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ABSTRACTS

The development of high-performance nonfouling polymer surfaces for implantable medical devices and
therapeutic nanomaterials is of great importance. Elaborating the relationship of polymer structural
characteristics and the resulted surface properties can offer useful guidance toward ideal biointerfaces. In
this work, we investigate the effects of the helical conformation and anchoring orientation of poly(a.-
amino acid)s (PaAAs) to produce advanced nonfouling surfaces. By using the neutral poly(y-(2-(2-(2-
methoxyethoxy )ethoxy)ethoxy)esteryl glutamates) (P(EG3Glu)s) as a model system, the adsorption ki-
netics are monitored by ex-situ variable angle spectroscopic ellipsometry and in-situ quartz crystal
microbalance with dissipation. It is found that the polymers adopting a rigid rod-like a-helical confor-
mation can self-assemble more rapidly to produce denser adlayers, and generate significantly improved
nonfouling surfaces compared to those flexible polymer analogues including the widely used antifouling
polymer PEG. Moreover, the surface properties can be further enhanced by using the antiparallel
orientated helical P(EG3Glu)s. Most importantly, the insights gained from the P(EG3Glu) model system
are successfully applied to the generation of ultra-low-fouling surfaces using zwitterionic PaAAs brushes,
underscoring the generality of the approach. Particularly, the surface based on the antiparallel aligned
zwitterionic helical PaAAs exhibits ~98—99% reduction of human serum adsorption relative to the bare
gold, and gives almost no adhesion of mouse platelet. Taken together, this work depicts an extremely
simple yet highly effective approach to manipulate surface properties for numerous applications in
biomaterial interfaces, diagnostics, and biosensors.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

poly(ethylene glycol) (PEG) [10,11], poly(2-oxazoline)s [12,13],
zwitterionic polymers [14,15], and polypeptoids [16,17]. Often, the

Polymer brushes are covalently attached thin films on surfaces
such as gold, titanium dioxide, and silicon [1,2]. The brushes can
largely modulate and improve the properties and functions of the
coated surfaces including anti-fouling, lubrication, colloidal stabi-
lization, and corrosion protection [3—6]. For example, nonfouling
polymer brushes have been proven one of the most useful strate-
gies to prevent nonspecific adsorption of undesirable biomolecules
on material surfaces, which, if untreated, would otherwise lead to
many adverse events including bacterial infection, rapid blood
clearance of nanocarriers, and decreased sensitivity of biosensor
[7—9]. Over the past few decades, a variety of synthetic polymers
have been explored as nonfouling polymer brushes, including
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configurational mobility of these polymers is believed to play an
important role in blocking protein interaction sites through the so-
called steric excluded volume effects [18,19]. In this regard, flexible
polymers with large hydrodynamic volumes are often favored in
the design of nonfouling materials. However, recent studies have
also shown that conformation-constrained architectures such as
dendrons [20], loops [21,22], and cycles [23] can generate denser
brushes with respect to their linear analogues exhibiting high
conformational flexibility. These inspiring advances urge more
careful structure-function relationship analysis in order to precisely
manipulate the surface properties with different polymer archi-
tectures and conformations.

In the present work, we ask the question whether the secondary
structures such as the a-helix of synthetic polypeptides, also known
as poly(a-amino acid)s (PaAAs), could impact their behaviors on
surfaces [24—28]. By simply switching the chirality of the
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monomeric amino acid of PaAAs, it allows one to facilely tune the
conformations with minimum structural perturbance (e.g. the
helix-coil transition). In solution, such conformational switches
have been shown to cause dramatic property changes including
membrane activity [29], gene transfection [30], self-assembled
structures [31—33] and antimicrobial efficiency [34]. On surfaces,
for example, Li recently demonstrated that cells could adhere and
proliferate better on -type poly-y-benzyl-glutamate grafted sur-
faces compared with those grafted with ,-type or ,,-type analogues
[35]. Another appealing feature of studying the helical PaAAs for
surface applications is the potential of harnessing the macroscopic
dipole moment of the polymers. Specifically, each amino acid of the
a-helical PaAA is known to contribute a dipole moment of ~3.5 D
derived from the unidirectional orientation of the backbone
hydrogen bonding, which can further accumulate into a macro-
scopic dipole moment from the N- to the C-terminus of the polymer
[36,37]. We expect that this dipole effect could be used to modulate
the surface properties by controlling the orientation of PaAAs
(parallel or anti-parallel). For example, Higashi and coworkers have
shown that helix-helix macrodipole interaction could be used to
precisely control the location of a redox moiety in self-assembled
monolayers [38,39]. More recently, Cheng and Lin et al. elegantly
demonstrated that the helical dipole played an important role in
affording ultra-fast polymerization for the synthesis of brush-like
polymers [40]. Together, these unique features make PaAAs ideal
materials to study the conformation and anchoring orientation
effect on nonfouling performance, which has been very rarely
investigated before.

