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a  b  s  t  r  a  c  t

Nanoparticles  decorated  with  biocompatible  coatings  have  received  considerable  attention  in  recent
years for  their  potential  biomedical  applications.  However,  the  desirable  properties  of  nanoparticles  for
in vivo  uses,  such  as colloidal  stability,  biodistribution,  and  pharmacokinetics,  require  further  research.
In this  work,  we  report  a bio-derived  zwitterionic  surface  ligand,  cysteine  betaine  (Cys-b)  for  the  mod-
ification  of  hollow  gold-silver  nanoshells,  giving  rise  to  hyperthermia  applications.  Cys-b  coatings  on
planar  substrates  and  nanoshells  were  compared  to conventional  (11-mercaptoundecyl)tri(ethylene  gly-
col) (OEG-thiol)  to investigate  their  effects  on  the  fouling  resistance,  colloidal  stability,  environmental
tolerance,  and photothermal  properties.  The  results  found  that  Cys-b  and  OEG-thiol  coatings  exhib-
ited  comparable  antifouling  properties  against  bacteria  of gram-negative  Pseudomonas  aeruginosa  (P.
aeruginosa)  and  gram-positive  Staphylococcus  epidermidis  (S.  epidermidis),  NIH-3T3  fibroblasts,  and  bovine
serum  albumin.  However,  when  the  modified  nanoshells  were  suspended  at  a  temperature  of  50 ◦C in
aqueous  3 M  NaCl  solutions,  shifts  in  the  extinction  maximum  of  the  OEG-capped  nanoshells  with  time
were  observed,  while  the  corresponding  spectra  of nanoshells  capped  with  Cys-b  generally  remained
unchanged.  In addition,  when  the  nanoshells  were  continuously  exposed  to  NIR  irradiation,  the  tem-
perature  of the solution  containing  nanoshells  capped  with  Cys-b  increased  to  a  plateau  of 54 ◦C,  while
that  of the  OEG-capped  nanoshells  gradually  decreased  after  reaching  a  peak  temperature.  Accordingly,

the  Cys-b  nanoshells  were  conjugated  with  anti-HER2  antibodies  for  targeted  delivery  to  HER2-positive
MDA-MB-453  breast  cancer  cells  for hyperthermia  treatment.  The  results  showed  the  selective  delivery
and effective  photothermal  cell  ablation  with the antibody-conjugated  Cys-b  nanoshells.  Therefore,  this
work demonstrated  the  promise  of  bio-derived  zwitterionic  Cys-b  as  a  stable  and  biocompatible  surface
coating  for  materials  in  nanomedicine.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Hyperthermia, which involves the introduction of moderate
eat to a specific target, has become an important method for tumor
herapy because of the limited tolerance of tumor cells to a temper-
ture range of 41–47 ◦C [1,2]. These elevated temperatures cause
rreversible cell damage by loosening cell membranes and denatur-
ng proteins. The heating sources applied include radio frequency,
icrowaves, and ultrasound waves. However, these sources suffer
rom drawbacks because of their associated damage to the sur-
ounding healthy tissues. An alternative strategy is photothermal
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therapy (PTT) in which photothermal agents are employed for heat
generation in a local environment [3–6]. The agents can be dye
molecules such as naphthalocyanines, indocyanine, and porphyrins
coordinated to transition metals. However, these chromophores
suffer from low absorption coefficients and poor photostability
[7,8]. In recent years, tremendous advances have been witnessed
in the development of nanomaterials with unique optical proper-
ties [9–11]. More specifically, novel metal nanoparticles have been
employed as powerful agents for PTT because of their robust pho-
tostability and strong optical response via the surface plasmon
resonance (SPR). A variety of plasmonic nanostructures includ-
ing nanospheres [12,13], nanoshells [14,15], nanorods [16,17], and

nanocages [18], have been developed that respond to wavelengths
in the visible and near infrared (NIR) regions. In PTT applications, in
addition to a strong extinction, the nanoparticle agents should pos-
sess additional properties, such as nontoxicity, long-term colloidal
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tability, high biocompatibility, and facile functionalization [19].
hese requirements shed light on the critical role of surface chem-

stry for decorating plasmonic nanomaterials for their effective and
afe implementations.

