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ABSTRACT: Catheter-related infections (CRIs) are associ-
ated with the formation of pathogenic biofilms on the surfaces
of silicone catheters, which are ubiquitous in medicine. These
biofilms provide protection against antimicrobial agents and
facilitate the development of bacterial resistance to antibiotics.
The application of photothermal agents on catheter surfaces is
an innovative approach to overcoming biofilm-generated CRIs.
Gold nanoshells (AuNSs) represent a promising photothermal
tool, because they can be used to generate heat upon exposure
to near-infrared (NIR) radiation, are biologically inert at
physiological temperatures, and can be engineered for the photothermal ablation of cells and tissue. In this study, AuNSs
functionalized with carboxylate-terminated organosulfur ligands were attached to model catheter surfaces and tested for their
effectiveness at killing adhered Enterococcus faecalis (E. faecalis) bacteria. The morphology of the AuNSs was characterized by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), while the elemental composition was
characterized by energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). Furthermore, optical
and photothermal properties were acquired by ultraviolet−visible (UV-vis) spectroscopy and thermographic imaging with an
infrared camera, respectively. Bacterial survival studies on AuNS-modified surfaces irradiated with and without NIR light were
evaluated using a colony-formation assay. These studies demonstrated that AuNS-modified surfaces, when illuminated with NIR
light, can effectively kill E. faecalis on silicone surfaces.
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■ INTRODUCTION

Because of the wide use of a variety of catheters in medical care,
catheter-related infections (CRIs) are one of the most common
types of nosocomial infections. CRIs are a major cause of
patient morbidity and mortality, often leading to premature
catheter replacement, along with the associated cost and patient
discomfort. The use of peripheral venous catheters is
responsible for most of the 200 000 nosocomial bloodstream
infections that occur annually in the United States.1 Catheter-
related bloodstream infections have an attributable mortality
rate of 10%−25% and an economic burden of up to $56 000
per episode.2−4 Furthermore, catheter-associated urinary tract
infections (CAUTI) account for ∼30% of the infections
reported by acute care hospitals in the United States and affect
millions of patients annually worldwide.5−8

Most indwelling catheters are made of silicone rubber.
Bacterial adhesion and subsequent biofilm formation on the
silicone surfaces is elemental to the onset of pathogenesis.9 To
prevent pathogenic colonization on silicone catheters and CRIs,
a variety of approaches have been explored, but few have
proven highly effective in the prevention of catheter-related

infections.10,11 In urinary tract infections, the use of
antimicrobial agents either systemically or instilled directly
into the bladder have been shown to be ineffective in
preventing bacterial colonization.11 Chronic antibiotic suppres-
sion of asymptomatic bacteria of a patient that is catheterized to
prevent urinary tract infections leads to the emergence of
resistant flora and adverse drug effects.10 In short, innovative
approaches are still required to limit exposure to, and
proliferation of, these pathogenic micro-organisms on silicone
surfaces.
Surface modification of catheters is generally required to

inhibit biofilm formation and/or to eliminate bacterial infection
from indwelling catheters. The application of metal nano-
particles, such as silver, on the surface of medical devices has
been used as an antimicrobial route to prevent bacterial
adhesion and subsequent biofilm formation.12 However, the
toxicity of silver nanoparticles toward mammalian cells has
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been reported by several groups,13−15 and this concern limits
their use in the surface modification of catheters. Another
approach is the development of other types of metal
nanoparticles as agents for the photothermal eradication of
bacteria. Among the metal nanoparticles currently used in
biological research, gold nanoshells (AuNSs), which consist of a
thin gold shell surrounding a dielectric core, are strong
candidates for this application.16,17 AuNSs are biologically
inert at physiological temperatures and can be engineered for
photothermal ablation of cells and tissues via the heat generated
by their strong surface plasmon resonance (SPR).18,19

Localized SPR is a phenomenon in which light interacts with
the conduction band electrons at the surface of a metal
nanoparticle when the incident photons are in resonance with
the collective oscillation of the electrons. For AuNSs, this
property can be tuned through the manipulation of the
dimensions of the dielectric core and the gold shell.16,17 The
toxicity of AuNSs has been examined, with all available
evidence indicating that, at physiological doses, AuNSs are
noncytotoxic and pose no short-term health risks.18,19

Numerous in vivo studies in mice have provided the best
evidence that AuNSs are not only nontoxic, but also safe,
including a report where mice treated with AuNSs exhibited no
clinical abnormalities or side effects months after treatment.20

AuNSs have been pursued as photothermal agents in medical
applications because the SPR absorption band of these particles
can be tuned from the visible (vis) region to the near-infrared
(NIR) region. AuNSs that exhibit a strong SPR response when
illuminated with NIR light at their resonance frequency convert
the absorbed energy to heat as a means of dissipating that
energy, which raises the hyperthermic stress of the targeted
cells. In particular, the use of NIR light is most suitable for
photothermal therapy because of its optimal penetration of
body tissue due to the minimal absorption from tissue
chromophores and water.21