2. Materials and methods
2.1. General

Materials Ultrapure water prepared by a Millipore water puri-
fication system (Millipore, 18.2 MQ cm) was used for surface ex-
periments and buffer solutions. Phosphate buffered saline (PBS:
137 mM Nadl, 2.7 mM KCl, 2 mM KH,PO4, and 10 mM Na,HPO4; pH
7.4 at 25°C) was freshly prepared, filtered through a 0.22 um cel-
lulose membrane and degassed by ultrasonication for 10 min
before use. Anhydrous N,N-dimethylformamide (DMF) and hex-
amethyldisilazane (HMDS) were purchased from Sigma-Aldrich (St.
Louis, MO, U.S.A.). Bis(2-dimethylaminoethyl) disulfide dihydro-
chloride was purchased from TCI, Inc. 2,2-Dimethoxy-2-
phenylacetophenone (DMPA), trifluoroacetic acid (TFA), tert-butyl
bromoacetate were obtained from Aladdin Reagent Co. Ltd.
(Shanghai, China). S-trityl-3-mercaptopropionic acid [41], 2-(tri-
tylthio)ethanamine [42], 2-(2-(2-(allyloxy)ethoxy)ethoxy)ethanol
[43], v-(2-(2-(2-Methoxyethoxy)ethoxy)ethoxy)esteryl  -gluta-
mate-N-carboxyanhydride ((,-EG3Glu)-NCA), and v-(2-(2-(2-
Methoxyethoxy )ethoxy)ethoxy )esteryl o-glutamate-N-carbox-
yanhydride ((,-EG3Glu)-NCA) [44] were synthesized following
procedures described previously. S-trityl-3-mercaptopropionicacid
anhydride was synthesized in the presence of 1,3-
dicyclohexylcarbodiimide (DCC, from Aladdin) as a dehydrating
agent [45]. All other chemicals were purchased from commercial
sources and used as received unless otherwise specified.

Instrumentation: 'H NMR spectra were recorded using an
AVANCE 400 spectrometer (Bruker Biospin, Switzerland). Deuter-
oxide (D,0) or deuterated chloroform (CDCl3) was used as the sol-
vent for 'H NMR measurements. Fourier transform infrared
spectroscopy (FT-IR) was recorded using a Bruker Tensor 27 FT-IR
spectrometer (Bruker, Bremen, Germany) in the range of
400—4000 cm™! at a resolution of 2 cm™~! and 64 scans. Tandem gel
permeation chromatography (GPC) experiments were performed on
a system equipped with an isocratic pump (Model 1100, Agilent

Technology, Santa Clara, CA), and an Optilab rEX refractive index
detector (Wyatt Technology, Santa Barbara, CA). The temperature of
the refractive index detectors was 25°C. Separations were per-
formed using serially connected size exclusion columns (500, 103,
10* and 10° A Phenogel columns, 5 um, 7.8 x 300 mm, Phenomenex,
Torrance, CA) at 50 °C using DMF containing 0.1 M LiBr as the mobile
phase. The molecular weights of all polymers were determined us-
ing the dn/dc values calculated from internal calibration system
provided by Wyatt Technology. Circular dichroism (CD) spectros-
copy was carried out on a Bio—Logic MOS 450 CD spectrometer. The
polymer solution was placed in a quartz cell with a light path of
1.0 cm. The mean residue molar ellipticity was calculated by the
formula: [0] in deg-cm?dmol~! = (millidegrees x mean residue
weight)/(pathlength in millimeters x concentration of polypeptide
in mg/mL). The o-helix contents of polypeptides were calculated
using the following equation: % a-helix = (-[6222] + 3000)/39,000
[46]. The topographies of the surfaces were studied by using an
atomic force microscope (AFM, Dimension FastScan, Bruker, Ger-
many) in the taping mode. Scanning electron microscopy (SEM) was
performed on a Merlin Compact (ZEISS, Germany) field-emission
scanning electron microscope at 10 kV.

2.2. Synthesis of monomers and polymers

Synthesis of P(EG3Glu)-C-S-Trityl (Scheme S1A): In a glovebox,
~EG3Glu-NCA (200 mg, 0.63 mmol, 50 equiv) was dissolved in DMF
(4mL), followed by the addition of initiator 2-(tritylthio)ethan-
amine (25 pL x 0.5 M, 1.0 equiv). The polymerization solution was
stirred for 30 hat room temperature. Upon the completion of
polymerization, acetic anhydride (20 equiv) was added to the
polymer solution and stirred for another 2 h. The polymer was
precipitated in diethyl ether. The obtained polymer was then son-
icated for 5min in diethyl ether and centrifuged to remove the
solvent. After repeating this sonication-centrifugation procedure
for three times, the product P(,-EG3Glu)-C-S-Trityl was collected
and dried under vacuum, yield ~79%. P(,,-EG3Glu)-C-S-Trityl was
obtained with ~75% yield by following the same procedure except
for using the racemic ,,-EG3Glu-NCA as the monomer.

Synthesis of P(EG3Glu)-N-S-Trityl: In a glovebox, ,-EG3Glu-NCA
(200 mg, 0.63 mmol, 50 equiv) was dissolved in DMF (4 mL), fol-
lowed by the addition of HMDS (25 pL x 0.5 M, 1.0 equiv) (Scheme
S1B). The polymerization solution was stirred at room temperature.
Upon the complete consumption of NCAs, S-trityl-3-
mercaptopropionicacid anhydride (171 mg, 0.25 mmol, 20 equiv)
in DMF (1.0 mL) was added to the polymer solution and stirred
overnight. The polymer was then precipitated in diethyl ether. The
polymer was collected by centrifugation and then sonicated for
5min in diethyl ether. After repeating this sonication-
centrifugation procedure for three times, The product P(.-
EG3Glu)-N-S-Trityl was collected and dried under vacuum, yield
~80%. P(,,-EG3Glu)-N-S-Trityl was obtained by the same method
except for using the racemic ,,-EG3Glu-NCA as the monomer, yield
~75%.

