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ABSTRACT: Plasmonic metal/semiconductor nanohybrids
hold great promise in photocatalysis and biosensor develop-
ment; however, their potential phototherapeutic applications

are yet fully unexplored. On the other hand, the demand of

high laser power density to induce antibacterial photothermal

therapeutic effects greatly restricts the practical applicability of

the previously developed photothermal nanoagents (PTAs) for
anticancer photothermal therapy (PTT). Here, we develop a
plasmonic nanohybrid by integrating plasmonic noble metal
gold nanorods (AuNRs) with a two-dimensional graphene

oxide (2-D GO), capable to perform photothermal ablation of

both bacterial pathogens as well as tumor cells, respectively,
under low power single near-infrared (NIR) laser activation.
Owing to the synergistic plasmonic photothermal effect

Anticancer PTT

(PPTT) of dual plasmonic PTAs, the plasmonic AuNR/GO nanohybrid exhibits remarkably higher photothermal conversion
efficiency (PCE, 72.59%) than either individual AuNRs or GO under low laser power density (300 mW), leading to enhanced
antibacterial/anticancer PTT. In addition, the synergistic plasmonic antibacterial/anticancer PTT induced by the plasmonic
nanohybrid is also far superior to individual PTAs (AuNRs or GO), whereas the flow cytometric analysis of heat shock proteins
(HSP 70) clearly dictates that the substantial killing of bacterial pathogens/tumor cells is solely due to the synergistic PPTT.
Thus, the plasmonic AuNR/GO nanohybrid is a standalone PTA to perform simultaneous antibacterial/anticancer PTT under
low power NIR laser activation for only S min, without any systemic side effects. The present study provides a clear
demonstration about the potential therapeutic impact of plasmonic nanohybrids and thus will surely pave the way to design
other hybrid nanoagents with enhanced PCE and integrate them with chemotherapeutic agents, leading to dual-modal chemo-/
photothermal antibacterial/anticancer therapy under low power single laser excitation for a short duration.

KEYWORDS: plasmonic nanohybrid, photothermal conversion efficiency, plasmonic photothermal therapy, laser power density,

heat shock proteins

B INTRODUCTION

Being a leading cause of mortality, cancer and notorious
bacterial pathogen induced severe infections have become a
potential threat to the lives of human beings on this planet.'
To fight the spread of such life-threatening diseases, chemo-
therapy is the most widely accepted approach to cure a diverse
range of malignancies and remove the bacterial pathogens.*™
However, systemic cytotoxic side effects associated with the
chemotherapeutic drugs and the emergence of multidrug-
resistant bacteria due to an excessive usage of antibiotics raise a
big question about the safety as well as the practical utility and
efficacy of this approach.” Thus, significant efforts have been
made to develop an alternative approach such as synthesizing
new antibiotics and light-activated therapy, especially photo-
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dynamic/photothermal therapy of bacterial pathogens/can-
cer.”'” As the strict dependence of PDT on molecular oxygen
greatly limits its practical applicability,'”'* photothermal
therapy (PTT) has emerged as a promising strategy to
effectively treat bacterial infections and cancer."”~'* In PTT, a
photothermal nanoagent (PTA) directly converts the absorbed
laser energy into heat and thus generates localized hyper-
thermia, enabling photothermal killing of bacterial pathogens/
tumor cells. As PTA is solely responsible for high PTT efficacy,
a number of PTAs have been recently developed for the PTT
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of tumor malignancies and bacterial infections, respec-
tively.'°™"® However, a single photothermal nanoagent capable
of performing simultaneous photothermal killing of bacterial
pathogens/cancer cells is surprisingly rare. The main hurdle is
the laser power density, as high laser power could possibly be
employed for bacterial PTT, but it is strongly discouraged in
the case of cancer PTT owing to the risk of potential skin
burns and damages to the normal tissues. Therefore, a PTA
agent which could be applied for antibacterial PTT is not
suitable for anticancer PTT. There is a great demand of single
dual modal PTAs, which can simultaneously perform
antibacterial/anticancer PTT under low power laser activation,
enabling a simple, more translational, and practically feasible
therapeutic approach.

