarray size.
Many issues remain to be addressed, however. Notably, the repeatability of the
pattern size is not good, and the process also requires pre- and post-processing
steps. In this regard, the development of parallel DPN which, potentially, may
improve the patterning rate, has shown great promise.
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Understanding and Controlling Wetting Phenomena at the
Micro- and Nanoscales

Zuankai Wang and Nikhil Koratkar

10.1
Introduction

Wetting phenomena are not only ubiquitous in our everyday lives, but also play
an important role in many technological processes, as well as in many biological
systems [1, 2]. Controlling the wetting property of solid materials is a classical and
key issue in surface engineering. As material systems and devices are increasingly
shrinking to ever-smaller length scales (i.e., from macro to micro to nano), there
is an increasing interest in the study of wetting phenomena at the micro and
nano scales [3, 4]. With the increased surface area to volume ratio at the micro/
nanoscale, some natural questions with regards to wetting phenomena would be:
How do micro/nanostructured surfaces affect wetting phenomena? And is it pos-
sible to engineer the solid-liquid—gas interactions in a clever and well-controlled
way so as to achieve specific functionalities? Thanks to rapid advances in micro-
fabrication and nanofabrication technologies, it is possible to study systematically,
for the first time, wetting phenomena at these scales. By designing and synthesiz-
ing microstructures and nanostructures with desired sizes and dimensions,
various research groups have been able to uncover the fundamental mechanisms
that govern wettability at the micro/nano scales, and to apply this knowledge to
important applications such as surface self-cleaning, microfluidics, and energy
management. Given the dynamic and rapidly evolving nature of this field, there
is a need to review several recent developments in this area, and this is the objec-
tive of this chapter.

At the outset, it is worthwhile reviewing some examples of natural or biological
systems that exploit wetting phenomenon at very small scales. During the course
of evolution, Nature has developed unique strategies to take advantage of wetting
phenomena for complex functions, by producing superior materials and struc-
tures. Below are presented three very interesting observations from Nature:

e Observation 1: Why is the Lotus leaf water-repellent?: The lotus leaf, with its
self-cleaning surface, has attracted the attentions of biophysical scientists and
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engineers for many years [5-8]. The remarkable self-cleaning ability of the leaf'is
enabled by the combined physical morphology (two-scale roughness) and
repulsive chemical properties (nanoscale wax is hydrophobic). This imparts
extreme water repellency (or super-hydrophobicity) to the leaf, enabling water
droplets simply to roll off the surface of the leaf at very low inclination (or
sliding) angles.

* Observation 2: How does the water strider stand on water?: Water striders can
stand effortlessly, but also move very quickly, on the water surface. In the past,
scientists have discovered that the secret behind this lies in the superhydrophobic
surfaces of the insect’s legs, which are covered by large numbers of oriented
tiny hairs (microsetae) with fine nanogrooves. Entrapped air in these two-scale
roughness structures imparts a superhydrophobic wetting property, which
results in an upward curvature force that is much larger than the insect’s weight
[9-12].

¢ Observation 3: How does the desert beetle harvest and control water?: In the
Namib Desert in southern Africa, rainfall is scarce. However, the desert beetle
has evolved to take perfect advantage of the tiny amount of water available in the
desert by its unique droplet-producing and -controlling mechanism [13, 14]. The
back and legs of the beetle are textured, and exhibit an extreme hydrophobic-to-
hydrophilic spatial contrast. The water-harvesting system operates by collecting
tiny water droplets on the hydrophilic seeding points on the beetle’s back; these
are surrounded by hydrophobic areas that drive the water towards the hydrophilic
collection points. When the droplet grows to a critical size, and when the
pinning force can be easily overcome with the help of the wind, the droplet
becomes detached and rolls downwards to the beetle’s mouth.

Based on the above observations from Nature, it is obvious that nano- and micro-
texturing has a major impact on wetting phenomena. Without its special two-scale
roughness features, it would be impossible for the Lotus leaf to maintain its self-
cleaning property; without the dominance of capillarity and superhydrophobicity
enabled by its two-scale roughness, it would be impossible for the water strider to
walk freely on water; and finally the extreme wetting contrast enabled by nano/
microtexturing enables the desert beetle to harvest and control water. Just as
Nature uses nano- and microengineering to control wetting and to achieve desired
functionalities, the question arises as to whether the same can be achieved with
man-made systems and devices.

The first step to achieving this is to design and create artificial superhydrophobic
surfaces with micro/nanoscale surface roughness features. Consequently, an
initial review is provided of the fabrication of such surfaces and the characteriza-
tion of their wettability, under static conditions. The wetting behavior of the
superhydrophobic rough surfaces under dynamic and droplet impact conditions
is then be reviewed, as are the strategies employed to control and manipulate the
wettability of surfaces using electrical (e.g., electrostatic and electro-wetting)
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methods. Following a description of the emerging electrochemical techniques that
enable wettability switching in carbon nanotube (CNT) membranes, a summary
is provided of the present field, together with some future perspectives for
continued research. The aim of this chapter is to cover the fundamental physical
mechanisms of wetting, contact angle, wetting transition, dynamic wetting and
impact, the design/creation of superhydrophobic surfaces, and the active control
of wettability and wettability switching. It should be noted that several other
excellent articles [1] and reviews [2—4, 8] on similar topics are available, although
none of these covers all of the above topics. In particular, the chapter’s aim is to
review the latest developments and advancements in this rapidly evolving and
fascinating field.

10.2
Wetting and Contact Angle

“Wetting” refers to the study of how a liquid, when deposited onto a solid (or
another liquid) substrate, spreads out. Roughly speaking, two extreme wetting
limits are often desired: (i) complete wetting, where a liquid, when brought into
contact with a solid, forms a film spontaneously [8]; and (ii) complete drying, where
the liquid drops remain spherical without developing any contact with the surface.
The specific wettability can be characterized by measuring the contact angle of a
liquid placed on the surface of a solid. The contact angle is the angle formed by
the solid-liquid interface and the liquid-vapor interface, measured from the side
of the liquid. On a flat, smooth, and chemically homogeneous surface, the contact
angle can be related to the interfacial energy by the Young’s equation [1]:

cos@ =L Tst (10.1)
Yic

where ¥, %1, and % are the surface tensions at the solid—air, solid-liquid, and
liquid—air interfaces, respectively. Generally, the surface is termed as “hydropho-
bic” when the contact angle is higher than 90°, otherwise it is hydrophilic. The
smaller the contact angle, the more hydrophilic the surface. Generally, if the
contact angle on the solid surface is greater than 150°, the surface is called
“superhydrophobic.”

