Polymer 51 (2010) 5283—5293

journal homepage: www.elsevier.com/locate/polymer

o

polymer

Contents lists available at ScienceDirect

Polymer

Feature Article

Surface hydration: Principles and applications toward low-fouling/nonfouling

biomaterials

Shenfu Chen?, Lingyan Li®, Chao Zhao¢, Jie Zheng ©*

2 State Key Laboratory of Chemical Engineering, Department of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, PR China
b Department of Biomedical Engineering, Cleveland Clinic, Cleveland, OH 44195, USA
€ Department of Chemical and Biomolecular Engineering, The University of Akron, Akron, OH 44325, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 17 April 2010
Received in revised form

6 August 2010

Accepted 10 August 2010
Available online 18 August 2010

Keywords:
Zwitterionic
Protein adsorption
Biocompatability
Nonfouling

Surface resistance to nonspecific protein adsorption, cell/bacterial adhesion, and biofilm formation is
critical for the development and performance of biomedical and analytical devices. Significant needs and
efforts have been made in the development of biocompatible and bioactive materials for antifouling
surfaces, but much of the work retains an empirical flavor due to the complexity of experiments and the
lack of robust theoretical models. In this review, two major classes of nonfouling materials (i.e. hydro-
philic and zwitterionic materials) and associated basic nonfouling mechanisms and practical examples
are discussed. Highly hydrated chemical groups with optimized physical properties of the surface, along
with appropriate surface coating methods, are the keys to developing effective and stable nonfouling
materials for long-term biomedical applications. The zwitterionic polymers are promising nonfouling
biomaterials due to the simplicity of synthesis, ease of applicability, abundance of raw materials, and
availability of functional groups.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

There is a significant need for the development of novel anti-
fouling materials to resist nonspecific protein adsorption and cell
adhesion for medical implants, drug delivery carriers, biosensors,
and marine coatings [1]. It is generally believed that reducing
biofouling could significantly attenuate subsequent adverse
inflammatory responses including leukocyte activation, tissue
fibrosis, thrombosis coagulation, and infection. On the other hand,
even 10 ng/cm? fibrinogen adsorption can induce a full-scale blood
platelet adhesion, resulting in implantable device failure and
adverse outcomes to the patients. Poly (ethylene glycol) (PEG)-
based materials [2] have been well demonstrated for their super-
low-fouling ability to resist nonspecific protein adsorption and cell
adhesion. But, the PEG-based materials are readily subject to
oxidation in most biochemically relevant solutions. Significant
effort has been invested in the search for alternative antifouling
materials with stability higher than PEG and this has resulted in
substantial progress in developing improved materials.

There are two major classes of antifouling materials, namely
polyhydrophilic and polyzwitterionic materials as summarized in
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Table 1. A number of low-fouling or nonfouling polyhydrophilic
materials including PEG, polysaccharides, and polyamides have
been found to mostly share some common structural and chemical
properties: hydrophilic nature, electrically neutrality, and
hydrogen-bond acceptors/donor [3,4]. For the polyzwitterionic
materials, they can be further classified into polybetaines carrying
a positive and a negative charge on the same monomer unit such as
2-methacryloyloxylethyl phosphorylcholine (MPC), sulfobetaine
methacrylate (SBMA), and carboxybetaine methacrylate (CBMA)
and polyampholytes carrying 1:1 positive and negative charge on
two different monomer units such as mixed charge complex
—N*(CH3)3 and —SO3/—COO0™ and natural amino acids (Glu—, Asp—,
Lys+, and Arg+). Since all proteins have positively and negatively
charged residues randomly distributed on its surface, they can be
easily adhered to either positively or negatively charged surfaces
[5]. It is suggested that a nanoscale homogenous mixture of
balanced charge groups from polyzwitterionic materials is the key
to controlling nonfouling properties. Apart from functional mate-
rials, surface packing also plays an important role in achieving
nonfouling properties of a surface. Surface coating and modifica-
tion methods include physical adsorption via hydrophobic inter-
actions or spin-coating [6—8], chemical linkage, self-assembled
monolayers (SAMs) [9,10], “grafted-from-surface” via surface-
initiated atom transfer radical polymerization (ATRP) [11,12],
“graft-to-surface” via dipping, cross-linking, or reaction of the
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Table 1
Overview of hydrophilic and zwitterionic antifouling materials.

Protein Cell
adsorption adhesion

Materials

Hydrophilic materials
PEG-based materials

PS-g-PEGMA and PMMA-g-PEGMA [92] Yes No
PEG-poly(phosphonate) terpolymer [93] Yes No
PLL-g-PEG [94,95] Yes Yes
PEGMA [96,97] Yes No
PPEG,Lys [98] Yes No
POEGMA [99—-102] Yes Yes
PEO-PU-PEO [61,103—105] Yes No
PEO-PPO-PEO [106] Yes No
PEO [33] Yes No
PEG [8,68,107—109] Yes Yes
Py-g-PEG [63] Yes No
mPEG-DOPA [60,110] Yes No
mPEG-MAPD [110] Yes No
OEG-SAM [10,87,102] Yes Yes
PMOXA [77,111] Yes No
Dendron
Glycerol dendron [75] Yes No
HPG [76] Yes No
Tetraglyme [112—115] Yes Yes
Dextran [57,116] Yes No
Polysaccharide [117] Yes No
Poly (HEMA) [118,119] No Yes
PVA [120] Yes No
Polyamines functionalized with acetyl chloride [121]  Yes Yes
Mannitol-SAM [73] Yes Yes
Peptide-based SAM [74] Yes No
Polybetaine
Poly(CBAA) [43,62,85,102,122,123] Yes Yes
Poly(SBMA) [100,102,124,125] Yes Yes
Poly(CBMA) [83,126] Yes Yes
Poly(MPC) [119,127,128] Yes Yes
PC-SAM [87,102] Yes Yes
OPC-SAM [87,102,129] Yes Yes
Polyampholyte
SA/TMA-SAM [19,87,102] Yes Yes
CA/TMA-SAM [19,87,102] Yes Yes
PM/TMA-SAM [19,87,102] Yes No
Peptide surfaces derived from natural amino acids [90] Yes No
Poly(TM-SA) [12] Yes No
Poly(METMA-MES) [14] Yes No
PDDA/PSS [130] Yes No