Owing to the fascinating physicochemical characteristics and
superior functionalities compared to their individual counter-
parts, plasmonic metal/semiconductor nanohybrids demon-
strate promising applications in water splitting,'” photo-
electrochemical biosensing,” photovoltaics,”' photocatalysis,”
and nanomedicine.”* To take advantage of the striking
teatures of the plasmonic noble metals such as strong light—
matter interactions and localized surface plasmon resonance
phenomena, they are usually integrated with a semiconductor
material, and thus the resultant plasmonic nanohybrid
demonstrates low charge carrier recombination and enhanced
light absorption capacity, leading to an eflicient transformation
of the laser energy into either electrical, magnetic, or thermal
energy, respectively.”® Among the plasmonic noble metals
(e.g, Au, Ag, Cu), different gold (Au) nanostructures,
particularly gold nanorods (AuNRs), hold great promise in
drug delivery and antibacterial/anticancer PTT because of
their ease in synthesis, biocompatibility, high extinction
coefficients, tunable longitudinal localized surface plasmon
resonance (LSPR) band at the NIR region, high PCE, and
excellent photothermal stability.””** Previously, plasmonic
nanohybrids consisting of different Au nanostructures have
been designed for either antibacterial or anticancer PTT,
respectively, but complicated synthesis protocols and the
demand of high power NIR laser excitation to generate
extensive localized hyperthermia seriously restrict their
anticancer PTT applications in vivo.”””° To address this
problem, we recently provided an effective design consisting of
a plasmonic Au/MoS, hybrid to perform synergistic antitumor
PDT/PTT under single low-power NIR laser activation for §
min.”" Due to the synergistic PPTT effects induced by AuNR/
MoS,, a high PCE (68.8%) was achieved, leading to
remarkable antitumor PTT eflicacy in vivo. Earlier, we also
demonstrated the tremendous applications of LSPR phenom-
ena to enhance hydrogen evolution reaction (HER) perform-
ance as well as improved photoelectrochemical (PEC)
biosensing activity of the plasmonic nanohybrid.””** Thus,
our previous findings and the understanding of the LSPR
phenomenon encourage us to further extend our investigations
and explore the potential of plasmonic nanohybrids for
simultaneous antibacterial/anticancer PTT.

Apart from Au-based plasmonic materials, graphene oxide
(GO) is a sheet-like 2-D material and has gained increasing
attention owing to an excellent thermal and electrical
conductivity, outstanding physicochemical characteristics,
facile surface functionalization, and strong mechanical strength
and thus makes a substantial impact on the electronic industry
(optoelectronics, supercapacitors, and solar cells) and sensor
development.*>** Additionally, owing to the high surface area,
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water dispersibility, biocompatibility, and photothermal
properties, GO and GO/nanoparticle hybrids showed
promising potential in biosensing and cancer theranostics
(imaging, drug delivery, and PTT).> However, integration of
plasmonic materials with GO is a promising approach to
achieve high PTT efficacy.’® For instance, Liu and co-workers
integrated copper sulfide (CuS) with GO to enhance PTT
efficiency. Due to the high surface area of GO, ICG dye was
loaded onto the GO/CuS hybrid, resulting in high therapeutic
performance due to the synergistic PDT/PTT.”’ Apart from
the PDT agent, Jiang et al. loaded a chemotherapeutic drug
(doxorubicin, DOX) onto the PEG-GO/CuS nanocomposite,
demonstrating excellent therapeutic outcomes against a
cervical tumor due to the synergistic chemo/PTT.*® Recently,
Liu’s group developed a single laser-activated phototherapeutic
nanoplatform by integrating gold nanostars with GO instead of
CuS (GO/AuNSs) and loaded with PDT agent (Ce6).
Notably, under single 660 nm laser activation, the designed
nanoplatform demonstrated dual-modal imaging (photother-
mal/fluorescence) guided synergistic PDT/PTT against the
EMT6 tumor, resulting in complete eradication of the EMT6
tumor in vivo.”” Though an improved therapeutic performance
has been shown by the GO/AuNSs-PEG/Ce6, the lower tissue
penetration depth of 660 nm laser light is a major hindrance in
practical clinical applications.

As light penetration depth within the tissue is significantly
higher in the NIR region, we chose AuNRs due to their facile
tunable absorption in the NIR region. Thus, herein, a
plasmonic nanohybrid by integrating plasmonic noble metal
gold nanorods (AuNRs) with a 2-D GO has been developed
for simultaneous antibacterial/anticancer PTT under low-
power, near-infrared (NIR) laser activation. Plasmonic AuNRs
were electrostatically assembled onto GO nanosheets via the
facile sonication approach, forming the plasmonic AuNRs]/
GO nanohybrid. By considering the practical applicability of
the designed nanohybrid for anticancer PTT, the longitudinal
LSPR band of AuNRs was successfully tailored into the NIR
region, enabling deeper tissue penetration depth. Notably,
owing to the synergistic PPTT effects, the AuNR/GO
nanohybrid exhibits higher PCE than either individual
AuNRs or GO, leading to substantial PTT killing of both
HeLa tumor cells as well as Gram +ve and Gram —ve bacteria
under low power NIR laser activation for a short time period.
In addition, an enhanced expression of the heat shock proteins
(HSP 70) clearly reveals that plasmonic PTT is solely
responsible for the destruction of bacterial pathogens/tumor
cells. The current study demonstrates an effective approach to
achieve antibacterial/anticancer PTT using single plasmonic
nanohybrid-based PTAs under low power laser excitation.