From Equation 10.1, it can be seen that the contact angle on the solid surface
can be altered by modifying the solid surface energy. For example, a hydrophilic
surface could be transformed into a hydrophobic surface by simply depositing on
that surface a thin coating of fluorinated molecules. However, the greatest contact
angle that can be achieved on flat surfaces by the use of such coatings is typically
less than 120°. Therefore, superhydrophobicity cannot be achieved on flat surfaces
by modifying the surface energy alone. In order to achieve a higher contact angle,
a rough or textured surface is necessary, as in the Lotus leaf.
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(a)
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Figure 10.1 Two wetting states on rough surfaces. (a) Cassie state; (b) Wenzel state.

Wetting on rough surfaces may assume either of two regimes (Figure 10.1):
(i) homogeneous wetting, where the liquid completely penetrates the roughness
grooves (as explained by the Wenzel model [15]); or (ii) heterogeneous wetting, where
air is trapped underneath the liquid inside the roughness grooves (as explained
by the Cassie model [16]).

In the Wenzel model, the apparent contact angle on a rough surface in the
homogeneous regime, 6, is expressed as:

cosBy =r(cosB) (10.2)

where Ois the contact angle on the flat surface and ris the roughness ratio, defined
as the ratio of the true area of the solid surface to its projection area. Since rough-
ness is always larger than 1, from Equation 10.2 it is clear that, 6, will be greater
than @ if the surface is originally hydrophobic (6 > 90°), otherwise, 6, is less than
0.

The apparent contact angle in the heterogeneous regime, 6, is given by the
Cassie-Baxter (CB) equation [10]:

cosf, = @(cosf+1)—-1 (10.3)
2
¢:%% where ¢ is the solid fraction, expressed as the projected area of the

solid-liquid contacts divided by the total projected area of the solid surface. It is
worthwhile to mention that, as the water droplet remains on the top of the rough
surface, the apparent contact angle in the Cassie model does not depend on the
height of the roughness structures; this is in contrast to the Wenzel model, in
which the contact angle shows a dependency of the height of the roughness fea-
tures. As an example, for a pattern comprised of circle pillars in a hexagonal
matrix, the solid fraction (¢) and roughness (r) can be expressed as:

o= % 14498 (10.4)

where b is center-to-center distance between the pillars, while a and H are the
diameter and height of the pillars, respectively.
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10.3
Design and Creation of Superhydrophobic Surfaces

10.3.1
Design Parameters for a Robust Composite Interface

To mimic the Lotus leaf, a surface is required which has an excellent air-trapping
ability, in which the droplet remains in a Cassie state [8, 17-21]. A Cassie droplet
is critical in ensuring that the droplet can roll easily from the rough surface; this
is an important property for self-cleaning objectives. Thus, geometrically, the
asperities in the solid surface must be tall enough to ensure that liquid protruding
between them does not contact the underlying solid. Thermodynamically, the
droplet must remain in a low-energy state [22-24]. By using the energy approach
(demonstrated in Refs [22, 23]), the Gibbs free energy (G) of a droplet in equilib-
rium can be represented by:

G~ (1—c059)2/3 (2+cos€)1/3 (10.5)

It can be easily verified that the right-hand side of Equation 10.5 is a monotonically
increasing function of 6. As a result, an equilibrium drop shape with a lower value
of the apparent contact angle will have a lower energy. Thus, the Cassie wetting
mode corresponds to a lower Gibbs free energy than the Wenzel wetting mode
if—and only if—the apparent contact angle in the Cassie state is lower than the
Wenzel state. Equating the Cassie and Wenzel equations (Equations 10.2 and 10.3)
gives the critical equilibrium contact angle (6,) as expressed in Equation 10.6.
Contact angles above the equilibrium value lead to a lower free energy state for
the composite interface than for the fully wetted interface [24, 25]:

1-—

<

cosf, = (10.6)

-

-

10.3.2
Creation of Superhydrophobic Surfaces

A large number of elegant techniques to fabricate rough surfaces that exhibit
superhydrophobicity have been reported [26—34]. Generally, these can be divided
into two categories: (i) the creation of a rough surface on a hydrophobic material
(the one-step approach); or (ii) the modification of a rough surface with hydropho-
bic coatings (the two-step approach). Specifically, the fabrication methods reported
include: template synthesis; electrochemical deposition; photolithography; chemi-
cal vapor deposition (CVD), and sol-gel processing [26-34].

The Cassie and Wenzel models described above provide the general guidelines
for the design of superhydrophobic rough surfaces. These models indicate that
the contact angle on a rough surface is governed by two parameters: the contact
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angle on the flat surface (6); and the solid fraction (¢) or roughness (r). It should
be noted that the solid fraction and roughness are not absolute quantities, but are
relative, as this allows significant flexibility in the design and creation of superhy-
drophobic surfaces. For example, by retaining the same solid fraction the same
static contact angle can achieved by using either nanoscale or microscale rough-
ness, or a combination of these.

10.3.3
Superhydrophobic Surfaces with Unitary Roughness

In Nature, there exist many superhydrophobic surfaces with unitary features (i.e.,
microscale or nanoscale roughness only) [35]. For example, the Ramee leaf is
uniformly covered by tiny fibers with diameter of 1-2 um; this structure effectively
entraps air and forms a superhydrophobic surface with a water contact angle of
~164°. Interestingly, this phenomenon is also observed in the Chinese water-
melon, indicating that hierarchical dual-scale structures (i.e., combinations of
micro- and nanostructures) are not a necessary condition to form effective super-
hydrophobic surfaces. Superhydrophobic surfaces with nanoscale roughness
alone have also been demonstrated on various materials [26, 29, 36-38], such as
ZnO nanostructures, silicon carbide nanowires, nanofibers, metal nanorods, and
CNTs. Artificial superhydrophobic surfaces with microscale roughness [26, 36,
39-41] have been developed on materials such as polydimethylsiloxane (PDMS),
silicon, polymers, and block copolymers.