Synthesis of zwitterionic thiol N,N-dimethyl-cysteamine-
carboxybetaine (CB-SH): As shown in Scheme S2A, bis(2-
dimethylaminoethyl) disulfide dihydrochloride (10.0g) was
neutralized with 3 M NaOH, and the solution was extracted with
dichloromethane (200mL x 3) to afford deprotonated bis(2-
dimethylaminoethyl) disulfide after solvent evaporation (6.8g,
yield: 92%). The obtained bis(2-dimethylaminoethyl) disulfide
(5.0 g, 24.0 mmol) and tert-butyl bromoacetate (14.1 g, 72.1 mmol)
were then dissolved in 50 mL acetonitrile and stirred at 60 °C for
24 h. The solution was concentrated, poured into diethyl ether, and
stirred for another 12 h to isolate the white precipitate, which was
dried under vacuum overnight to get the compound 2 (12.6 g, yield:
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88%). For deprotection, compound 2 (6.0 g) was dissolved in DCM
(100 mL), to which was slowly added trifluoroacetic acid (15 mL).
The solution was stirred overnight at room temperature, concen-
trated and precipitated into acetone to obtain the compound 3
(2.6 g, yield 80%). To prepare CB-SH, compound 3 (2.6 g) was dis-
solved in MeOH/H,0 (60/30 mL) and to which was added a solution
of triphenylphosphine (21.0g, 80.1 mmol) in DCM (40 mL). The
turbid solution was stirred under nitrogen overnight. After the
removal of MeOH, the residue was added 50 mL H,0, and the so-
lution was washed with DCM (50 mL x 3). The pure product CB-SH
was then obtained as a white powder after lyophilization (2.04 g,
yield 78%).

Compound 2: 'H NMR (400 MHz, CDCl3) & 4.67 (s, 4H),
4.45-4.16 (m, 1H), 3.70 (s, 12 H), 3.65—3.52 (m, 4 H), 1.51 (s, 18 H).
13C NMR (400 MHz, CDCl3) & 163.51, 85.50, 77.40, 77.08, 76.77, 64.47,
62.16, 51.92, 31.64, 28.07.

Compound 3: 'H NMR (400 MHz, D;0) & 4.12 (s, 4 H), 3.90 (m,
4H), 3.24 (s, 12H), 3.17—3.00 (m, 4H). 3C NMR (400 MHz, D,0)
0 166.96, 63.47, 61.73, 52.04, 29.74.

CB-SH: 'H NMR (400 MHz, D,0) & 3.95 (s, 2H), 3.68 (t, 2H),
3.29-3.07 (s, 6H), 2.92—2.73 (t, 2H). 13C NMR (400 MHz, D,0)
0 167.05, 66.49, 61.81, 51.6, 16.46.

Synthesis of y-(2-(2-(2-allyloxyethoxy)ethoxy)ethoxy)esteryl
~glutamate-N-carboxyanhydride (,-EGseneGlu-NCA) (Scheme
S2B): -glutamic acid (3.0 g, 20.4 mmol) was suspended and stir-
red in 2-(2-(2-(allyloxy)ethoxy)ethoxy)ethanol (11.4 g, 60 mmol).
In an ice bath at 0 °C, sulfuric acid (1.8 mL, 33.7 mmol) was added
drop-wise over a period of 10 min. The resulting mixture was stir-
red at room temperature overnight. Then, the precipitate was iso-
lated by slowly pouring the viscous solution into a mixture of
trimethylamine/isopropanol (v/v: 20/300 mL). After vacuum drying
at 50°C, y-(2-(2-(2-allyloxyethoxy)ethoxy)ethoxy)esteryl ,-gluta-
mate (,-EGseneGlu) was obtained as pale yellow solid. ,-EGseneGlu
was purified by recrystallization in methanol/diethyl ether (v/v: 20/
200) and completely dried before cyclization to get white solid
product (3.0g, yield 46%). The purified -EGseneGlu (1.0g,
3.1 mmol) was dissolved in dry THF (30 mL) under nitrogen and to
the solution was added triphosgene (344 mg, 1.16 mmol). The sus-
pension was stirred at 50 °C for 4 h to obtain a clear solution. After
the removal of solvent under vacuum, the crude ,-EGzeneGlu-NCA
was purified via silica column chromatography using ethyl acetate-
petroleum ether (v/v: from 1/4 to 1/1) as the eluent. ,-EGseneGlu-
NCA was synthesized by following the same method.

.~EGseneGlu: 'H NMR (400 MHz, D,0) § 5.85 (m, 1H), 5.31-5.11
(m, 2H), 4.25—4.11 (m, 2H), 3.97 (d, 2H), 3.68 (dd, 2H), 3.61 (dd, 9H),
2.55—2.45 (m, 2H), 2.15-1.97 (m, 2H). 3C NMR (400 MHz, D,0)
0 174.51, 173.77, 133.67, 118.44, 71.74, 69.72—69.40, 68.70, 68.42,
64.08, 53.98, 53.90, 29.79, 25.40. FT-IR (cm™'): 2934cm™,
2873cm™!, 2678cm~!, 1738cm™!, 1609cm~!, 1584cm,
1511 em~ 1, 1412 em™1, 1325 cm ™, 1113 em 1, 996 cm ™1, 923 cm ™,

~EGszeneGlu-NCA: 'H NMR (400 MHz, CDCl3) 8 7.30 (s, 1H), 5.90
(m, 1H), 5.38—5.15 (m, 2H), 4.52—4.44 (m, 1H), 4.43—4.17 (m, 2H),
4.01 (d, 2H), 3.86—3.48 (m, 10H), 2.53 (m, 2H), 2.42—2.00 (m, 2H).
13C NMR (400 MHz, CDCl3) 3 171.80, 170.28, 151.83, 134.43, 117.59,
72.19, 70.48, 70.24, 69.32, 68.68, 63.51, 57.20, 30.39, 27.05. FT-IR
(cm™1): 3265cm !, 2919 cm !, 2871 cm ™!, 1855cm ™!, 1788 cm ™,
1735cm~ !, 1614 cm ™1, 1450 cm ™, 1352 cm ™1, 1113 em ™}, 922 em L

Synthesis of P(EGseneGlu)-C-S-Trityl and P(EGseneGlu)-N-S-
Trityl: P(EGseneGlu)-C-S-Trityl and P(EGseneGlu)-N-S-Trityl were
synthesized by following a similar method used for P(EG3Glu)-C-S-
Trityl and P(EGs-Glu)-N-S-Trityl synthesis (Scheme S2C and
Scheme S2D).