specific groups of polymers with the substrate [13,14], and plasmas
treatments [15].

It is hypothesized that the nonfouling ability of both poly-
hydrophilic and polyzwitterionic materials are tightly correlated
with a hydration layer near the surface [16—18], because a tightly
bound water layer forms a physical and energetic barrier to prevent
protein adsorption on the surface. Water molecules residing on
and/or penetrating into nonfouling materials can be classified into
two types of “surface-bound” waters formed by hydrogen bonding
for hydrophilic materials and by even more strongly ionic solvation
for zwitterionic materials. Expulsion of water molecules from both
surface and protein is the first and obligatory step to facilitate
protein adsorption by reducing free energy barrier arising from
dehydration entropic effects [19]. This is an intrinsic cause for
nonfouling materials. The strength of surface hydration is primarily
determined by physicochemical property of materials (i.e. molec-
ular weight and surface chemistry) and their surface packing (i.e.
film thickness, packing density, and chain conformation). Aside
from surface hydration, chain flexibility also plays an important
role in protein resistance especially for long-chain polymers. When
protein approaches to the surface, the compression of the polymer
chains causes steric repulsion to resist protein adsorption due to
unfavorable decrease in entropy [20,21]. Although most of water-

soluble polymers can reduce protein adsorption to some extent, the
best nonfouling ability of polymers can only be achieved when
surface hydration and steric repulsion work together. It is specu-
lated that if chain flexibility plays a little role, chain hydration is an
only source to resist protein adsorption (Fig. 1c), while if chain
flexibility plays a certain role, both chain flexibility and chain
hydration are important (Fig. 1a and b).

Several nonfouling material reviews were published recently
[22,23]. These articles present a variety of antifouling materials
synthesized by different methods. However, we believe that a more
detailed and comprehensive review that combines design princi-
ples and biological applications would be useful for the biomaterial
community. This review includes three major parts. The first part
discusses the importance of surface hydration in protein resistance
using both experimental and computational evidences. The second
part focuses on the hydrophilic materials while the third part on
the zwitterionic materials, both following the concept of enhancing
surface hydration. Examples of nonfouling materials and associated
surface-grafting methods in each part are given to illustrate basic
principles and practical applications. Finally, recent advances and
future perspective are discussed.

2. Surface hydration: hydrogen bonding or ionic solvation
2.1. Experimental evidence of hydration layer

Numerous studies have been carried out to characterize the
dynamics and structure of interfacial waters and their correlation
with nonfouling properties. Tanaka et al. classified interfacial
waters in poly(2-methoxyethyl acrylate) (PMEA) into three
categories: nonfreezing water (non-crystallize at —100 °C),
freezing bound water (crystallize below 0 °C), and free water
(crystallize at 0 °C), they found that freezing bound water at
about —40 °C displayed an excellent blood compatibility due to
strong interactions with polymer via hydrogen bondings
[24—26]. Similarly, Morisaku et al. measured and compared the
contents of freezable (non-crystallizable at —70 °C) and non-
freezable (crystallizable at about 0 °C) waters in poly(MPC) and
poly(methoxy oligo(ethylene glycol)-monomethacrylate) [(Me
(EG)nMA)] hydrogels [27]. They found that the poly(MPC)
hydrogels had larger non-freezable water than the poly(Me(EG)
nMA) hydrogels although the equilibrium water contents were
similar and they thus proposed that the amount of non-freezable
water around polymer chains may influence the degree of
protein adsorption resistance. Along the similar line, more
information about structure transition of nonfouling materials
before and after exposed to water was investigated. Fick et al.
showed the swelling behavior of self-assembled monolayers of
alkanethiol-terminated poly(ethylene glycol) by neutron reflec-
tometry [28]. Zolk et al. used IR—vis SFG to demonstrate the
conformational change of OEG-SAMs on gold from an ordered
crystallize state to a disordered amorphous state when the OEG-
SAMs were switched from dry air condition to aqueous solution
[29]. Wang et al. applied vibrational sum-frequency generation
(VSFG) to confirm that interfacial water molecules were able to
not only retain in SAM film even after the sample was removed
from the fluid, but also recover the disturbed SAM structure after
re-immersing the sample into waters [30]. All theses results
indicate that water molecules can be associated with the
hydrophilic film due to their great capability of hydration.

