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ABSTRACT: Catheter-related infections (CRIs) pose a significant
threat to patient safety; therefore, the development of effective
strategies to prevent and treat these infections is imperative. In this
study, a photothermal system based on gold−silver nanoshell
(AuAgNSh)-modified catheter surfaces was developed for the rapid
eradication of the pathogenic bacterium Enterococcus faecalis (E.
faecalis) using near-infrared (NIR) irradiation. The morphology
and elemental composition of AuAgNShs were characterized by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX),
and X-ray photoelectron spectroscopy (XPS). The optical and
photothermal properties were acquired by ultraviolet−visible−
near-infrared (UV−vis−NIR) spectroscopy and thermographic
imaging with an IR camera, respectively. Bacterial survival studies on AuAgNSh-modified surfaces irradiated with and without NIR
light were evaluated using a colony-formation assay. The results demonstrated that AuAgNSh-modified surfaces, when illuminated
with NIR light, effectively killed E. faecalis on silicone surfaces in less than 10 min. The system is stable and reusable throughout
multiple cycles and has the potential to serve as a rapid, localized adjunct to traditional antibiotic therapy for CRIs. By harnessing the
thermal energy produced by AuAgNShs in response to NIR irradiation, this hyperthermia technique can potentially serve as a broad-
spectrum antibiotic that kills adhered pathogens rapidly.
KEYWORDS: gold−silver nanoshells, photothermal therapy, hyperthermia, bacteria, E. faecalis, laser irradiation, near-infrared (NIR),
catheter-related infections (CRIs)

■ INTRODUCTION
Nosocomial infections represent a worldwide problem, giving
rise to significant financial concerns for hospitals as well as
health risks for patients. The National Healthcare Safety
Network (NHSN) and Centers for Disease Control and
Prevention (CDC) have classified nosocomial infections into
14 distinct categories.1 Device-associated hospital-acquired
infections represent the most common type in clinical settings,
with catheter-related infections (CRIs) being a major subset.
These infections are linked to microbial adhesion and
subsequent biofilm development on catheter surfaces.1−3

CRIs are associated with an attributable mortality rate of
12−25% and an estimated treatment cost of approximately
$56,000 per episode.4

Silicone rubber is used to manufacture most indwelling
catheters. Bacterial adhesion to silicone surfaces and the
consequent generation of biofilms are the primary initiators of
disease.5 As a consequence, strategies have been developed to
inhibit pathogenic colonization on silicone catheters and
reduce the frequency of CRIs by the use of antibiotics,6,7

catheter flushes,6 and antiseptic devices.8,9 However, as several

studies have shown, the formation of the protective matrix
increases the resilience of the enclosed bacteria, making them
far more resistant to conventional antibacterial and antimicro-
bial therapies.10−12 With the rise in antibiotic resistance in
nosocomial infections, nanoparticles (NPs), particularly
metallic NPs, offer an alternative due to their unique qualities,
such as high reactivity and stability.13,14 To this end, strategies
such as silver nanoparticle- and antibiotic-based coatings have
been investigated to prevent microbial colonization on catheter
surfaces and reduce the incidence of CRIs.15−18 However,
results on their long-term efficacy have been unsatisfactory.19

In short, it is critical to develop novel approaches for limiting
the proliferation of these pathogenic microorganisms on
siloxane surfaces.
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Photothermal therapy (PTT) is a potential technique for
physically destroying microorganisms with the minimum toxic
effects.20−23 The crucial feature of this procedure is the
employment of photothermal agents that can absorb light and
convert it to heat, which is used to destroy harmful
bacteria.23−26 Recently, the use of noble metal NPs as the
photothermal agent (PTA) has attracted a lot of attention due
to their unique properties, particularly their ultrasmall size (5−
200 nm) and remarkable plasmonic properties.27−29 Among
noble metal NPs, the biocompatible and nontoxic gold NPs
(AuNPs) are particularly promising candidates for this
application due to their capacity to generate hot electrons
via the strong localized surface plasmon resonance
(LSPR).28,30 Apart from the significant LSPR effect, another
advantage of AuNPs is their tunable light absorption, which
can be controlled by the particle’s size, shape, composition, and
morphology.30 The photothermal properties of AuNPs have
been reported for gold spheres,31 gold nanoshells
(AuNShs),32−35 gold nanorods,36,37 and, more recently, gold
nanocages37,38 and gold nanostars.39−41 Among the various
AuNPs, AuNShs have been extensively studied due to their
distinctive properties, such as significant surface plasmon
absorption and biocompatibility.42 The optical extinction of
traditional nanoshells can be tuned, but is still limited largely to
the visible spectrum.
To achieve deeper tissue penetration with minimal

absorption by water, the Lee group developed a galvanic
replacement method for producing bimetallic Au/Ag shell/
core NPs with a partially hollow core structure, extending the
optical extinction to significantly longer wavelengths.43 Unlike

metal alloy NPs, the optical absorption of these gold−silver
nanoshells (AuAgNShs) can be precisely tuned to desired
wavelengths by altering the shell geometry and elemental
composition.27 For the AuAgNSh system, the tuning can most
readily be accomplished by increasing the galvanic replacement
of Ag by Au, which progressively red-shifts the LSPR into the
near-infrared as demonstrated previously.43 Moreover, the
coexistence of two metals with distinct light-absorption
characteristics results in extinction spectra spanning a wide
visible-to-near-infrared range, making them powerful and
effective photothermal agents compared to conventional
plasmonic gold nanostructures (e.g., spherical NPs and
nanorods).42,43