Several reports have demonstrated the application of gold
nanostructures in combination with their NIR absorption
capacities in photothermia studies on animal cells20,22−25 and

bacteria.26,27 In most of these cases, the gold nanostructures
were suspended among the cells. However, the use of AuNSs as
photothermal agents to modify catheter surfaces for killing
bacteria under NIR irradiation has yet to be demonstrated, to
the best of our knowledge, perhaps because (1) silicone
catheters with their inert alkylsiloxane surface moieties are
difficult to modify using this approach, and (2) bacteria are
more resistant than animal cells to changes in temperature.
However, these issues can be overcome if AuNSs can be made
to attach directly to a model catheter surface, and the light-
generated heat from the AuNSs is sufficiently lethal to adherent
bacteria without causing irreparable damage to the surrounding
tissue.
To this end, we developed a strategy for modifying

polydimethylsiloxane (PDMS) as a model silicone catheter
surface with carboxylic acid-terminated AuNSs engineered to
absorb NIR light. Silicone rubbers are inert and hydrophobic
polymers. Therefore, prior to attaching AuNSs, we first needed
to activate the surface of the PDMS substrates. Previously, our
research team reported an efficient method for introducing
amino groups on PDMS surfaces, allowing for the attachment
of a wide variety of molecules.28 Herein, we use this strategy to
effect the covalent attachment of carboxylic acid-terminated
AuNSs as NIR photothermal agents. To prepare the nanoshells
for this process, we coated them with a carboxylate-terminated
organosulfur ligand, providing a means to form bonds with the
amino groups of the model catheter surface. We employed a
strain of drug-resistant Enterococcus faecalis (E. faecalis)a
ubiquitous uropathogen29to demonstrate the feasibility of
using AuNS-modified surfaces for killing pathogenic bacteria via
NIR illumination. Scheme 1 illustrates the overall strategy
developed in this study.
In the work reported here, we have used scanning electron

microscopy (SEM), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDX), and X-ray
photoelectron spectroscopy (XPS) to characterize the
morphology and the elemental composition of the AuNSs,
and we used UV−visible (UV−vis) spectroscopy to measure

Scheme 1. Strategy for Preparing AuNS-Modified PDMS Surfaces and Examination of their Efficacy in Killing Pathogenic E.
faecalis Using NIR Illumination
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their optical properties. The photothermal properties of the
AuNS-modified surfaces were analyzed using thermographic
imaging with an infrared camera. Bacterial survival studies were
conducted on AuNS-modified PDMS surfaces using a colony-
formation assay both with and without NIR irradiation. Our
results show significant potential for the development of AuNS-
modified silicone surfaces as a means of killing nosocomial
pathogens in situ.

■ EXPERIMENTAL SECTION
Materials. The following analytical-grade chemicals were

purchased from the indicated suppliers and used without
purification: tetraethyl orthosilicate, TEOS (98%, Aldrich); (3-
aminopropyl)trimethoxysilane, APTMS (97%, Aldrich);
tetrakis(hydroxymethyl)phosphonium chloride, THPC (80%,
Aldrich); hydrogen tetrachloroaurate(III) hydrate, HAuCl4
(49% Au, Strem Chemicals); potassium carbonate (Sigma−
Aldrich); formaldehyde (35%−40%, Macron Fine Chemicals);
16-mercaptohexadecanoic acid, 16-MHDA (Aldrich); D,L-
thioctic acid, D,L-α-lipoic acid (98+%, ACROS Organics);
polydimethylsiloxane base and curing agent, PDMS (SYL-
GARD@ 184 Silicone Elastomer Kit, Dow Corning);
octadecyltrichlorosilane, OTS (Alfa Aesar); Generation 5
(G5) poly(amidoamine) dendrimer (PAMAM; Dendritech);
1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochlor-
ide, EDC (GL Biochem (Shanghai), Ltd.), N-hydroxysuccini-
mide, NHS (Aldrich); Luria−Bertani (LB) medium (BD
Difco); tetracycline (Sigma); sodium dodecyl sulfate, SDS
(J.T. Baker); and osmium tetroxide 4% aqueous solution
(OsO4; Electron Microscopy Sciences). Water was purified to a
resistance of 18 MΩ·cm (Millipore water; Academic Milli-Q
Water System, Millipore Corporation). All glassware was
cleaned in an aqua regia solution (HCl:HNO3; 3:1), thoroughly
rinsed with Millipore water, and then dried prior to use.
Preparation of Gold Nanoshells. Synthesis of APTMS-

Functionalized Silica Nanoparticles.16,30 The silica nano-
particles were prepared by the base-catalyzed hydrolysis of
TEOS using a slight modification of the Stöber method.31

Briefly, absolute ethanol was mixed with ammonia solution
(NH4OH), and stirred at 800 rpm for 10−20 min. A
subsequent aliquot of TEOS was added, and the solution was
stirred overnight to obtain silica nanoparticles. The con-
densation of TEOS generally started within 10−15 min, which
was easily observed by the change of the solution from colorless
to opaque.
The silica nanoparticle surfaces were modified with APTMS

to obtain NH2 surface groups by adding 1 mL of APTMS to a
100-mL aliquot of the vigorously stirred silica nanoparticle
solution. The mixture was allowed to react at room temperature
for 1 h, and then gently refluxed for 3 h to enhance the covalent
bonding of the APTMS groups to the silica nanoparticle
surface. The APTMS-coated silica nanoparticles were isolated
by centrifugation and redispersed in ethanol.
Synthesis of the Gold-Seeded Silica Particles. To attach

colloidal gold particles to the APTMS-modified silica nano-
particles, we used a self-assembly method developed by
Westcott et al.32 The colloidal gold (1−3 nm diameter)
solution was prepared by the reduction of a 1 wt % aqueous
solution of HAuCl4 with THPC.33 Under rapid stirring, 1 mL
of 1 M NaOH was added to 90 mL of Millipore water, followed
by the addition of 2 mL of a 1.25% aqueous THPC solution.
The reaction mixture was stirred for 5 min, and then 4 mL of 1
wt % HAuCl4 in water was added quickly to the stirred

solution. The colloid solution was stored at 4 °C for 2 days and
then concentrated to 10 mL using a rotary evaporator.
A portion of the concentrated gold colloidal solution (5 mL)

was then mixed with a 1 mL aliquot of APTMS-modified silica
nanoparticle solution. After vigorous stirring for 1 h, the
solution was allowed to equilibrate for 2 days to let the gold
colloidal particles attach to the silica surface. The resulting
seeded particles were then washed by centrifugation and
redispersed in Millipore water.