From a more universal point of view, researchers who pay more
attention on the strong interactions between water molecules and
polymers provided further evidences in such a correlation between
strong hydration of polymers and their resistance to protein
adsorption. When hydrophilic polymers contact with bulk water,
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Fig. 1. Illustration of chain hydration and chain flexibility of (a) hydrophilic polymers, (b) zwitterionic polymers, and (c) SAMs, which attribute to surface resistance to nonspefic

protein adsorption in different ways.

water molecules penetrate into the polymer film to form
a hydrogen-bond network in the polymers. The highly hydrated
polymer films exhibit nonfouling property, thus any decrease in the
surface hydration might lead to the decrease of resistance to
nonspecific protein adsorption. Since hydrogen bonds are relatively
easily to break and reform, hydrophilic materials such as poly-
amide, mannitol, and PEG often experience the transition from
nonfouling to fouling upon the change in surface hydration [31]
caused by increase of packing density [10,32], increase of hydro-
phobicity when copolymerized with hydrophobic monomers [17],
and raise of temperature [33,34].

On the other hand, zwitterionic materials containing both
positive and negative charged units can bind water molecules
even more strongly and stably via electrostatically induced
hydration, as compared to those hydrophilic materials to achieve
surface hydration via hydrogen bonding. Thus, materials with
more strongly ionic solvation fall into the scope of searching
nonfouling materials. pMPC, a big group of bio-mimetic polymer,
has been extensively investigated with a long history in its
biocompatibility for numerous applications [35—38]. Kitano et al.
found that more bound water around the surface of zwitterionic
materials than other hydrophilic or hydrophobic materials [39],
which revealed the differences in the nature and strength of
hydration between ionic solvation and hydrogen bonding.
Holmlin et al. [40] demonstrated that the resistance to nonspe-
cific protein adsorption of a mixed SAMs formed by a 1:1
combination of a thiol terminated in a trimethylammonium
group and a thiol terminated in a sulfonate group is comparable
to the best known OEG-SAM system. This result indicates that the
flexibility in short-chain OEG-SAM systems is not required, only
strong hydration of SAMs became a necessary prerequisite for
protein resistance. On the other hand, the hydration of zwitter-
ionic groups could be greatly compromised to cause the increase
of nonspecific protein adsorption at certain experimental
conditions such as very low ionic solution, very large molecular
weight, extreme high or low packing density, or low temperature
[10,41—-43].

2.2. Molecular simulations of nonfouling materials

In parallel to extensive experimental efforts, molecular
simulations provide atomic-level information to understand the
nonfouling mechanism. De Gennes and co-workers [20] reported
the first theoretical studies of the resistance of poly(ethylene
glycol) (PEG) polymers to protein adsorption. They concluded
that steric repulsion resulting from the compression of PEO
chains as protein approaches the surface was mainly responsible
for prevention of protein adsorption. It was predicted that the
longer chain lengths and higher surface densities lead to better
protein resistance. Szleifer et al. [44,45] improved the De Gen-
nes’s model using the single chain mean field (SCMF) theory.
They found that polymers grafted to a hydrophobic surface can
reduce protein adsorption simply because the polymers blocked

protein adsorption sites. In the Szleifer model, surface density
was a key factor to control protein adsorption, but chain length
had a little effect on protein adsorption. Thus, the Szleifer model
is able to interpret experimental results for both long-chain PEG
and short-chain oligo (ethylene glycol) (OEG) polymers. Both De
Gennes and Szleifer models highlight the importance of surface
density of grafted polymers to resist protein adsorption, but their
models do not provide atomic-level information about non-
fouling mechanism. In their work, the protein was modeled as
a structureless, spherical particle, while water was treated as
a continuous medium in the De Gennes model or as a homoge-
neous spherical noninteracting molecule in the Szleifer model.
While simplified models allow simulations to be performed in
the time scale of seconds, the detailed conformational change of
a protein and polymer chains was ignored. Later, the Grunze
group [17,46,47] performed grand canonical Monte Carlo (GCMC)
simulations to study the effect of conformation of OEG-termi-
nated alkanethiol SAMs on gold and silver substrates on the
interaction of waters with OEG-SAM. They attributed OEG-SAMs
with helical conformation on Au (h-SAM) to reduce protein
adsorption, while those SAMs with all trans conformation on Ag
(t-SAM) enhance protein adsorption. Their results showed that
more water molecules penetrated into h-SAM than t-SAM to
form hydrogen bonds with OEG chains, leading to the prevention
of protein adsorption on the surfaces.

Since molecular details of a surface are of great importance to
protein adsorption, a series of explicit-solvent molecular
dynamics (MD) simulations [16,48,49] were performed to
examine the effect of OEG surface density on the lysozyme
adsorption by varying the composition of yogc = 0.2, 0.5, 0.8, and
1.0 in a mixed SAMs of S(CH3)4(OCH,CH;)40H (OEG-SAM) and S
(CH2)40H (OH-SAM). Simulation results show that more water
molecules are tightly bound at the protein/SAMs interface via
hydrogen bonding at medium OEG surface densities yogc = 0.5
and 0.8 than those at too high (yogc = 1.0) or too low (xogc = 0.2)
OEG surface densities. Recent surface plasmon resonance (SPR)
studies of protein adsorption on the OEG-SAMs [10] also show
that OEG-SAMs resist protein adsorption within a certain range of
the surface OEG densities (0.6—0.8), yet adsorb proteins when the
OEG surface density is too high or too low (Fig. 2a). By the
comparison of experimental and simulation results, it appears
that there is a correlation between the nonfouling properties of
the OEG-SAM surface and the hydration of OEG chains (or
appropriate OEG surface density). To directly correlate hydration
force with nonfouling ability of a surface, restrained MD simula-
tions [16,50] are performed to calculate the interaction forces
exerted onto a protein from an OEG-SAMs and interfacial solvent
as the protein approaches to the surface from a large separation
down to intimate contact. Force vs distance profiles (Fig. 2b) show
that relative strength of repulsive force acting on the protein is in
the decreasing order of OEG-SAMs > OH-SAMs > CH3-SAMs.
Moreover, the total repulsive force is decomposed into two
contributions: one from the SAM surface and the other from
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Fig. 2. (a) The amount of adsorbed fibrinogen as a function of the surface packing density of (ethylene glycol)s OH-SAM [10]. Copyright 2005 American Chemical Society. (b)
Interaction force acting on the Lysozyme from three SAM surfaces [16]. Copyright 2005 Biophysical Journal.