10.3.4
Superhydrophobic Surfaces with Two-Scale Roughness

Although unitary roughness can exhibit superhydrophobicity, the general consen-
sus within the scientific community is that micro- and nanometer-scale hierarchi-
cal structures promote more robust superhydrophobicity, especially from the point
of view of dynamic wetting [42—44]. Recent experiments [45] have demonstrated
that, although multiwalled carbon nanotube (MWNT) arrays (comprising a nano-
scale roughness only) exhibit a high static water contact angle, they suffer from a
large sliding angle due to a fragile Cassie state that can easily be broken under
dynamic conditions, causing the droplet to become pinned to the surface (Figure
10.2a). Although such a combination of high contact angle and a large adhesion
force to the surface is counterintuitive, it has also been reported on other nanos-
tructures, for example, polystyrene nanostructures, TiO, nanostructures and
PDMS [46—49]. For the TiO, nanostructure, the combination of hydrogen bonding
between the nitro groups and the hydroxyl groups at the TiO, solid-liquid interface
is responsible for the increase of adhesion [48]. Since there is no hydrogen bonding
available in the MWNT array, the wide tilt angle is ascribed to van der Waal’s forces
between the liquid and solid film. Recently, various research groups have created
stable superhydrophobic MWNT arrays by coating the MWNT with low-surface
energy compounds (e.g., fluoropolymers such as polytetrafluoroethylene) [50].
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Figure 10.2 (a) Snapshots of the droplet during the sliding experiment. The droplet
shape for a water droplet resting on rolls off the two-scale surface at an inclination
multiwalled carbon nanotube (MWNT) arrays angle of ~8°; (c) Schematic of surfaces with
during dynamic sliding experiments; different roughness features. Reproduced with
(b) Snapshots of the droplet shape with permission from Ref. [45]; © 2007, American
inclination angle for a water droplet resting Institute of Physics.

on a patterned (two-scale) MWNT array

An alternative to improving the dynamic wetting properties without any surface
treatment is to adopt a two-scale roughness structure, as in the Lotus leaf (Figure
10.2¢) [31, 45, 51].The presence of two-scale roughness provides a more robust
liquid—-gas—solid interface, so that the water droplet can slide off the surface at a
sliding angle of 8° (Figure 10.2b) [45].

In order to better understand the impact of two-scale roughness on static and
dynamic wetting, let us consider the Wenzel and Cassie equations. Assuming that
T Tny @my @ are the roughness and the solid fraction of the microscale and nano-
scale features, the effective roughness in the two-scale structure (Figure 10.2¢)
is r,r, and the effective solid fraction is given by ¢,,¢,. Equations 10.2, 10.3 and
10.6 for the surface with nanoscale, microscale and two-scale roughness can be
expressed as follows:
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¢ Nanoscale roughness:
Cassie equation: cos6,, = ¢,(cos8+1)—-1
Wenzel equation: cos6,,, =r,(cos6)

o . . 1-
Criterion that Cassie state is more energy-favorable: cos6 < 1=
 — T
« Microscale roughness:
Cassie equation: cos@, , = @, (cos@+1)-1
Wenzel equation: cos6,,, = 1,,(cos6) 1-¢
Criterion that Cassie state is more energy-favorable: cosf < 2
m — Tm
« Two-scale roughness:
Cassie equation: cos8,,,c = @,,@,(cosf + 1) — 1
Wenzel equation: cos6,,,w = r,,7,(cos6)
1 - ¢m¢n

Criterion that Cassie state is more energy-favorable: cosf <

n@Pn — Tmln

For the same solid surface with a contact angle of 6, since ¢,,9, < ¢,,, ¢, and
Fln > T, T, it is clear from the above equations that the required contact angle
required to maintain a robust Cassie state is the lowest for the surface with the
dual-scale roughness features. Therefore, by engineering a two-scale (micro/nano)
roughness, it is relatively easier for the droplet to remain in the Cassie state and
not to become pinned to the surface.

It should be pointed out that such two-scale hierarchical architectures have
several important applications beyond superhydrophobicicty and self-cleaning
properties. Many unique properties in Nature are related to this multiscale struc-
ture. For example, the directional adhesion on the superhydrophobic wings of the
butterfly Morpho aega arises from the direction-dependent arrangement of nanos-
tripes and microstructures being overlapped on the wings’ surface [52]. A droplet
can easily roll from the wing surface of M. aega along the radially outward direc-
tion of the central axis of the body, while the droplet becomes tightly pinned
perpendicular to this direction.

10.3.5
Superhydrophobic Surfaces with Reentrant Structure

Equation 10.6 also indicates that a robust composite state requires that the flat
surface contact angle should be hydrophobic and larger than the critical equilib-
rium contact angle. This complicates the choice of the surface, given the fact that
many wax structures in Nature are weakly hydrophilic. Recently, superhydropho-
bic surfaces made from hydrophilic materials have been reported, as shown in
Figure 10.3 [53, 54]. The presence of overhung or reentrant structures prevents
the liquid from entering into the indents between the microtextures, and can result
in a more robust composite (Cassie) state. As a result, air can become trapped in
the rough structures, even though the roughness features are composed of a purely
hydrophilic material. Thus, a hydrophobic surface material is not a prerequisite
for the entrapment of gas under a drop, and it is possible that entrapped gas can
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Figure 10.3 Critical role of reentrant texture.  silsesquioxane (POSS), and possessing the
(a,b) Droplets of water (colored with blue) beads-on-strings morphology. The inset

and rapeseed oil (colored with red) on a duck shows the molecular structure of the

feather; (c,d) Schematic diagrams illustrating  fluorodecyl POSS molecules. The alkyl chains

possible liquid—vapor interfaces on two (Ry) have the molecular formula
different surfaces having the same solid CH,CH,CF,),CF3; (f) An SEM image of a
surface energy and the same equilibrium microhoodoo surface. The samples are viewed

contact angle, but different geometric angles;  from an oblique angle of 30°. Reproduced
(e) A scanning electron microscopy (SEM) with permission from Ref. [54]; © 2008,
image of an electrospun surface containing National Academy of Sciences, USA.

44.4 wt% fluorodecyl polyhedral oligomeric

exist on a surface made from hydrophilic materials when the maximum asperity
slope is greater than 7/2, as indicated in Figure 10.3.