General procedure for the synthesis of zwitterionic poly-
peptide P(CB-EG3Glu)-C-S-Trityl via thiol-ene reaction: P(EGse-
neGlu)-C-S-Trityl (20.0 mg, 0.066 mmol “ene”), CB-SH (58.5 mg,

0.33 mmol “thiol”) and DMPA (1.8 mg, 0.007 mmol) were dissolved
in a DMF/water mixture (2.0/0.5 mL). The vial was purged with
nitrogen for 10 min and sealed with a rubber septum. The mixture
was irradiation with a 365 nm UV lamp (1.0 W/cm?) for 6 h, fol-
lowed by another 6 h irradiation after the addition of 2 mL DI water
and 1.8 mg DMPA. The product was purified using a PD-10 column
and lyophilized to afford a white solid (yield 70—85%).

Cleavage of the Trityl Protective Group: Taking P(,-EG3Glu)-C-
S-Trityl as an example, typically, the precursor polymer (50 mg,
0.004 mmol) was dissolved in anhydrous DCM (2 mL) and tri-
fluoroacetic acid (TFA, 0.5 mL) under nitrogen. After cooling to 0 °C,
triethylsilane (TES, 20 pL) was added to the above solution, which
was then stirred at room temperature for 6 h. The solution was
concentrated and the product was isolated by precipitation in
diethyl ether. The obtained polymer was then sonicated for 5 min in
diethyl ether and centrifuged to remove the solvent. After repeating
the sonication-centrifugation cycle for three times, the polymer P(,-
EG3Glu)-C-SH (L-C) was collected, dried under vacuum and stored
in —20 °C freezer in sealed vials before usage, yield ~85%.

2.3. Preparation of monolayers on gold substrates

All gold substrates were cleaned by treating with freshly pre-
pared Piranha solution (H,S04:H;05, 7/3 v/v) at 60 °C for 15 min,
washed with ultrapure water, and blow dried with nitrogen. The
polymers at different concentrations (from 1.0 x 10~ to 5.0 mg/
mL) were prepared in PBS buffer (pH 7.4) by a stepwise dilution
method. The L-C/L-N solution was prepared by mixing an equal
volume of L-C and L-N solution each at half of the final concen-
tration, whereas DL-C/DL-N was made by mixing an equal volume
of DL-C and DL-N each at half of the final concentration. The
cleaned substrates were then immersed into the polymer solutions
and incubated on an oscillator at room temperature for different
periods of time (10 min, 0.5, 1, 2, 6, 12 and 24 h). Finally, the coated
substrates were rinsed with ultrapure water thoroughly and dried
with a stream of nitrogen.

2.4. Characterization of polymer brushes

X-ray photoelectron spectroscopy (XPS): XPS analysis was
performed on an X-ray photoelectron spectrometer (Axis Ultra,
Kratos Analytical Ltd.) using monochromatic Al Ko (1486.6 eV) as
the radiation source.

Static water contact angle (SCA): SCAs of the adlayers were
measured at room temperature using a DSA-100 (Kruss, Germany).
Water drops (2.0 uL) were deposited on tested surfaces and the
values were recorded after 10s. At least three independent mea-
surements were performed on each sample.

Variable angle spectroscopic ellipsometry (VASE): The thick-
ness of the dried polymer adlayers on the gold surface was
measured under ambient conditions by a variable angle spectro-
scopic ellipsometry (VASE) M2000V (J. A. Woollam, USA) in the
spectral range of 370—1000 nm at two incident angles of 70° and
80°. The VASE spectra were then fitted with the multilayer model
utilizing CompleteEASE (Version: 4.81) analysis software based on
the optical properties of a generalized Cauchy layer model
(A=145, B=0.01, C=0) [47] to obtain the thickness of the poly-
mer adlayer. The measurements were performed on three inde-
pendent samples and the thicknesses were reported as
mean + standard deviation (SD).

Real-time monitoring of polymer adsorption by QCM-D: In
situ monitoring of the polymer brush formation was recorded on a
Q-sense E4 (Q-Sense, Sweden) Quartz crystal microbalance with
dissipation (QCM-D). Before the polymer adsorption, a new QCM
chip was cleaned by washing with ethanol and water, dried under
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N>, and placed into the flow chamber. After a flat baseline was
obtained by pumping PBS for a sufficient period of time, the poly-
mer solution in PBS was injected (50 uL/min, 250 pL). The pump
was stopped to allow polymer adsorption for 6 h before the chip
was flushed with PBS buffer to remove the unbound or physically
bound polymers. The hydrated mass of the adlayer was determined
by measuring the frequency shift (Af). All experiments were per-
formed at 25°C and the fifth overtone (n=5) was chosen to
calculate the adsorbed mass.

2.5. Evaluation of the nonfouling performance of the polymer
brushes

Protein adsorption assay: The QCM chips, with or without
polymer coating, were first rinsed with PBS buffer to obtain the
baseline. At 25°C and a flow rate of 50 pL/min, a freshly prepared
protein solution (BSA or fibrinogen, 1.0 mg/mL) was flowed through
the chips for 15 min, followed by flushing the chip surface with PBS
buffer for another 15 min to remove the unbound or loosely bound
proteins. The amount of protein adsorbed on surfaces was quanti-
fied by measuring the frequency shift (Af) from the fifth overtone
(n=5). The Sauerbrey model (Am = C x Af, C=17.7 ng/(cm? x Hz))
was used to calculate the adsorbed protein mass (Am, ng/cm?) on
the gold surfaces. The experiments were repeated at least three
times on different chips for each adlayer. The results were reported
as mean = SD.