Gold Nanoshell Growth. To grow the gold overlayer on the
gold-seeded silica particles, a solution containing a reducible
gold salt (K-gold solution) was first prepared by dissolving 25
mg of anhydrous potassium carbonate in 100 mL of Millipore
water. After 10 min of stirring, 2 mL of 1 wt % HAuCl4 solution
in water was added. The solution initially appeared transparent
yellow and slowly became colorless over the course of 30 min.
The K-gold solution was then aged at 4 °C in darkness for a
minimum of 2 days. The growth of the gold shell layers on the
gold-seeded particles occurred through the deposition and
reduction of Au3+ using formaldehyde.16,32 To a vigorously
stirred 4 mL aliquot of the colorless K-gold solution, the seeded
particle solution was added, followed by adding 10 μL of
formaldehyde. Over the course of 2−5 min, the solution
changed from colorless to blue-green, which is characteristic of
nanoshell formation. The nanoshells were separated from the
solvent by centrifugation and decantation, and then redispersed
in Millipore water.

Adsorption of Carboxylate-Terminated Organosulfur
Species onto the Gold Nanoshells. The AuNSs were
centrifuged and redispersed in 25 mL of ethanol (∼2.5 × 109

particles/mL) prior to sparging with nitrogen gas for 30 min.
Then, 25 mL of 10 mM carboxylate-terminated organosulfur
ligand, either 16-MHDA or lipoic acid, in ethanol was added
followed by continued stirring for 1 h. After allowing the
mixture to react for 16−18 h at room temperature, the
carboxylic acid-functionalized AuNSs were then washed by
centrifugation to remove unreacted reagents and subsequently
redispersed in Millipore water.

Preparation of AuNS-Modified PDMS Surfaces. Prep-
aration of the PDMS Substrates.28 A 10:1 ratio of PDMS base
and curing agent were mixed thoroughly and allowed to stand
for at least 30 min, until no bubbles were visible in the mixture.
To prepare a thin layer of PDMS, the mixture was gently
poured on top of a clean silicon wafer and then pressed against
an OTS-modified silicon wafer. The purpose of using an OTS
film was to aid in the peeling of the top silicon layer to expose a
relatively flat PDMS surface. After the mixture was cured at 110
°C overnight, the PDMS was removed from the OTS-modified
silicon wafer template, and the PDMS surface was rinsed with
Millipore water and dried with argon gas. The PDMS substrate
was then cut into 0.3 cm × 1 cm pieces to be used in the next
step of the procedure.

Preparation of the PAMAM-Modified PDMS Surface.
Oxidation with a CO2 plasma was carried out on the PDMS
surface using a Harrick plasma cleaner (Model PDC-32G, 100
W) at a low power setting (6.8 W). The PDMS surfaces were
exposed to CO2 plasma for 45 s.28 The resulting oxidized
PDMS was immediately immersed in a solution of 1 mg/mL of
G5 PAMAM dendrimer in phosphate buffered saline (PBS) for
1 h to provide the PAMAM-coated surface. All the PAMAM-
coated surfaces were washed with copious amounts of Millipore
water and dried with argon gas.
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Coupling of Carboxylic Acid-Terminated AuNSs to
PAMAM-Modified PDMS Surfaces. The PAMAM-coated
surfaces were placed in separate wells in a 24-well plate. A
0.5 mL aliquot of a Millipore water solution containing ∼1.6 ×
109 particles/mL 16-MHDA- or lipoic acid-functionalized
AuNSs, 60 mM of EDC, and 30 mM of NHS was used to
immerse each of the PAMAM surfaces for 2 h. After 2 h, the
substrates were washed with Millipore water and dried with
argon gas to produce the AuNS-modified PDMS surfaces.
Bacterial Culture Treatment and Photothermolysis

with AuNS-Modified Surfaces. Preparation of Bacterial
Strains. For all bacterial assays, a single colony from the
pathogenic bacteria, a human bloodstream isolate of E. faecalis,
was grown in 25 mL of LB media containing an appropriate
antibiotic: 4 μg/mL tetracycline. After incubation overnight, the
optical density at 600 nm (OD600) was adjusted to 0.25 for the
bacterial culture, corresponding to a bacterial concentration of
108 CFU/mL.
Adherence Assay of E. faecalis. The ability of E. faecalis to

adhere to the AuNS-coated and noncoated PAMAM surfaces
was assessed visually using a microscope. Each surface was
placed in a separate well in a 24-well plate containing 1 mL of
E. faecalis in LB media at a concentration of 108 CFU/mL. The
surfaces were incubated with the bacteria for 120 h at 37 °C.
After incubation, the surfaces were rinsed three times with PBS,
and then imaged using a 40× objective lens of a Nikon 80i
microscope (Nikon Instruments, Melville, NY).
Photothermal Study of AuNS-Modified PDMS Surfaces

