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ABSTRACT: Great care has been paid to the biointerface between

a bulk material and the biological environment, which plays a key s

role in the optimized performance of medical devices. In this work, o o/

we report a new superhydrophilic adsorbate, called L-cysteine = »
betaine (Cys-b), having branched zwitterionic groups that give rise s

to surfaces and nanoparticles with enhanced chemical stability, pjoinspired cysteine Betaine
biofouling resistance, and inertness to environmental changes. Cys-b

N

Antifouling Zwitterionic
Biointerface Colloid

was synthesized from the amphoteric sulfur-containing amino acid,

L-cysteine (Cys), by quaternization of its amino group. Gold surfaces modified with Cys-b exhibited prominent repellence against
the nonspecific adsorption of proteins, bacteria, and fibroblast cells. In addition, Cys-b existed in zwitterionic form over a wide
pH range (ie, pH 3.4 to 10.8), and showed excellent suppression in photoinduced oxidation on gold substrates. Furthermore,
the modification of hollow Ag@Au nanoshells with Cys-b gave rise to nanoparticles with excellent colloidal stability and
resistance to coordinative interaction with Cu®*. Taken together, the unique features of Cys-b offer a new nanoscale coating for

use in a wide spectrum of applications.
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B INTRODUCTION

Advances in nanobiotechnology and the corresponding nano-
materials offer substantial impacts on therapeutic and
diagnostic applications. The unique physicochemical character-
istics of nanomaterials are particularly important, with
plasmonic gold nanoparticles (AuNPs) and fluorescent
quantum dots (QDs) attracting considerable attention. Until
now, the scope of materials has expanded to include silicon
dots, carbon dots, alloyed plasmonic nanoparticles, and gold
nanoclusters.”” The development of nanoparticles has reached
a high level, and the size, shape, and surface characteristics of
NPs have been intensively studied, giving rise to a tremendous
impact on their biocompatibility, biodistribution, and unique
functions.”* However, implementation of these nanoparticles in
unfiltered and unpurified bodily fluids such as blood, urine, or
saliva is still challenging owing to the formation of a dynamic
biomolecular corona.” Occurrence of the biomolecular corona
involves the nonspecific adsorption of proteins, lipids, and
other biomolecules, leading to unpredictable and uncontrol-
lable behaviors of NPs to achieve their exploitation in
nanomedicine. Therefore, great care must be paid to the
interface between a nanoparticle core and the biological
environment, which is a key area to be engineered carefully
for optimized performance.

Enormous efforts have been devoted to developing toolkits
for engineering surfaces with an attempt to meet desirable
interfacial properties, such as wettability, surface charges, free
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energy, and chemical functionality.”~" Over two decades,

attention has focused on self-assembled monolayers (SAMs)
because of their unique properties, such as control on the
molecular level, ordered structure, high packing density, ease of
preparation, and functionalization.® Importantly, self-assem-
bling capping ligands (i.e, molecular adsorbates) provide a
facile coating approach to modify surfaces to achieve specific
applications.” " To achieve biocompatibility in NP systems,
the predominant focus has been on the attachment of thiolated
polyethylene glycol (PEG) adsorbates, usually with large
molecule weights.''~'® Besides an increase in hydrodynamic
diameter, critical issues with PEG materials are the ease of
oxidation in the presence of oxygen and transition metal
ions,"*™'° and their susceptibility to hydration as a function of
temperature and ionic strength.”’ "

Inspired by the zwitterionic structures in polar phospholipids,
the Whitesides group carried out pioneering tests with
zwitterionic SAMs on gold substrates, showing their biofouling
resistance and environmental stability.”” Two ionic SAM
systems were accomplished: mixed and single-component
SAMs. The mixed SAMs were formed from a 1:1 combination
of positively and negatively charged thiols. On the other hand,
the single-component SAMs were prepared from thiols
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Scheme 1. Molecular Structures and Formation of SAMs from L-Cysteine (Cys) and L-Cysteine Betaine (Cys-b) on Gold

Substrates under Physiological Conditions
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terminating in groups combining both a cationic moiety and an
anionic moiety. The charged groups included ammonium,
sulfonate, and phosphoric acid. The effectiveness of zwitterionic
materials relies on their strong hydration and charge balance,
leading to a thermodynamic reduction in the entropy gain and
the enthalpy loss against protein adsorption. In recent years,
several zwitterionic materials have been successfully developed
with different structural diversity of ionic polar groups,
including sulfobetaine (SB), phosphorylcholine (PC), and
carboxybetaine (CB).”*' ™