interfacial water. Results show that the repulsive force mainly
comes from interfacial waters (over 95% contribution to total
force), not from the SAM surface. On the other hand, the dynamic,
structural, and binding properties of interfacial waters are indeed
affected by the physicochemical properties of surfaces, indicating
that the interplay interactions between waters and surfaces are
essential for nonfouling ability.

Along the same line, although simulations demonstrate the
hydration force originated from interfacial waters at the hydro-
philic OEG-SAMs is dominant driving force to resist protein
adsorption, “surface hydration hypothesis” derived from hydro-
philic surfaces is needed to be further examined for zwitterionic
surfaces to establish the generality of nonfouling mechanism.
Additional MD simulations are performed to study the interactions
of zwitterionic phosphorylcholine-terminated SAM [S(CHj)
11PO4(CH;),N(CH3)3, PC-SAM] [49,51] with a model protein of
lysozyme. The PC-SAMs display a much stronger repulsive force to
protein raised from interfacial waters than the OEG-SAMs.
Although both PC-SAM and OEG-SAM have been demonstrated as
nonfouling surfaces by experiments [10,52], comparison of inter-
facial waters near the PC-SAM and OEG-SAM surfaces from simu-
lations reveals different structural and dynamic properties. First,
interfacial waters near zwitterionic PC-SAM surface have longer
residence time (stay longer) and smaller self-diffusion coefficient
(move slower) than those near the hydrophilic OEG-SAM surface,
indicating that PC-SAM surface binds water molecules more
strongly than the OEG-SAM surface. Secondly, interfacial waters at
the PC-SAMs have much larger reorientational dynamics than those
at the OEG-SAM:s, indicating that the PC-SAM binds waters via ionic
solvation while the OEG-SAM via hydrogen bonding. Furthermore,
based on the fact that surface hydration is well correlated with
nonfouling properties derived from PEG and PC systems, a simple
computational method is developed to quickly evaluate the
intrinsic hydration capacity of model surface coating functional
groups by computing hydration volume and number of hydrating
solvent molecules [53]. Fig. 3 shows a range of hydration capacity
and nonfouling performance of three class materials of ethylene
glycols, sugar alcohols, and glycine analogues. With known as
nonfouling materials from experiments, OEG with four ethylene
glycol repeat units, MAN (mannitol), SORB (sorbitol), and TMG
(quartenary amine trimethylglycine) have scaled number of asso-
ciated water molecules greater than 0.15, while GLY (primary amine
glycine), 1 MG (secondary amine sarcosine), and DMG (tertiary
amine dimethylglycine), all known to allow nonspecific protein
adsorption, are less than 0.15. Consistent experimental measure-
ments and simulation calculations suggest a critical threshold value

of hydration capacity (~0.15) for initially screening nonfouling
materials.

3. Hydrogen bonding-rich materials

Many hydrophilic materials have been demonstrated their
nonfouling ability to reduce not only nonspecific protein adsorp-
tion, but also cell and bacteria adhesion. Hydrophilic PEG-based
polymers [2,54—56] and polymers incorporating oligosaccharide
moieties [57,58] are inherently anti-biofouling in nature. Hydration
of materials via hydrogen bonding is often used to interpret the
molecular basis for nonfouling behavior by experimental and
computational works.

3.1. Short-chain hydrophilic SAMs

Molecular details of the surface are of great importance to
protein adsorption. SAMs are well suitable platforms to study
protein adsorption at the molecular-level since nanoscale surface
properties can be precisely controlled via varying the abundance,
type, and spatial (both normal and lateral) distribution of tail
groups of the SAMs. Over the last 10—15 years, among many studies
to search for nonfouling materials beyond PEG, Whitesides and his
co-workers have used SPR and SAMs as a platform to systematically
test and indentify a large number of protein-resistant SAMs with
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Fig. 3. Hydration capacity (i.e. number of hydrated waters) for a series of nonfouling
materials evaluated by experiments and simulations, where OEG represents Oligo
(ethylene glycol) with four ethylene glycol repeat units, MAN (mannitol), SORB
(sorbitol), GLY (primary amine glycine), 1IMG (secondary amine sarcosine), DMG
(tertiary amine dimethylglycine), and TMG (quartenary amine trimethylglycine). Dash
line indicates a threshold intrinsic hydration capacity for nonfouling surfaces. Copy-
right 2008 American Chemical Society.
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different functional groups [3,4]. Four common features for those
surfaces resisting protein adsorption are summarized — (i) hydro-
philic, (ii) electrically neutral, (iii) hydrogen bond acceptors, and
(iv) not hydrogen bond donors. However, this generalization does
not explain all nonfouling surfaces especially carbohydrates
terminated SAMs. For example, a SAM terminated with mannitol
groups only containing H-bond donor were found to prevent the
adsorption of several proteins and the attachment of cell and was
indistinguishable from a SAM presenting oligo (ethylene glycol)
(—(EG),OH and —(EG),0CH3, n = 3—6) groups [50]. This result
further indicates that the formation of tightly bound water via
hydrogen bonds between interfacial waters and surfaces does not
necessarily require “H-bond acceptors” materials, rather than
“H-bond forming” materials.