against E. faecalis. To conduct photothermal studies, the
AuNS-modified PDMS surfaces were placed in separate wells in
a 24-well plate containing 1 mL of E. faecalis in LB media at a
concentration of 108 CFU/mL. The surfaces were incubated
with the bacteria for 120 h at 37 °C. After incubation, the
surfaces were rinsed with PBS and then irradiated with a diode
laser (AixiZ model HLM5768120, CW 800 mW, 810 ± 10 nm)
at a power of 2.5 W/cm2 for either 0, 5, 7, or 10 min. Standard
plate-based counting was performed on illuminated surfaces to
obtain the count of the viable bacteria for the remaining E.
faecalis. Briefly, the surfaces, after being rinsed with PBS, were
transferred to a 1 mL solution of 0.01% SDS. The surfaces were
then sonicated using a Bransonic ultrasonic cleaner (50 Hz, 80
W) for 10 min and subsequently vortexed at 2000 rpm for 2
min. Serial dilutions from the sonicated bacterial suspension
(10−2, 10−4, and 10−6) were prepared and 10 μL of each
dilution was plated in duplicates on LB agar containing 4 μg/
mL tetracycline. The plates were incubated at 37 °C, and the
bacterial colonies formed were counted after 24 h.
Bacterial Morphology Determination Using SEM.Monitor-

ing of the bacterial morphology on the AuNS-modified PDMS
surfaces was conducted by SEM examination before and after
exposure to NIR light. In brief, the surfaces were fixed with
2.5% glutaraldehyde for 18 h, and then washed with PBS. The
sample surfaces were further postfixed with 1% OsO4 for 2 h,
washed with PBS, and then dehydrated in an ascending ethanol
series (50%, 70%, 85%, 95%, and 100%) for 10 min each.
Finally, the samples were placed in 100% t-butanol for 20 min,
followed by freeze-drying using a Scanvac CoolSafe 110-4
(LaboGene). The freeze-dried samples were then sputter-
coated with platinum (Hummer 6.2 Sputter System; Anatech
USA) and then examined by SEM.
Thermal Imaging Experiments. A PDMS surface modified

with gold nanoshells was irradiated for 10 min using a diode
laser (AixiZ model HLM5768120, CW 800 mW, 810 ± 10

nm). The thermal maps were acquired from the side of the
surface on which the AuNSs were deposited. The thermal
images were acquired using a thermographic infrared camera
(ThermoVision A320G; FLIR Systems) with thermographic
acquisitions conducted for 5 s.

Characterization Methods. The size and morphology of
the AuNSs was characterized by scanning electron microscopy
(SEM) (LEO, Model 1525), operating at an accelerating
voltage of 15 kV, and transmission electron microscopy (TEM)
(JEOL, Model 2000 FX), operating at 200 kV. To obtain high-
resolution images from the SEM analysis, all samples were
deposited on a silicon wafer and allowed to dry. For the TEM
analyses, the AuNSs were deposited on a 300-mesh holey
carbon-coated copper grid and allowed to dry. The DLS data
were collected using an ALV-5000 Multiple Tau Digital
Correlation instrument operating with a 514.5-nm light source
at a fixed scattering angle of 90°. The sample diameters
measured by DLS were consistent with the values obtained by
SEM and TEM. The SEM images were processed using the
Java-based “ImageJ” program, and the size histograms were
constructed from an analysis of at least 150 particles.
The chemical composition of the AuNSs was analyzed by

energy-dispersive X-ray (EDX) spectroscopy using an Oxford
EDX attached to the SEM microscope. To determine the
surface charge of the AuNSs, the zeta potential was measured
with a Nicomp 380 ZLS from Particle Sizing Systems. The
surface chemistry of the AuNSs was examined by X-ray
photoelectron spectroscopy (XPS) (PHI Instruments, Model
5700 XPS) equipped with a monochromatic Al Kα X-ray
source. UV−vis spectra were obtained using a UV−vis
spectrometer (Cary, Model 50 Scan) over the wavelength
range of 300−1000 nm. To prepare the bacterial samples for
SEM imaging, the samples were freeze-dried using the
procedure described above.

■ RESULTS AND DISCUSSION
Preparation and Characterization of AuNSs. To

prepare the AuNSs used in this study, we first generated silica
core particles using the Stöber method. Such silica nano-
particles can be fabricated by a variety of methods,31,34−37 but
the favored synthesis route for silica particles remains the
Stöber method and its modifications.38,39 This procedure allows
the production of spherical and homogeneous silica particles of
a desired size without the use of sophisticated equipment. Since
this work requires that the AuNSs exhibit a photothermal
response specifically to NIR light, the monodispersity of the
core particles, along with their composition and size, are crucial
concerns for the preparation of AuNSs having a desired
absorption/scattering profile. In our study, we synthesized
nanoparticles with dielectric silica cores ∼145 nm in diameter.
The functional groups at the surface of a typical unmodified
silica nanoparticle are predominantly silanol (Si−OH) or
ethoxy (Si−OEt) groups.40 To enable synthesis of the
nanoshell, the silica particles were functionalized with
APTMS to create a layer of surface amino groups that allow
for the attachment of colloidal gold.
Fabrication of the gold shells on the silica cores was