Cell adhesion experiments: The bare gold and polymer-coated
surfaces were sterilized by soaking in 70% ethanol, followed by
rinsing with sterilized PBS, and then placed into different wells of a
24-well plate. HeLa-eGFP cells were seeded into each well at a
density of 1.0 x 10% cells per well. After incubation at 37 °C for 24 h,
each sample was rinsed with 4 mL PBS to remove the unattached
cells. The images of cell attachment on samples were recorded
using a Nikon A1R confocal laser scanning microscope. Three
representative images at different locations were selected, and the
fluorescence intensities of the adhered cells were quantified. The
results were expressed as normalized fluorescence intensities on
the modified surface relative to that on the bare gold surface.

Platelet adhesion experiments: Fresh rat blood was mixed
immediately with 3.8 wt% sodium citrate solution in aratio of 9:1 (v/
v) and centrifuged at 1000 rpm for 10 min to obtain the platelet-rich
plasma (PRP). The unmodified and modified gold chips were first
allowed to equilibrate with PBS buffer (pH 7.4) for 2 h, and then
200 pL PRP was introduced to each sample. After incubation at 37 °C
under static conditions for 2 h, the gold surface was rinsed with PBS
gently to remove loosely adhered platelets. The adherent platelets
were further fixed with 2.5% (v/v) glutaraldehyde overnight, and
dehydrated serially using 25%, 50%, 75%, 90%, and 100% ethanol for
20 min in each step. The surfaces were dried with a stream of ni-
trogen and then coated with gold. The level of platelet adhesion was
examined by SEM. The number of adhered platelets on the surface
was calculated according to four representative SEM images for each
sample. The results were expressed as the number of platelets on the
modified surface relative to that on the pristine gold surface.

3. Results and discussion
3.1. P(EGsGlu) synthesis and characterization

Poly(y-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)esteryl — gluta-
mate) (P(EG3Glu)) was selected as a model system owing to its PEG-
like side chain, excellent aqueous solubility, and neutral charge. We
prepared four different derivatives of P(EG3Glu) bearing different
secondary structures and anchoring functional groups (see exper-
imental section, Fig. 1A and Scheme S1). For clarity purpose, here L-

C and L-N denoted the two helical P(;-EG3Glu) polymers bearing a
thiol group at the C- and N-terminus, respectively. Similarly, DL-C
and DL-N denoted the two unstructured P(,-EG3Glu) polymers
with the thiol group placed at the C- and N- terminus, respectively.
At a feeding monomer to initiator (M/I) of 50/1, gel permeation
chromatography (GPC) and 'H NMR spectroscopy indicated that
the resulting four polymers shared similar molecular weights (Mys)
and all had narrow polydispersity indices (P) smaller than 1.10
(Fig. S1, Fig. S2 and Table S1).

The secondary structures of the four polymers in PBS buffer
were characterized by circular dichroism (CD) spectroscopy
(Fig. 1B). The CD spectra of both L-C and L-N depicted a typical a-
helical conformation evidenced by the two negative minima at 208
and 222 nm. The helical contents of the two polymers were ~92 and
95%, respectively (Table S1). In contrast, both the racemic DL-C and
DL-N exhibited disordered conformations as shown by the CD
spectra. As expected, the equal molar mixture of L-C and L-N (L-C/L-
N) displayed an a-helix conformation with helical contents similar
to L-C and L-N, whereas the equal molar mixture of DL-C and DL-N
(DL-C/DL-N) showed a disordered conformation (Fig. 1B).

3.2. Adlayer preparation and adsorption kinetics

Next, we tailored the surface properties by using the PaAAs
described above, which could form adlayers on gold surfaces via the
thiol-Au bonding. Fig. 2A—B showed the dry thickness of different
P(EG3Glu) adlayers, measured by ellipsometry, as a function of the
incubation time. All samples were found to rapidly reach ~75% of
their maximum thicknesses within the first 10 min of incubation
and gradually climb to the plateaus at ~12 h. Strikingly, the adlayers
composed of the helical P(,-EG3Glu)s (L-C and L-N) were both
appreciably thicker than the ones composed of the unstructured
P(,.-EG3Glu)s (DL-C and DL-N, Fig. 2A). Considering that the poly-
mers shared almost identical chemical composition, we attributed
the thickness difference to their varied secondary structures. It was
postulated that the rigid and conformation-constrained a-helix
could facilitate denser molecular packing and ensure a greater
probability of thiol exposure for enhanced surface anchoring. To
examine the orientation effect, we prepared the L-C/L-N and DL-C/
DL-N adlayers. We noticed a further improvement in the thickness
of the L-C/L-N adlayer when compared to that of L-C (Fig. 2B).
Notably, the antiparallel anchored DL-C/DL-N gave almost the same
thickness as the DL-C adlayer, suggesting that the aforementioned
orientation effect was unique to the helical polymers (Fig. 2B). We
hypothesize that the antiparallel anchored L-C/L-N adlayer would
cancel the repulsive force derived from the dipole moment, which
ultimately resulted in denser polymer grafting on the surface when
compared with the parallel aligned L-C or L-N adlayer. Overall, L-C/
L-N showed ~41% improvement in the dry thickness than the three
adlayers based on the flexible P(,,-EG3Glu)s (DL-C, DL-N, and DL-C/
DL-N). We also studied the adlayer formation as a function of the
adsorbate concentration (from 0.0001 to 5.0 mg/mL) for a total
incubation time of 12 h (Fig. 2C—D). As expected, the thickness of
the polymer adlayers grew gradually with the increased polymer
concentration. It was found that at the adsorbate concentration as
low as 0.1 mg/mL, all adlayers reached ~90% of their own maximum
thicknesses. Importantly, the study reconfirmed our previous
finding that the helical polymers could give thicker adlayers than
those unstructured polymers (Fig. 2C), and the antiparallel
anchoring of the helix could further enhance the polymer adsorp-
tion (Fig. 2D).