Both nanoscale surface structural and chemical properties of
SAMs affect protein adsorption, including adsorption kinetics,
adsorption isotherm, and protein morphology on surfaces. As can
been seen in Fig. 4a, COOH-terminated SAMs formed at higher
temperature of 50 °C have more compact structures than those
formed at room temperature of 22 °C. The difference in nanoscale
structure was revealed by low-current STM but was not detectable
from X-ray photoelectron spectroscopy (XPS) and contact angle
measurements. Carboxylic-terminated SAMs formed at higher
temperatures generally promote protein adsorption because of
their compact structures and fewer adsorbed water molecules.
However, the adsorbed amount of protein on hydrophobic methyl-
terminated SAMs prepared at different solution temperatures
(55 °C and 22 °C) is similar because of similar adsorbed water
molecules despite their nanoscale structural difference, high-
lighting the importance of surface chemistry. Similarly, surface
density and structure can also be controlled by using different
solvents to assemble SAM chains. XPS reveals that OEG-SAMs
assembled from a 95% ethanol and 5% water solution show higher
packing density on gold than those from pure ethanol solution [10].
SPR results show that more fibrinogens adsorb on the densely
packed OEG-SAMs prepared by mixed ethanol and water solution
than those on relatively loosely packed OEG-SAMs prepared by
pure ethanol solution (Fig. 4b). The normalized coverage of
fibrinogen and lysozyme on OEG-SAMs assembled from the 95%
ethanol solution is about 8.5% and 6%, respectively, assumed a full
monolayer coverage of protein on C1gSH-SAM surface and use this
coverage to normalize the amount of protein adsorbed on the OEG-
SAMs. Although the adsorbed amount of protein is small ( ~ 18 ng/
cm? or ~8.5% surface coverage) on the OEG-SAMs prepared from
the 95% ethanol solution, previous studies show that as little as
10 ng/cm? adsorbed fibrinogen could induce monocyte adhesion in
vitro [59]. Early studies [10,17,32] also show that too high or low
OEG surface densities will lead to protein adsorption. Appropriate
OEG surface densities are thus required for its nonfouling behavior
(Fig. 2).

Moreover, mixed SAMs prepared from a 1:1 mixture of posi-
tively charged 11-mercapto-N,N,N-trimethylammonium chloride
(TMA) and one of the following negatively charged compounds:
SA, 12-mercaptododecanoic acid (CA), 11-mercaptoundecylphos-
phonic acid (PA), or methyl 11-mercaptoundecylphosphonate
(PM) are further studied to examine their protein-resistant
properties [19,40]. SPR results in Fig. 5 show that all these mixed
SAMs (TMA/SA, TMA/CA, and TMA/PM) had been shown to have
<0.3 ng/cm 2 protein adsorption from single fibrinogen, lyso-
zyme, and BSA solution. Although SAM is a model system to study
the interactions between protein and surface due to ease of
preparation and modification, non-covalent bonds between thoil
and gold may not be stable enough in complex media and any
surface defect in SAM structures can greatly and quickly reduce
nonfouling property.

3.2. Long-chain hydrophilic polymers

Surface hydration is often used to interpret the nonfouling
behavior of the short-chain SAMs because the tightly bound water
molecules on the topmost part of SAMs are only source of large
repulsive forces to repel protein adsorption, whereas chain flexi-
bility plays little role in protein resistance due to tightly packed
density and short rigid chains. But, for the long-chain polymer, both
surface hydration (i.e. water barrier) and chain flexibility (i.e. steric
repulsion) contribute to surface resistance to nonspecific protein
adsorption. Unlike surface hydration, the steric repulsion results
from the compression of long polymer chains to yield repulsive
forces to resist protein adsorption. It is generally accepted that the
nonfouling properties of a surface are determined by both func-
tional groups and their surface packing. There are two ways to
fabricate polymer brushes: physisorption and covalent attachment.
Covalent attachment can be accomplished by either “graft-to” or
“graft-from” approaches. The “graft-from” approach is a more
promising method in the synthesis of polymer brushes with a high
grafting density and well-controlled film thickness, while “graft-to”
method is more convenient for practical applications [14].