In studies utilizing AuNShs as photothermal agents, the Lee
group reported a photothermal system based on carboxylic
acid-terminated thiol-functionalized AuNShs covalently at-
tached to amino-functionalized polydimethylsiloxane (PDMS)
surfaces as model catheter surfaces and tested their
effectiveness at killing the bacterium Enterococcus faecalis (E.
faecalis).32 This initial system, albeit effective, suffered from the
design of having the nanoshells attached to the surface of
PDMS, which can potentially allow the detachment and release
of the nanoshells into the surrounding medium, thereby
degrading the model catheters over time.
In the present study, we demonstrate a new class of PDMS-

based materials wherein AuAgNShs are embedded in the
model catheter PDMS matrix, leading to a markedly more
stable system with photothermal agents uniformly distributed
throughout the PDMS. However, embedding metal NPs in a
polymer matrix presents significant challenges, including the

Scheme 1. Proposed Reaction between Silver Nanoparticles and K-Gold Solution and Functionalization of the AuAgNShs with
MAPTSiSH

Scheme 2. Photothermal Eradication of Bacteria
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possible diffusion and loss of such NPs from the polymer
matrix.44 Therefore, we coated the AuAgNShs with a unique
PDMS-compatibilizing agent, thiol methacryloxypropyl T-
structure siloxane (MAPTSiSH), for stabilization within
PDMS. Scheme 1 shows the galvanic substitution interaction
between Ag(0) NP cores and a Au(III) K-gold solution and
the structure of MAPTSiSH, which we designed as adsorbates
for generating PDMS-compatible self-assembled monolayers
(SAMs). In recent work,45 we demonstrated that SAMs
generated from MAPTSiSH on flat gold surfaces can serve as
interfacial PDMS mimics and compatibilizing agents.
In our experimental approach, spherical AgNP templates

were synthesized through the reduction of silver salts with the
mild reducing agent sodium citrate. These spherical NPs were
then utilized as templates to grow ultrasmall hollow AuAgNShs
at room temperature using a potassium-containing basic
solution of gold salt, referred to as K-gold solution.43 The
AuAgNShs were functionalized with the PDMS-compatibiliz-
ing adsorbate (MAPTSiSH), and the MAPTSiSH-function-
alized nanoshells were blended at varying concentrations into
the PDMS matrix to afford a smart antibacterial surface with
NIR-activated photothermal bacteria-killing capability. Sub-
sequently, a strain of drug-resistant E. faecalis, a commonly
found uropathogen,46 was utilized to demonstrate the
efficiency of employing AuAgNSh-modified PDMS surfaces
for killing pathogenic bacteria by exposure to NIR light.
Scheme 2 shows the overall strategy developed in this study.
The morphology and elemental composition of AuAgNShs

were examined by using transmission electron microscopy
(TEM), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), and X-ray photoelectron
spectroscopy (XPS). UV−visible−near-infrared (UV−vis−
NIR) spectroscopy was used to measure the optical properties
of AuAgNShs, MAPTSiSH-AuAgNShs, and AuAgNSh-modi-
fied PDMS surfaces. The photothermal properties of the
AuAgNSh-modified surfaces were evaluated with an IR thermal
imaging camera. On PDMS and AuAgNSh-modified PDMS
surfaces, colony formation assays were performed with and
without NIR irradiation to determine the bacterial viability.
Our findings indicate that silicone surfaces with embedded
MAPTSiSH-functionalized AuAgNShs offer considerable
promise as an effective approach for in situ elimination of
catheter-related nosocomial infections.

■ EXPERIMENTAL SECTION
Materials. Polydimethylsiloxane base and curing agent (SYL-

GARD 184 Silicone Elastomer Kit, Dow Corning), silver nitrate,
(AgNO3, Sigma-Aldrich), trisodium citrate (EM Science), hydrogen
tetrachloroaurate(III) hydrate (HAuCl4·H2O, Strem), potassium
carbonate (K2CO3, J. T. Baker), nitric acid (EM Science),
hydrochloric acid (EM Science), Luria−Bertani (LB) medium (BD
Difco), phosphate-buffered saline (PBS, Sigma-Aldrich), sodium
dodecyl sulfate (SDS, J. T. Baker), and ascorbic acid (Sigma-Aldrich)
were purchased from the indicated suppliers and used without
purification. Water was purified to a resistivity of 18 MΩ·cm,
Millipore water; Academic Milli-Q Water System, Millipore
Corporation. Prior to use, every piece of glassware used in the
synthesis was cleaned with aqua regia solution (HCl:HNO3; 3:1),
rinsed with Milli-Q water, and dried.
Preparation of Silver Nanoparticle Cores. To produce AgNPs,

the potassium iodide (KI)-assisted ascorbic acid/citrate reduction
protocol43 and the Lee and Meisel method47 were used. Initially, 1
mL of a 5 mM aqueous solution of ascorbic acid was added into
boiling water, and the mixture was boiled for an additional minute. In
a separate solution, AgNO3 (0.0167 g, 0.100 mmol) was dissolved in