Commonly, thiolated oligo(ethylene glycol) (OEG) adsorbates
re employed as capping ligands, in which thiol groups are
dsorbed onto the surface of gold nanostructures via thiol-
old bonds [20]. OEG-modified nanoparticles can significantly
nhance colloidal stability, biocompatibility, and biodistribution
21]. Because of its steric repulsion with an elastic and osmotic
omponent [22–24], OEG coatings serve as antifouling materials to
epel nonspecific adsorptions. Nevertheless, several factors must
e considered when using OEG coatings under complex condi-
ions [24]. For example, OEG adsorbates form hydrogen bonds with
ater molecules, and thus the conformational change and packing

ensity of the oligomeric ethylene glycol can significantly affect
he interfacial water layers [25]. In addition, enhanced temper-
ture and ionic strength in the environment induce changes in
he OEG conformation from a helical to an all-trans form, which
eads to weakening of the bonding to interfacial water molecules
26]. Furthermore, the poor hydration of OEG eventually gives rise
o energetically favorable nonspecific adsorptions [27]. Addition-
lly, OEG can undergo degradation under the stresses of heat and
ight irradiation, and the possible formation of hydroperoxides
21,28,29]. Taken together, an alternative coating material to OEG
or use in particular cases, such as plasmonic nanoparticles for the
hotothermal therapy, remains highly desirable.

In recent years, attention has been paid to zwitterionic materi-
ls, which contain both positively and negatively charged groups.
hese materials interact strongly with water molecules through

onic solvation, leading to stable configurations at high temper-
ture and ionic strength [27,30–33]. Analogously, in nature, cell
embranes are comprised largely of amphiphilic lipids containing

olar zwitterionic groups that resist nonspecific adsorptions and
llow highly selective biorecognition at interfaces. Therefore, an
ncreasing number of applications utilizing zwitterionic materials
s biocompatible and antifouling coatings for complex environ-
ents have been explored [30,31,34–36]. Our group recently

eported the study and development of a novel zwitterionic sur-
ace ligand, cysteine betaine (Cys-b), which is derived from the
atural organosulfur compound, cysteine, by converting its pri-
ary amine to a quaternary ammonium [37]. We  showed that this

ranched zwitterionic group has a high tolerance to pH changes and
esistance to photooxidation in the presence of oxygen and light
rradiation [37]. Moreover, self-assembled monolayers (SAMs) of
ys-b on gold exhibit better repellence than cysteine against pro-
eins, bacteria, and mammalian cells. Therefore, the unique features
f Cys-b make it promising as a new nanoscale coating material for
otential implementation in the modification of plasmonic nano-
aterials for PTT.

In the research reported here, we conducted a comparative
tudy between Cys-b and thiolated OEG coatings on both planar
flat” gold surfaces and on plasmonic gold-based nanoparticles.
he formation of SAMs on the flat gold surfaces was exam-

ned by contact angle measurements and X-ray photoelectron
pectroscopy (XPS). Fouling tests on modified substrates were car-
ied out with protein, bacteria, and NIH 3T3 cells. Importantly,
he colloidal stability of plasmonic hollow gold-silver nanoshells
oated with Cys-b and OEG-thiol was investigated by UV–vis spec-
roscopy and dynamic light scattering (DLS) to follow the changes
n light absorbance/scattering and hydrodynamic sizes, respec-
ively. The photothermal properties of modified nanoparticles as

TT agents were confirmed by NIR irradiation and the measurement
f temperature changes in solutions. Finally, we demonstrated the
ffectiveness of Cys-b modified hollow gold-silver nanoshells con-
ugated with anti-HER2 antibodies against MDA-MB-453 breast
: Biointerfaces 145 (2016) 291–300

cancer cells in hyperthermia treatments. These studies provided
not only insight into the potential benefits of Cys-b as a zwitteri-
onic surface ligands for plasmonic nanoparticles, but also evidence
of a robust surface strategy for maintaining bioinertness in complex
environments.

2. Experimental section

2.1. Materials

l-Cysteine, potassium hydroxide (KOH), dimethyl sulfate, tri-
fluoroacetic acid (TFA), glacial acetic acid, acetone, silver nitrate,
potassium carbonate, N-hydroxysuccinimide (NHS), and (1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide) (EDC) were purchased
from Sigma-Aldrich. (11-Mercaptoundecyl)tri(ethylene glycol)
(OEG-thiol) and thiol-PEG6-acid (COOH-thiol) were purchased
from Broadpharm. Anti-HER2 mouse antibodies and anti-mouse
IgG (H + L) conjugated with Alexa Fluor 488 were obtained from Cell
Signaling Technology. Trisodium citrate dihydrate and nitric acid
were obtained from EM Science. Hydrogen tetrachloroaurate(III)
hydrate (HAuCl4

.H2O) was  purchased from Strem. Bovine serum
albumin (BSA) was obtained from MDBio Inc. Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) and fetal bovine serum (FBS) were
obtained from Gibco. LIVE/DEAD Viability/Cytotoxicity Kit con-
tainging calcein AM and EthD-1 was  purchased from Thermo Fisher
Scientific. Luria-Bertani broth (LB broth) was obtained from BD.
Water was purified to a resistivity of 18 M�.cm using the Aca-
demic Milli-Q Water System (Millipore Corporation) and filtered
using a 0.22 �m filter.