Numerous methods have been developed to immobilize PEG-
based materials (i.e. the most commonly used nonfouling materials
today) on surfaces including physisorption [6,13,60], chemisorption
[61,62], covalent grafting of PEG onto surfaces [63,64], and plasma
polymerization of OEG precursors [12,15]. The nonfouling properties
of PEG are primarily due to their high chain mobility, large exclusion
volume, and steric hindrance effect of highly hydrated layer. Luesse
and Arnold applied proton and deuterium NMR relaxation time
measurements to determine the number of water molecules per
ethylene glycol repeat unit (—CH,CH,—0—) in PEG. They observed
that the maximum water content was one water molecule per
ethylene glycol unit [65]. The enthalpy of hydration per mole of
oxyethylene group is ~7 k] measured by both microtitration calo-
rimetry [66] and NMR [67]. Although PEG displays excellent protein
resistance ability in vitro, in vivo studies of cell/bacteria adhesion on
PEG surfaces showed that bacteria can attach to PEG-based surfaces
at the low surface density [68] or to the nanopatterned PEG-based
surfaces [69], highlighting the importance of surface density and
topology for nonfouling properties. The cell/bacteria adhesion on
the PEGylated surfaces might be caused by following possible
reasons: (i) The PEG-based materials are readily subject to oxidation
in most biochemically relevant solutions [59,70—72]. The short-
term stability of PEG is one of its major limits responsible for
decreased performance in preventing nonspecific protein adsorp-
tion and (ii) Defects on the PEG-based surfaces always induce
nonspecific protein adsorption and cell attachment. For example,
the “graft-to-surface” methods via physical adsorption, dipping, and
cross-linking usually result in more defects and less coverage on the
surface than the “graft-from-surface” method such as SI-ATRP, thus
leading to more protein adsorption and cell adhesion. It should be
noted that the nonfouling mechanism of PEG-based surfaces to cell/
bacterial adhesion is still not conclusive due to the complex response
and interactions among PEG, cell/bacterial, and associated envi-
ronmental stimuli, especially in complex medium such as in vivo or
conditions with full nutrition for biofilm formation.

Recently, substantial efforts have been made toward the
development of alternative bioinert polymers as a substitute for
PEG, including polyoxazolines [73,74], polyglycerol (PG) dendrons
[75,76], polysaccharides [57], and zwitterionic polymers. Concepts
learned from Nature provide a basis for designing new interfacing
materials. The blood contacting face of the vascular endothelial
cells is nonfouling and non-activating, suggesting biomimetic
design ideas. Poly-2-methyl-2-oxazoline (PMOXA), a peptide-like
polymer [77], exhibited a significant reduction in full human serum
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Fig. 4. The effect of surface packing density of SAM chains induced by temperature and solvent on the protein adsorption. (a) Protein adsorption is different on COOH-SAMs
prepared at higher or room temperature from SPR experiments. STM images (20 nm x 20 nm) show more uniform SAMs form at higher temperature. (b) Fibrinogen (Fn) has 8.5%
monolayer coverage on highly packed OEG-SAMs prepared from mixed 95% ethanol and 5% water solution while loosely packed OEG-SAMs prepared from pure ethanol resist Fn

adsorption.

protein adsorption quantitatively to the same level as for PLL-g-PEG
(<2 ng/cm? as determined by optical waveguide lightmode spec-
troscopy). Dendritic polyethers based on glycerol dendrimers and
linear/hyperbranched polyglycidols [78] are highly biocompatible
with well cytotoxic toleration by mice even when injected in high
does. Mimicking biological cell membranes containing highly
hydrated glycocalyx provides another approach for conferring
antifouling properties to surfaces [57] because carbohydrates — the
principal component of the glycocalyx — are thought to be mainly
responsible for its ability to prevent undesirable nonspecific
adsorption of protein. A series of oligosaccharide surfactant poly-
mers consisting of a flexible polyvinylamine (PVAm) backbone with
hydrophilic dextran or oligomaltose and hydrophobic hexanoly
side chains [58,79] were synthesized and coated on the hydro-
phobic surface such as graphite, medical-grade polycarbonate, and

OTS via a simple dipping method. On hydrophobic surface, the
hydrophobic hexanoly chains assemble through hydrophobic
interactions and are constrained to lie parallel to the substrate,
while solvated hydrophilic dextran side chains protruding into the
aqueous phase to shield a biomaterial from adhesive bacterial
interactions. The application of thin oligosaccharide surfactant
polymers has been shown to reduce non-adhesive interactions
with fibrinogen and reduce infection and thrombus formation via
non-adhesive interactions with proteins, platelets, cells and
bacteria.

4. Zwitterionic materials

Zwitterionic materials are considered as biocompatible because
they are bio-mimetic ones. Two types of nonfouling
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have demonstrated their highly resistant to Fn adsorption. Copyright 2006 American
Chemical Society.

polyzwitterionic materials are polybetaines with positively and
negatively charged moieties on the same monomer unit and pol-
yampholytes with positively and negatively charged moieties on
different monomer units. A critical factor determining nonfouling
property of polyzwitterionic materials is to control both uniformity
of charge distribution and charge neutrality of two opposite charge
moieties on the surface (Fig. 6), which is the guide line to design
new nonfouling polyzwitterionic materials. In such a way non-
fouling polyzwitterionic materials could maximize the surface
hydration and reduce charge interaction with protein molecules. In
this section, we will focus on the most recent advance in the design
of various polybetaines and polyampholytes following this design
guide line on surfaces for biological applications.