B EXPERIMENTAL SECTION

Materials. All the chemicals were of analytical grade and used as
per supplier instructions without any further purification. Pure
graphite powder (99.9%) was purchased from Alfa Aesar. Sulfuric
acid (H,SO,), polyethylene glycol (PEG-400), sodium oleate
(NaOL), hydrogen peroxide (H,0,), sodium borohydride
(NaBH,), and ethanol were bought from Sinopharm Chemical
Reagent Co., Ltd. Phosphorus pentoxide (P,O5), potassium persulfate
(K,S,04), and potassium permanganate (KMnO,) were obtained
from Nanjing Chemical Reagent Co. Ltd. (Nanjing, China).
Hydrochloric acid (HCI) was obtained from Shanghai Lingfeng
Chemical Reagent Co., Ltd. Tetrahydrate gold chloride (HAuCl,
4H,0) was provided by the First Reagent Factory (Shanghai, China).
Ascorbic acid (AA), hexadecyl trimethylammonium bromide
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(CTAB), and silver nitrate (AgNO;) were bought from Sigma-Aldrich
and Johnson Matthey Corporation, respectively. Methyl thiazolyl-
tetrazolium (MTT), phosphate buffer saline (PBS, pH 7.4), and
dimethyl sulfoxide (DMSO) were procured from Keygen Biotech.
Co., Ltd. Fetal bovine serum (FBS) and HeLa cell culture medium
such as Dulbecco Modified Eagle’s Medium (DMEM) were provided
by Hyclone. For solution preparations, deionized water (DI H,O,
18.2 MQ-cm) was used throughout the study.

Synthesis of PEGylated 2-D GO Nanosheets. First, GO was
prepared by following the reported protocol by Wang et al.** In detail,
6 g of graphite powder, 3 g of K,S,05g, and 3 g of P,O5 were mixed in
a concentrated H,SO, and heated at 80 °C for about 8 h. Next, 3 g of
KMnO, and 23 mL of concentrated H,SO, were added slowly to
oxidize the resultant graphite. Notably, the reaction was performed in
an ice bath to keep the reaction temperature below 10 °C. Later, the
suspension was transferred to a water bath set at 35 °C and stirred for
about 2 h. Afterward, 40 mL DI of H,0O was added slowly by
dropping a funnel, and the solution was refluxed and heated at 95 °C
for at least 30 min. Then, 100 mL of DI H,O and 30% H,0, (0.003
L) were added slowly to terminate the reaction, and the resulting
suspension turned from dark brown to yellow. Finally, the yellow
suspension was filtered with a 0.22 gm membrane and washed three
time with 200 mL each of HCI (1 M) and DI H,O, respectively. The
as-synthesized GO was vacuum-dried at 50 °C for 1 day prior to
storage for further use. For PEGylation, aqueous solution of PEG-400
(25 mg) with pH = 9 was mixed at room temperature (RT) with 1
mg/mL of aqueous dispersion of GO and stirred for almost 12 h.
Thereafter, PEGylated GO was retrieved via centrifugation (8000
rpm, 3 times) with DI H,O. The resultant pellet was freeze-dried
overnight prior to storage at RT for further use.

Synthesis of AuNRs with the LSPR Band at 756 nm. AuNRs
with a localized surface plasmon resonance (LSPR) band at 756 nm
were prepared by following the well-established seed-mediated
approach reported elsewhere.*' Briefly, 0.1 M CTAB (5 mL) and
1% of HAuCl,(100 uL) were mixed prior to the addition of freshly
prepared ice-cold 0.01 M NaBH, (0.6 mL) under vigorous stirring.
After an immediate color change as mentioned previously,>" which
indicates the formation of Au seeds, the resultant seed solution was
kept for almost 2 h at RT to ensure the hydrolysis of unreacted
NaBH,. Next, AuNRs were prepared by the sequential addition of
different reagents into the 250 mL flask in the following order: 0.1 L
of CTAB (0.1 M), 1 mL of AgNO, (0.1 M), 1% HAuCl, (200 mL),
and 200 yL of 1 M HCL All the above-mentioned reagents were
mixed gently by stirring at RT, followed by adding 0.8 mL of AA
(0.0788 M) as a reducing agent. Finally, 120 uL of the previously
prepared Au seed solution was added, and the solution was kept at 30
°C in a water bath overnight. The resultant AuNRs were purified
three times via centrifugation (8000 rpm) for 15 min, and the pellet
was collected and stored for further use.

Fabrication of the AuUNR@GO Nanohybrid. For the synthesis
of the AuNR@GO nanohybrid, an aqueous suspension of both PEG-
GO and AuNRs was added in a falcon tube at a volume ratio of 2:1.
The resultant mixture was undergoing sonication for at least 2 h at RT
and then was purified via centrifugation with DI H,O. Finally, the
pellet was freeze-dried for about 14 h.

Characterization. Light absorption measurements were per-
formed using a UV-1800 spectrophotometer (Shimadzu). Morpho-
logical characterization, elemental mapping, and energy-dispersive X-
ray (EDX) analysis of AuNRs, GO, and AuNR/GO were performed
on a scanning electron microscopy (SEM, JEOL-2100, Japan) by
drying a very dilute concentration of each sample on silicon wafer.
Surface zeta potential and DLS analysis were acquired by using
Malvern Zetasizer Nano ZS90 at RT. Raman and X-ray photoelectron
(XPS) spectroscopic characterizations were acquired using FT-Raman
Spectrometer (Bruker) and PHI S000 VersaProbe (Japan),
respectively. The thickness of GO sheets was determined by using
atomic force microscopy (AFM, Bruker), and Fourier transform
infrared spectroscopy (FTIR, Thermo Fisher Scientific, Inc.) was
employed to characterize the functional groups of GO.
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Photothermal Profiling. To assess the photothermal (PTT)
performance in vitro, aqueous dispersions (100 pg/mL) of each
AuNR, GO, and the AuNR/GO nanohybrid underwent CW NIR
laser excitation (808 nm, 300 mW) for S min. The real time—
temperature increase in the aqueous solution of each sample was
measured by an infrared (IR) thermal imaging camera, and the
temperature data were analyzed as mentioned previously.”' Mean-
while, the PTT performance of the AuNR/GO hybrid under different
concentrations (10, 20, 50, and 100 yg/mL) and the photothermal
stability of the AuNR/GO nanohybrid were also investigated under
four sequential laser on/off cycles. Similarly, laser power (100, 300,
500, and 750 mW) dependent PTT performance of the AuNR/GO
nanohybrid was also determined under similar conditions as
mentioned above. However, PBS was used as a control.