10.4
Impact Dynamics of Water on Superhydrophobic Surfaces

Previously, the design and creation of superhydrophobic surfaces by using
micro/nanoscale roughness has been discussed. In many practical situations,
the superhydrophobic nature of the surface must be maintained under dynamic
conditions; for example, in de-icing applications, the impact of water droplets on
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the surface is encountered [55, 56]. The ability of a droplet to rebound from the
surface is critical in such situations. Droplet impact is also important in lab-on-
chip devices, semi-conductor chips, ink-jet printing, rapid spray cooling of hot
surfaces, spray-painting and -coating, precision solder-drop dispensing in micro-
electronics, as well as in liquid atomization and cleaning [57].

Drop impact phenomena on dry solids are extremely diverse and surprising. The
outcome can be deposition, prompt splash, corona splash, receding break-up,
partial rebound, and complete rebound, depending on the impact velocity, drop
size, the properties of the liquid, the interfacial tension of the surface, the rough-
ness and the wettability of the solid surface [57, 58]. In spite of more than 100
years of research, such phenomena are still far from being fully understood, espe-
cially on superhydrophobic rough surfaces.

In the following sections, the results of recent studies are presented [56—61] in
which the impact behavior of superhydrophobic surfaces with nanoscale rough-
ness are compared to that of surfaces with microscale roughness features.

10.4.1
Impact Dynamics on Nanostructured MWNT Surfaces

Impact experiments were conducted on two nanostructured MWNT surfaces with
different wettabilities [56]; one with a contact angle of 163°, and another of 140°.
In the experiment, droplets of deionized water were impacted on the array at
velocities ranging from 10 to 60cms™. The snapshots of a water droplet impacting
an MWNT array with a static contact angle of 163 ° are shown in Figure 10.4a; the
impact velocity for this case is ~56cms™. As shown in the images, the droplet first

MWNT Array 1 mm

(b)

MWHNT Array

Figure 10.4 (a) Snapshots of a water droplet impacting the
surface of a carbon nanotube (CNT) array. The static contact
angle of the nanotube array was 163°; (b) Snapshots of a
water droplet impacting the surface of a CNT array. The static
contact angle of the nanotube array was 140°. Reproduced
with permission from Ref. [56]; © 2007, American Institute of
Physics.
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Figure 10.5 (a) Time history of the droplet’s dynamic contact
angle plotted for the droplet impinging on the 140° and 163°
contact angle MWNT arrays; (b) Normalized contact line
length plotted versus time for droplets to impinge on 140°
and 163 ° static contact angle MWNT arrays with a velocity of
0.56ms™". Reproduced with permission from Ref. [56];

© 2007, American Institute of Physics.

deforms and flattens into a pancake shape, but then retracts and finally rebounds
from the surface. The droplet remains completely intact during the collision, and
does not splash or fragment into smaller droplets. The total contact time (~14 ms)
of the droplet with the MWNT array was found to be independent of the impact
velocity, and this was consistent with the results of others [62]. Under the same
impact velocity (56cms™), for the MWNT array with a lower static contact angle
of ~140°, the droplet spreads but does not rebound from the surface, as indicated
in Figure 10.4b.

As shown in Figures 10.4 and 10.5, during the early spreading phase, there was
no significant difference between the response of the 140° and 163 ° contact angle
arrays. This can be understood by considering the competition between the inertial
force and the viscous force, which governs the spreading process. The competition
can be characterized by using the Reynolds number (R.):

R, =PYR (10.7)
u

where p is the density of water, V is the impact velocity, R is the radius of the
droplet, and p is the viscosity. By substituting the impact velocity into the Reynolds
equation, the computed Reynolds number is ~560, which is much larger than 1.
Therefore, it is understandable that the spreading patterns on the two surfaces are
similar, as the inertial force is dominant over the viscous force. The inertial force
in the impact is almost identical for the two surfaces, while the MWNT surface
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with a higher contact angle will offer a much reduced viscous force. When the
inertial force is equal to the capillary and viscous forces, the water droplet will
begin to decelerate. During the decelerating process, it is expected that the wet-
tability of the solid surface would have a strong influence on the contact line
dynamics. At the end of the spreading process, the surface energy available in
the droplet on the superhydrophobic surface is much greater than on the hydro-
phobic surface.

During the receding process, as the droplet on the 163 ° array begins to retract,
its receding contact angle shows a small reduction compared to its advancing
contact angle; this is in contrast to the 140° array on which a dramatic reduction
was observed in the receding contact angle (see Figure 10.5a). Also, during the
retracting process the contact length for the droplet on the 140° array remains
essentially constant (it is pinned) and does not decrease with time (see Figure
10.5b). This pinning of the contact line ultimately causes the droplet to remain
attached to the surface and prevents it from rebounding. In contrast, the contact
length for the 163 ° array decreases monotonically to zero as the droplet contracts
and subsequently lifts from the surface. Similar results were also observed [56] at
a higher impact velocity of 1.4ms™".

10.4.2
Impact Dynamics on Micropatterned Surfaces

As discussed in the previous section, complete rebounding on superhydrophobic
surfaces with nanoscale roughness (static contact angle ~163 °) was observed under
impact velocities of 1.4ms™ and 0.56ms™'. Now, a very pertinent question is:
under the same static contact angle, are the impact behaviors on micro- and
nanostructured surfaces identical?

In order to answer this question, a superhydrophobic Si micropillar surface
(Figure 10.6b) with porosity (f) of 0.94 (f= 1 — ¢) was fabricated using a deep
reactive ion-etching process. According to the prediction from the Cassie model,
the static contact angle is 162.68°, which is almost the same as the static contact
angle on the surface with nanoscale roughness. It was found that no rebounding
occurs (see Figure 10.6a) at a low impact velocity of 0.56ms™, as opposed to
complete rebounding on the nanoscale surface. With higher impact velocities,
however, the rebounding ability of the droplet on the micropatterned Si surface
becomes progressively worse with the water droplet invariably transiting into the
Wenzel state and being pinned to the surface. These remarkable differences in
dynamic behaviors on the surfaces with nanoscale and microscale roughnesses
can be explained by considering the competition between dynamic pressure and
critical pressure. The critical pressure is a measure of the pressure needed to pump
the water into the microgrooves. If the dynamic pressure overcomes the critical
pressure, then the water will be prone to transit from the Cassie to the Wenzel
state, and rebounding is prevented. Otherwise, it is expected that rebounding
would occur. The critical pressure that prevents the collapse of Cassie to Wenzel
state is expressed as [63]:
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Figure 10.6 Droplet impact behavior on
superhydrophobic surfaces with microscale
roughness. (a) Snapshots of a water droplet
impacting the surface with microscale
roughness; (b) Scanning electron microscopy
image of the micropatterned surface. The
diameter and height of pillars are 40 and
67um, respectively; (c) Measured critical
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impact velocity [59] of a droplet with 1 mm
radius as a function of geometric parameters
(triangles). Data are compared with the
criterion of impact velocity for the pinning of
a droplet (solid lines) for two series of
patterned Si with different pitch values.
Reproduced with permission from Ref. [59];
© 2008, American Chemical Society.
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where L is the perimeter of the capillary, a is the diameter of the capillary, A is
the cross-sectional area of the capillary, f (= 1 — ¢) is the porosity of the surface,
and 6 is the contact angle on the flat surface.