Several natural zwitterionic organosulfur compounds have
been used for the modification of NPs and for improving their
aqueous stability and biocompatibility. Bawendi et al.
conducted the synthesis of L-cysteine (Cys)-coated quantum
dots, showing a reduction in protein adsorption and enhanced
biodistribution.”* The Nienhaus group studied SAMs derived
from D-penicillamine, which conferred enhanced chemical
stability by inhibiting oxidation of the thiol-Au bond.”>*°
Although the zwitterionic Cys and D-penicillamine with
branched ionic groups have found success as biocompatible
NP coatings, their zwitterionic nature exists over a limited pH
range, and the primary amine group on gold can be photo-
oxidized to become nitrogen oxide, particularly upon exposure
to UV irradiation.”” =’ Furthermore, according to previous
reports, the coordination of Cys with Cu®* forms a Cys-Cu**-
Cys complex through displacement of the hydrogen bond
between Cys by the coordination with Cu?".**~** Because of
this highly specific coordination, several studies used this
interaction to detect Cu®* through the induced aggregation of
Cys-modified nanoparticles, which leads to a shift in the
extinction maximum or strong scattering.n’33 Although
progress in the detection of Cu** with Cys has been achieved,
the studies also imply the restriction of Cys-capped nano-
particles for other purposes in the presence of Cu*'.

In this study, we synthesized and characterized a new L-
cysteine-derived zwitterionic molecule, called L-cysteine betaine
(Cys-b), and explored its chemical robustness, environmental
stability, and antifouling properties as a surface-modifying agent

(Scheme 1). The molecular protonation behaviors of Cys and
Cys-b as a function of pH were monitored by titration tests.
The cytotoxicity of Cys-b was examined by MTT assay with
NIH 3T3 fibroblasts. The corresponding SAMs prepared on
gold substrates were characterized using contact angle
goniometry and X-ray photoelectron spectroscopy (XPS) for
the resulting wettability and elemental compositions, respec-
tively. The antiphotooxidation and antifouling properties of
Cys-b in comparison with Cys were unveiled by the XPS
measurements, and protein, cell and bacterial adsorption
studies. In addition, Cys-b and Cys were utilized to modify
plasmonic hollow Ag@Au nanoshells to evaluate the
effectiveness of the coatings with regard to colloidal stability
and susceptibility to Cu®**. This work not only opens up
potential applications of novel bioinspired zwitterionic organo-
sulfur ligand as a new nanoscale coating material, but also
establishes molecular insight into the design of robust
biocompatible interfaces.

B EXPERIMENTAL SECTION

Materials. L-Cysteine (Cys), potassium hydroxide (KOH),
dimethyl sulfate, trifluoroacetic acid (TFA), glacial acetic acid, acetone,
silver nitrate, and potassium carbonate were purchased from Sigma-
Aldrich. Trisodium citrate dihydrate and nitric acid were obtained
from EM Science. Hydrogen tetrachloroaurate(III) hydrate (HAuCl,-
H,0) was from Strem. Chicken hen egg white lysozyme, 3,3',5,5'
tetramethylbenzidine (TMB), bovine serum albumin (BSA), and
TWEEN 20 were obtained from MDBio Inc. Mouse-antimucin IgG,
rabbit-anti-BSA IgG, horseradish peroxidase (HRP)-conjugated goat-
antimouse IgG, and HRP-conjugated goat-antirabbit IgG were
obtained from Thermo Scientific. Rabbit-antilysozyme IgG was
acquired from LSBio. Dulbecco’s Modified Eagle’s Medium
(DMEM) and fetal bovine serum (FBS) were from Gibco. Luria—
Bertani broth (LB broth) was obtained from BD. Water was purified
to a resistivity of 18 MQ cm using the Academic Milli-Q Water System
(Millipore Corporation) and filtered using a 0.22 um filter. All
glassware used in the experiments were cleaned in an aqua regia
solution (3:1 HCI:-HNO;) and dried in an oven prior to use.

Synthesis of Cys-b. A flask containing 1 g of Cys in 3 mL of
deionized water was immersed in an ice bath and stirred under
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nitrogen. Two additional funnels were set up, one with 8.5 mL of 6.5
M KOH and another with 5.2 mL of dimethyl sulfate. KOH was
introduced dropwise until dissolving the Cys. The residual KOH and
dimethyl sulfate were dropped in simultaneously for 1 h with stirring.
Afterward, the flask was kept for another 20 min at room temperature
(rt), and then 1.2 mL of glacial acetic acid was added. The reaction
solution was evaporated in vacuo to a volume of around 2 mL.
Byproduct potassium methyl sulfate was precipitated by adding 40 mL
of ethanol and then filtered using filter paper. The filtrate was
concentrated using a rotovap to a volume of around 2 mL, and then
precipitated by adding S0 mL of acetone. The white product was
washed with acetone S times to afford pure cystine betaine. Cystine
betaine was reduced in 0.1 M dithiothreitol (DTT) in deionized water
and stirred at 65 °C for 2 h. After cooling, S0 mL of acetone was added
to precipitate the white product of Cys-b. The product was collected
and dried (70% yield). The scheme for the synthesis of Cys-b and its
"H NMR spectrum are shown in Figure S1.

Potentiometric Titrations. Potentiometric titrations of aqueous
solutions were conducted using a pH meter (Clean Instrument,
PHS00, US) glass electrode. Cys and Cys-b solutions were prepared at
0.1 M in deionized water, and the pH of the solutions was adjusted to
pH 1 by adding 0.1 M HCL The pH values were recorded while
dropping 0.1 N NaOH until pH 13. The acid dissociation constant
(pK,) and isoelectric point (pI) were then determined by plotting the
titration curves for Cys and Cys-b.