water, followed by the addition of 2 mL of 1% trisodium citrate
solution and 50 μL of 7 μM KI solution. The mixture was sonicated
for 5 min and then injected into a boiling ascorbic acid solution. The
solution was stirred and refluxed for 1 h at 120 °C. The color of the
solution quickly changed from colorless to yellow and turned
yellowish-green after 5 min, indicating the presence of AgNPs. After
cooling to room temperature, the solution was centrifuged at 8000
rpm for 15 min, and the NPs were dispersed again in 12.5 mL of
water.
Preparation of Hollow Gold−Silver Nanoshells. The method

used for synthesizing hollow AuAgNShs was adapted from a
previously reported procedure.48 The process involved using a gold
salt (K−Au) solution as the reducing agent. First, K2CO3 (0.025 g)
was added to 100 mL of water, followed by an injection of 2 mL of 1%
HAuCl4·H2O solution after 5 min of vigorous stirring. The mixture
changed color from yellow to colorless after 30 min of reaction, and
the flask was covered with aluminum foil and refrigerated overnight
before use. To create hollow AuAgNShs, 100 mL of K−Au solution
was added to 10 mL of AgNP solution under vigorous stirring, which
led to the deposition of Au on the AgNPs and etching of their cores.
After 5 h, the solution was centrifuged at 8000 rpm for 15 min, and
the resulting nanoshells were redispersed in 10 mL of water at a
concentration of 1.0 × 1 × 1010 particles per mL.
Functionalization of Gold−Silver Nanoshells with MAPTS-

iSH. To functionalize AuAgNShs with MAPTSiSH, 1.5 mL of
MAPTSiSH (1 mM in tetrahydrofuran) was added to 15 mL of a
colloidal suspension of AuAgNShs, and the mixture was stirred
overnight. The particles were then separated from the solution via
centrifugation at 8000 rpm for 10 min.
Solvent Stability Study. We tested ten solvents, including

ethanol (EtOH), methanol (MeOH), dimethylformamide (DMF),
water (H2O), hexane, diethyl ether, chloroform (CHCl3), o-xylene,
isopropyl amine (IPA), and triethylamine (TEA), in an effort to
identify which solvent was the most effective at dispersing AuAgNShs
while remaining stable and compatible with PDMS. Our studies found
that EtOH was the optimal choice for stability of the AuAgNShs and
compatibility with PDMS.
Preparation of PDMS Films. Following the manufacturer’s

directions, blank PDMS samples were synthesized by combining the
elastomer and cross-linker in 10:1 ratio. In order to synthesize PDMS
with embedded AuAgNShs, five different amounts of colloidal
suspension of functionalized AuAgNShs in EtOH were added to
the elastomer/cross-linker combination. The mixture was stirred until
the colloid was uniformly distributed, and then it was transferred to a
blot box container with a diameter of 3 × 3 cm and cured overnight at
50 °C. The elastomer/cross-linker quantities used were calculated to
obtain final samples 3 cm in diameter and 2 mm thick. Sedimentation
was minimized by using only 300 μL of the EtOH-dispersed
MAPTSiSH-AuAgNShs blended with 3.0 g of viscous PDMS
prepolymer (10:1 base/cross-linker) and hand-mixed for approx-
imately 2 min until visually uniform. The slurry was then cast into a 3
cm × 3 cm mold that yielded a film just 2 mm thick, which was placed
immediately in a 50 °C oven. Gelation began within minutes, and the
rapidly rising viscosity “locked” the nanoshells in place long before
gravity could induce noticeable settling.
Prior to biological testing, all PDMS and AuAgNSh-PDMS films

were sterilized by immersion in 70% ethanol for 20 min, rinsed twice
with sterile PBS, air-dried in a laminar-flow hood, and then transferred
aseptically to sterile 24-well plates; control incubations confirmed the
sterility of blank films (no growth after 72 h in LB).
Preparation of Bacterial Strain. A single colony of pathogenic

E. faecalis, isolated from a human bloodstream infection, was grown in
25 mL of LB medium supplemented with tetracycline (4 μg mL−1).
Following overnight incubation at 37 °C, the bacterial culture was
adjusted to an optical density of 0.25 at 600 nm (OD600), which
corresponded to a bacterial concentration of 108 CFU mL−1.
Adherence Assay of E. faecalis. To evaluate the adhesive

capability of E. faecalis to AuAgNSh-modified PDMS surfaces, a visual
assessment was conducted by using an optical microscope. Each
surface was placed in a separate well in a 24-well plate that contained
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1 mL of E. faecalis in LB media, with a concentration of 108 CFU
mL−1. The bacterial cultures were incubated with the surfaces for 72 h
at 37 °C. After incubation, the surfaces were washed three times with
PBS and then imaged using a 40× objective lens on a Nikon Eclipse
Ts2-FL Inverted Microscope.
Photothermal Analysis of AuAgNSh-Modified PDMS Surfa-