accomplished using the seeded-growth method, a process
which allows for good control of the shell thickness and surface
properties. With this method, the APTMS-functionalized silica
nanoparticles are initially decorated with colloidal particles of
gold (1−3 nm). The gold colloids formed by the reduction of
HAuCl4 with THPC have a net negative surface charge,38
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leading to their attachment to the amino groups on the silica
sphere, which are positively charged at neutral pH. In the final
step of the formation of the shell, the attached gold nanoseeds
are used to nucleate the growth of a gold overlayer to form the
AuNS in the presence of HAuCl4 and the reducing agent,
formaldehyde. Figures 1a and 1b show SEM and TEM images,
respectively, of the synthesized AuNSs exhibiting a uniform
shell layer of ∼20 nm. The gold coating is continuous with
topographical roughness on a nanometer scale. The particle size
distribution of the AuNSs determined from the SEM images is
shown in Figure 1c, and the associated average diameter is 185
± 19 nm, which is a value that is consistent with those obtained
via TEM and DLS measurement.
The optical response of the gold nanoshells can be adjusted

by varying the relative core size and shell thickness, which is an
aspect of this research that can be roughly verified by observing
the color of the gold nanoshell solution during synthesis. These
synthetic parameters can be used to vary the SPR absorption
band across a broad range of the optical spectrum from the
visible to the NIR spectral regions.41 To analyze the extinction
spectrum of our AuNSs, we collected a UV−vis spectrum over
the wavelength range of 300−1000 nm, as shown in Figure 1d.
Our AuNSs exhibit an absorption maximum at ∼800 nm,
aligning with the emission wavelength of the diode laser used in
the photothermolysis study.
We employed EDX to determine the chemical composition

of the silica/gold core/shell nanoparticles. The EDX spectrum

(see Figure S1 in the Supporting Information) confirms the
presence of Au with peaks at 2.12 and 9.71 keV (Mα and Lα,
respectively), Si with a peak at 1.74 keV (Kα), and O with a
peak at 0.53 keV (Kα). These data are consistent with the
expected composition of the AuNSs. In addition, the EDX-
derived atomic composition data for the AuNSs is provided in
Table S1 in the Supporting Information, including the atomic
percentages of 51.1, 17.8, and 31.2 for O, Si, and Au,
respectively.
We also performed a zeta potential measurement, using a

Nicomp Model 380 ZLS device, to determine the surface
charge on our AuNSs in aqueous solution. The average charged
surface for the AuNSs was −43.2 ± 0.6 mV, which indicates
that there is a negative charge distribution on the gold shell.
The large value for the zeta potential is consistent with a model
in which the presence of charges on the surface confers stability
to the AuNSs in aqueous solution, preventing their aggregation
and precipitation. Furthermore, the negative charge of the
AuNS surface can be attributed to the presence of formate
ligands that were present during the growth of the shell (vide
inf ra).30,42,43

The surface composition of the AuNSs was analyzed by XPS.
Figure S2a in the Supporting Information shows a high-
resolution XPS spectrum for the Au 4f binding energy (BE)
region, with the lower energy peak being used as a reference
peak for our spectrum at 84.0 eV. The XPS spectrum
highlighting the C 1s binding energies for the AuNSs in Figure

Figure 1. Morphology of the AuNSs as revealed by (a) SEM and (b) TEM images. (c) The size distribution of the AuNSs and (d) the extinction
spectrum of the AuNSs in water.
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S2b in the Supporting Information exhibits three noteworthy
signals: the peaks at ∼284.6 eV (attributed to C−C/C−H
bonds), at ∼286.2 eV (associated with C−O bonds), and at
∼288.5 eV (attributed to OC−O species).42 Figure S2c in
the Supporting Information shows that the O 1s peak appears
at ∼533.1 eV, which is the binding energy that is associated
with the C−O bond.42 These results are consistent with the
adsorption of formate molecules on the surface of the
nanoshells.30,42,43

Adsorption of Carboxylate-Terminated Organosulfur
Species onto the AuNSs. To use the AuNSs as photothermal
agents for modifying model catheter surfaces, we initially
generated carboxylic acid-terminated AuNSs by chemisorption.
In previous studies, the self-assembly of thiol molecules has
proven to be a simple and useful means of functionalizing metal
nanoparticles.44 In the present report, two types of carboxylate-
terminated organosulfur species were used to generate surfaces
that were functionalized with carboxylic acid/carboxylate
groups: 16-MHDA and lipoic acid. Such terminally function-
alized adsorbates have often been utilized for engineering

interfaces involving proteins, nucleic acids, and other
biomolecules because of the versatility of the COOH terminal
group for covalent functionalization.45−48 These molecules,
with a polar terminal group, are capable of imparting solubility
in aqueous systems via electrostatic stabilization, rendering
them desirable for the current study. Moreover, the
biocompatibility of lipoic acid makes it attractive for use in
biological systems.
We used XPS to confirm the covalent attachment of these

carboxylate-terminated organosulfur ligands onto the surfaces
of the AuNSs. Figure 2 shows the XPS spectra of 16-MHDA-
and lipoic acid-functionalized AuNSs. The Au 4f, C 1s, and O
1s BE regions of the spectra obtained for both modified AuNSs
are similar from one figure to the next and are otherwise
unremarkable. The S 2p spectra of the modified AuNSs can be
deconvoluted using the S 2p doublet with a branching ratio of
1:2 and an energy difference of ∼1.2 eV.49 This analysis reveals
that two species are predominant on the gold surface: thiolate
bound to gold, with S 2p3/2 (S 2p1/2) at 161.9 eV (163.1 eV),
and unbound sulfur in the form of thiol or disulfide, with S