Cytotoxicity Tests. NIH 3T3 fibroblasts were cultured in a 24-
well plate with a seeding concentration of 1 X 10* cell/mL in DMEM
containing 10% of FBS at 37 °C in a 5% CO, incubator. After
incubation for 16 h, the medium was replaced by serum-free DMEM
containing Cys or Cys-b at different concentrations for an additional
24 h culturing. MTT assay was performed for assessing cell metabolic
activity. The MTT solution was added to the culture medium to a final
concentration of 0.5 mg/mL. After incubation for 3 h, the medium was
replaced by DMSO, and the absorbance of the solution was quantified
by UV—vis spectroscopy at 540 nm (V-630, JASCO, MD). The
reported values are the mean from three replicates and are expressed
as percentages with respect to the control values.

Formation of SAMs. A gold substrate was prepared by deposition
onto a 20 mm X 20 mm glass slide in a high-vacuum e-beam
evaporator. A 5 nm thick chromium layer was first deposited as an
adhesive layer before the addition of a 50 nm thick layer of high purity
gold. The Au substrates were cleaned sequentially in a sonication bath
of 0.1% SDS, acetone, and ethanol for 10 min each, followed by drying
in a stream of nitrogen. The substrates were transferred to a plasma
cleaner (PDC-001, Harrick Plasma, NY) to expose O, plasma twice
with a power of 10.5 W for 10 min to remove trace amounts of
contaminants from the surfaces. The clean substrates were
immediately immersed into a 1 mM Cys or Cys-b solution in
deionized water containing 2% TFA and shaken at 50 rpm at rt for 12
h. The modified substrates were removed and cleaned with deionized
water, ethanol containing 5% ammonium hydroxide, and water,
followed by drying in a stream of nitrogen.>*

Contact Angle Measurements. Static water contact angles were
accessed by using an optical contact angle goniometer (Phoenix mini,
Surface Electro Optics, Seoul). The S uL water droplets from a
microsyringe were placed on the substrates, and the contact angles
were measured at least three times at random positions.

XPS Measurements. The elemental spectra were collected by XPS
with a microfocused and monochromatic Al Ka X-ray source (1486.6
eV, 400 ym; Sigma Probe, Thermo Scientific). The takeoff angle (with
respect to the surface) of the photoelectron was set at 45°. The
pressure of the system was below 107'° Pa using an oil-less ultrahigh
vacuum pumping system. A dual beam charge neutralizer (7 V Ar* and
flooding 3 kV, 1 A electron beam) was employed to compensate for
charging effects. Spectra were collected with a pass energy set to 58.7
eV, while the binding energy measured was calibrated against the Au 4f
peaks at 84 and 88 eV. The typical data acquisition time was around 30
min.

Bacterial Fouling Tests. A single bacteria colony of S. epidermidis
or P. aeruginosa was picked from the LB agar plate to inoculate 25 mL

liquid LB growth media. After 16 h inoculation at 37 °C shaking at 200
rpm, 1 uL bacteria containing media from the first culture was used for
a secondary culture also in LB in a conical flask. The bacteria were
then washed with sterile PBS solution three times through
centrifugation at 4000 rpm for S min and resuspension in PBS.
After the final wash, the bacterial samples in PBS were diluted to an
optical density reading at 670 nm (OD670) of 0.1, corresponding to
~8 x 107 cells/mL, to be tested for antifouling properties of substrates.
The substrates were dipped into the bacterial solution at 37 °C for 3 h,
followed by washing with sterile PBS and shaking at 100 rpm for 5 min
for three times. The adsorbed bacteria were stained with 50 pL of
LIVE/DEAD BacLight and covered with paraffin for 15 min.
Afterward, the substrates were observed under fluorescence micros-
copy (ZEISS Microscope Axio Obserber Al, Germany) with a
magnification of 400X and an excitation wavelength of 488 nm. The
measurements were performed at five random locations on each
sample, and the bacteria numbers were analyzed using an Image]
software package (developed at National Institutes of Health, MA).

Enzyme-Linked Immunosorbent Assay (ELISA) for Protein
Fouling Tests. BSA, lysozyme, and mucin were dissolved in PBS at a
concentration of 4.9 mg/mL for BSA, 2.0 mg/mL for lysozyme, and
0.25 mg/mL for mucin. The substrates were transferred to a 6-well
plate that contained 4 mL of protein solution in each well at rt for 3 h.
After removal from the protein solutions, the substrates were washed
with PBST (PBS containing 0.05 wt % of TWEEN 20) for S min at
120 rpm for 3 times. The substrates were separately immersed in
solutions containing rabbit anti-BSA IgG, rabbit antichicken-egg
lysozyme IgG, and mouse antimucin IgG with 1:5000 dilution for 1
h at rt. After removal from the primary-antibody solutions, the
substrates were then washed with PBST for S min at 120 rpm for 3
times. The substrates were subsequently incubated with corresponding
HRP-conjugated secondary antibodies with 1:5000 dilution for 1 h at
rt. After washing with PBST for S min at 120 rpm for 3 times, the
substrates were brought to contact with TMB for 10 min and stop
reaction with 1 M H,SO, (molar ratio of TMB:H,SO, = 2:1). The
supernatants were read at OD 450 nm to estimate the relative protein
fouling level.