2.2. Cys-b synthesis

The detailed experimental procedure for Cys-b synthesis has
been described [37]. Briefly, a flask containing 1 g of cysteine in 3 mL
of deionized water was immersed in an ice bath and stirred under
nitrogen. An 8.5 mL  aliquot of 6.5 M KOH was  introduced drop-
wise until the cysteine dissolved. The residual KOH and 5.2 mL of
dimethyl sulfate were dropped in simultaneously over 1 h with stir-
ring. Afterward, the flask was kept for another 20 min  at rt, and then
1.2 mL  of glacial acetic acid was  added. The solution was evaporated
in vacuo to a volume of around 2 mL.  The byproduct potassium
methyl sulfate was  precipitated by adding 40 mL  of ethanol and
then filtered. The filtrate was  concentrated using a rotovap to a
volume of around 2 mL,  and then precipitated by adding 50 mL  of
acetone. The white product was washed with acetone 5 times to
afford pure cysteine betaine, which was  reduced in 0.1 M dithio-
threitol (DTT) in deionized water and stirred at 65 ◦C for 2 h. After
cooling, 50 mL  of acetone was  added to precipitate the white prod-
uct of pure Cys-b (70% yield).

2.3. Formation of SAMs on planar substrates

Au thin films with a thickness of 50 nm on glass slides were
prepared by thermal evaporation (I Shien SPS-302). The substrates
were cleaned in a sonication bath of 0.1% SDS, acetone, and ethanol
for 10 min  of each, followed by drying under a stream of nitrogen.
The substrates were transferred to a plasma cleaner (PDC-001, Har-
rick Plasma, NY) to expose O2 plasma twice with a power of 10.5 W
for 10 min. The clean substrates were immediately immersed into
a 1 mM Cys-b solution in DI water containing 2% TFA or 1 mM OEG-

thiol solution in ethanol, and shaken at 50 rpm at room temperature
for 12 h. The modified substrates were removed and cleaned with
deionized water, ethanol, and water, followed by drying under a
stream of nitrogen [38].
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Fig. 1. XPS spectra of C 1s, N 1s, and S 2p regions for SAMs derived from (a) Cy

.4. Contact angle measurements

Static water contact angles were accessed by using an optical
ontact angle goniometer (Phoenix mini, Surface Electro Optics,
eoul). The 5 �L water droplets from a microsyringe were placed
n the flat gold substrates, and the contact angles were measured
t least three times at random positions.

.5. XPS measurements

The elemental spectra were detected by XPS with a microfo-
used and monochromatic Al K� X-ray source (1486.6 eV, 400 �m;
igma Probe, Thermo Scientific). The takeoff angle (with respect
o the surface) of the photoelectron was set at 45◦. The pressure
f the system was below 10−10 Pa using an oil-less ultrahigh vac-
um pumping system. A dual beam charge neutralizer (7 V Ar+ and
ooding 3 kV, 1 �A electron beam) was employed to compensate

or charging effects. Spectra were collected with a pass energy set to
8.7 eV, while the binding energy measured was calibrated against
he Au 4f peaks at 84 and 88 eV. The typical data acquisition time
as around 30 min.

.6. Bacterial fouling tests

After inoculation for 16 h in LB in a conical flask at 37 ◦C shaking
t 200 rpm, the bacteria of S. epidermidis or P. aeruginosa were then
ashed with sterile PBS for three times through centrifugation at

000 rpm for 5 min  and re-suspension in PBS. After the final wash,
he bacterial samples in PBS were diluted to an optical density read-
ng at 670 nm (OD670) of 0.1, corresponding to ∼8 × 107 cells/mL,
or testing the antifouling properties of substrates modified with
EG-thiol and Cys-b. The substrates were dipped into the bacterial

olution at 37 ◦C for 3 h, followed by washing with PBS and shaking
t 100 rpm for 5 min  for three times. The adsorbed bacteria were
tained with 50 �L of LIVE/DEAD BacLight for 15 min. Afterward,

he substrates were observed using fluorescence microscopy (ZEISS

icroscope Axio Obserber A1, Germany) with a magnification of
00 × and an excitation wavelength of 488 nm.  The measurements
ere performed at five random locations on each sample, and the
d (b) OEG-thiol. The SAMs were prepared on planar evaporated Au substrates.

bacteria numbers were analyzed using an ImageJ software package
(developed at National Institutes of Health, MA).

2.7. Cell adhesion tests

3T3 fibroblasts were maintained in DMEM with 10% FBS at 37 ◦C
in an incubator with 95% relative humidity and 5% CO2. The bare
Au substrates and Au substrates modified with Cys-b and OEG-thiol
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 × 105 per well. After culture for 72 h,
the substrates were washed with PBS, followed by imaging using
an optical microscopy. The cell number and cell coverage area were
estimated using ImageJ software.