The impacting dynamic pressure (Py) of the droplet is related to its impact veloc-

ity [53], and is expressed as:
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P= % pv? (10.9)

where p and V are the density and impacting velocity, respectively.

At an impact velocity of 0.56ms™, the impact pressure is 156 Pa. For the surface
with nanoscale roughness, the critical pressure is 62.8 kPa (with f=0.96, a=10nm),
which is much higher than the critical pressure of 138 Pa for the Si micropillar
surface (with f=0.94, a = 40 um). This explains why no rebounding occurs on the
surface with microscale roughness, as the impacting pressure is greater than the
critical pressure. However, this situation is reversed for the nanoscale roughness
surface (MWNT array), which enables complete droplet rebound, as described in
Section 10.4.1.

Jung and Bhushan [59] have studied impact dynamics on micropatterned sur-
faces with different porosities. It was found that there exists a critical impacting
velocity (see Figure 10.6¢); here, droplets that impact the surface with a lower
velocity bounce off the surface, whereas those with a higher impact velocity
adhered to the surface. Adherence was associated with the droplet being in the
Wenzel state with a large solid-liquid contact area, whereas those droplets that
bounced off the surface were in the Cassie state, with an air pocket beneath them.

Quéré et al. have investigated droplet impact on superhydrophobic surfaces at
a relatively higher impacting velocity (~4.3ms™) [61]. Here, it was observed that
the shock produced peripheral satellite droplets that were much smaller in size
than the original droplet. It was noted that, on the superhydrophobic surface, the
threshold velocity for the ejection of satellite droplets was much lower than on a
hydrophobic flat surface. This was because the viscous dissipation on the super-
hydrophobic surface was relatively lower, due to the presence of air pockets under
the droplet.

10.5
Electrically Controlled Wettability Switching on Superhydrophobic Surfaces

Previously, the design and creation superhydrophobic surfaces and the impact
dynamics of water droplets on such superhydrophobic surfaces has been reviewed.
For many practical applications, the ability to dynamically control wettability is
greatly desired [64—67], and today many switching techniques that allow the control
of wetting properties have been developed, ranging from magnetic to optical and
from chemical to mechanical [68-72]. Recent progress in the electrical control of
wetting properties on superhydrophobic surfaces, in real-time mode, is reviewed
in the following sections.

10.5.1
Reversible Control of Wettability Using Electrostatic Methods

Chen et al. [73] reported on the modification of surface wetting induced by mor-
phology (SWIM) changes under the influence of electrostatic force. In this study,
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a free-standing metal /polymer membrane with hydrophobic microposts was sus-
tained by SUS8 spacers. Electrostatic force was used to deflect the metal /polymer
membrane, thereby changing the surface morphology as well as the relative
interfacial fraction of liquid-to-solid phase. The water contact angles under this
mechanism could be reversibly manipulated from 131° to 152°, depending on the
liquid-solid interface fraction, which is manipulated by the electrostatic force.

10.5.2
Electrowetting on Superhydrophobic Surfaces

Electrowetting is a popular method used to control wetting in microsystems. In
this method, an insulating layer is introduced between the electrode and the elec-
trolyte. The application of an electric potential between the electrode and electro-
lyte results in an accumulation of charges in the electrical double layer (EDL); this
lowers the surface tension of the liquid, enabling it to wet the solid surface. Due
to its low power consumption and easy integration with integrated chips, during
the past 25 years a large number of devices based on electrowetting have been
devised [74-78]. In particular, electrowetting on planar surfaces has been used
successfully to actuate microdroplets in digital microfluidic devices. On planar
surfaces, the electrowetting equation describing the relationship between the
contact angle and applied voltage can be expressed as follows:

ee, V?

cosB,(V)=cosO+
2yd

(10.10)

where 6 and 6, are the initial and spreading contact angles, respectively, d is the
thickness of the insulating layer, V is the applied voltage, and v is the surface
tension of the liquid. As the contact angle is proportional to V7, the electrowetting
response on planar surfaces is fully reversible.

On rough surfaces, the apparent contact angle and applied voltage relationship
can be expressed as [79]:

ZZ/VZ (10.11)

cosB, =cosO+¢

where ¢ is the solid fraction. Since ¢ < 1, it is clear that the electrowetting effect
is much weaker on superhydrophobic (rough) surfaces than on flat surfaces.
Moreover, once the water droplet has completely wetted the roughness features,
its contact line would be prone to pinning; this would result in a large contact
angle hysteresis and poor reversibility of the electrowetting on such rough surfaces
[79, 80]. For example, studies with superhydrophobic SU-8 patterned surfaces and
nanostructured silicon posts revealed that reversible wetting was not observed
during electrowetting experiments [81, 82]. For the Su-8 micropatterned surfaces
coated with a thin layer of Teflon, the contact angle decreased from an initial 152°
to 90° under an activation voltage of 130V, and switched back to 114° when the
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voltage was turned off [81]. On nanostructured silicon posts, the droplet transited
from a superhydrophobic state to complete wetting with the application of ~50V
bias. When the liquid has penetrated all the way to the bottom of the nanostruc-
tured surface, no reversibility in the wetting was observed when the bias was
turned off [82].

The first report of reversible electrowetting on rough surfaces in an air environ-
ment was recently demonstrated on heterogeneous Si nanowires networks [83].
This consisted of a two-layered structure: a low density of nanowires with a height
of 15um; and a high density of nanowires with a height of 20pm. It would be
expected that the presence of such a two-layer structure would inhibit liquid pen-
etration to the bottom of the surface, and the liquid could therefore reverse back
when the electrowetting voltage was removed. Although these studies have pro-
vided a promising solution for the realization of reversible electrowetting on
superhydrophobic rough surfaces, the switching ability was limited to very large
contact angles (160-137°).