Calculation of Photothermal Performance. To determine the
photothermal conversion efficiency (PCE), 100 ug/mL of each
AuNR, GO, and the AuNR/GO nanohybrid, respectively, was
irradiated by a NIR laser (300 mW) until the temperature reached
a steady state. Then, the laser system was switched off, allowing the
solution to cool down. Thereafter, PCE (1) was calculated using the
following formula

— L) — Q,
I(1 — 107%)

’7 —

(1)
where h is the coefficient of heat transfer; S is the surface area; T, is
the maximum temperature; and Tj,, refers to the surrounding
temperature, respectively. Heat absorbed by the tube and the laser
power density are denoted by Qpy (83 mW) and I (0.3 W/cm?),
respectively, while the optical density of each material is represented
by A (OD = 0.5).

When the heat input is equal to the heat output, we determined the
hS using the following equation

_ Zi micp,i N mHZOCHzO
= &

TS TS

hS

)

where myy,o is the weight and Cyy,o is the specific heat capacity of
water. The heat dissipation time constant is denoted by z,.

The linear data of the cooling period were plotted with the negative
natural logarithm to determine 7, using the following equation:

T - T;urr
t=—gInf=r7ln—
Tmax - Tsurr (3)

Cellular Experiments. For cellular studies, HeLa tumor cells and
the normal human cell line (HUVECs)>' were obtained from Procell
Life Science and Technology Co., Ltd. (Wuhan, China). Both the
cells were cultured following supplier instructions and kept in a 5%
CO, humidifier incubator at 37 °C.

Cellular Uptake Study. In vitro cellular uptake of the AuNR/GO
nanohybrid was examined using an inverted fluorescence microscope
(Olympus IX73, Japan). However, FITC dye was functionalized with
a plasmonic nanohybrid, and thus, the fluorescence of FITC was
tracked to monitor the uptake of AuNRs/GO in vitro. Briefly, specific
concentrations of FITC were mixed at RT with 1 mg/mL of AuNRs/
GO under stirring for almost 2 h. Afterward, the AuNR/GO
nanohybrid was centrifuged at 8000 rpm for 025 h, and the
supernatant containing unbound FITC was discarded. The pellet
containing FITC-functionalized AuNRs/GO was stored for further in
vitro studies. For the investigation of in vitro cellular uptake, HeLa
cells at a density of 1 X 10° were seeded in a 35 mm culture dish and
supplemented DMEM culture media with 10% FBS (1 mL) for 24 h.
Afterward, the fresh culture medium containing 100 pg/mL of the
FITC-bounded AuNR/GO nanohybrid was added and incubated for
specific time intervals (0.5, 2, 6, 12, and 24 h). After incubation,
cellular uptake was analyzed by in vitro fluorescence imaging using an
inverted fluorescence microscope. Similarly, concentration-dependent
cellular uptake of the AuNR/GO nanohybrid (10, 20, 50, and 100 ug/
mL) was also determined under similar conditions.
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Scheme 1. Graphical Representation of the Fabrication Protocol of the Plasmonic AuNR/GO Nanohybrid and the
Demonstration of Simultaneous Antibacterial/Anticancer PTT by AuNRs/GO under Laser Excitation (808 nm, 300 mW)

Graphene (GO) [
: _ AuNRs

In Vitro Stability. Phosphate buffer saline with 10% FBS media was
used to examine the stability of the hybrid material. Particularly,
AuNR/GO was added into the above-mentioned media, and the UV—
vis absorption was recorded at different time points (0, 2, 6, 12, 24,
48, and 72 h) using UV—vis absorption spectroscopy.