2.8. Preparation of gold-silver nanoshells

Silver nanoparticles were prepared using the method of Lee and
Meisel [39]. Briefly, an aliquot of AgNO3 (0.0340 g, 0.200 mmol)
was dissolved in 200 mL  of H2O. 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 pres-
ence of silver nanoparticles. The solution was  allowed to cool to
rt and then centrifuged at 6000 rpm for 15 min. The nanoparticles
were then re-dispersed in 25 mL  of water. This procedure gener-
ated monodispersed silver nanoparticles, where the size could be
adjusted from 40 nm to 100 nm,  depending on the concentration
of the reactants. For the synthesis of hollow gold-silver nanoshells
as described in previous studies [15,40,41], 0.050 g of K2CO3 was
added to 200 mL  of purified water, which was then injected into
4 mL  of 1% HAuCl4

.H2O 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

surface plasmon resonance (SPR) maxima centered at ∼800 nm
using the gold-silver nanoshell solutions, 20 mL of silver nanopar-
ticles solution were mixed with 200 mL  K-gold solution and stirred
for 4 h. The SPR band of the solution was tracked using UV–vis
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ig. 2. The static contact angles on bare Au and Au modified with Cys-b and OEG-
hiol. The measurements were performed at least three times for each sample.

easurements. The nanoshells were isolated by centrifugation at
000 rpm for 15 min, and the supernatant was then decanted. The
articles were re-dispersed in 22.5 mL  water. The size and mor-
hology of the nanoparticles were evaluated using a LEO-1525
canning electron microscope (SEM, Carl Zeiss, Germany, Fig. S1
n Supplementary data) operating at an accelerating voltage of
5 kV and dynamic light scattering (DLS, Nano-S, Malvern, UK). The
ean diameter of the nanoshells was 102 ± 21 nm.  The concen-

ration of nanoshells obtained from nanoparticle tracking analysis
echnology (NanoSight NS300, Malvern, UK) and the measured
anoshells concentration was ∼1011 nanoparticles/mL. Extinction
pectra were collected over the wavelength range of 200–1000 nm
ith all nanoshell samples suspended in PBS for the measurements.

.9. Colloidal stability tests

For the nanoshell modification, the total amount of the lig-
nds, Cys-b and OEG-thiol, was 107 equivalent to nanoshells in
eionized water by ligand exchange. The modification process was
onducted for 12 h at rt, followed by collecting and washing with
BS via centrifugation at 9000 rpm for 10 min. The particles were
e-suspended in PBS. The changes in maximum extinction peak and
article sizes were monitored using UV–vis spectroscopy and DLS.
ith regard to the effects of protein fouling, the nanoshell solutions
ere diluted 5 times at a concentration of ∼2 × 1010 nanoshells/mL
ere prepared. BSA protein was added to the nanoshell solutions to

 concentration of 4.9 mg/mL  and the changes in the hydrodynamic
ize of nanoshells as a function of time were followed by dynamic
ight scattering (DLS, SZ-100, Horiba) measurements. To verify the
olloidal stability of modified nanoshells in the presence of high
onic strength and heat, the nanoshells modified with Cys-b and
EG-thiol were dissolved in 3 M NaCl solution, and the tempera-

ure was maintained at 50 ◦C. The extinction spectra were recorded
or 24 h using the UV–vis spectroscopy.

.10. Antibody conjugation

For targeted hyperthermia applications with the nanoshells,
nti-HER2 mouse monoclonal antibody was used to conjugate onto
he nanoshells for delivery to HER2-positive MDA-MB-453 cell line.

DA-MB-453 cells were maintained in DMEM supplemented with

0% FBS at 37 ◦C in a humidified CO2 incubator. In the beginning,
he nanoshells were modified with carboxyl group termination by

ixing COOH-thiol with Cys-b or OEG-thiol at a mole ratio of 1:4,
espectively. The as-prepared nanoshells in DI H2O at a concentra-
: Biointerfaces 145 (2016) 291–300