4.1. Polybetaines

Polybetaines can be further classified into three major groups
based on the negatively charged groups: sulfonate-betaines (SB),
carboxylate-betaines (CB), and phosphonate-betaines (PB) (Fig. 7).
The first synthetic polybetaine is polycarboxybetaine through the
hydrolysis of poly(4-vinylpyridine) reported by Ladenheim and
Morawetz in 1957 [80]. A number of polybetaines such as phos-
phorylcholine (PC)-based copolymers [35,81,82], polySB, and pol-
yCB materials [41,62,64,83—85] have been synthesized and
characterized for demonstrating their biocompatibility and

HOOHOGOHOOODOOOEO
|

Mixed charged SAMs

SOTOROBOBODOBOSO
T
PC SAMs

Polybetaines Polyampholytes

Fig. 6. Illustration of the guide line to design new nonfouling polyzwitterionic mate-
rials. All these surfaces have both features in uniformity of charge distribution and
charge neutrality of two opposite charge moieties on the surface, which show excellent
resistance to proteins.
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Fig. 7. (a) Chemical structures of phosphonate-betaines (PB), sulfonate-betaines (SB),
and carboxylate-betaines (CB). (b) Platelet adhesion on OEG-SAM and different poly-
mer brush surfaces: polySBMA, polyCBMA, and polyOEGMA. Copyright 2008 Elsevier
Ltd.

hemocompatibility to reduce nonspecific protein adsorption and
consequent platelet adsorption in various biological applications.

To provide insights into the molecular-level nonfouling mech-
anism of zwitterionic materials, key factors leading to the strong
resistance of zwitterionic phosphorylcholine (PC)-terminated
SAMs on gold were examined by both experimental and molecular
simulation methods [49,51,52]. Results indicated that three key
properties, including the charge balance, the minimized dipole and
the close packing density, lead to fibrinogen adsorption of <0.3 ng/
cm? and BSA adsorption of <0.1 ng/cm? when 1:1 N/P ratio is
presented to maintain the charge neutrality of PC-SAMs where N
atom represents a positive charge and P atom represents a negative
charge in PC [52]. The thickness of PC-SAMs is lower than the
configuration of PC group pointing to solution, indicating that PC
groups are in an antiparallel orientation through charge and dipole
interaction. An additional MD simulation revealed that the
PC-SAMs could form 2-D crystalline structure with the same
packing configuration as PC head groups of membrane lipids, in
agreement with the observation in experiments [49,51,52].

Upon these PC results, the nonfouling property of polySB and
polyCB were explored since those groups possess the similarity in
charge distribution and neutrality as PC [11,84]. The nonfouling
properties of SB and CB have been demonstrated by several well-
controlled methods to form polymer thin film via surface-initiated
atom transfer radial polymerization (SI-ATRP) [86], self-assembly
[84], free radical polymerization [87], and 3,4-dihydrox-
yphenylalanine (DOPA) linkage [14]. Ladd et al. showed the <5 ng/
cm? adsorbed proteins from 100% blood plasma on gold surface
coated with polyCB by surface-initiated-ATRP [64], Yang et al.
showed the <0.3 ng/cm? adsorbed proteins from 100% blood
plasma when the polyCB film thickness is optimized at ~20 nm
[43]. Yang et al. also demonstrated that the nano gold particles keep
the unchanged diameters in undiluted human blood serum by
dynamic light scattering method [88]. With these three experi-
ments, it is believed that the ultralow-fouling of the proteins on
a material surface leads to ‘invisible’ nanoparticles in blood, which
can avoid blood clot process and possibly escape from immune
response. These results also indicated that multiple proteins in
a complex blood plasma require even more stringent surface
properties in nanoscale and macroscale to prevent protein
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adsorption. The optimization of surface roughness, pattern, and
thickness is critical for avoiding uncertain surface defects and thus
minimizing protein adsorption [41].

Up to cell level, the resistance to microbial adhesion on material
surfaces is also a property being examined since the adhesion
of platelet or bacteria could lead to infection when medical devices
are inserted into or implanted in patients. Fig. 7b shows platelet
adhesion level 0f 5.76 x 103/cm?,4.71 x 10%/cm?, and 9.57 x 10%/cm?
on three polymer brushes of polySBMA, polyCBMA, and poly-
OEGMA, respectively, in comparison to 4.57 x 103/cm? platelet
adhesion on the OEG-SAM. In blood, the presence of adherent
platelets usually shortens the plasma clotting time because platelets
catalyze undesirable thrombin formation. Blood clotting tests have
also shown that all these polymer brushes did not alter plasmas
clotting time, especially for polyCBMA brush that exhibits significant
anticoagulant activity. PolyCB was further subject to the study of
long-term biofilm formation. The surface coated with 30 nm polyCB
can greatly suppress the adhesion of Pseudomonas aeruginosa over
ten days, having less than 7% of P. aeruginosa coverage on the
untreated glass surface [89]. Control biofilm experiments of
OEG-SAM that has no protein adsorption and low platelet adhesion
fail to resist long-term bacterial formation. Based on the experi-
ments illustrated above, it is not necessarily true that the surface to
resist protein adsorption is able to prevent platelet adhesion and
biofilm formation, because the latter involves more harsh and
complex environmental conditions such as bacteria strength and
growth medium. Meanwhile polyCBMA is a promising polymer for
blood-contacting applications, as well as for environmentally
friendly coatings for anti marine fouling, due to its excellent resis-
tance to protein, platelet, and bacteria adhesion [41,64].