3.3. Surface analysis

XPS was employed to gain information regarding the surface



732 C. Zhang et al. / Biomaterials 178 (2018) 728—737

I S S e o
R (o]

R O

} R= /\/U\ )
\WN Uy o0
Q4——»6+ - 4+— &+ a%d \/157' P(EG,-Glu)
L-C L-N DL-C DL-N
B
B) ”. © 6+
—LC —Dic 5+ 5- 5-
a9 — LN ——DLN S8 /? O ? OWARRE
3 ——L-CIL-N ——DL-C/DL-N Oy 9 $ s g g SS
S
5 AT m&w
g7 (LE)-An (L-N)-Au (L-CIL-N)-Au
S 20-
=
-304
-40 -+ T T T T T T T T v 1 it R 4
200 210 220 230 240 250 (DL-C)-Au (DL-N)-Au (DL-C/DL-N)-Au

A (nm)

Fig. 1. (A) Chemical structures and secondary conformations of the four P(EG3Glu)s used in the model study (L-C, L-N, DL-C, and DL-N). (B) CD spectra of different P(EGsGlu)s in PBS
buffer (pH = 7.4). (C) Cartoon illustration of different PaAA adlayers on Au surfaces.

(A) 35. (B) 36-
] ® . -
304 i 304 [ ]
8 CHE
< 25+ x [ ]
= § < 24-9 4 X
220" % & o Mg X
£ r Q 15+
(=] 154 < F 30
= o = ® [ ]
= £ 12 < e @ L] m LC
10- 1 S ® L-C/LN
$ 18 4 X X A DL-C
5] 64 .512 w DL-C/DL-N
0 0'?nc0|.igat1ibon l1in§e2(r?) o ?HC?JSGY:O?I t|1r|15e (2,-,‘)J
T T T T T T \ 0 T T T T T T T
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Incubation time (h) Incubation time (h)
C
( ) 351 (D) 361
] *
30 ®
! 301 i i 8
254 § & e
<5 i ! =41 oy t 08
2] 2 B
£ 157 i ¢ £ .
Q2 = © |
£ 104 ¥ E 121 ¢
54 6
i |
0 { o L] - L o |
10* 10° 102 10" 10° 10" 0t d ° d 1
10" 10° 102 10" 10° 10

Incubation concentration (mg/mL) Incubation concentration (mg/mL)
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composition of the PaAA-coated surfaces. Fig. S3A depicted the after the polymer adsorption. The XPS-derived surface atomic
representative XPS wide scan of the freshly cleaned gold before and concentrations and molar ratios were listed in Table 1. A substantial
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Table 1

XPS-derived surface atomic concentrations and molar ratios of the bare and polymer-modified gold surfaces. Incubation condition: 1.0 mg/mL polymers in PBS for 12 h, 25°C.

Sample Atomic concentration (%) XPS-derived molar ratio
Au 4f Cls N 1s O1s S2p C/Au? O/Au? o/c? O/N? 0—C=0/NH—C=0Q"
Bare gold 66.31 27.42 1.19 5.08 — 0.41 0.08 0.19 4.27 —
L-C 24.04 48.82 4.16 22.07 0.91 2.03 0.92 0.45 5.31 1.00
L-N 23.95 49.16 4.04 22.16 0.69 2.05 0.93 045 5.49 0.97
L-C/L-N 19.25 51.03 474 23.92 1.06 2.65 1.24 0.47 5.05 0.92
DL-C 28.11 46.67 3.79 20.81 0.62 1.66 0.74 0.45 5.49 1.01
DL-N 27.82 47.51 3.68 20.26 0.73 1.71 0.73 043 5.51 0.96
DL-C/DL-N 27.59 47.14 3.82 20.56 0.89 1.71 0.75 0.44 5.38 0.94

2b Calculated from the corresponding surface atomic concentrations and C 1s high resolution spectra, respectively.

C-N/C-O/C-8
C-C/IC-H

Au 4f
Au 4d

P92 290 288 286 284 282
Binding Energy (eV)

CPS

Ay 4p

Bare Au

'
Loy,
s
1000 800 600 400 200 0

Binding Energy (eV)

Fig. 3. XPS survey spectra of the bare and representative antiparallel anchored L-C/L-N
gold surface. (Inset: narrow scan of the C 1s signal of the L-C/L-N adlayer)

decrease in Au 4f concentration and considerable increases in C 1s,
N 1s, O 1s, and S 2p signals were observed following the polymer
adsorption. Fitting of the C 1s, N 1s, and O 1s high-resolution scans
collectively revealed functional groups corresponding to amide
NH—C=0, ester 0—C=0, and ether C—O (Fig. 3, Fig. S3B and
Fig. S3C). Moreover, the O/C, O/N and O—C=0/NH—C=O0 ratios of
all adlayers were found to match the theoretical values (0.5, 6.0 and
1.0, respectively), an indication of successful PaAA adsorption.
Notably, only one thiolate species at ~162.5 eV was detected, sug-
gesting that all the thiol was chemisorbed to the Au surface and

(A)

0-foes

54

-10-

15+

Af (Hz)

-20+

-254

-304

o 1 2 3 4 5 6 71
Time (h)

thus ruling out the possibility of multilayer adsorption.