In Vitro Biocompatibility and Anticancer PTT. First, the
biocompatibility of different concentrations of the AuNR/GO (10,
20, 50, and 100 pg/mL) nanohybrid was investigated in vitro under
dark conditions against HUVECs and HeLa tumor cells.>! Next,
concentration-dependent in vitro anticancer PTT performance was
determined under light irradiation by MTT assay following the
supplier instructions. Briefly, 5 X 10° HeLa cells/well were seeded in
96-well plates and incubated overnight at 37 °C. Then, the fresh
culture medium was added, containing the above-mentioned different
concentrations of the AuNR, GO, and the AuNR/GO nanohybrid,
and incubated for 4 h. Next, each well underwent NIR laser
irradiation for 300 s and was incubated for another 24 h. Thereafter,
an MTT agent was added following the reported literature,®" and the
quantitative determination of the cellular viability was made by
monitoring the absorbance in each well using a microplate reader at
550 nm. In addition, therapeutic performance was also investigated by
the Live/Dead assay under similar conditions using Calcein AM/PI
costaining as per supplier instructions.
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Expression Analysis of Heat Shock Proteins (HSP-70). For
the flow cytometric expression analysis of the HSP-70, 1 X 10° HeLa
cells were seeded in a 6-well plate, supplemented with culture medium
(DMEM), and incubated for 24 h at 37 °C. Next, fresh DMEM
medium was added containing different concentrations of the AuNR/
GO nanohybrid and incubated for a further 8 h. Thereafter, all the
wells were subjected to the 808 nm laser irradiation (300 mW) for §
min. Then, the cells underwent a trypsinization procedure, were
washed with PBS and stained with HSP-70 conjugated dye (Alexa
fluor), and incubated for half an hour. At last, all the wells were rinsed,
washed, and resuspended in PBS for flow cytometric analysis. As a
control, the expression of HSP-70 of HeLa cells was kept under dark
conditions and was also monitored under similar conditions.

In Vitro Antibacterial PTT. Antibacterial activity of the plasmonic
AuNRs/GO nanohybrid was assessed against Staphylococcus aureus (S.
aureus, Gram-positive) and Escherichia coli (E. coli, Gram-negative)
bacteria. Both ATCC 25923 (S. aureus stain) and ATCC 25922 (E.
coli stain), respectively, were obtained from Shenzhen University,
Shenzhen, Guangdong, China. Typically, Luria—Bertani broth (LB)
medium for bacterial culture was prepared by peptone (1%), beef
extract (0.5%), and NaCl (0.5%), and the pH was adjusted to 7.2. All
the glassware underwent a thorough sterilization procedure prior to
bacterial culture. Then, S. aureus and E. coli were inoculated into the
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Figure 1. Characterization of plasmonic the AuNR/GO nanohybrid. SEM images of AuNRs (A), GO nanosheets (B), and the plasmonic AuNR/
GO nanohybrid (C). SEM mapping of the plasmonic AuNR/GO nanohybrid (D).

fresh culture tubes with S mL of LB broth medium and grown in an
aerobic condition overnight at 37 °C under continuous shaking. The
growth of bacterial cultures was optimized to obtain 0.4 OD at a
wavelength of 600 nm. However, the bacterial concentrations of
~10"-10% CFU/mL were achieved via sequential centrifugation at
6000 rpm (3 times) and washing with 10 mL of 5% NaCl. Next, the
bacterial suspensions of S. aureus and E. coli, respectively, were mixed
with 100 pg/mL of AuNRs, GO, and AuNR/GO and vortexed for at
least 10 min to ensure efficient interaction of nanomaterials with
bacterial samples. Then, all the samples underwent washing via
centrifugation (10000 rpm, 10 min), and the pellets containing
bacterial samples with nanomaterials were stored for further in vitro
antibacterial PTT studies.

To determine the antibacterial PTT efficacy, both the bacterial
samples were treated with 808 nm laser irradiation (300 mW) for S
min. Afterward, a serial dilution of all the samples was performed, and
they were mixed with NaCl solution (1%) to make a total volume of 1
mL. An aliquot was withdrawn from each sample solution, streaked on
LB broth medium, and incubated overnight under dark conditions at
37 °C to assess the bacterial viability via the colony forming unit
(CFU). Bacterial samples in the dark or only under light irradiation
were used as a control, respectively.

In Vivo Bbiocompatibility. To assess the cytotoxicity and potential
side effects, in vivo biocompatibility investigations were carried out on
healthy nude mice, divided randomly into either saline (group 1) or
an experimental group (group 2), respectively. Group 1 received 100
UL of saline, while group 2 received an i.v. injection of 100 pg/mL of
AuNR/GO (100 pL). The body weight of all the mice in either group
1 or 2 was monitored every 2 days and after 18 days, and blood and
major body organs, e.g, spleen, intestine, kidney, liver, stomach, and
heart, were collected by sacrificing all the mice. Then, blood
biochemistry analysis as well as histopathological examination of the
major organs were made by hematoxylin and eosin (H&E) staining,
respectively, following the reported literature.>'
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Statistical Analysis. Unless otherwise stated, the data were
presented as the mean and the standard deviation (SD) of three
independent experiments. For statistical comparisons, GraphPad
Prism 6 software was employed to perform Student’s ¢ test.

B RESULTS AND DISCUSSION

The plasmonic AuNR/GO nanohybrid synthesized by facile
electrostatic interactions to perform simultaneous antibacte-
rial/anticancer PTT is illustrated in Scheme 1. Briefly, few-
layered thick GO nanosheets (NSs) were first prepared by
following the modified Hummer’s method, as characterized by
SEM (Figure 1A). The SEM mapping as well as EDX
spectroscopic analysis confirm the presence of C and O
elements, respectively (Figures SIA and S2A). Zeta potential
analysis indicates that the GO nanosheets possess a negative
surface zeta potential value (—39.62 mV) (Figure S3B), which
is possibly due to the presence of carboxyl groups (COOH) as
indicated by FTIR spectroscopic measurements. The charac-
teristic absorption peaks of carbonyl groups (C=0) and C=
C appear at 1616 and 1718 cm™', respectively, which
correspond to the stretching vibration of —COOH groups at
the edges of GO and the sp” network present in the basal plane
of GO. In addition, an epoxy peak (C—O) at 1038 cm ™" as
well as a broad peak at 3152 cm™ (O—H stretching) are also
observed as shown in Figure S4. Though the as-prepared GO
nanosheets show excellent water dispersibility (Figure SS),
PEG was functionalized with GO nanosheets to ensure their
biocompatibility and suitability for biological applications.