Cell Adhesion Tests. The substrates were sterilized in 75%
ethanol for 30 s and then washed with PBS for 3 min before cell
seeding. The substrates were placed in a 24-well plate, and 3T3
fibroblasts in DMEM with 1% FBS were introduced with a total cell
number of 2 X 10° per well. After culturing for 72 h, the substrates
were removed and washed with PBS, followed by imaging under an
optical microscope. The cell number and cell coverage area were
estimated using ImageJ software.

Preparation of Gold—Silver Nanoshells. Silver nanoparticles
were prepared by the method of Lee and Meisel,>* which involves the
reduction of AgNO; by sodium citrate. An aliquot of AgNO; (0.0340
g, 0.200 mmol) was dissolved in 200 mL of H,O. The solution was
brought to reflux, and then 4 mL of 1% trisodium citrate solution was
added under vigorous stirring. The solution continued to reflux for 25
min. The contents turned a yellow green color, indicating the presence
of silver nanoparticles. The solution was allowed to cool to rt and then
centrifuged at 6000 rpm for 15 min. The nanoparticles were then
redispersed in 25 mL of water. This procedure generated
monodispersed silver nanoparticles, where the size could be adjusted
from 40 to 100 nm, depending on the concentration of the reactants.
For the synthesis of hollow gold—silver nanoshells, we followed the
procedure reported in our previous papers.***” The basic solution of
gold salt (K-gold solution) was prepared using the method reported by
Oldenburg et al.*® In this method, 0.050 g of K,CO; was added to 200
mL of purified water, which was then injected into 4 mL of 1%
HAuCl,-H,O solution. The mixture, initially yellow in color, became
colorless 30 min after the reaction was initiated. The flask was then
covered with aluminum foil to shield it from light, and the solution was
stored in a refrigerator overnight. To obtain a surface plasmon
resonance (SPR) band at ~800 nm using the gold—silver nanoshell
solutions, 20 mL of silver nanoparticles solution mixed with 200 mL
K-gold solution and stirred for 4 h. The SPR band of the solution was
tracked using UV—vis measurements. The nanoshells were isolated by
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centrifugation at 6000 rpm for 15 min, and the supernatant was then
decanted. The particles were redispersed in 22.5 mL of water. The size
and morphology of the nanoparticles were evaluated using a LEO-
1525 scanning electron microscope (SEM, Carl Zeiss, Germany)
operating at an accelerating voltage of 15 kV, and dynamic light
scattering (DLS, Nano-S, Malvern, UK). Extinction spectra were
obtained using a UV—vis spectrometer obtained over the wavelength
range of 200 to 1000 nm with all the nanoshell samples suspended in
PBS for the measurements.

Colloidal Stability Tests. For the nanoparticle modification, the
total amount of the ligands Cys and Cys-b was 1 X 107, equivalent to
nanoparticles in deionized water. The modification proceeded for 12 h
at rt, followed by collecting and washing with PBS via centrifugation at
9000 rpm for 10 min. The particles were resuspended in PBS. The
changes in SPR maxima and particle sizes were accessed using UV—vis
spectroscopy and DLS. With regard to the effect of multivalent ions on
the colloidal stability, 1 mM of Cu** solution was prepared from CuCl
and mixed with modified nanoparticles for 1 h at rt. The colloidal
stability of nanoparticles with and without the modification of Cys or
Cys-b in the presence of Cu® ions was followed using UV—vis
spectroscopy.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Cys-b. The Cys-b
molecules were successfully synthesized through quaternization
of the amino group of cystine, followed by the reduction of the
disulfide bond.”” The product was crystallized and dried under
vacuum. The chemical structure of Cys-b was verified using "H
NMR spectroscopy as shown in the Supporting Information
(Figure S1b), and the mass-to-charge ratio (m/z) of 165.15 was
confirmed by electrospray ionization mass spectrometry.

The amphoteric amino acids contain both acidic and basic
groups, and thus their predominant form depends on the pH of
the solution. The acid—base properties of Cys and Cys-b were
monitored by dissolving the molecules in deionized water and
titrating from pH 1 to pH 13 as shown in Figure 1. The pK,

14
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—=—Cys
104 —e— Cys-b

pH

0.0 0.5 10 15 2.0
mole of [OH] / mole of molecule

Figure 1. Potentiometric titration curves of Cys and Cys-b at a
concentration of 0.1 M in deionized water.