tion of ∼2 × 1010 nanoshells/mL were treated with the mixed thiol
solutions at a total concentration of 5 �M at rt for 48 h. After ligand
exchange, the COOH-functionalized nanoshells were collected by
centrifugation at 20,000 rpm for 10 min  and redispersed in PBS. The
carboxyl groups were activated by EDC/NHS amine coupling chem-
istry. The activation solution was prepared from dissolving 18 mg  of
EDC and 1.2 mg  of NHS in 1 mL  of PBS. A 1 mL  aliquot of the activa-
tion solution was transferred to the modified-nanoshells solution
at a concentration of ∼2 × 1010 nanoshells/mL in PBS at 4 ◦C for 2 h.
Afterward, the activated nanoshells were collected by centrifuga-
tion at 20,000 rpm for 10 min  and washing three times with fresh
PBS to remove unreacted chemicals. The activated nanoshells at
a concentration of ∼2 × 1010 nanoshells/mL were incubated with
anti-HER2 Ab at a concentration of 1 �g/mL in PBS at rt for 3 h
for protein conjugation. The anti-HER2 Ab-conjugated nanoshells
were collected by centrifugation at 20,000 rpm for 10 min  and
washing three times with fresh PBS to remove free antibodies. The
conjugated nanoshells were stored in a refrigerator at 4 ◦C and used
for cell studies within one week. The presence of the anti-HER2
Ab on nanoshells was  confirmed by adding anti-mouse IgG (H + L)
conjugated with Alexa Fluor 488 and probing the fluorescence sig-
nal with a multi-detection microplate reader (Synergy HT, Biotek,
VT). In addition, Fourier transform infrared spectroscopy (FTIR) was
applied to identify the presence of proteins after conjugation (Fig.
S2 in Supplementary data). It was estimated by the previous reports
that the binding capacities of proteins on nanoparticles are in a
range of 44–90 �g per mg  NPs [42–44].

2.11. Hyperthermia tests

HER2-positive MDA-MB-453 breast tumor cells and HER2-
negative NIH 3T3 fibroblasts were seeded onto a 96-well plate at a
density of 10,000 cells per well for 2 days before the tests. The cells
were washed three times with PBS, followed by incubation with
nanoshells both with and without anti-HER2 Ab at 37 ◦C for 2 h.
After incubation, the cells were irradiated with a NIR laser having
a wavelength centered at 808 nm at an output power of 2.3 W/cm2

for 10 min. The cells were then washed with PBS and stained with
calcein AM for visualization of live cells and with EthD-1 for visu-
alization of dead cells. Software ImageJ was  applied to quantify the
cell death percentage after exposure to NIR irradiation.

3. Results and discussion

3.1. SAM formation on planar substrates

To compare the interfacial properties of Cys-b and OEG-thiol
SAMs, the adsorbates were dissolved in solvents and allowed to
form SAMs on flat Au substrates. Because of the interplane elec-
trostatic forces, the oppositely charged ions between amphoteric
amino acids can interact to form a multilayer structure, leading
to an unbalanced interfacial charge and incomplete formation of
monolayers [45]. Therefore, we  prepared Cys-b SAMs using treat-
ments of TFA to disrupt the interplane electrostatic forces between
free and bound molecules on the surface [37,46]. Elemental compo-
sitions and interfacial wettability of the SAMs were determined by
XPS analysis and contact angle measurements, respectively. Fig. 1
shows the XPS spectra of the C 1s, N 1s, and S 2p regions for the Cys-
b and OEG-thiol SAMs. The deconvoluted C 1s peak for the Cys-b
SAM centered at 289.1 eV can be assigned to O C O, indicating
the presence of the carboxylate group in Cys-b [47,48]. The two

distinct peaks at 286.5 and 285.0 eV in the C1s spectrum of the
OEG-thiol SAM can be assigned as O C and C C in the OEG
structure, respectively [49–51]. For the N 1s spectra, the Cys-b SAM
shows a peak at 403.1 eV, which arises from the quaternary ammo-
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n  PBS and incubated with substrates for 3 h at 37 ◦C. After washing with PBS, adsorb
a).  The quantitative results of bacteria numbers were estimated using ImageJ softw

ium in Cys-b. The observation of no peaks in the N 1s spectra of
he OEG-thiol SAM is consistent with its chemical structure. The
resence of bound sulfur for both types of SAMs was confirmed by
he appearance of the S 2p peaks at 162.0 and 163.2 eV [46]. The
atio of S/N for Cys-b is close to 1, which was in agreement with
he stoichiometry [37]. Herein, the peaks for oxidized sulfur and
nbound thiols centered at 166.0 and 164.0 eV, respectively, were
ot observed in the two SAMs, indicating the efficient formation of

AMs on gold [46].

Fig. 2 shows the static contact angles for samples of bare gold
nd gold modified with Cys-b and OEG-thiol. The contact angles
hanged from 59 ± 4◦ for the unmodified substrate to 7 ± 1◦ and
thiol. Gram-negative P. aeruginosa and gram-positive S. epidermidis were dissolved
cteria were stained with Live/Dead dye and imaged with a fluorescence microscope
). Scale bars in all images represent 10 �m.

21 ± 3◦ for the substrates modified with Cys-b and OEG-thiol,
respectively, which is in agreement with previous studies [37,51].
Herein, due to strong ionic solvation, the Cys-b SAMs exhibited
greater hydrophilicity than the OEG-thiol SAMs, consistent with
a model in which the Cys-b-modified surfaces possess superhy-
drophilic characteristics with a tightly bound water layer. Notably,
OEG, which interacts through hydrogen bonding with contacting
water molecules, exhibits an amphiphilic nature that facilitates the

dissolution of both aqueous and organic phases [52,53].