By following the well-developed seed-mediated approach,
AuNRs having an average length of 40 nm and a width of 13
nm, respectively, were prepared with an aspect ratio of 3.07 as
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Figure 2. XPS and Raman characterizations of the plasmonic AuNR/GO nanohybrid. (A) XPS spectra of AuNRs and the AuNR/GO nanohybrid
in the Au 4f region. (B,C) XPS spectra of GO and the AuNR/GO nanohybrid in the C 1s and O 1s regions. (D) Raman spectra of GO nanosheets

and the AuNR/GO nanohybrid.

determined by SEM and DLS (Figure 1B and Figure S3A).
Both the SEM mapping and EDX spectroscopic analysis
confirm the presence of the Au element (Figure SIB and S2B).
Owing to the CTAB surface stabilization, AuNRs exhibit a
positive (+27.8 mV) surface zeta potential (Figure S3B). Thus,
AuNRs have been decorated on the GO nanosheets (GO NSs)
via electrostatic interactions, as the SEM image reveals the
random decoration of AuNRs onto GO NSs (Figure 1C) with
a low amount of AuNRs (3.2 and 2.97 wt %) that avoids the
plasmonic coupling and aggregation as determined by EDX
and ICP (Figure S2C).

The SEM elemental mapping further indicates the presence
of Au, C, and O elements (Figure 1D), confirming the
preparation of a plasmonic nanohybrid. Thus, the resultant
AuNRs@GO exhibits an average hydrodynamic diameter of
173 nm with an overall positive surface zeta potential (10.37
mV), respectively, as determined by DLS and zeta potential
analysis (Figure S3A,B). XPS and Raman spectroscopy were
further employed to confirm the synthesis of the plasmonic
AuNR/GO nanohybrid. Figure 2A shows the XPS spectrum of
Au 4f measured from the AuNRs and AulNRs/GO,
respectively. In the case of AuNRs, two spin—orbit doublets
such as Au 4f/? and 4£/? are seen at 83.37 and 87.125 €V,
respectively. However, a negative shift of 0.12 and 0.25 eV is
noticed in the binding energy of these doublets, respectively,
indicating a strong interaction between AuNRs and GO NSs.
In contrast, the C 1s as well as O 1s spectra of AuNRs/GO
reveal a positive shift in the peaks of sp®> (C—C, 0.85 €V),
epoxy (C—0, 1 eV), and carbonyl (C=0, 0.40 V) functional
groups as compared to GO NSs, respectively (Figure 2B,C). It
is notable to mention that the peak intensities of the different
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functional groups presented in C 1s and O 1s did not decrease
after AuNR binding, suggesting that the loading of AuNRs
neither disturbs nor damages the structure of the GO NSs. The
Raman spectra of the GO NSs show two characteristic Raman
peaks at 1337 and 1602 cm™", attributed to the D and G bands,
respectively. Particularly, the D and G bands correspond to the
defects induced in the A, in-plane zone-edge mode and E,,
mode, respectively. However, binding of AuNRs onto GO NSs
changes the in-phase vibration of both the bands as well as the
induced phonon stiffening effect, resulting in red-shifted D (2
nm, 1337 cm™") and G bands (3 nm, 1602 cm™"), respectively
(Figure 2D).

UV/vis-NIR characterization study shows that GO NSs do
not possess any characteristic absorption peak in the entire
UV/vis-NIR region, while AuNRs exhibit characteristic
transverse and longitudinal LSPR absorption bands at 514
and 760 nm, respectively. Upon loading of AuNRs onto GO
nanosheets, the resultant AuNR/GO hybrid demonstrates an
obvious red-shift (774 nm) in the LSPR band, which suggests
that the dielectric environment of AuNRs has been changed
owing to the presence of electrostatically assembled GO
nanosheets (Figure 3A). The optical characterizations clearly
demonstrate the successful synthesis of the plasmonic AuNR/
GO nanohybrid via electrostatic interactions, capable of
promoting a synergistic plasmonic photothermal effect. After
the successful formation of the plasmonic AuNR@GO
nanohybrid, the photothermal performance of individual
AuNRs, GO nanosheets, and the AuUNR@GO nanohybrid
was evaluated. Compared to individual GO nanosheets (35.5
°C) and AuNRs (40.6 °C), the plasmonic AuNR@GO
nanohybrid demonstrates a significant temperature increase
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min. (E) Calcein AM/PI costained cellular images of HeLa cells after indicated treatments.