In order to realize fully reversible electrowetting on superhydrophobic surfaces,
it is important to develop theoretical models for wetting and dewetting on rough
surfaces. For example, Patankar et al. analyzed the energy barrier between the
Cassie and Wenzel wetting states in the absence of an electrowetting voltage [23].
Bahadur and coworkers, accounted for the effect of electrowetting voltage by using
an energy-minimization based model, and analyzed the influence of roughness
and interfacial energy in determining the apparent contact angle of a droplet in
the Cassie and Wenzel states [84].

Recently, a systematic experimental study of electrically controlled wetting and
dewetting mechanism on rough surfaces was conducted by the authors’ group
[85]. In this study, superhydrophobic surfaces with different wettabilities were first
developed using a two-step process, first creating a rough surface and then modify-
ing it with a hydrophobic coating. Specifically, desired photoresist features were
first patterned on a Si substrate using photolithography. The deposited photoresist
not only defined the rough surface of interest, but also acted as the mask during
the etching process. During etching, passivation gas C,Fg and etching gas SF, were
passed alternatively; by doing so, the passivation layer (fluorocarbon film) gener-
ated from the reaction of silicon with the passivation gas prevented the sidewall
from etching, and thus a structure with very high aspect ratio was achieved. When
the desired structure had been produced, the photoresist layer could be stripped
off, and then only the passivation gas could be passed. As a result, the entire
surface features will become covered by a uniform layer of a thin fluorocarbon
film. Wetting experiments for such Si micropillar arrays with different porosities
confirmed that the arrays showed a superhydrophobic wetting property; the
Cassie model showed excellent correlation with test data for arrays with different
porosities [85].

As expected, under the application of applied bias, water droplets are found to
wet the surface (see Figure 10.7a and b). When the applied voltage is removed,
the dewetting is found to depend heavily on the porosity of the microarray. For
arrays with high porosity (as in Figure 10.7b), the droplet contact angle does not
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Figure 10.7 Electrowetting experiments for different arrays
with different porosity and aspect ratio. (a) Porosity = 0.42;
(b) Porosity = 0.96. Reproduced with permission from Ref.
[85]; © 2008, American Scientific Publishers.

change significantly and the droplet remains pinned to the substrate (i.e., no sig-
nificant change in contact line length). Such contact line pinning and contact angle
hysteresis is indicative of a sticky Wenzel state, suggesting that the droplet now
resides stably in the Wenzel state and cannot be expelled from the microarray. In
contrast, the microarray with a porosity of 0.42 expels the droplet from the array
(Figure 10.7a) and achieves a hydrophobic state (with contact angle ~110°). Note
that the recovered contact angle (~110°) is lower than the initial contact angle
(~137°) prior to beginning the electrowetting experiment. Therefore, complete
dewetting is not observed even for the array with a porosity of 0.42. This may be
caused by energy dissipation and potential energy loss during the motion of the
water front along the microgrooves. For arrays with an intermediate porosity
(between 0.42 and 0.96), relatively weak dewetting (not shown here) was observed
compared to the results shown in Figure 10.7a for the microarray with a porosity
of 0.42.

The dewetting difference for arrays with different porosities can be explained
by comparing the relative energies of the Cassie and Wenzel states. By equating
the energy in the Wenzel state and Cassie states, a critical aspect ratio (P) was
found (Equation 10.12), which is governed by the porosity (f) of the array and the
flat surface contact angle (6). Above the critical aspect ratio, the Cassie wetting
state is more stable compared to the Wenzel state, and vice versa.
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As shown in Figure 10.8 it is clear that, for a porosity of 0.42 (i.e., for the pattern
tested in Figure 10.7a), the actual aspect ratio (~4.6) is over an order of magnitude
larger than the critical aspect ratio. This means that the Wenzel state is metastable
for this case, and the Cassie state is the lower energy state. Consequently, as the
applied bias is removed, the electrowetted liquid tends to switch back to the Cassie
state and achieves a contact angle of ~110°. By contrast, at a porosity of 0.96 (i.e.,
for the pattern tested in Figure 10.7b), the actual aspect ratio of the pattern (~2.6)
is significantly lower than the critical aspect ratio (~6.7). As a consequence, the
Wenzel state is much more stable in this case and therefore the droplet will remain
in this state, even after the applied bias has been removed. These results indicate
that, when the applied voltage is removed, the dewetting process is highly sensitive
to the porosity of the substrate, the aspect ratio of the Si micropillars, and to the
wetting property of the material used to coat the pillars. With an appropriate selec-
tion of these parameters, water can partially dewet the rough surface and revert
back to a hydrophobic state when the electrowetting voltage is removed.

10.5.3
Novel Strategies for Reversible Electrowetting on Rough Surfaces

A radically different strategy to achieve reversible electrowetting on superhydro-
phobic surfaces was developed by Krupenkin et al. [86], by using external heating.
An embedded microheating element beneath the structure locally heated the
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Figure 10.9 Snapshots of water droplet electrowetting
response on a rough surface. Reversible wetting is enabled by
heating the substrate. Reproduced with permission from Ref.
[86]; © 2007, American Chemical Society.

reversible
-

dodecane

Figure 10.10 Reversibility of the electrowetting-on-dielectric
(EWOD) phenomenon on a superhydrophobic surface by
immersion of the water drop in dodecane. Reproduced with
permission from Ref. [87]; © 2007, American Chemical Society.

surface and caused liquid boiling and droplet expulsion from the surface (Figure
10.9). This technique represented a major step forward to enable reversible elec-
trowetting on superhydrophobic rough surfaces. However, an extra energy supply
(i-e., substrate heating) was required.