4.2. Polyampholytes

Besides three classic zwitterionic polybetaines such as MPC, SB
and CB, polyampholytes is another big group of materials with the
closest structure to polybetaine polymers. Polyampholyte polymers
are formed by a pair of separate mononers with two opposite

charge moieties respectively. The uniformity of charge distribution
and charge neutrality of polymers is mostly achieved by 1:1
homogeneous reaction mixture of the two oppositely charged
monomers before co-polymerization. Although there is a possi-
bility to form minor defects with two or more same charge con-
nected together in ion-pair comonomer polymer (Fig. 8a), recent
works of ion-pair comonomers polymer [12,14] demonstrates that
such minor defects are negligible for protein adsorption. It is
believed that the statistically distribution of charge groups are
rather homogenous in nanometer scale. Possible rearrangement of
charge groups through soft polymer backbone might also reduce
the defects in charge distribution. Thus, it is possible to design
a wide range of new nonfouling polyampholytes through mixed
charge monomers.

To demonstrate the importance of uniform charge distribution
on the surface in the protein adsorption, different polyampholytes
with net and neutral surface charges were examined for their
resistance to protein (Fig. 8b). Similar to well-known nonfouling
surfaces of OEG and SBMA, all mixed charge polyampholytes with
homogenous charge balance including 2-carboxyethyl acrylate
(CA)-based mixtures with NH; (NH,/CA), (Dimethylamino)ethyl
methacrylate (DM/CA), 2-(Diethylamino)ethyl methacrylate (DE/
CA), 2-(Methacryloyloxy)ethyl trimethylammonium chloride (TM/
CA) and 3-Sulfopropyl methacrylate potassium salt (SA)-based
mixtures of NHy/SA, DM/SA, DE/SA, TM/SA exhibit extremely low
fibrinogen adsorption at a wide range of pH and ionic strength. As
expected, deviation from charge neutrality can induce electrostatic
interactions between proteins and surface, leading to protein
adsorption. This fact indicates that charge balanced poly-
ampholytes are equivalent to polybetaines with very stable and
robust structures at nonphysiological conditions.

SAMs with mixed positively and negatively charge groups are
another format of mixed charge polymers. Even a 1:1 mixture of
cationic and anionic SAM displays excellent resistance to nonspe-
cific protein adsorption, Chen et al. closely investigated these
zwitterionic SAMs. They show better resistance to protein
adsorption than the statistical copolymers [19,40] since the
mobility of thiols on gold surface improved uniformity of charge
distribution. The molecular simulation shows a 2-D crystalline
structure formed in the mixed SAMs of 1:1 mixture of TMA/SA on
Au(111). The lattice of mixed TMA/SA SAMs revealed by atomic
force microscopy is about (5.2 + 0.2 A x 5.2 & 0.2 A) 60°, which is
similar to the same packing configuration as PC head groups
of membrane lipids. This indicated that the packing structure of
mixed SAMs is determined by strong charge—charge interactions of
the terminal groups rather than S—Au and chain—chain interac-
tions. Simulations also indicate that a balanced charge and mini-
mized dipole are essential for enhancing hydration capacity at the
topmost layer via electrostatic interactions [52].

Besides the statistical copolymers from the two charged
components, natural peptides with alternating negatively charged
Glu or Asp and positively charged Lys or Arg are another candidates
as biodegradable nonfouling materials since their final metabolized
products are natural amino acids. Based on the design principle
learned from mixed charged polyampholytes polymers and SAMs,
results show that peptides with alternating Glu/Lys or Asp/Lys via
self-assembly are highly resistant to the nonspecific adsorption of
fibrinogen, lysozyme, and albumin (<0.3 ng/cm?) [90], comparable
to PEG-based materials. This work demonstrates for the first time
the development of ultralow-fouling materials from natural
peptides, providing a convenient way to synthesize super stealth
natural peptides by genetic engineering methods. Furthermore,
these novel peptides mimic natural proteins and are biodegradable
and nontoxicity through metabolism of peptides and may help
understand how various peptide sequences play their roles in
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protein—protein interactions and protein stability. Overall, strong
hydration ability through ionic solvation of polyampholyte plays
a key role in their nonfouling properties. A nanometer-scale
homogenous mixture of balanced charge groups provide an
excellent condition for charge groups to be fully ionized through
the electrical field effects of the opposite ions, which override the
weakening effect of weak acid or base in crowded conditions,
which leads to the best condition for surface hydration. This
homogeneity of opposite charge groups could avoid protein
adsorption induced local charge interaction.

5. Conclusions and perspectives

The development of nonfouling materials and associated surface
coating methods is critically important for many biomedical
applications. Zwitterionic materials, especially for polyampholyte
polymers, are very well positioned to play a role in the develop-
ment of next-generation antifouling and antimicrobial materials.
The advantages of nonfouling zwitterionic materials include the
simplicity of synthesis, ease of applicability, abundance of raw
materials, and availability of functional groups. With the under-
standing of the nonfouling mechanism and the design principle
that the nonfouling properties are mainly attributed to surface
hydration depending on the surface chemistry and physical packing
of materials, future research direction could focus on the devel-
opment of nonfouling materials with the general property and
special function to meet challenge of the long-term stable perfor-
mance in more complex condition in vivo [91]. Specially, (1) zwit-
terionic functional groups that possess the maximum polarity are
used to enhance surface hydration via electrostatic interactions; (2)
functional groups, such as carboxyl or amino groups, will be a part
of nonfouling materials. For example, dual functional polyCB can
achieve both protein resistance and ligand immobilizability
[83,85]; (3) apart from surface chemistry, novel synthesizing and
surface coating approaches need to be developed to optimize the
physical properties of the surface. The basic information is critical
to our understanding of the factors involved in nonfouling poly-
mers and this information is the basis of efforts to design new and
more effective zwitterionic materials.
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