ces Targeting E. faecalis. To assess the photothermal character-
istics of PDMS surfaces modified with AuAgNShs, the films were cut
into small sizes of 0.2 × 1 cm and tested for their ability to eliminate
E. faecalis bacteria. The surfaces were placed in separate wells of a 24-
well plate containing LB media with E. faecalis at a concentration of
108 CFU mL−1 and then incubated for 72 h at 37 °C. After
incubation, the surfaces were rinsed with PBS and irradiated with a
laser (AixiZ HLM5768120; 810 ± 10 nm; 800 mW, continuous
wave) at a power density of 2.5 W cm−2 for various durations (0, 10,
30, 60, 240, 420, and 600 s). On exposed surfaces, standard plate-
based counting was used to determine the number of viable bacteria
remaining after treatment. Specifically, the surfaces were sonicated for
10 min in a 0.01% SDS solution using a Bransonic ultrasonic cleaner
(50 Hz, 80 W), followed by vortexing for 1 min at 2000 rpm. The
resulting bacterial suspension was serially diluted (10−2, 10−4, and
10−6), and 150 μL of each dilution was spread in duplicate on LB agar
plates containing 4 μg mL−1 tetracycline. The plates were incubated at
37 °C for 24 h, after which bacterial colonies were enumerated.

Bacterial Morphology Assessment Using SEM. Imaging by
SEM was used to monitor the bacterial morphology on AuAgNSh-
modified PDMS surfaces before and after NIR light exposure. Similar
to a previous study,32 the surfaces were first fixed with 2.5%
glutaraldehyde for 18 h, and then washed with PBS. Afterward, the
surfaces were postfixed with 1% OsO4 for 2 h, washed again with PBS,
and dehydrated in ascending ethanol concentrations (50%, 70%, 85%,
95%, and 100%) for 10 min each. The samples were then placed in
100% t-butanol for 20 min, freeze-dried using a ScanVac CoolSafe
110−4 (LaboGene), sputter-coated with gold (Denton Desk II
Desktop Sputtering System), and subsequently analyzed using SEM.
Infrared Thermal Imaging. A PDMS surface modified with

AuAgNShs was irradiated by using a diode laser (AixiZ
HLM5768120; 810 ± 10 nm; 800 mW, continuous wave). Thermal
maps were recorded from at least four distinct surface regions. IR
thermal images were acquired with a thermographic camera
(ThermoVision A320G, FLIR Systems).
Characterization Methods. The size and morphology of

AuAgNShs were characterized by using SEM (LEO 1525, 15 kV
accelerating voltage) and TEM (JEOL 2000 FX, 200 kV accelerating
voltage). For SEM imaging, samples were deposited onto silicon
wafers and air-dried prior to analysis. For TEM, AuAgNShs were
drop-cast onto 300-mesh holey carbon-coated copper grids and dried.
Dynamic light scattering (DLS) measurements were performed by

using an ALV-5000 Multiple Tau Digital Correlation instrument

Figure 1. (a) SEM image, (b) TEM image, (c) hydrodynamic diameter distribution of AuAgNShs, and (d) extinction spectra of AuAgNShs (black)
and MAPTSiSH-AuAgNShs (red) in water.
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equipped with a 514.5 nm laser source and a fixed 90° scattering
angle. The measured hydrodynamic diameters were consistent with
values obtained from SEM and TEM. Nanoparticle tracking analysis
(NTA) was carried out using a NanoSight NS300 (NanoSight,
Malvern) with laser excitation at 405, 488, 532, and 640 nm. Samples
were introduced into the sample chamber by using a sterile syringe
(NORM-JECT Tuberculin), and data were collected and processed
with NTA 3.1 software under ambient conditions.
The chemical composition of AuAgNShs was determined using

EDX (Oxford EDX coupled to LEO SEM). Zeta potential
measurements were performed with a Malvern zetasizer to assess
the surface charge of the AuAgNShs and MAPTSiSH-AuAgNShs. The
surface chemistry of functionalized NPs was examined by XPS (PHI
5700, PHI Instruments) using a monochromatic Al Kα X-ray source.
Optical properties were evaluated with a Cary 50 UV−vis−NIR
spectrophotometer over a spectral range of 200−1000 nm for both
functionalized and nonfunctionalized AuAgNShs.

■ RESULTS AND DISCUSSION
Preparation and Characterization of AuAgNShs. The

synthesis of AuAgNShs was carried out in two steps. Initially,
AgNPs were formed from a silver nitrate solution with sizes
ranging between 40 and 50 nm; see Figure S1. To avoid the
formation of silver nanorods, the addition of potassium iodide
and ascorbic acid to the reaction mixture is crucial, while also
maintaining strict control over the concentration and temper-
ature. The procedure yielded homogeneous spherical silver
particles with high reproducibility, being successful in at least
eight out of ten trials, with negligible formation of nanorods.
After the AgNPs were obtained, we employed a galvanic
replacement technique with a K−Au solution to produce
hollow AuAgNShs. During this procedure, gold was deposited
on the surface of the AgNPs, leading to the formation of
porous AuAgNShs by etching their interiors. The SEM and
TEM images (Figure 1a,b) indicate the production of hollow
spherical nanoshells. As measured by DLS (Figure 1c), the
average hydrodynamic diameter of the AuAgNShs was 64 ± 5
nm, with a polydispersity index (PDI) of 0.20. The plasmon

resonance of the hollow AuAgNShs could be tuned to desired
visible and NIR wavelengths. As shown in Figure 1d, the
extinction spectrum of the AuAgNShs was recorded using
UV−vis−NIR spectroscopy over the range of 400−1100 nm.
Our AuAgNShs displayed a broad absorption band between
700 and 1030 nm, overlapping with the laser wavelengths
employed in the photothermolysis investigation.
The EDX spectrum (Figure S2) confirmed the presence of