Another strategy to achieve a reversible wetting behavior over a wide range
would be to replace the air environment with a hydrophobic liquid [87]. As reported
by Dhindsa et al., reversible electrowetting was achieved on carbon nanofiber scaf-
folds by the use of a competitive, two-liquid (dodecane/saline) environment. The
nanostructured scaffold with a 5 x 5 um pitch was grown on Si substrates, electri-
cally insulated with a conformal dielectric, and hydrophobized with a fluoropoly-
mer. As indicated in Figure 10.10, the electrowetted liquid with a contact angle of
120° could reversibly switch back to its initial state of 160°.
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10.6
Electrochemically Controlled Wetting of Superhydrophobic Surfaces

Aligned MWNT arrays, due to their frictionless surfaces and nanoscale pores,
hold great promise as membranes in microfiltration and separation technologies
[88-91], and where the well-controlled wettability of MWNT arrays is a major
requirement. As noted previously, MWNT arrays (membranes) exhibit a super-
hydrophobic property by inhibiting the wetting of water on these surfaces. Thus,
in order for these arrays to be wetted by water, an energy barrier must be over-
come if a transition from a superhydrophobic to a hydrophilic state is to be
effected. To achieve this, both Hinds and Holt and their coworkers used plasma
etching to convert a superhydrophobic nanotube surface into a hydrophilic
surface when investigating the transport of liquid flow through MWNT mem-
branes [92, 93]. Although both chemical and mechanical means can be used to
alter the wetting and flow properties of fluids through nanotube membranes,
electrical methods offer a powerful, nondestructive, and selective way to achieve
this [94].

10.6.1
Polarity-Dependent Wetting of Nanotube Membranes

In order to tailor the wettability of MWNT membranes by using a simple
electrochemical method, a Pt wire can be inserted into the water droplet to
establish electrical contact (Figure 10.11a). First, the droplet response was studied
with the membrane as the anode (positive potential) and the Pt wire as the
cathode (negative potential). The droplet shape and contact angle were found
to remain unchanged up to a voltage of ~1.7V; however, when the critical
voltage was reached there was an abrupt transition from the superhydrophobic
state to the hydrophilic state, and the droplet rapidly sank into the nanotube
forest (see Figure 10.11c). The droplet pumping (or sinking) speed was deter-
mined by the applied voltage; for example, with a voltage of 1.8V the droplet
took over 140s to become submerged, but with 2.6V the time was 90s. This time
was reduced to 60s for 3.6V, and to only 40s for an applied voltage of 4.5V
(Figure 10.11D).

The droplet response with the CNT membrane as cathode was also investigated.
Snapshots of the droplet shape at different applied voltages are shown in Figure
10.12a. Here, the droplet shape for up to 60V of applied bias was almost identical
to that at 0V, but for voltages exceeding 63V a gradual reduction in contact angle
was observed. The measured contact angle compared to the applied voltage is
shown in Figure 10.12b; the threshold voltage required to activate sinking of the
droplet into the membrane was 95V, almost 50-fold greater than when the mem-
brane was the anode.
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10.6.2

Mechanism of Polarity-Dependent Wetting and Transport

In order to explain the above observations, it is important to consider the classical
electrowetting phenomenon. In a recent study, it was shown that the application of
an electric potential to a single-walled CNT attached to the tip of an atomic force
microscope could be used to wet mercury, although no polarity-dependent wetting
was reported [95]. In classical electrowetting, the contact angle change with voltage
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is symmetric (Equation 10.11) for both positive and negative bias. Thus, the abrupt
transition from nonwetting to wetting state at low voltages cannot be explained by
electrowetting, as it occurs only when the nanotube membrane is used as the anode.

In an effort to describe this situation, the role of water electrolysis was consid-
ered with regards to the polarity dependence of electrowetting. To examine the
extent of electrolysis, current measurements were made (Figure 10.13) between
the CNT membrane electrode and the Pt wire during electrowetting experiments.
A negative bias (—1.0V) was first applied to the membrane for approximately 15s,
after which the bias was flipped and +1 V potential applied. This process of polarity
reversal was repeated at 1.5V, 2V, and 2.5V. Notably, sinking of the droplet (at
+2V bias with the membrane as anode) was accompanied by a sharp increase in
the current. However, when the polarity was flipped to -2V (with the membrane
as cathode) the droplet immediately ceased to sink (see Figure 10.13) and the
steady-state current also decreased. Again, when the polarity was switched to
+2.5V, the droplet resumed its sinking and the current increased. The sharp
increases in current at +2 V and +2.5 V were indicative of electrolysis and suggested
that, in this system, the droplet sinking was linked to the presence of electrolysis.
During electrolysis, an electrochemical oxidation of the nanotube anode might
have been responsible for the observed abrupt transition (switching) from a non-
wetting to a wetting state. The results of a recent study showed that a minimum
anode voltage of 1.7V is necessary to activate the oxidation of a MWNT electrode,
and this correlates well with the onset voltage for droplet sinking observed in the
above-described experiments [96].
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In order to understand the effect of the attachment of oxygen-containing func-
tional groups on the wetting behavior of the nanotube, a theoretical study was
carried out of the interaction of H,0 molecules with pristine and oxidized nano-
tubes, using a first-principles density functional method [97]. For the oxidized
nanotube, two cases were considered: (i) where the oxygen is preadsorbed onto
a Stone-Wales defect; and (ii) where vacancy defect that is occupied by oxygen
is considered (the oxygen molecule dissociates on the vacancy site, and one of
the atoms is bonded to two dangling carbon atoms while the other oxygen atom
binds to the third dangling carbon and is saturated with hydrogen). In both
cases, the binding energy of the H,O molecule with the oxidized nanotube was
calculated, and the results compared to binding of the H,O molecule with a
pristine (or nonoxidized) nanotube. The simulation results indicated that the
binding energy of water with the oxidized nanotube (0.16-0.31eV) was several-
fold that of the pristine nanotube (~0.03eV), and comparable to the hydrogen-
binding energy in liquid water and in a water dimer (~0.19eV); this confirmed
that nanotube oxidation would indeed make the membrane strongly hydrophilic.
These results also explained why the droplet ceased to sink when the nanotube
polarity was flipped (as shown in Figure 10.13). When the nanotube was used
as the cathode, no further oxidation occurred and only the oxidized region
was wetted; the remaining portion of the nanotube remained nonwetting to
the droplet.

10.6.3
Potential Applications of Electrochemically Controlled Wetting and Transport

The electrochemically controlled wetting of nanotube membranes offers many
potential applications, due to its simplicity and low-voltage operation. For example,
the applied bias can be used to controllably wet the membrane surface; the trans-
port of water through the nanotube membrane can in fact be repeatedly stopped
and restarted on demand, depending on the applied voltage (see Figure 10.14).
This represents a simple low-voltage technique for gating the flow of aqueous
liquids in nanofluidic systems.