values for the —COOH and protonated —NH, groups on the
a-carbon, and the —SH group on the side chain of Cys are 1.5,
10.7, and 8.5, respectively, which are consistent with the
reported values in the literature.*” The isoelectric point (pI) of
Cys was estimated as 5.0. Additionally, the zwitterionic form of
Cys existed over the pH range from 3.2 to 7.2. For Cys-b, the
feature of the titration curve is significantly different from that
of Cys because of the presence of the quaternary ammonium
cation that is permanently positively charged and independent
of the pH. We can only find the pK, values of the —COOH
group and the —SH group of Cys-b, which are 1.6 and 12.6,
respectively. The pI value of Cys-b is 4.4. The zwitterionic

character of Cys-b exists over a wide pH range from 3.4 to 10.8.
In addition, the neutral form of Cys-b over the wide pH range
reflects the fact that the cationic ammonium serves as an
electron-withdrawing substituent, facilitating the deprotonation
of the carboxyl group, which confers tolerance of molecular
polarity toward the pH changes. In other words, Cys-b can
endure pH fluctuation and still ensure charge balance under
various conditions.

The cytotoxicity of natural Cys and synthetic Cys-b was
accessed by dissolving in serum-free culture medium at
concentrations from S yM to 5 mM and incubating with
NIH 3T3 fibroblasts for 16 h. The MTT assay was applied to
monitor the cell viability as shown in Figure 2. The data

I Cys
I Cys-b
1004

Cell Viability (%)
B (2] (o]
. .9

N
o
1

omM  5uM
Concentration

50uyM 05mM 5mM

Figure 2. Cytotoxicity of Cys and Cys-b at concentrations from S M
to S mM in serum-free culture medium. The amino acids incubated
with NIH 3T3 fibroblasts cells for 16 h prior to MTT assay.

indicated that the cell viability of Cys-b remained above 90% at
a concentration up to 5 mM, which was slightly higher than
Cys. Therefore, the results indicated that the negligible
cytotoxicity of Cys-b offers potential uses as a nanoscale
coating material for implants and other medical devices.

Cys-b SAM Formation. It has been suggested that Cys
SAMs might form a double layer through the formation of
hydrogen bonds*"** and/or ion pairing between oppositely
charged groups on the terminal groups of bound thiolate on the
surface and free thiols in the bulk.* The coating solutions were
prepared by adding a small amount of TFA to eliminate the
charge interaction, followed by washing the substrates with an
ethanolic solution of ammonium hydroxide to remove
hydrogen bonds. Compared with the coatings prepared from
only the aqueous solution, the Cys and Cys-b films with acid
and base treatments exhibit better hydrophilicity, which is
indicated by the small contact angles of 8.0 & 0.9° and 7.0 +
1.2° respectively (Figure 3 and Figure S2). Herein, the
difference in the contact angles for Cys and Cys-b substrates is
insignificant. According to the quantitative analysis with high-
resolution spectroscopy by Rolandi et al, the ratio of
zwitterionic to neutral forms of adsorbed Cys on Au is 3:1.%*
The work supported the observation of the superhydrophilic
property of the Cys film in which the strong interaction with
water molecules was induced through ionic solvation and
hydrogen bonding.”*~** For Cys-b films, the robust zwitter-
ionic structure ensures the good wettability.

In addition, the XPS spectra revealed the elemental
compositions of the Cys and Cys-b coatings; the atomic
concentrations of C, N, O, and S are given in Table S1. The
measured ratios of N/S on Cys and Cys-b films were 0.95 and
1.07, respectively, which are comparable to the estimated
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Figure 3. Contact angle measurements for bare Au and Au coated with
Cys and Cys-b. The modified substrates were prepared using an
optimized procedure to avoid the formation of double layers.

values. Therefore, the formation of Cys and Cys-b films on Au
can be confirmed for the physicochemical studies and
application in fouling resistance from the contact angle and
XPS measurements.

Suppression of Photoinduced Oxidation with Cys-b
SAMs. We were intrigued and inspired by a previous study in
which Shyue et al. reported that amino-terminated SAMs on Au
surfaces can be oxidized under exposure to light and oxygen.”®
Herein, we investigated the effect of photoinduced oxidation on
the chemical stability of Cys and Cys-b SAMs by contact angle
and XPS measurements. The modified substrates were placed
in the presence or absence of ambient air and light. The other
experimental conditions were to store samples in darkness by
covering an aluminum foil or in air-free ethanol, which were
tested to control the exposure to light and oxygen.”® After 8 h
aging, the samples were removed, and their wettability by water
was measured (Figure 4). The results revealed that the Cys and
Cys-b SAMs in the absence of air and light retained their
hydrophilicity. However, the contact angles of water on the Cys
SAMs increased to 29 + 1.5° 28 + 0.7°, and 60 + 3.2° upon
exposure to air, light, and both conditions, respectively. On the
contrary, the wettability of the Cys-b SAMs (6 < 13°) was
largely independent of the experimental conditions.

In addition, we conducted measurements to follow the
changes in the contact angles of water on the Cys and Cys-b
SAMs upon exposure to UV irradiation (at 4 = 365 nm and a
dose of 1.6 mW/cm?) in the ambient environment (with 21%
oxygen by volume). As illustrated in Figure 4b, the increases in

the contact angles on the Cys SAM:s is significantly higher than
that on Cys-b SAMs. The contact angles on both samples
reached a plateau after 8 h of continuous irradiation.