The attenuation of the Au 4f signal could also be used as a
reference to estimate the adlayer thickness [48]. Among all
polymer-coated surfaces, the antiparallel helical L-C/L-N adlayer
displayed the lowest Au 4f intensity (~19%), which increased
slightly in the helical L-C and L-N adlayers (~24%). The unstructured
DL-C, DL-N, and DL-C/DL-N displayed comparable Au 4f intensities
between each other (~28%) and were higher than the previous
helical polymers. Moreover, L-C/L-N was found to give the highest
surface C/Au and O/Au ratios among all tested samples, recon-
firming its greatest surface polymer coverage.

The wettability of the surfaces was characterized by SCA
(Fig. S4). The SCAs were measured ~85° for the bare gold and ~46°
for all the helical P(,-EG3Glu)-coated surfaces (L-C, L-N, and L-C/L-
N). Interestingly, the SCAs of the disordered P(,,-EG3Glu) adlayers
(DL-C, DL-N, and DL-C/DL-N) were ~41°, suggesting a higher degree
of wettability of the unstructured polymer adlayers. This was
perhaps because the backbone amides in the unstructured poly-
mers remained available for hydration, whereas the same amides
were occupied for intramolecular hydrogen bonds in the helical
polymers. The morphology of the adlayers was determined by AFM
(Fig. S5), which indicated that all the polymers produced uniform
structures and exhibited almost similar topography with low
average roughness (Ra).

3.4. In-situ QCM-D analysis

Next, we employed quartz crystal microbalance with dissipation
(QCM-D) to gain information on the adsorbed mass in the hydrated
state and the viscoelastic properties of the forming adlayers in situ.
As reflected by the frequency shift (Af) shown in Fig. 4A, incubation

B
®) 41
—LcC
——L-CIL-N
-104 —DLC
——DL-C/DL-N
—~ -201
N
<
G 304
-40
-50 +— T T T T : T

Time (h)

Fig. 4. In-situ QCM-D monitoring of the Af as a function of the adsorption time for various P(EG3Glu)s.
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Results are shown as mean + SD.

with the helical P(-EG3Glu)s (L-C or L-N) resulted in faster
adsorption kinetics and greater adsorption mass than those un-
structured P(,,-EG3Glu)s (DL-C or DL-N). Moreover, the equal molar
mixed L-C/L-N was found to give the greatest Af among all the
samples tested, which indicated an almost 90% increase of the
adsorption mass when compared with DL-C (Fig. 4B). Again, the DL-
C/DL-N adlayer showed no difference in final Af with respect to the
DL-C adlayer (Fig. 4B). It is also noteworthy that the L-C/L-N adlayer
generated from an equal molar ratio of L-C and L-N displayed the
highest amount of polymer adsorption compared with those using
polymer mixtures at other molar ratios (Fig. S6A), suggesting the
important role of the dipole moment cancellation during the
grafting process. To study the viscoelastic properties of the adsor-
bed layers, the D—f curves (dissipation change (AD) against -Af) of
L-C, L-C/L-N, DL-C, DL-C/DL-N adsorption were plotted in Fig. S7.
The slopes (8D/af) of L-C and L-C/L-N adsorption were relatively
smaller than that of DL-C and DL-C/DL-N, suggesting the helical
polymers gave more rigid adlayers than the unstructured polymers
[49,50]. Overall, the QCM-D results were in good agreement with
the ellipsometry and XPS results discussed above.

200 pm

200 pm

3.5. Antifouling properties of P(EG3Glu)-based adlayers

The antifouling properties of the P(EG3Glu) adlayers were tested
by protein adsorption and cell attachment assays. Fig. 5 showed the
adsorbed BSA and fibrinogen masses on bare gold and P(EG3Glu)-
modified surfaces detected by QCM. In general, all surfaces coated
with the helical P(-EG3Glu)s (L-C, L-N, and L-C/L-N) showed
considerably less protein binding as compared to those coated with
the unstructured P(,,-EG3Glu) analogues (DL-C, DL-N, and DL-C/DL-
N), with the anti-parallel orientated L-C/L-N gave the best protein
resistance. For instance, the L-C/L-N adlayer showed ~3—7 fold less
protein adsorption than the DL-C/DL-N adlayer at the same con-
centration. Most remarkably, the protein resistance of the L-C/L-N
adlayer prepared from 0.1 mg/mL adsorbate outperformed all other
polymer brushes prepared at 1.0 mg/mL adsorbates. It is also worth
mention that the PEG adlayer prepared under a similar condition
was comparable to the unstructured DL-C, DL-N, and DL-C/DL-N
adlayers, and was considerably less effective than the helical L-C,
L-N, and L-C/L-N adlayers. Consistently, our results implied that the
L-C/L-N adlayer prepared at an equal molar ratio of L-C and L-N

(D) L-C/L-N

200 pm

(G) DL-C/DL-N

(H) PEG

Fig. 6. Fluorescence photographs of eGFP-HelLa cells adsorbed on different P(EG3Glu)-coated adlayers, scale bar =200 um. Adlayer preparation: 12 h incubation with 1.0 mg/mL

adsorbate.
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exhibited the best protein resistance compared to those prepared
from the same L-C and L-N polymers but at different molar ratios
(Fig. S6B).

Next, we tested the polymer brushes for the prevention of Hela-
eGFP cell adhesion. A pattern similar to the protein adsorption was
again observed according to the confocal microscopy observation
(Fig. 6 and Fig. S8). Briefly, the antiparallel helical L-C/L-N adlayer
exhibited the fewest cell attachment, ~3.0% relative to the bare gold
surface. In contrast, the parallel helical L-C and the disordered DL-
C/DL-N adlayers gave ~9.7 and 13.5% cell contamination with
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respect to the bare gold.