To test the capability of the coatings in fouling resistance, we
exposed bare Au and Au modified with Cys-b and OEG-thiol to
gram-negative P. aeruginosa and gram-positive S. epidermidis for
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 h at 37 ◦C. After gently washing with PBS to remove suspended
nd loosely bound bacteria, adhered bacteria were stained with
ive/Dead dye for cell viability assays and imaged using fluores-
ence microscopy (Fig. 3a). Notably, the numbers of bacteria on the
ys-b and OEG-thiol SAMs were reduced with respect to the bare Au
ubstrates for the two strains of bacteria. In addition, P. aeruginosa is
ore adhesive than S. epidermidis, manifested by a large amount of

dhered P. aeruginosa on bare Au. The difference can be attributed
o the higher expression level of the capsular exopolysaccharide of
. aeruginosa,  which facilitates the adhesion of bacteria [54]. The
uantitative results shown in Fig. 3b reveal that the numbers of the
dsorbed P. aeruginosa and S. epidermidis were suppressed by about

 and 2 orders of magnitude, respectively, compared with that on
are Au. In this work, the difference between Cys-b and OEG-thiol
AMs in antibacterial adhesion was insignificant.

The cell number and cell spreading area were determined to
valuate the cellular adaptation to the surface chemistries. In this
tudy, NIH 3T3 fibroblasts were seeded on substrates of bare Au and
u modified with Cys-b and OEG-thiol, followed by culturing for
2 h. The cells were then washed with PBS to remove loosely bound
ells and imaged using the bright-field microscopy (Fig. 4a), which
howed that the numbers and cell spreading areas of fibroblasts on
he substrates modified with Cys-b and OEG-thiol were lower than
hose on the bare Au substrate. In addition, the cells on the bare Au
ubstrate exhibited bipolar shapes, whereas those on the Cys-b and
EG-thiol SAMs were round in appearance. The results indicated

 reduction in cell adhesion and spreading dynamic equilibrium

or the modified surfaces [55], reflecting the antifouling efficiency
f the Cys-b and OEG-thiol coatings. The quantitative results are
hown in Fig. 4b. The cell numbers were reduced by 85 and 86% on
thiol. The cells were cultured on samples in culture medium containing 1% FBS for
py. (b) Quantitative results of cell numbers and relative cell areas estimated using

the SAMs derived from Cys-b and OEG-thiol, respectively, relative
to the bare Au substrate. Moreover, the relative cell spreading areas
on the SAMs derived from Cys-b and OEG-thiol were estimated to
be 14 ± 2 and 12 ± 3%, respectively, relative to the bare Au substrate.
In terms of the cell adhesion and growth, the two modified surfaces
show no significant differences when compared to each other.

3.2. Modification of hollow gold-silver nanoshells

Hollow gold-silver nanoshells were coated with Cys-b and OEG-
thiol, and the resultant materials were evaluated on the basis
of optical properties, fouling resistance, colloidal stability, and
function in hyperthermia applications. The extinction spectra of
as-prepared nanoshells and nanoshells modified with Cys-b and
OEG-thiol are shown in Fig. 5a. The extinction maximum of the
modified nanoshells slightly red-shifted from 817 nm to 832 and
843 nm for the Cys-b-and OEG-modified nanoshells, respectively.
The fouling resistance of the nanoshells was evaluated by DLS by
measuring the increase in particle size as a function of the incuba-
tion time in the presence of the BSA solution. As shown in Fig. 5b,
the fouling level of the as-prepared nanoshells is more prominent
than that for modified nanoshells. After exposure to BSA for 5 h,
the increment of the particle size for the as-prepared nanoshells
is 315 ± 26 nm,  whereas, those for the nanoshells modified with
Cys-b and OEG-thiol were about 97 ± 26 and 99 ± 28 nm,  which is
roughly a 70% reduction compared with the unmodified sample.

The increase in the particle sizes likely arises from the formation of
protein corona and colloidal aggregation in the BSA solution. Note
the concentration of BSA solution was adjusted to 4.9 mg/mL, which
is about 10% that in human blood. The as-prepared nanoshells were
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Fig. 5. (a) The extinction spectra of as-prepared, Cys-b-, and OEG-modified nanoshells. (b) DLS measurements of particle size as a function of incubation time in BSA solution.
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ig. 6. Time evolution of the extinction spectra of nanoshells modified with (a) Cy
emperature was  maintained at 50 ◦C. (c) Relative intensity of the extinction at 808 

apped with citrate, which gives rise to a negatively charged surface
hat is colloidally stable in aqueous solution. Although the colloidal
tability with citrate has been confirmed, the non-specific adsorp-
ion arising from electrostatic interactions cannot be excluded.
n contrast, highly dispersed Cys-b-and OEG-modified nanoshells
mpart resistance to the adsorption of BSA, which can be attributed
o the charge balance and hydrophilicity of the surface. Again, the
ifferences between coatings derived from Cys-b and OEG-thiol
ppear to be insubstantial.