silver through the Lα (2.98 keV) and Lβ (3.21 keV) peaks and
of gold through the Lα (9.71 keV) and Mα (2.173 keV) peaks.
An additional Lα peak at 0.93 keV originated from the copper
grid of the TEM sample holder. These observations are
consistent with the expected composition of AuAgNShs.
Quantitative analysis of the EDX data indicated atomic
fractions of 68% Au and 32% Ag. Zeta potential measurement,
performed with a Nicomp Model 380 ZLS, was used to
evaluate the surface charge of AuAgNShs in water. The average
zeta potential was −35.9 ± 0.7 mV, consistent with a negative
charge gold shell. The high zeta potential value agrees with a
hypothesis in which the presence of surface charges stabilizes
the NPs in aqueous solution, inhibiting aggregation and
precipitation.49−51

Using XPS, we investigated the surface composition of
AuAgNShs. Figure 2a presents the high-resolution XPS
spectrum of the Au 4f binding energy region with the lower-
energy peak at 84.0 eV used as the reference. Figure 2b
demonstrates that the Ag 3d peak appears as a doublet with a
binding energy of Ag 3d5/2 positioned at 368.2 eV and a 6 eV
doublet splitting (at ∼374.2 eV). Figure 2c,d shows a minor
peak at around 531 and 285 eV, respectively, which
corresponds to the inevitable presence of organic contami-
nants, which always have a carbon−oxygen functional group.
Adsorption of Thiol Methacryloxypropyl T-Structure

Siloxane (MAPTSiSH) Molecules onto AuAgNShs. To
incorporate AuAgNShs for facilitating the photothermal
modification of model catheter surfaces, siloxane-modified
AuAgNShs were synthesized by chemisorption. Functionaliza-

Figure 2. XPS spectra of AuAgNShs (black lines) and MAPTSiSH-functionalized AuAgNShs (colored lines) in the binding energy regions of (a)
Au 4f, (b) Ag 3d, (c) O 1s, (d) C 1s, (e) Si 2p, and (f) S 2p.
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tion of the AuAgNShs with the PDMS-like molecule
(MAPTSiSH) yielded siloxane-modified AuAgNShs with
good colloidal stability, enabling functionalized particles
without aggregation in both aqueous and ethanoic media
and a compatible environment for embedding in PDMS,
generating a monodisperse distribution of particles in PDMS
films. To highlight the necessity of functionalizing AuAgNShs
for producing monodisperse AuAgNSh-PDMS films, we first
combined nonfunctionalized AuAgNShs in a 10:1 ratio with
the elastomer and cross-linker. Prior to the completion of oven
curing, the AuAgNSh particles aggregated as illustrated in
Figure S3, which shows the PDMS mixture containing
nonfunctionalized nanoshells before curing compared to the
analogous mixture containing MAPTSiSH-functionalized
nanoshells.
XPS analysis was performed to verify the covalent binding of

the siloxane organosulfur ligands to the AuAgNSh surfaces.
Figure 2 shows the XPS spectra of MAPTSiSH-functionalized
and nonfunctionalized AuAgNShs, with signals corresponding
to Au, Ag, S, C, O, and Si. Because the sulfur binding energy (S
2p region) is indicative of the Au−S bond,52 this region was
examined in detail (Figure S4). Variations in the chemical and
electrical states of sulfur give rise to distinct spectral features,
allowing differentiation between covalently bound, unbound,
and oxidized sulfur species.52 The S 2p peak for bound thiols is
a 2:1 doublet consisting of S 2p3/2 and S 2p1/2, with S 2p3/2
located at ∼162 eV. The binding energy of the S 2p3/2 peak of
unbound thiols is ∼163 eV, while that of oxidized sulfur
species is ∼167−169 eV.52 The S 2p spectra of the
MAPTSiSH-functionalized AuAgNShs are dominated by
bound thiols, as indicated by the S 2p3/2 peak at 161.9 eV;
there is no evidence of highly oxidized sulfur species in the
samples. However, the S 2p portion of the spectrum displays
some complexity. The amount of sulfur bound to the
MAPTSiSH-functionalized AuAgNShs was quantified by
deconvoluting the S 2p peaks following the procedure
described in Figure S4. The analysis indicated that 68% of
the thiol groups were bound, while 32% remained unbound.
Furthermore, the presence of peaks for S 2p and Si 2p in the
XPS data for MAPTSiSH-functionalized AuAgNShs and their
absence in the XPS data for nonfunctionalized AuAgNShs

provide further evidence of the adsorption of the thiol-
terminated siloxanes on the MAPTSiSH-treated AuAgNShs.
The modification of AuAgNShs with an organosulfur

siloxane coating causes a blueshift in the LSPR peak
wavelength (see Figure 1d). This finding shows that the
adsorption of thiol compounds alters the local dielectric
environment and has an impact on the light absorption/
scattering properties. In addition to our XPS and extinction
investigation of functionalized and nonfunctionalized
AuAgNShs, we observed an increase in the magnitude of the
zeta potential of the MAPTSiSH-modified AuAgNShs, from
−35.9 mV to −41.2 mV, which can be attributed to the
strongly negative zeta potential value of PDMS.53