Figure 2. Schematic of the adsorption of (a) 16-MHDA and (b) lipoic acid onto a AuNS. In addition, the XPS spectra for 16-MHDA- and lipoic
acid-functionalized AuNSs are included for the spectral regions of the Au 4f, C 1s, O 1s, and S 2p binding energies.
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2p3/2 (S 2p1/2) at 163.3 eV (164.5 eV).49 The BEs for the S
2p3/2 of the 16-MHDA-functionalized AuNSs are ∼162 eV,
indicating that all of the adsorbates are bound thiolate with no
unbound thiol or disulfides. In contrast, the lipoic acid-modified
AuNSs exhibit, upon deconvolution, an S 2p3/2 peak at ∼161.9
eV for bound thiolate and an S 2p3/2 peak for unbound thiol
and disulfide at ∼163.6 eV. The ratio of bound to unbound
thiol/disulfide is 1:1.3. Other than the possible rupture of both
disulfide S−Au bonds to the surface, the presence of unbound
sulfur moieties might be due to carboxylic acid dimers;
alternatively, some molecules might be attached to the surface
through hydrogen bonding between the carboxyl ends.50

In addition, the modification of the AuNSs with a coating of
either carboxylate-terminated organosulfur species yields a
dispersion of particles that exhibits an invariant extinction
spectra profile for all nanoshells, with the surface plasmon
resonance peak centered at ∼800 nm (see Figure S3 in the
Supporting Information). These data indicate that the
adsorption of either thiol compound will exert little or no
influence on this key light absorption/scattering characteristic
and, presumably, the associated photothermal properties.
Preparation and Characterization of AuNS-Modified

PDMS Surfaces. To prepare the AuNS-modified model
catheter surfaces for photothermal studies, the AuNSs were
attached to the PDMS surfaces using our previously reported
method.28 In the literature, the most common method for
activating silicone surfaces is based on the use of oxygen plasma
to oxidize the organic component of the polymer, leaving a
hydrophilic silicon oxide layer on the surface. The attachment
of the desired functional moieties on the surface is usually
accomplished via a siloxane intermediate layer terminated with
an amino group, to which the functional moieties are tethered
via amidation. In addition to this cumbersome multistep
procedure requiring careful control of the siloxane chemistry,
the major drawback of this approach is associated with the
limited stability of the siloxane films.
Our method overcomes these limitations. Specifically, we use

a mild CO2 plasma instead of an O2 plasma for activating the
silicone surfaces, which greatly decreases the degradation of the
silicone polymer and generates polar groups such as carboxylic
acids, aldehydes, and hydroxyl groups, for subsequent
functionalization. In addition, to reduce the loss of active
groups on the surface via diffusion of the degraded polymers,
we treated the surface immediately after CO2 plasma exposure
with a polyamine, such as the amino-terminated G5 PAMAM
dendrimer possessing ∼128 peripheral amino groups,51 which
cross-link with the active groups to generate a high density of
amino groups on the surface for subsequent biofunctionaliza-
tion. Using this procedure, we showed that the PAMAM-
presenting surfaces were stable for over a month in PBS at 37
°C.28

To demonstrate the adhesion of the AuNSs on the PAMAM-
coated surface, the carboxylic acid-terminated AuNSs were
coupled to the surfaces via amidation in the presence of
activating agents EDC and NHS. Figure 3 provides SEM
images of the surfaces that show the distribution of the AuNSs
on the PDMS with a surface coverage of 30%−35% (∼1.3 ×
109 particles/cm2). Interestingly, we found that the bare AuNSs
can absorb on the PAMAM-coated surfaces with immobiliza-
tion upon exposure to the bare AuNS solution for 6 h without
EDC/NHS (see Figure S4 in the Supporting Information).
Although the nature of the bonding of the bare AuNSs on the
samples prepared without EDC/NHS remains unclear, it

plausibly occurs via an an electrostatic interaction between
negative charges of the formate moieties on the AuNSs and
positive charges of the amino groups on the PAMAM
periphery.
We also used XPS to confirm the successful conjugation of

the AuNSs to the PDMS substrate. Figures S5, S6, S7, and S8
in the Supporting Information show the XPS spectra of the
PDMS surface, PAMAM-modified PDMS surface, and AuNS-
modified PDMS surface with 16-MHDA- and lipoic acid-
functionalized AuNSs, respectively. The spectral data are
consistent with the expected composition of the surfaces. In
addition, the PDMS surface with the carboxylate-terminated
AuNSs exhibit an invariant extinction spectrum profile with
broad surface plasmon resonance peaks that are notably still
centered at ∼800 nm (see Figure S9 in the Supporting
Information). These data indicate that the process of surface
modification, while producing surfaces that exhibit limited
levels of nanoshell clustering, exerts little influence on the light
absorption/scattering characteristics of the AuNSs and,
presumably, the associated photothermal properties.