The aging tests showed that the wettability of the Cys SAMs
deteriorated over time, leading the interfacial chemical
environment to be less polar. In contrast, the Cys-b SAMs,
with three methyl substituents on the amino group, exhibited
exceptional resistance against the aging process. In previous
work involving amine-terminated SAMs on gold, the amino
group, when subjected oxidation by exposure to air and light,
was converted into a nitroso group.”® The change proceeded
likely via a photoactive reaction. If the Cys SAMs react
analogously, quaternization of the amine can effectively
eliminate the photooxidation due to the occupation of all free
electrons of the amine by the nucleophilic substitution.
However, one might suspect that the decrease in hydrophilicity
can be due to oxidation of the thiolates, leading to the
desorption of the SAMs.*™>* To address this concern, we
further investigated the elemental compositions of the SAMs
upon aging using XPS.

XPS was used to determine the chemical state of the N and S
atoms of the Cys and Cys-b SAMs upon aging in the presence
of the light and oxygen. Figure S displays the XPS spectra of as-
prepared and aged samples. In the N 1s spectra for the as-
prepared SAMs, we assign the peaks at binding energy (BE) =
399.9, 401.7, and 403.1 €V to —NH,, —NH,*, and —N(CH,);",
respectively (Figures Sa and 5b).>® From the XPS analysis, the
protonation ratio of the amine groups on the as-prepared Cys
SAMs was about 77%, which gives rise to high polarity and
confirms its high wettability in the contact angle measurements,
and is further consistent with previous work.” After the aging
tests, the intensity of the peak for —NH;" decreases
significantly, and a new peak appears at BE = 4012 eV,
which we attribute to the oxidation of nitrogen (—NO).**
Moreover, the O 1s spectrum for the aged Cys SAM confirmed
the photoinduced oxidation of nitrogen by the appearance of a
new peak at 532.9 eV, assigned to the nitroso group (Figure
5¢).>* The change in the XPS spectra reveals the oxidation of
the primary amine groups of the Cys coatings in the aging test.
In contrast, we observe no corresponding evidence for the
oxidation of nitrogen on the Cys-b SAMs, demonstrating its
chemical stability against the photoinduced oxidation.

Regarding the possible oxidation of the thiolate groups
during the aging tests, we monitored the chemical state of
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Figure 4. Contact angles of water for the assessment of photoinduced oxidation on Cys and Cys-b SAMs. (a) The samples were aged in the presence
(denoted by "+") or absence (denoted by “-”) of ambient air and light. (b) The contact angles of water on Cys and Cys-b SAMs as a function of UV

exposure time.
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Figure 6. Bacterial adhesion tests on substrates of bare Au, Cys, Cys with aging, Cys-b, and Cys-b with aging. (a) Bacteria of P. aeruginosa and S.
epidermidis were used in the tests and imaged using fluorescence microscopy. The scale bars in the images are 20 um. (b) The quantitative results for
bacterial adsorption on all substrates were estimated using Image] software. (c) The patterned feature of “I (heart) NCU” with Cys-b was prepared
on the gold substrate. The image was taken after culturing with P. aeruginosa and washing with PBS. The red dashed lines were added as visual

guides.

sulfur via the S 2p spectra. Herein, we found only bound sulfur,
with the S 2p;,, peak of the doublet at ~162 eV for all samples,
which we assign as the thiolate group on a metal surface (Figure

e)."">> The peak at 167.5 €V, associated with oxidized
sulfur, is not observed in the two sarnples.28 Thus, we
confirmed that the aging of both types of SAMs (Cys and
Cys-b) under air and light does not lead to the oxidation of the

1,56

thiolate groups,*"*° and also verified that the consequence of

23781

reduced wettability on the Cys SAMs should be ascribed to the
conversion of —NH, to —NO.

Antifouling Properties of Cys-b SAMs. Cys and Cys-b
SAMs were used for fouling resistance tests in the presence of
bacteria, proteins, and mammalian cells. For the bacterial
adhesion, the Gram-negative, P. aruginosa, and Gram-positive,
S. epidermidis, bacteria were dissolved in PBS and incubated
with substrates at 37 °C for 3 h, followed by washing with PBS
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and staining with fluorescence dye. As shown in the
fluorescence images in Figure 6a, the green objects represent
the adsorbed bacteria. Clearly, the surfaces modified with Cys
and Cys-b can effectively reduce bacterial adsorption for both
bacteria. However, after photooxidation, the numbers of
bacteria on the Cys SAMs increased, while the Cys-b SAMs
still exhibited antifouling capability. The quantitative data for
bacterial adsorption are shown in Figure 6b, revealing that Cys-
b can reduce the bacterial adhesion by 99.9% and 98.9% for P.
aeruginosa and S. epidermidis, respectively, relative to that on
bare gold surfaces. More strikingly, the gold substrate was
patterned with Cys-b to generate a feature of “I (heart) NCU”
as illustrated in Figure 6¢. The majority of P. aeruginosa appear
on the unmodified area as the manifesting image of the feature.
Thus, the results presented here demonstrate the ability of the
zwitterionic Cys-b coating to resist not only photooxidation,
but also bacterial adsorption.