Solvent Stability Study. To determine the optimal
solvent for dispersing AuAgNShs in the PDMS matrix and
making uniformly dispersed films, we initially evaluated 10
solvents by combining 1 mL of each solvent with an elastomer
and curing agent to produce blank PDMS matrices. After
curing the mixture overnight in the oven, six of ten different
solvents, including EtOH, MeOH, hexane, diethyl ether,
CHCl3, and o-xylene produced high-quality and transparent
PDMS films free of bubbles and deformation (Figure S5a).
Then, we examined the stability of MAPTSiSH-functionalized
AuAgNShs in these six solvents to determine the ideal solvent
for encapsulating the nanoshells within the PDMS matrix.
EtOH was the only solvent in which the AuAgNShs remained
stable for multiple hours, as illustrated in Figure S5b.
Preparation and Characterization of AuAgNSh-

Modified PDMS Surfaces. To conduct photothermal studies
on AuAgNSh-modified model catheter surfaces, NP solutions
comprised of five selected volumes (0, 30, 60, 90, 120, and 150
μL) of a colloidal suspension of MAPTSiSH-AuAgNShs in 300
μL of EtOH were added to an elastomer/cross-linker mixture.
The mixture was stirred until the particles were fully dispersed;
then, it was transferred to a 3 cm × 3 cm blot box container
and cured overnight at 50 °C. Quantities of elastomer and
cross-linker were calculated to give prototypes having a 3 cm ×
3 cm diameter and a 2 mm thickness. Following the curing
procedure, homogeneous films with blue color were produced,
the intensity of which increased with increasing amounts of
MAPTSiSH-AuAgNShs (Figure 3a,b). Figure 3c shows the
UV−vis−NIR spectra acquired for samples at various

Figure 3. (a) Colloidal AuAgNSh suspension in EtOH, (b) blank PDMS and AuAgNSh-modified PDMS films labeled as Film-A to Film-E, where
the loading content is gradually increased, and (c) extinction spectra of colloidal AuAgNShs (dashed line), PDMS (solid black line), and Film-A to
Film-E.
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concentrations along with spectra of plain PDMS (black solid
line) and a colloidal AuAgNSh suspension in EtOH (dashed
line). Using a NanoSight NS300, the number of particles for 5
μL of MAPTSiSH-AuAgNShs in 2 mL of water was
determined to be 1.73 × 109 ± 1.40 × 108, and beginning
with 30 μL of functionalized NPs in Film-A, we can estimate
the particle number density in each film, starting with 2.07 ×
1013 ± 1.7 × 1012 (Film-A), 4.15 × 1013 ± 3.4 × 1012 (Film-B),
6.21 × 1013 ± 5.0 × 1012 (Film-C), 8.31 × 1013 ± 6.7 × 1012
(Film-D), and 10.35 × 1013 ± 8.4 × 1012 (Film-E).
Importantly, the extinction intensity of the PDMS samples
increased with an increasing MAPTSiSH-AuAgNSh concen-
tration. Coating the AuAgNShs with MAPTSiSH and
embedding them in PDMS has the overall effect of broadening
the LSPR wavelength to between 500 and 900 nm. However,
the LSPR characteristics typical of AuAgNShs are preserved,
indicating that the morphology of AuAgNShs did not change
during the embedding and PDMS curing processes. Further
supporting evidence is provided in Figure S6, which shows 10
UV−vis−NIR spectra taken at 10 distinct points of Film-D
(concentration: 8.31 × 1013 ± 6.7 × 1012 particles per mL),
indicating that the dispersion of AuAgNShs in the polymer
matrix of the film is homogeneous. Figure 3b provides
photographs of each of the five films (Film-A to Film-E).
In addition, contact angles were measured for all samples,

including a reference PDMS film prepared without embedded
AuAgNShs. According to Table 1, there are no significant

differences between the PDMS samples without MAPTSiSH-
AuAgNShs and the PDMS samples containing increasing
amounts of MAPTSiSH-AuAgNShs. Optical images of the
advancing contact angles on the analyzed surfaces are shown in
Figure S7. The data and corresponding images indicate that
the surfaces of unmodified PDMS and AuAgNSh-modified
PDMS are similar; therefore, bacterial attachment, growth, and
eradication on both types of PDMS films are expected to be
comparable.
Photothermal Properties. After analyzing the spectra of

PDMS samples containing increasing loading content of
embedded MAPTSiSH-AuAgNShs, we investigated the
samples’ responses to NIR light. To evaluate the photothermal
behavior of the samples, we utilized an 808 nm laser, which is
often used for photothermal NIR irradiation.32 Figure 4a
displays thermograms obtained from five samples (Film-A to
Film-E) with variable loading content of MAPTSiSH-
AuAgNShs and a PDMS sample without NPs (blank). These
thermograms suggest a direct and proportional relationship
between the MAPTSiSH-AuAgNShs loading content and the
hyperthermic effect. Notably, the temperature of the most
concentrated sample increased by over 68 °C in less than 1