The plasmonic hollow gold-silver nanoshells were synthesized
sing established methods [40], by which the light extinction can
e tuned from the visible to the NIR regions according to the
ize of particles and the composition of the alloy. The nanoshells
ith extinction in the NIR region at wavelengths of 800–1200 nm

re particularly attractive for biomedical applications because
he range of wavelengths is referred to as the “tissue trans-
arency window” [56]. Thus, potential applications of nanoshells

n nanomedicine, including photothermal cancer therapy [57–59]

nd photothermally triggered drug release, have been investigated
60,61]. However, for the full exploitation of nanodevices, the cap-
ing chemistry must be able to endure high temperature, strong

ight irradiation, and complex biological environments.
d (b) OEG-thiol, where the samples were dissolved in 3 M NaCl solution, and the
er 24 h. (d) Photolytic heating of nanoshell solutions by laser irradiation at 808 nm.

OEG-based SAMs have been employed as a model surface for
studying biorecognition processes by taking advantage of well-
defined compositions and control over molecular adsorption. Thus,
OEG-thiol SAMs play important roles in a variety of biosensing
applications when coupled with analytical techniques such as
SPR spectroscopy [62,63], optical ellipsometry [64], and quartz
crystal microbalance [65]. In addition, the capability to spatially
decorate the surfaces into a microscale array facilitates high-
throughput screening for new drugs, biomarkers, and diagnostic
techniques [66,67]. Importantly, when compared to OEG-thiol, our
new superhydrophilic zwitterionic ligand, Cys-b, shows compa-
rable antifouling properties against the adsorption of proteins,
bacteria, NIH 3T3 fibroblasts. In addition, the molecular weight
of Cys-b (163 Da) is smaller than OEG-thiol (336 Da), leading to
smaller hydrodynamic sizes of nanoparticles coated with Cys-b-
coated. In addition, Cys-b resists the photoinduced oxidation to the
amino group of Cys and also provides better tolerance toward pH
changes to maintain its zwitterionic character [37]. The colloidal

stability and optical properties of the Cys-b-modified nanoparti-
cles show no significant differences with OEG-modified samples
under our experimental conditions. Consequently, Cys-b can serve
as an alternative to OEG-thiol analogs, and its unique features of
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Fig. 7. Nanoshell-assisted NIR plasmonic hyperthermia for HER2-negative NIH 3T3 and HER2-positive MDA-MB-453 cells. (a) Fluorescence images of NIH 3T3 fibroblasts
treated with as-synthesized nanoshells and nanoshells modified with Cys-b and OEG-thiol and those conjugated with anti-HER2 antibodies, after irradiation of NIR light.
(b)  Fluorescence images of MDA-MB-453 cells with the same treatments as NIH 3T3. Viable cells were stained green with calcein, and dead cells were stained red with
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uperhydrophilicity, photostability, ultra-small size, and environ-
ental insusceptibility make it a particularly attractive nanoscale

oating material.
To verify the colloidal stability of modified nanoshells in the

resence of the high ionic strength and heat, the nanoshells modi-
ed with Cys-b and OEG-thiol were dissolved in 3 M NaCl solution,
nd the temperature was maintained at 50 ◦C, which is compara-
le to the temperature of solutions containing nanoshells exposed
o NIR irradiation at a power density of 4.6 W/cm2 for 10 min.
he extinction spectra were then recorded over 24 h at 50 ◦C.
ig. 6a,b shows that the SPR peaks of the nanoshells modified
ith Cys-b were optically constant with time; in contrast, the

anoshells coated with OEG-thiol underwent a red shift with time.
urthermore, Fig. 6c shows a systematically decreasing ratio of the
xtinction intensities at 808 nm as a function of irradiation time
or the two samples. After 12 h of heating in 3 M NaCl solution,
he extinction intensity of the OEG-modified nanoshells decreased
y 16%. In a related study, NIR light at 808 nm was used for pho-
olytic heating of the nanoshells in solution over the course of 2 h
see Fig. 6d). This experiment showed that the temperature of the
olution can be increased to ∼54 ◦C within 15 min  for nanoshell
amples modified with both Cys-b and OEG-thiol. After reaching the
eak temperature, the temperature plateaued for the Cys-b sample,
hich likely reflects temperature equilibrium between heat gener-
tion from nanoshells and heat loss to the environment. In contrast,
he temperature of the OEG-thiol sample gradually decreased with
he irradiation time, which likely arises from a loss of photother-
nd MDA-MB-453 cells with different modified nanoshells (for interpretation of the
 article).

mal  performance due to particle aggregation and precipitation. The
latter hypothesis can perhaps be supported by the fact that OEG
exhibits a lower critical solution temperature (LCST), leading to
dehydration and consequent failure to prevent aggregation at high
temperature in salt solutions [27].