The nonspecific adsorption of proteins on medical devices
can lead to adverse immune responses, thrombosis, infection,
and reduced circulation time.”' We utilized three proteins,
mucin, lysozyme, and BSA, to evaluate the fouling resistance of
the Cys and Cys-b SAMs. The adsorption levels were measured
by performing ELISA (Figure 7). The results indicated that the

100

Protein adsorption (%)

Bare Au Cys Cys-b

Figure 7. Protein adsorption with mucin, lysozyme, and BSA on bare
Au, Cys, and Cys-b substrates. The relative adsorption levels were
estimated by ELISA.

adsorption of proteins on Cys and Cys-b SAMs are in the order
of mucin > lysozyme > BSA. The high adsorption levels of
mucin might be due to the fact that it is a heavily glycosylated
protein and is a key component in most gel-like secretions.
Studies have shown that overexpressed exopolysaccharide
molecules on bacteria can selectively interact with protein-
resistant CB polymers, likely via hydrogen bonding.”” The
results presented here suggest that the Cys and Cys-b coatings
with branched ionic structure exhibit similar behavior as CB
materials.

Very recently, Jiang’s group conducted systematic molecular
simulation studies on the influence of charged groups on the
antifouling properties of zwitterionic moieties.””***" The
researchers found that the zwitterionic pair comprising
quaternary ammonium and carboxylate exhibit the strongest
capability to resist nonspecific adsorption among the 12 jonic
combinations. This phenomenon can be attributed to strong
hydration, low self-association of ionic groups, and low
electrostatic attractions to proteins. In addition, the primary
amine group tended to associate with the carboxylate group via
hydrogen bonding, leading to a compromise in the hydro-
philicity of the zwitterionic moiety. Their findings provide an
important theoretical basis for our work. In the protein and

bacteria fouling tests, Cys-b displayed stronger resistance than
Cys, which is consistent with the simulation findings. Although
the capability of Cys-b in protein repulsion is less effective than
most poléymer—based coatings, which can accomplish “ultra-low
fouling”,”"* it offers a great improvement over Cys and can be
used when very thin (i.e, subnanometer) coatings are required.

In parallel studies, mammalian cells were brought into
contact with surfaces to observe the cell adhesion and
stretching dynamic equilibrium between the cell and the
matrix, which are considered as crucial factors to cell physiolo
and manifested as the cellular number and spreading area.
NIH 3T3 fibroblasts were seeded on the bare Au, Cys, and Cys-
b substrates to assess their resulting cell numbers and
morphology. In Figure 8a, the 3T3 cells were observed
microscopically after incubation for 3 days. The images indicate
that the number of adhered cells on bare Au was greater than
those on the SAM-modified substrates. In addition, the cells on
bare Au adopt bipolar shapes, whereas those on the Cys and
Cys-b SAMs were all round in appearance. The estimations for
the corresponding 3T3 cells on the surfaces are presented in
Figure 8b, which shows that the cells were less likely to adhere
on the SAM-modified surfaces, particularly on the Cys-b SAM.
In contrast, cells were able to anchor and spread on the bare Au
surface. Because of fouling resistance of the Cys and Cys-b
coatings, the adhesion and spreading of fibroblasts were
considerably restrained, reflecting the poor amenability of
these surfaces toward cell growth.

Modification of Hollow Ag@Au Nanoshells. The
adsorbates Cys and Cys-b were employed as capping ligands
for the modification of nanoparticles to enhance their
biocompatibility and colloidal stability. We chose to examine
the modification of hollow Ag@Au nanoshells due to their ease
of synthesis and capacity to respond to near-infrared (NIR)
light, which renders them useful in nanoparticle-based
theranostics.”>>” The hydrodynamic size and SPR band
maxima of as-prepared nanoshells were examined using DLS
and UV—vis spectroscopy and found to exhibit 146.3 + 10.2
nm in diameter and 816 nm exctinction, respectively. After
treatment with Cys and Cys-b, the extinction maxima
underwent a red shift to 840 and 842 nm, respectively (Figure
9a). The shifts are due to the change in the refractive index at
the interfaces arising from the self-assembly of the adsorbates
on nanoshells, leading to changes in coupling of the incident
light.

Figure 9b illustrates the effectiveness of the as-prepared and
SAM-modified hollow Ag@Au nanoshells to induce heating in
the surrounding medium. The nanoparticles were dissolved in
PBS solution and irradiated at a wavelength of 808 nm with a
power density of 4.6 W/cm® The temperature of the solution
containing the nanoshells with and without surface engineering
was measured at intervals of 10 s over a period of 10 min.
During this time interval, the temperature of the bulk solution
increased from 24 to ~54 °C. In contrast, the temperature of
the PBS solution in the absence of nanoshells only slightly
increased with NIR irradiation from 24 to 28 °C, which is
attributed to the absorption of heat from the laser. Therefore,
the results demonstrate the capacity of these nanoshell
structures for use in photothermal applications.