up to 58.4 °C, which is possibly because of the synergistic
plasmonic photothermal effect (Figure 3B). Compared to the
AuNR/GO hybrid, the mixture of AuNRs and GO aqueous
suspension shows a AT (19.4 °C), which is almost half of the
AuNR/GO hybrid. Thus, the better PTT performance of the
AuNR/GO hybrid than either their mixture or a single agent
verifies that the high PTT efficiency is possibly because of the
synergistic PPTT effect induced by the plasmonic nanohybrid
(Figure S6A,B). The digital photographs showing the real-time
temperature increase by different groups are also displayed in
Figure 3C. Additionally, the plasmonic nanohybrid exhibits
concentration-dependent PTT performance, as a significant
temperature increase from 26.1 to 56.4 °C is observed with an
increase in the concentration from 10 to 100 yg/mL (Figure
S7A). As a control, no noticeable temperature increase was
observed in the case of PBS under similar conditions. Power-
dependent PTT performance is also noticed as a maximum
temperature increase up to 90.7 °C occurs for the AuUNR@GO
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hybrid under high laser power irradiation (750 mW) as shown
in Figure S7B.

Keeping in mind the risks of skin burns and damage to
normal tissues caused by the use of high-power laser and
making the designed plasmonic nanohybrid more translational
from proof of concept to practical clinical applications, we
chose 300 mW laser power density for antibacterial and
anticancer PTT in vitro. It is noteworthy to mention that the
chosen laser power density is still below the guidelines of the
American National Standard Institute (ANSI). Meanwhile, no
noticeable decrease has been observed in the PTT perform-
ance of AuNRs/GO using this low laser power density after
four different laser on/off cycles (Figure 3D). Furthermore, the
SEM imaging of AuNRs/GO after four cycles of laser
irradiation does not show any particular change in the
structure of AuNRs, indicating the appreciable PTT stability
of the AuNR@GO nanohybrid for PTT therapy (Figure S8).
Importantly, photothermal conversion efficiency (PCE)
calculations indicate a far superior PCE (72.59%) of the
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AuNR/GO nanohybrid than either individual GO nanosheets
(18%) or AuNRs (35%), which strongly proves the existence
of a synergistic plasmonic effect by the dual plasmonic
photothermal nanoagents (PPTAs) (Figure 4A-F). A
summary and comparison of the previously developed PTAs
with the present work have been shown in Table S1. The high
PCE by the plasmonic nanohybrid is strongly ascribed to the
synergistic PPTT effect, enhanced localized electromagnetic
field, and low scattering loss.

Before investigating the PTT applications, we investigated
the cellular uptake capacity of AuNRs/GO in HeLa cells by
monitoring the in vitro fluorescence of FITC. Interestingly, the
fluorescence intensity gradually increases with the uptake time
and reaches the maximum value at 24 h (Figure SA). It is also
noticed that a higher concentration of the AuNR/GO
nanohybrid (100 yg/mL) demonstrates an enhanced cellular
uptake as compared to the lower concentration (10 pg/mL) as
evidenced by the change in fluorescence intensity of FITC
(Figure S9). These findings suggest that the plasmonic
nanohybrid can be efficiently uptaken by the cells and thus
is capable of inducing localized photothermal killing of
cancerous cells/bacterial pathogens under laser activation.
Thus, effective cellular uptake and excellent PTT stability
encourage us to quantitatively determine the anticancer
phototherapeutic applications of the AuNR/GO nanohybrid.
However, as the stability of the therapeutic agent in biological
media is an important factor which determines the overall
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therapeutic efficacy, we studied the stability of AuNRs/GO in
PBS, DI H,0, ethanol, and culture medium (DMEM with 10%
FBS). No noticeable aggregation is observed as shown by the
digital micrographs in Figure S10A, indicating the excellent
colloidal solubility of AuNRs/GO in the given media.
Moreover, the UV—vis absorption spectra of the plasmonic
AuNR/GO hybrid do not show any change either prior to or
after (2, 6, 12, 24, 48, and 72 h) postincubation in biological
media such as PBS with 10% FBS (Figure S10B). Hence, these
results strongly suggest the efficient stability of AuNRs/GO in
biological media. Therefore, we next determined the
biocompatibility and dark cytotoxicity of the AuNR/GO
nanohybrid in vitro against normal human cell line (HUVECs)
and HeLa tumor cells by a standard MTT assay. It has been
noted that the AuNRs/GO do not reduce the cellular viability
in dark conditions, suggesting the noncytotoxicity and
biocompatibility of the designed plasmonic hybrid (Figure
5B). However, under light activation (808 nm, 0.3 W/cm?),
AuNRs/GO demonstrate dose-dependent phototherapeutic
behavior as the cellular viability is substantially decreased from
97.24% to 4.17% at a higher dose of 0.1 mg/mL. The higher
cellular destruction is strongly ascribed to the synergistic
PPTT effect of dual plasmonic photothermal nanoagents
(PTAs). The photothermal killing efficiency of the plasmonic
nanohybrid is also significantly higher than the individual PTA-
like GO nanosheets (34.92%) and AuNRs (19.24%),
respectively, which further confirm the existence of synergistic
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plasmonic photothermal therapy (Figure SC). To confirm that
the higher cellular destruction is solely due to the synergistic
PPTT, we examined the expression of heat shock proteins
(HSP 70) in HeLa tumor cells treated with the AuNR/GO
nanohybrid followed by 808 nm laser excitation (300 mW) for
S min.