Bacterial Adherence Assay of Pathogenic E. faecalis.
Pathogenic E. faecalis bacteria were used to demonstrate the
photothermal impact of our model catheter surfaces modified
with AuNSs upon exposure to a NIR laser. E. faecalis are Gram-
positive cocci that typically grow into structures that consist of

Figure 3. SEM images of AuNS-modified PDMS surfaces with (a) 16-
MHDA-functionalized AuNSs and (b) lipoic acid-functionalized
AuNSs.
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dimers or oligomers arranged in short chains.52 The cell wall of
E. faecalis is comprised of three main components:
peptidoglycan, teichoic acid, and polysaccharides. E. faecalis
show an overall negative charge due to the presence of
phosphodiester bonds between teichoic acid monomers. With
the negative charge on their cell walls, E. faecalis might prefer to
adhere on positively charged surfaces. Note, however, that the
carboxylic acid-functionalized AuNSs used for modifying the
PAMAM-coated surface possess a negative surface charge.
To confirm that our AuNS-modified surfaces can be used as a

platform for attachment of E. faecalis in the photothermal assay,
we exposed the bacteria to the PAMAM and AuNS-modified
surfaces by incubating all surfaces in a 108 CFU/mL
concentration of E. faecalis for 120 h at 37 °C. The results
were evaluated using an optical microscope, and selected
bright-field images are shown in Figure 4. Surprisingly, the

results for the AuNS-modified PDMS surfaces showed no
substantial difference from the PAMAM surfaces that present
positive charges on their surfaces. Moreover, these images show
the distribution of E. faecalis cells on both surfaces produced a
surface coverage of ∼70%. Nevertheless, these results
demonstrate that the relatively long-term duration of the
bacterial adherence allows the E. faecalis to cover the AuNS-
coated surfaces, regardless of the initial charged state of the

surfaces, and this model can be further used in the targeted
photothermal studies. Indeed, a wide variety of coatings based
on antibacterial agents, such as antibiotics and silver particles,
have been reported that prevent or reduce pathogenic biofilm
formation over the short term under nutrient-deficient
conditions.53,54 However, such coatings fail to work well over
the long term in nutrient-rich environments, such as urine, in
which the bacteria grow rapidly and secrete substances that
fully neutralize and/or cover the antimicrobial surface,
rendering it incapable of preventing bacterial adhesion and
biofilm formation.55,56

Photothermal Effects of AuNS-Modified PDMS Surfa-
ces against E. faecalis. After successfully generating AuNS-
modified surfaces that have the capability to interact with E.
faecalis, these model catheter surfaces were tested as platforms
for photothermally killing pathogenic bacteria. The photo-
thermal killing process was undertaken using several different
time intervals under illumination with an 810-nm NIR diode
laser to determine the time frame required to produce sufficient
exposure to bacteria-killing heat. To prepare four sets of three
surface samples, we incubated small strips (0.3 cm × 1 cm) of
both types of functionalized AuNS-modified PDMS surfaces
(16-MHDA- and lipoic acid-functionalized AuNSs), along with
a control sample produced with PAMAM on the PDMS surface
in the absence of the AuNSs, with E. faecalis at 37 °C for 120 h.
Three of these sets of samples were then exposed to laser
illumination for 5, 7, and 10 min, respectively, with the fourth
sample set not receiving any laser exposure.
The presence of surviving bacteria on these surfaces was

evaluated by colony formation assay, where the bacteria were
detached from the surfaces by sonication in 0.01% SDS solution
and subsequently vortexed for 2 min at 2000 rpm. The resulting
bacterial suspension was serially diluted before plating in
duplicate on LB agar, and the bacterial colonies formed were
counted after 24 h of incubation at 37 °C. We developed this
protocol and have validated that the viability of the bacteria
detached using our method remains unchanged, and <1% of the
bacteria are left on the surface after subjecting the samples to
the SDS solution/sonication protocol (see Figures S10 and S11
in the Supporting Information). The visual images from the
colony formation assays from our AuNS-modified PDMS
surfaces before and after exposure to NIR light and the bar
graphs corresponding to the average of the colonies formed
from four experiments performed in duplicate are shown in
Figure 5. NIR illumination for 5 min shows that the surviving E.
faecalis were substantially diminished when compared to the
control sample. The results after 10 min of laser exposure were
even more convincing. This outcome is exciting, because it
implies that our hyperthermia approach is effective against the
colonization of a pathogen, providing an alternative method for
fighting antibiotic-resistant bacteria. The decrease in the
number of bacterial colonies is believed to reflect NIR
irradiation-induced damage, where the heat created by this
photothermal approach is sufficient to kill the bacteria on our
model catheter surfaces. It should be noted that the AuNSs
functionalized with two different carboxylate-terminated
organosulfur ligands produced statistically equivalent results.
To confirm that the photothermal heating protocol

effectively kills bacteria on AuNS-modified PDMS surfaces,
we used SEM to examine the morphology of the bacteria before
and after exposure of the surface to NIR light for 10 min. As
shown in Figure 6, the SEM image of the surface exposed to
NIR light reveals that localized overheating generated by the

Figure 4. Reflected bright-field images of E. faecalis obtained after an
incubation period of 120 h for (a) a PAMAM surface and (b) a AuNS-
modified PDMS surface.
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SPR response of the AuNSs led to thermal decomposition and
rupturing of the cell wall of the pathogenic E. faecalis. These
results demonstrate that with a radiation time of 10 min,
thermal diffusion from the AuNSs can lead to heat-induced
damage to bacteria located in close proximity to the AuNSs.
To verify that the rupturing of the bacteria cell walls could be

attributed to changes in thermal energy, we evaluated the
photothermal properties of a AuNS-modified PDMS surface by
utilizing thermal imaging to monitor spatially resolved
temperature changes due to NIR light harvesting and heat
generation (see Figure 7). The results show that the AuNS-
modified PDMS surface can effectively cause a significant
surface temperature rise after NIR illumination. The average
temperature obtained from the entire AuNS-modified PDMS
surface (1 cm × 1 cm) increased from an initial temperature of
22.1 ± 0.4 °C to 73.0 ± 4.7 °C, after NIR illumination for 10
min. Our photothermal heating results are similar to a previous
report by Yella et al., which examined the temperature
distribution and evolution in gold nanoshell-populated
phantom tissues.57 In their studies, the temperature of the