3.3. Hyperthermia treatments for cancer cells

HER2, which is highly expressed in a significant proportion of
breast cancer, ovarian cancer, and gastric cancer, is a ligand for
delivery of therapeutic carriers [68–70]. Therefore, the HER2 mAb-
conjugated hollow Au-Ag nanoshells were synthesized to target the
HER2-positive MDA-MB-453 breast cancer cells for hyperthermia
treatment under NIR irradiation. Surface functionalization was con-
ducted by mixing bio-inert capping ligand (i.e., Cys-b or OEG-thiol)
with a functionalizable carboxylate-terminated ligand (i.e., COOH-
thiol). The carboxylic acid can be activated by the EDC/NHS amine
coupling chemistry [71,72]. It was postulated that the carboxylate
group in Cys-b could also serve as a functional group for pro-
tein conjugation as CB-associated polymers [52,73,74]. However,
because of the limited accessibility and low pKa of the carboxy-
late group in Cys-b, the efficiency of bioconjugation is largely
impracticable. Therefore, we  utilized the COOH-thiol as a func-

tional ligand for effective conjugation with antibodies. Nanoshells
modified with Cys-b and OEG-thiol both with and without mAb
conjugation were incubated with MDA-MB-453 and NIH 3T3 at
37 ◦C for 2 h, followed by washing with PBS and NIR irradiation for
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0 min. The as-synthesized nanoshells without further modifica-
ion were used as a control sample. Fig. 7 provides the photographs
nd numerical data for live and dead cells analyzed using fluores-
ence microscopy. Figs. 7a and bshow that the NIH 3T3 fibroblasts
ere largely unaffected by NIR irradiation, which is likely due to

he limited uptake of nanoshells with modification of the Cys-b and
EG-thiol coatings. Notably, the uptake can be plausibly inhibited
y the antifouling properties of the Cys-b and OEG-thiol coat-

ngs. In contrast, MDA-MB-453 cells were treated with anti-HER2
Ab-conjugated nanoshells. Fig. 7b shows that the MDA-MB-453

ells were damaged after exposure to NIR, while the fibroblasts
emained largely intact. The quantitative cell death percentages
re shown in Fig. 7c. After NIR radiation, 92 ± 9 and 62 ± 14% of the
DA-MB-453 cells were killed upon treatment with Ab-conjugated

anoshells modified with Cys-b and OEG-thiol, respectively. In
ontrast, less than one percent of the NIH 3T3 cells were killed
nder the same conditions. Thus, the results confirmed the selec-
ive delivery of anti-HER2 mAb-conjugated nanoshells into cancer
ells through ligand-receptor mediated endocytosis. In addition,
anoshells modified with Cys-b exhibited better thermal ablation
f the MDA-MB-453 cells than nanoshells modified with OEG-thiol,

ikely due to the enhanced photothermal stability and effective
elivery of the Cys-b nanoshells. Moreover, small portions (∼10%)
f MDA-MB-453 cells were dead after treatment with nanoshells
odified with Cys-b and OEG-thiol having no Ab conjugation after

equential NIR irradiation, which we attribute to poor uptake of the
anoshells and/or weak tolerance of the cells to the NIR-induced
eat. Consequently, these studies demonstrate the promising use
f the Ab-conjugated hollow gold-silver nanoshells modified with
ys-b as an effective and specific tumor ablation agent.

. Conclusions

This manuscript describes the evaluation of a new bio-derived
ntifouling adsorbate, Cys-b, for the modification of plasmonic
ollow Au-Ag nanoshells for the hyperthermia treatment of
ER2-positive MDA-MB-453 breast cancer cells. Superhydrophilic

oatings of Cys-b on Au substrates displayed comparable antifoul-
ng properties with conventional OEG-based SAMs, manifested
s considerable reduction in bacterial adsorption and adhesion
f NIH 3T3 fibroblasts. In addition, nanoshells modified with
ys-b exhibited better colloidal stability and photothermal prop-
rties at high ionic strength and temperature than those modified
ith OEG-thiol, indicating that the unique hydration properties

f zwitterionic Cys-b are insusceptible to environmental stimuli.
n addition, anti-HER2 antibodies were chemically functionalized
nto nanoshells modified with Cys-b for the development of an
ffective and specific tumor ablation agent for the hyperthermia
reatment of MDA-MB-453 breast cancer cells. The results indi-
ated that over 90% of the cells were killed after NIR irradiation
or 10 min. Consequently, zwitterionic Cys-b as a nanoscale coating

aterial offers great potential in a wide range of bio-applications.
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