min, demonstrating a rapid and significant photothermal
response. The temperatures reported were obtained by
irradiating five distinct 1 cm film locations with 800 mW of
power and averaging the results. All samples were also
subjected to various laser intensities, and as depicted in Figure
4b, a linear correlation was observed between the applied
power and the resulting temperature increase for all samples.
Our photothermal heating outcomes are comparable to those
of our previous study in which the temperature distribution
and evolution of AuNShs populated on a PDMS surface was
investigated.32 In that study, AuNShs were used to modify the
surface of PDMS, and the environment surrounding the
AuNShs heated up rapidly as a result of the strong heat
production by the AuNShs, which was caused by the
absorption of laser energy via the LSPR. However, multiple
steps were required to distribute the NPs on the surface of
PDMS because the surface of PDMS required multiple
activation steps before the AuNShs. By encapsulating function-
alized NPs in a PDMS matrix, we were able to omit multiple
steps and obtain extremely stable films (vide infra).
Figure 4b shows that the temperature increase (ΔT) scales

linearly with laser power; thus, the heating rate can be reduced
proportionally. Extrapolation of this linear trend indicates that
an ANSI-compliant irradiance of 0.2 W cm−2 would still bring
the surface to the ≥50 °C bactericidal threshold, requiring a
few minutes rather than ∼60 s of irradiation. Consequently,
the photothermal mechanism remains compatible with current
safety regulations governing skin exposure. Our use of 800 mW
cm−2 was solely to shorten the proof-of-concept experiment;
the data demonstrate that comparable antimicrobial efficacy is
attainable within regulatory limits.
To assess the photothermal stability of the modified films,

we exposed the film with the highest loading content of NPs
(Film-E) to 800 mW of NIR radiation for 50 min while
monitoring the temperature (Figure 4c). We found only a
slight decrease in temperature during the entire irradiation
process, confirming the stability of the film. This observation
also suggests that the irradiation did not alter the morphology
of the NPs significantly, which in turn did not affect the light-
to-heat conversion process, which would have lessened the
photothermal effect. We further evaluated the film stability by
subjecting Film-E to a heating−cooling process over 15 cycles,
each consisting of 2 min of irradiation at 800 mW cm−2

followed by 2 min of rest (Figure 4d). During these cycles, we
observed no significant changes in the maximum temperature.
These results demonstrate the exceptional photothermal
stability of the film and its rapid cooling−heating process
(i.e., the surface temperature increased to over 68 °C within 1
min of NIR illumination, which was rapidly reversible).
Additionally, no temperature change was observed in the
blank PDMS sample, indicating that the laser alone did not
heat the polymer films (e.g., compare Figure 4e with Figure 4f
and Video S1 with Video S2).
Bacterial Adherence Assay with Pathogenic E.

faecalis. After the successful generation of AuAgNSh-modified
PDMS with defined photothermal properties, these model
catheter materials were evaluated as platforms for photo-
thermal eradication of pathogenic bacteria. To determine the
exposure time required to achieve bactericidal heating, a
photothermal killing experiment was conducted using an 800
mW, 810 nm NIR diode laser. Seven sets of samples were
prepared by incubating E. faecalis at 37 °C for 72 h with small
strips (0.2 cm × 1 cm) of AuAgNSh-modified PDMS, along

Table 1. Advancing Contact Angles (θa, °) of PDMS and
AuAgNSh-Modified PDMS Measured with Water

# of AuAgNShs per g elastomer contact angle (deg)a

blank PDMS 103 ± 2
2.07 × 1013 ± 1.7 × 1012 (Film-A) 103 ± 2
4.15 × 1013 ± 3.4 × 1012 (Film-B) 103 ± 2
6.21 × 1013 ± 5.0 × 1012 (Film-C) 106 ± 2
8.31× 1013 ± 6.7 × 1012 (Film-D) 107 ± 2
10.35 × 1013 ± 8.4 × 1012 (Film-E) 104 ± 2

aContact angle values represent the average of at least 9 measure-
ments, reproducible within ±2°.
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with a control PDMS surface lacking MAPTSiSH-AuAgNShs.
Bright-field optical microscopy (Figure S8) revealed that E.
faecalis surface coverage exceeded 50% on both modified and
unmodified surfaces.
Two sets of samples were exposed to laser irradiation for

varying durations (10, 20, 40, 60, 240, 420, and 600 s), while
the seventh set remained unexposed. Following our previously
described method,32 bacterial survival on the surfaces was
assessed by colony formation assay. Bacteria were detached by
sonication in 0.01% SDS solution, followed by vortexing for 2
min at 2000 rpm. The resulting suspension was serially diluted
and plated in duplicate on LB agar. After 24 h of incubation at
37 °C, colony counts were recorded. Figure 5 shows
representative images from the colony formation assays on
AuAgNSh-modified PDMS surfaces before and after NIR
irradiation along with bar graphs presenting the average colony
counts from seven independent experiments performed in
duplicate. Given that each strip that we quantified has an active
surface area of only 0.20 cm2 (0.2 cm × 1 cm), the values
plotted therefore correspond to ≈106 CFU cm−2. In
comparison to the control sample, the number of surviving
E. faecalis on AuAgNSh-modified PDMS surfaces decreased
significantly after 60 s of NIR illumination. After 420 and 600 s
of laser irradiation, the results were even more obvious; all
bacteria had been killed by laser irradiation in 420 s within
statistical error. These results indicate that the hyperthermia
strategy is effective against pathogen colonization and may
represent an alternative method to combat antibiotic-resistant
bacteria. The reduction in bacterial colonies is attributed to
plasmonic thermally induced damage. The overall heat