To investigate further their potential use in theranostics, we
evaluated the long-term colloidal stability of modified hollow
Ag@Au nanoshells upon exposure to UV irradiation and
storage in the ambient environment for 4 weeks, followed by
examining their extinction spectra (Figure 10). The spectra for
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Figure 8. NIH 3T3 adhesion on bare Au, Cys, and Cys-b substrates. (a) Bright-field microscope images show the cell growth and spreading on bare
Au, Cys, and Cys-b substrates. The scale bars are 200 ym. (b) Relative cell adsorbed number and cell spreading area were estimated using Image]J

software.
| ——PBS only

a)1.0 E b) % —— As-prepared
c 50 - —— Cys-capped
2 o Cys-b-capped
S 0.8- 45
= 5
w = 40+
- As-prepared o
® 0.6 o
N Cys-capped g 35
© Cys-b-capped ®
E = 30
O 0.4
4

254

0-2 T T T T T 20 T T T T T T
400 500 600 700 900 1000 1100 0 200 400 600 800 1000 1200

Wavelength [nm]

Time [s]

Figure 9. (a) Extinction spectra of the as-prepared, Cys- and Cys-b-capped hollow Ag@Au nanoshells. (b) Temperature of the PBS solutions
containing hollow Ag@Au nanoshells upon exposure to laser irradiation at 808 nm. Measurements were collected at 30 s intervals over 10 min and
compared to the response of pure PBS (with no nanoshells added).
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Figure 10. Long-term colloidal stability of hollow Ag@Au nanoshells with modification of (a) Cys and (b) Cys-b, monitored by using UV—vis
spectroscopy. The stability of the nanoshells were evaluated by exposure to UV irradiation, storage in the ambient environment for 4 weeks and NIR
irradiation, followed by examining using UV—vis spectroscopy.

the nanoshells capped with Cys and Cys-b are shown in Figure
10a and 10b, respectively. After UV irradiation for 12 h at rt,
the extinction band of the nanoshells with Cys modification

disappeared, whereas the sample with Cys-b modification

23783

remained strong, with a peak maxima at 824 nm. The results
reflect the better photostability of nanoparticles decorated with
Cys-b compared to Cys, most likely due to the exclusive

photoinduced oxidation of Cys, as we observed on planar Au
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surfaces and reported above. In addition, after storage for four
weeks, the extinction spectrum of the Cys-capped nanoshells
exhibited broadening, indicating a decrease in particle size in
accordance with quantum size theories.””®® In contrast, the
Cys-b-capped nanoshells showed good colloidal stability
throughout the storage time. Herein, after the short-term
exposure (10 min) to NIR, nanoshells modified with both Cys
and Cys-b retained their colloidal stability, which reflects the
comparable photothermal properties.

The chemical and colloidal stability of metal nanoparticles
under various conditions has become increasingly important for
their wide spectrum of applications. In this work, we examined
the susceptibility of Cys-b nanoshells to Cu** by using UV—vis
spectroscopy and visual inspection. As shown in Figure 11, after

Q
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Figure 11. (a) Extinction spectrum and (b) visual inspection of Cys-
and Cys-b-capped nanoshells in the presence of Cu**. A 1 mM Cu**
solution in deionized water was prepared for the interaction with
modified nanoshells at rt for 1 h.

1 h incubation at rt, the spectra and photograph of the Cys-
capped nanoshells showed aggregation and sedimentation of
particles in agreement with previous studies.””*” In contrast,
the Cys-b-modified nanoshells remained dispersed in the
aqueous solution. The absence of the interaction of Cys-b
with Cu**can be attributed to the lack of donating electrons
from the lone electron pair into an empty metal orbital.
Therefore, these results confirmed that the bioinspired Cys-b
capping ligand displays the tolerance to Cu®* and affords a
wider spectrum of applications under complex conditions.

B CONCLUSIONS

We developed the bioinspired zwitterionic surface ligand Cys-b
with robust antifouling, antiphotooxidation, and environ-
mentally benign properties for nanoscale coatings applications
and colloidal modification. The amphoteric Cys-b was
synthesized by quaternization of the amino group of Cys,
facilitating a durable zwitterionic form over a wide pH range
(3.4 to 10.8). The occupation of all free electrons of the amine
group in Cys-b by the quaternization prevents photoinduced
oxidization on gold surfaces as demonstrated by contact angle
measurements, XPS, and bacterial adsorption studies. In
addition, Cys-b exhibits enhanced fouling resistance against
bacteria, proteins, and cells, which is most likely due to its
strong hydration, low self-association of ionic groups, and low
electrostatic attraction to proteins. Additional practical
implementations of Cys-b were demonstrated via the
modification of plasmonic hollow Ag@Au nanoshells, showing
excellent colloidal stability and avoiding aggregation/precip-
itation in the presence of Cu®*. As such, Cys-b holds great
promise as a surface-modifying agent on flat (2D) surfaces and

on nanoparticles. Our work also provides molecular level
insight into the development of zwitterionic coating materials
that resist photoinduced oxidation and coordination with Cu?*.
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