3.6. Synthesis and antifouling properties of P(CB-EG3Glu)-based
adlayers

Zwitterionic polymers have been widely recognized as
outstanding nonfouling materials due to their strong electrostati-
cally induced hydration. With the insights obtained from the
P(EG3Glu) model system, we reason that the integration of zwit-
terion and the effects of antiparallel helix could synergistically lead

1200+
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10004 I 100% human serum

[ ] 10% human serum
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Fig. 8. Nonfouling performance of the zwitterionic helical PaAA adlayers. (A) Representative QCM sensorgrams of the 100% human serum adsorption on various surfaces. (B) The
amount of human serum adsorbed on bare gold, the neutral P(EG3Glu) or zwitterionic P(CB-EG3Glu)- coated surfaces. The amount of protein adsorption on each polymer-coated
surface was normalized to that on the bare gold surface. (C) Representative SEM images of platelets adhering on pristine (1), P(EG3Glu)- (2—4), P(CB-EG3Glu)- (5—7) and PEG- (8)
coated gold surfaces. Magnification: 1500x, scale bar =10 um. The adlayers were prepared by incubation with the adsorbate at 1.0 mg/mL for 12 h.
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to surfaces with ultra-low fouling. For this, we designed and syn-
thesized two zwitterionic helical PaAAs for the first time (Fig. 7A
and Scheme S2). Similar to the neutral P(EGsGlu) system, the
zwitterionic P(,-CB-EG3Glu) bear the C- and N- terminal thiol was
denoted as L-C-CB and L-N-CB, respectively (Fig. S9-S14). Accord-
ingly, a racemic P(,-CB-EG3Glu) with a C-terminal thiol was also
prepared and denoted as DL-C-CB. The zwitterionic PaAAs shared a
similar degree of polymerization ~50 (Table. S2). CD spectra
depicted a random coil structure for DL-C-CB and ~90% helicity for
L-C-CB, L-N-CB, and the mixed L-C-CB/L-N-CB (Fig. 7B). The P(CB-
EG3Glu) polymers were coated on gold surfaces via the afore-
mentioned protocol and the SCAs of all surfaces were measured to
be ~30° (Fig. S15A), which were appreciably smaller than those of
P(EG3Glu) adlayers.

To interrogate the antifouling performance, we first tested the
single protein adsorption of the L-C-CB, DL-C-CB, and L-C-CB/L-N-
CB adlayers by QCM, and compared to those in P(EG3Glu)-based L-
C/L-N and PEG adlayers. Strikingly, all zwitterionic adlayers
exhibited almost no BSA and fibrinogen adsorption (below the
lower detection limit of QCM), which outperformed both the L-C/L-
N and PEG adlayers (Fig. S15B). Encouraged by this result, we
challenged the polymer-coated surfaces with 10% or 100% human
serum containing various highly adhesive proteins (Fig. 8A—B) [51].
As the PEG adlayer reduced only ~80—84% serum adsorption rela-
tive to the bare gold, the P(EG3Glu)-based DL-C, L-C, and L-C/L-N
adlayers showed a 83—88%, 84—89%, and 92—94% reduction in
adsorbed proteins, respectively. To our excitement, the P(CB-
EGsGlu)-based DL-C-CB, L-C-CB, and L-C-CB/L-N-CB adlayers
reduced 94—-95%, 95—97%, and 98—99% protein adsorption,
respectively. Thus, the antiparallel orientated zwitterionic helical L-
C-CB/L-N-CB adlayer appeared to be the most effective antifouling
surface.

Next, we tested by SEM the ability of the polymer brushes in
preventing mouse platelet adhesion, which was a major indicator
of hemocompatibility [52]. It was found that many platelets readily
adhered on the bare gold surface and formed large aggregates with
pseudopodium, suggesting a potential risk of blood coagulation
(Fig. 8C). In contrast, the number of adhered platelets decreased
substantially for all polymer-coated surfaces. Notably, PEG-coated
surface showed a higher platelet adhesion level (20.8%, Fig. 8C
and Fig. S16) than the neutral P(EG3Glu)-based adlayers DL-C, L-C,
and L-C/L-N (14.7%, 8.7%, 3.2%, respectively). Consistently, much
fewer platelets were detected on the zwitterionic P(CB-EG3Glu)-
based DL-C-CB and L-C-CB adlayers (< 1.0%), with the antiparallel
zwitterionic helical L-C-CB/L-N-CB brush gave no platelet adhesion.

4. Conclusions

In summary, we systematically investigated the conformation
and anchoring orientation effects of various PaAAs with regard to
their adsorption kinetics, surface composition, hydration,
morphology, and antifouling properties. Our results indicated that
PaAAs with the rigid a-helical structures self-assembled more
rapidly, produced denser adlayers, and generated superior anti-
fouling surfaces than those with an unstructured conformation.
Furthermore, we found that the surface properties could be further
enhanced by the antiparallel anchoring of the helical but not the
disordered PaAAs. Because the helical P2AA adlayers appeared to
show less hydration than their disordered counterparts, the
enhanced antifouling properties of the formers were presumably
attributed to the stiffer structural characters and more compact
surface packing. More importantly, the conformation and orienta-
tion effects demonstrated in the neutral P(EG3Glu) systems were
successfully applied to the design and synthesis of a zwitterionic
P(CB-EG3Glu) system with ultra-low-fouling capacity. This result

strongly supported the generality and broad scope of our method.
Taken together, this work depicted an extremely simple yet highly
effective approach for surface property manipulation, and provided
insights useful for numerous applications in biomaterial interfaces,
diagnostics, and biosensors.
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