generated by the plasmonic photothermal method is sufficient
to destroy the bacteria attached to the surfaces of the model
catheters.
To confirm the efficacy of the photothermal heating

protocol in lysing bacteria on AuAgNSh-modified PDMS
films, SEM was used to examine bacterial morphology before
and after 420 s of NIR irradiation. As shown in Figure 6, films
exposed to NIR light exhibited evidence of localized
hyperthermia induced by the LSPR response of AuAgNShs,
resulting in thermal decomposition and rupture of the E.
faecalis cell wall. These findings indicate that an irradiation
time of approximately 400 s is sufficient to induce heat-
mediated damage in bacteria attached to nanoshell-modified
PDMS films.
The effectiveness of thermal treatment is determined by two

factors: the degree of temperature increase above the biological
norm and the duration of the treatment. Studies have shown
that inducing an incremental temperature increase that causes
irreversible tissue injury can be accomplished by raising the
temperature of cells above 50 °C, which activates the
coagulative necrosis process and leads to cell death.54 When
exposed to temperatures above 60 °C, proteins undergo
denaturation, a process that causes them to permanently lose
their structure and function.55 Denaturation can occur very
rapidly and is irreversible for most proteins. In addition, if
tissues are exposed to temperatures above 80 °C, the water
within them can evaporate, which leads to cell damage or
rupture.55

In this study, we demonstrated that AuAgNSh-modified
PDMS surfaces generated substantial temperature increases

Figure 4. (a) Photothermal heating curves for PDMS and Films A−E, (b) change in temperature (ΔT) as a function of applied power for PDMS
samples containing embedded MAPTSiSH-AuAgNShs at increasing loading contents (Film-A, red; Film-B, blue; Film-C, green; Film-D, purple;
and Film-E, yellow), showing linear dependence, (c) time-dependent temperature profile of Film-E over 50 min at 800 mW laser power, (d) time-
dependent temperature profile of Film-E under 800 mW, 810 nm laser irradiation over 15 on/off cycles, and (e) thermal image of Film-E before
and (f) after NIR exposure.
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under NIR irradiation. By variation of the loading content of
AuAgNShs, different temperature levels were achieved, with a
maximum localized surface temperature of 68 °C for the most
concentrated film (Film-E), leading to bacterial cell death.
AuNShs can absorb light and convert it into thermal energy
efficiently, which can cause damage to bacterial cells. This
thermal energy is rapidly transferred to the surrounding
environment, including bacterial cells via plasmon-phonon
relaxation.56 When the temperature of bacterial cells rises,
proteins and other biomolecules can become denatured,
leading to cell damage and mortality. Additionally, the high
temperature can alter the physical properties of the cell
membrane, leading to membrane rupture and loss of
integrity.57 Hence, photothermal cell damage can be attributed
to both thermal and mechanical factors. The effectiveness of
this method depends on the dosage, type, and irradiation time

of the laser used, as well as the subcellular location of the
NPs.58

Researchers have studied the mechanisms of cell death
induced by photothermal therapy through NPs to some extent.
For example, Zharov and colleagues explored how laser pulses
can damage cells by causing a series of phenomena, such as
protein denaturation or breakdown, cell cavitation, cellular
structure rupture, evaporation of cellular liquid, and bubble
formation due to shock waves caused by particle thermal
expansion, evaporation, optical breakdown, or plasma gen-
eration of AuNPs.59 While previous studies have demonstrated
the effectiveness of AuNP-mediated photothermal disruption
of cellular structures,32,38,60,61 our results show that AuAgNShs
can similarly induce photothermal cell rupture, effectively
eliminating bacteria in model catheter materials.

■ CONCLUSIONS
This study demonstrated an effective photothermal platform
for eradicating pathogenic E. faecalis within ∼400 s in an in
vitro assay using PDMS model catheter films. This system is
stable and reusable for multiple cycles. When combined with
NIR irradiation, the AuAgNSh-modified surfaces offer a
potential broad-spectrum antibiotic that kills adhered
pathogens rapidly. This method relies on the heat produced
by AuAgNShs in response to NIR irradiation and the transfer
of thermal energy to the bacteria. This hyperthermia strategy
has potential as a therapeutic approach in applications where
NIR light can access the catheter, either through tissue or
directly via a fiber-optic cable. In the present system, the NIR
source operates at 810 nm, which penetrates human tissue to a

Figure 5. Colony formation assays of E. faecalis following NIR irradiation: (a) images of bacterial colonies on blank PDMS and AuAgNSh-modified
PDMS surfaces at increasing exposure times, and (b) bar graphs showing average colony forming units (CFUs) from four independent
experiments. Error bars represent ±SD (n = 4).

Figure 6. SEM images showing E. faecalis on AuAgNSh-modified
PDMS surfaces (a) prior to and (b) after NIR irradiation.
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depth of 2−4 mm depending on laser intensity.62,63 To further
improve efficacy, additional studies are needed to optimize the
absorption maxima of AuAgNShs in relation to the applied
NIR wavelength and power, with the ultimate goal of enabling
in vivo catheter treatment using NIR light.
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