Another interesting application of this wetting phenomenon is shown in Figure
10.15. Here, three droplets are placed side-by-side on the nanotube surface (see
top panel of figure). No voltage is applied to the droplet on the extreme right, and
it shows no contact angle change with time. A bias of +2V was applied to the
center droplet for 20s, and the bias then switched off. The contact angle of the
droplet decreased to 115° in 20s (middle panel in Figure 10.15). Next, the bias
(+2V) was applied to the center droplet for a further 20s. When the bias was
switched off, the contact angle of the middle droplet decreased to 90° (lower panel
of Figure 10.15). The same procedure of biasing the droplet in two 20s intervals
was repeated for the droplet to the extreme left, but at a higher potential (+4V).
The contact angle of the droplet decreased to 93° in 205, and then to 69° in 40s.
It should be noted that, after the voltages have been switched off, sinking of the
droplets ceased and they located stably on the nanotube surface at the reduced
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contact angles. In this way, it is possible to control precisely the local wettability
of any specific point on the nanotube surface, while wettability gradients from
superhydrophobic to hydrophilic can be engineered on the nanotube membrane
surface. Such extreme hydrophilic/hydrophobic spatial contrast has potential
applications that include biomimetic water-harvesting surfaces, drug-release coat-
ings, and microchannel and lab-on-a-chip devices.

10.7
Summary and Future Perspectives

The study of wetting phenomena at both the microscale and nanoscale represents
a dynamic and rapidly evolving area of research. The recent important develop-
ments in this field that have been reviewed in this chapter permit the following
main conclusions to be drawn:

¢ Roughness has a significant impact on the static and dynamic wetting properties
of solid surfaces. Both, unitary roughness (microscale or nanoscale only) and
two-scale hierarchical roughness can enable superhydrophobicity. However, the
presence of hierarchical structures not only amplifies the local contact angle and
decreases contact angle hysteresis, but also (most importantly) results in a more
robust “Cassie” state. Such a robust composite liquid—gas—solid interface with
excellent air-trapping ability is critical for self-cleaning applications.

¢ The implementation of reentrant structures adds a new dimension to the design
of novel artificial surfaces. Both, superhydrophobic and superoleophobic
surfaces can be achieved from hydrophilic substrates.

¢ The impact dynamics of water droplets on surfaces with microscale roughness
is very different from that of surfaces with nanoscale roughness. Under the
same static contact angle, the critical velocity above which rebounding does not
occur in the nanostructured surface was seen to be much larger compared to the
micropatterned surface. Therefore, nanostructured surfaces are superior to
micropatterned surfaces in terms of maintaining their hydrophobicity under
impact conditions. It is for this reason that microscale surfaces alone are not
appropriate for the design of superhydrophobic surfaces.

¢ The wettability of hydrophobic rough surfaces can be manipulated in real time
by using electrowetting, a method that tunes the contact angle by reducing
liquid-solid interfacial tension. However, fully reversible electrowetting in air
environments without any extra energy supply (e.g., substrate heating) has not
yet been realized. Nonetheless, partial dewetting on hydrophobic rough surfaces
can be achieved by a careful choice of the aspect ratio, coating property, and
porosity of the solid surface.

o The wettability of superhydrophobic rough surfaces (e.g., CNT membranes)
can also be manipulated (albeit irreversibly) using electrochemical methods.
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By electrochemically oxidizing the nanotube surface, the wettability of the
membrane can be switched instantly from superhydrophobic to hydrophilic.

e The electrochemical control of wettability of nanotube membranes has several
exciting applications, including the directional control of water flow by reversing
the polarity of the applied bias, the ability to controllably switch the water flow
ON and OFF by controlling the magnitude of the applied bias, and the ability to
generate extreme hydrophobic-to-hydrophilic spatial contrast on the membrane
surface. These properties might find various applications in nanofluidic,
separation, and water-harvesting technologies.

10.7.1
Future Perspectives

Although significant advances have been made in our fundamental understanding
of interfacial phenomena at both the microscale and nanoscale, many interesting
questions remain unresolved. Hence, the following topics are proposed for future
investigation:

¢ Bottom-up design of superhydrophobic multiscale hierarchical structures: In
Nature, the Lotus leaf and the feet of the Gecko share multiscale hierarchical
structures. Significant progress has been made on the optimization of the
contact and adhesion mechanism of the Gecko. Although it is argued that two-
scale hierarchical structures are an ideal choice for a robust composite interface,
predictive models and extensive experiments to demonstrate this are missing.
Based on wetting models (e.g., Cassie, Wenzel), contact angle hysteresis models
and energy-minimization approaches, it should be possible to further optimize
the Lotus leaf structure, as has been successfully accomplished in the case of
Gecko structures. These studies will provide a unique insight into the creation
of stable superhydrophobic materials using emergent nano- and micro-
fabrication technologies.

* Digital electrowetting on superhydrophobic surfaces: Electrically controlled
wetting and dewetting on superhydrophobic surfaces has been demonstrated.
By switching the underlying electrodes on and off in a programmed and digital
manner, it should be possible to achieve rapid and controllable droplet movement
on superhydrophobic surfaces. The successful development of such digital
electrowetting techniques on superhydrophobic surfaces (and surfaces with
wetting gradients) might have broad applications in microfluidics, lab-on-a-chip,
and thermal management systems.
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11
Imaging of Thin Films, and Its Application in the Life Sciences
Silvia Mittler

11.1
Introduction

For many decades, thin films down to monolayer thicknesses have been of scien-
tific and engineering interest, with their great potential and ever-increasing
numbers of applications. Both, organic and inorganic materials may be deposited
in thin and ultrathin film forms on a huge variety of substrate materials and forms.
However, depending on the combination of substrate and thin film material, the
deposition process and characterization methods use to monitor the thickness,
homogeneity, durability, reproducibility and functionality of such films must be
selected with the utmost care.

Among the many technological applications of thin films can be included lubri-
cants [1], electronic components [2, 3], paper protection, food and food packaging
[4, 5], solar cells [6], smart windows [7], thermal barriers [8], and very many others.
Yet, perhaps the greatest area of application is in biomedicine.

Due to the enormous variety of thin film use, this chapter will concentrate on
an