environment surrounding the AuNSs increased rapidly as a
result of strong heat production by the gold nanoshells, which
was generated from the absorbed laser energy under localized
surface plasmon resonance conditions. However, without
nanoshell-mediated resonance absorption and heating, the
temperature increase was practically negligible.
Several in vivo studies have demonstrated the efficacy of

nanoshells for the treatment of tumors through targeted
photothermal destruction by the accumulation of NIR-
responsive AuNSs at tumor sites.20,22 In the study by O’Neal
et al.,20 the surface temperature at the tumor site was increased
to ∼50 °C after the tumor was exposed to NIR light at 4 W/
cm2 for 3 min. Hirsch et al.22 conducted a study of the
temperature distribution of tumors in mice during thermal
therapy by using magnetic resonance temperature imaging.
They reported the temperature change for the AuNS-treated
tumors to be 37.4 ± 6.6 °C, which is a temperature increase
that was sufficiently high to cause irreversible thermal damage
to the tumor, while the temperature increase in the nanoshell-
free control group was only 9.1 ± 4.7 °C.

Figure 5. Results from the colony formation assays of the surviving E. faecalis after NIR irradiation in the form of (a) visual images of bacterial
colonies from PAMAM- and AuNS-modified PDMS surfaces after NIR irradiation for the exposure times indicated and (b) bar graphs corresponding
to the average of the bacterial colonies formed from four independent experiments (CFU; colony forming unit).
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It is widely assumed that the efficacy of a thermal treatment
is given by the magnitude of the incremental temperature
increase (above biological norms) and the duration.58

Regarding the magnitude of the induced incremental temper-
ature increase, a treatment that produces irreversible tissue
damage has been shown to be carried out successfully by
increasing the temperature of cells above 50 °C, and the
activation of cell death is achieved as a result of a coagulative
necrosis process.59,60 Irreversible thermal treatments have
clinical applications beyond cancer; in urology, such treatments
are used for benign prostatic hyperplasia,61 and in cardiology,
such treatments are used for thermal angioplasty.62 Most
proteins experience instantaneous and irreversible denaturation

above 60 °C, while higher temperatures (above 80 °C) lead to
tissue rupture due to water vaporization.63

For this report, we showed that a PDMS surface modified
with AuNSs under NIR irradiation produced a significant
incremental temperature increase and a localized surface
temperature of ∼73 °C, leading to bacterial cell death. We
believe that the damage to these bacterial cells arises from the
rapid conversion of absorbed light by the gold nanostructure to
localized thermal energy, which heats and ruptures the cell
walls. The process has been described by Link et al. as involving
the transfer of absorbed light from gold nanostructures to cells
by rapid electron−phonon relaxation in the nanoparticles,
followed by phonon−phonon relaxation,64 leading to an
increase in the temperature of the nanoparticles and nearby
cells. However, thermally and mechanically induced compro-
mising of cell membrane integrity also has been reported to be
a leading cause of cell photothermal damage.65 The photo-
thermolysis mechanism of NIR plasmonic photothermal
therapy with continuous-wave lasers and gold nanostructures
has shown that laser energy used to destroy the cells when the
nanoparticles are located on the cytoplasm membrane is 10
times lower than that required when the nanoparticles are
internalized inside the cytoplasm.
Photothermally induced cell death can take place via

apoptosis or necrosis, depending on the dosage, type, and
time of irradiation. It is also dependent on the subcellular
location of the gold nanostructures when they are located
inside a cell. In a study using pulsed laser irradiation,
intermittent laser exposure induced cell damage via a series
of photothermal and accompanied phenomena: denaturation or
breakdown of proteins, cell cavitation, cellular structure
rupturing, evaporation of cellular liquid, and bubble formation
by shock waves due to particle thermal expansion, evaporation,
or plasma generation associated with the gold nanostructures.66

Although prior studies have shown the effectiveness of gold
nanoparticle-mediated photothermal disruption of cellular
structures,65−69 our results demonstrate that AuNSs can be
used to photothermally induce cell rupturing that efficiently
kills bacteria.

■ CONCLUSIONS

This study has demonstrated an effective photothermal
approach to destroy pathogenic bacteria (E. faecalis) within a
short period of time (5−10 min), using an in vitro test on
PDMS model catheter surfaces. The AuNS-modified surfaces,
combined with NIR irradiation, can be viewed as a potential
broad-spectrum antibiotic that rapidly kills adhered pathogens
upon treatment. This method relies upon the generation of
heat by AuNSs in response to NIR irradiation and the transfer

Figure 6. SEM images of E. faecalis on AuNS-modified PDMS surfaces
(a) before and (b) after NIR exposure.

Figure 7. Thermal imaging temperature maps used to demonstrate photothermal heating of the AuNS-modified PDMS surface (a) before and (b)
after exposure to NIR light for 10 min.
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of thermal energy to the bacteria. This hyperthermia approach
might potentially become a new adjuvant therapeutic method
for use in applications where the NIR light can effectively reach
the surface of the catheter. For our current system, the
wavelength of the NIR light used was 810 nm, which can
penetrate human tissue up to 3 or 4 mm, depending on the
laser strength and optical scattering by the tissue involved. To
enhance the effectiveness of this therapeutic approach,
additional research is needed to optimize the absorption
maxima of the AuNSs and the associated NIR laser wavelength
and power used, with an ultimate goal of utilizing NIR light
penetration for the treatment of catheters in situ.
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