HSP 70 proteins are the molecular chaperones which will be
overexpressed in response to the heat stress and thus can serve
as a sensitive indicator of the extreme heat stress. Generally,
when the inner temperature of a cell crosses a threshold value
(42 °C) for a short time, HSP 70 induces protein refolding and
simultaneously inhibits the apoptotic pathway via cytochrome
C and caspase pathways, leading to an enhanced thermo-
tolerance of cells. Impressively, compared to the control
groups, the percentage of HeLa tumor cells overexpressing
HSP 70 is significantly higher (about 6-fold), which verifies
that the tumor cells killing is entirely due to the enhanced PCE
and localized hyperthermia generated by the plasmonic
AuNR/GO nanohybrid under low power laser activation
(Figure SD). Live/Dead assay was further performed to
investigate the in vitro phototherapeutic performance using
Calcein AM/PI cellular staining. Under dark conditions, no
cellular deaths are observed as most of the cells exhibit green
fluorescence. However, a partial cellular destruction is noticed
in the case of either GO or AuNRs after laser treatment,
respectively, whereas because of the synergistic PPTT effect,
AuNRs/GO induce complete cellular destruction as indicated
by the red fluorescence of PI (Figure SE). Furthermore, the
plasmonic AuNR/GO hybrid also demonstrates concentration-
dependent cellular killing, as the ratio of the dead cells
increases with increasing the concentration of the hybrid
material to 100 pg/mL, and all the cells exhibit red
fluorescence, confirming their nonviability (Figure S11).
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After the successful demonstration of an impressive
synergistic anticancer PPTT, we further extend our inves-
tigations to explore the antibacterial PPTT performance of the
AuNR/GO nanohybrid against both S. aureus and E. coli.
Keeping in mind that the bacterial pathogens are usually
resistant to antibiotics, localized photothermal killing is an
ideal approach to eradicate antibiotic-resistant pathogens. Both
the S. aureus and E. coli, respectively, were incubated with
varying concentrations of the plasmonic AuNR/GO nano-
hybrid, following NIR laser treatment for S min. The viability
of both the S. aureus and E. coli is remarkably reduced to
4.049% and 14.94%, respectively, at a higher dose of 100 ug/
mL of the AuNR/GO nanohybrid (Figure 6A,B).

The digital photographs of the plates showing the viable
bacterial colonies are also presented in Figure 6C. It is found
that the Gram-negative E. coli bacteria possesses a thick
peptidoglycan layer which makes them less susceptible to
photothermal killing. However, antibacterial PTT eflicacy of
the plasmonic AuNR/GO nanohybrid against both the Gram
+ve as well as the Gram —ve bacteria is significantly higher
than the individual PTAs such as GO nanosheets and AuNRs,
respectively, implying the enhanced synergistic photother-
apeutic performance. Meanwhile, no obvious decrease in
bacterial viability is observed in either dark conditions or only
under laser irradiation, suggesting that laser light alone is not
capable of killing the bacterial pathogens.

To ensure the practical phototherapeutic applications of the
AuNR/GO hybrid, in vivo biocompatibility investigations were
performed on healthy nude mice for about 18 days.
Impressively, the body weight of both the control and
experimental groups did not show any change. Similarly,
blood biochemical analysis also suggests that both the kidney
and liver work normally as no significant changes are noticed in
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the levels of creatinine (CREA), blood urea nitrogen (BUN),
albumin (ALB), aspartate aminotransferase (AST), and
alkaline phosphatase (ALP), as shown in Figure 7A—C.
These results are in strong accordance with the reported
literature.*” Moreover, H&E staining analysis of the major
organs (stomach, liver, intestine, kidney, lung, spleen, and
heart) collected from the mice treated with the AuNR/GO
hybrid does not reveal any particular histopathological change,
suggesting the excellent in vivo biocompatibility and non-
toxicity (Figure 7D). Hence, following our concept, different
hybrid-based PTAs could be developed to achieve high PCE
under low power laser excitation and thus make them equally
applicable for both antibacterial as well as anticancer therapy,
respectively. In addition, in vitro therapeutic performance and
the in vivo biocompatibility strongly advocate the practical
feasibility and safety of plasmonic hybrid-based PTAs for in

vivo translation.

B CONCLUSIONS

In summary, we have successfully designed a highly efficient
plasmonic phototherapeutic nanohybrid capable of inducing
enhanced photothermal ablation of bacterial pathogens/tumor
cells. We demonstrate that by combining dual plasmonic
photothermal nanoagents high PCE could be achieved due to
the synergistic plasmonic PTT effects. Importantly, the
plasmonic AuNR/GO hybrid exhibits significantly higher
PCE than previously reported photothermal nanoagents
under low laser power density, facilitating the remarkable
antibacterial/anticancer PTT within a short treatment time.
The synergistic antibacterial/anticancer PPTT effects induced
by the plasmonic nanohybrid are far superior to the individual
PTAs of either GO or AuNRs, respectively. In a nutshell,
owing to the high PCE under low laser power excitation, the
plasmonic nanohybrid will surely emerge as a benchmark
photothermal agent, offering high therapeutic index with
reduced skin phototoxicity, leading to a shift in the cancer PTT
from bench to bedside.
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