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ABSTRACT: Multifunctional hybrid nanomaterials with enhanced therapeutic
efficiency at physiologically safe dosages for externally triggered, image-guided therapy
are highly attractive for nanomedicine. Here, we demonstrate a novel class of
multifunctional hybrid nanopatches comprised of graphene oxide (GO) and gold
nanostars for enhanced photothermal effect and image-guided therapy. The hybrid
nanopatches with tunable localized surface plasmon resonance into the near-infrared
therapeutic window (650—900 nm) were realized using a biofriendly method that
obviates the need for toxic shape-directing agents. Internalization of the intact
nanopatches into epithelial breast cancer cells was confirmed by Raman imaging,
transmission electron microscopy, and inductively coupled plasma mass spectrometry.
It appears that the amphipathic nature and the large surface area of the graphene oxide
enable it to serve as a soft, flexible, and biocompatible intracellular carrier for the in situ
grown plasmonic nanostructures and provide long-term biocompatibility with
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extremely low cytotoxicity. Apart from a remarkably improved photothermal effect compared to that of either of the
components at very low dosages of the hybrids (10 ug/mL GO) and using a low laser power (0.75 W cm™2), the hybrid
nanopatches exhibit strong Raman scattering, making them excellent candidates for bioimaging, diagnostics, and image-guided

therapy applications.
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1. INTRODUCTION

Hyperthermia is a promising approach for cancer therapy that
can be performed at the local, regional, or whole-body level.!
Nanomaterials that can efficiently absorb light and convert to
heat are being extensively investigated as photothermal contrast
agents for locoregional cancer therapy. Hyperthermia causes
the denaturing of intracellular proteins and destroys critical
cellular functions, thus resulting in necrotic or apoptotic cell
death or sensitization to ionizing radiation or chemotherapy in
combination therapies.” Hyperhermia-based therapy is of
limited toxicity to most healthy tissues since tumor vasculature
is prone to be more sensitive to the increased temperatures
between 40 and 44 °C due to the difference in their
environmental factors such as hypoxia and low pH compared
to those of normal tissues. The magnitude and duration of heat
can be adjusted on the basis of the thermotolerance of different
types of cells and tissues to the thermal dose.”*
Nanomaterials with optimal biophysicochemical character-
istics promise revolutionary advances in diagnosis, imaging, and
therapy of complex diseases such as cancer.””’ The unique
physical and chemical properties such as a large absorption and
scattering cross-section, high sensitivity to the local dielectric
environment, and enhanced electric field at the surface make
noble-metal nanostructures an important class of materials for
nanomedicine.” '° Owing to their tunable localized surface
plasmon resonance (LSPR) into the near-infrared region,
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various shape-controlled gold nanostructures such as shells,
rods, cages, and hexapods have been extensively investigated,
with some of these structures entering clinical trials."'~** More
recently, graphene-based nanomaterials are being explored for
nanomedicine applications which demonstrate favorable traits
such as large surface area, potential biodegradability, bio-
compatibility, and low cytotoxicity."®>!

Realizing multifunctionality, for example, therapeutic ability
combined with image contrast for image-guided therapy, with a
single class of materials remains challenging.”*"** Rational
integration of diverse nanomaterials can synergistically enhance
the efficacy and ameliorate current strategies to fight against
complex diseases such as cancer.”>~>” Here we demonstrate the
synthesis of multifunctional biocompatible graphene oxide
(GO) and gold nanostar (AuNS) hybrids with excellent
photothermal transduction capability at ultralow dosages that
are well below the detected toxic level of the hybrids. An open
sheet structure, the amphipathic surface chemistry, and the
nanoscale flexibility of GO with gold nanostars anchored on
their surface enhanced their colloidal stability and together with
enabling cytosolic colocalization of the nanohybrids signifi-
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cantly improved the photothermal effect of the nanohybrids
compared to either of the individual components.

2. EXPERIMENTAL SECTION

2.1. Synthesis of GO, AuNSs, and GO—AuNS Hybrids. GO
layers were synthesized by oxidative exfoliation of graphite flakes
according to a modified Hummer method.”** The concentration and
size of the GO layers was controlled by successive cycles of
centrifugation and sonication. The graphene oxide sheets with lateral
dimensions of ~0.5 ym and a thickness of 1 nm (indicating that most
of them are bilayers) was confirmed using atomic force microscopy
(AFM) (Figure S1, Supporting Information). AuNSs have been
synthesized using 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) as a reducing and shape-directing agent according to earlier
work reported elsewhere with slight modifications.” Briefly, 2 uL of
HAuCl, (0.1 M) was added to 1000 uL of 0.1 M HEPES at room
temperature. Following the completion of the synthesis of the AuNSs,
they were centrifuged at 10 krpm twice and redispersed in water. For
GO—AuNS hybrid nanopatches, S pg/mL graphene oxide was added
to 1200 uL of 0.1 M HEPES) followed by the addition of 2—12 uL of
HAuCl4 (0.1 M). Subsequently, the GO—Au hybrids were centrifuged
at 5000 rpm for 10 min to remove HEPES and any free gold nanostars
and redispersed in water. The centrifugation procedure was repeated
twice. The graphene to gold ratio was varied to tune the density,
distribution, and LSPR band of the nanostructures. A GO—AuNS
hybrid with an LSPR band at 802 + 6 nm was used in this study.
Unless stated otherwise, the GO and AuNSs were compared to the
GO—AuNS hybrids at the same concentration to understand the
biophysicochemical properties and the therapeutic effect of the hybrid
structures compared to the individual components.

2.2. Characterization. Transmission electron microscopy (TEM)
micrographs were obtained using a JEOL JEM-2100F field emission
(FE) instrument. A drop of a sample in water was dried on a carbon-
coated grid which had been made hydrophilic by glow discharge. AFM
imaging was performed on a Dimension 3000 using silicon cantilevers
with a nominal spring constant of 40 N/m in light tapping mode by
maintaining the set point ratio greater than 0.9. A 10% (v/v) solution
of (3-aminopropyl)triethoxysilane (APTES) in water was freshly
prepared. Silicon substrates were immersed in APTES for 30 min
followed by sonication in water for 60 min and dried under a stream of
nitrogen. Graphene oxide and the GO—AuNS hybrid were coated on
APTES-modified silicon by drop-casting for 30 min followed by
thorough washing with water and drying under a stream of nitrogen.
Raman spectra were collected by a Renishaw inVia confocal Raman
spectrometer mounted on a Leica microscope with a 50X objective
(NA = 0.75) using a 785 nm diode laser (0.5 mW). The spectra were
obtained in the range of 400—2000 cm™ with one accumulation and
10 s of exposure time. The extinction spectra of AuNSs and GO—
AuNS hybrids were monitored by a Shimadzu UV-1800 spectropho-
tometer.

2.3. Cell Culture. Human epithelial breast cancer cells (SKBR-3)
were purchased from ATCC (Manassas, VA) and subcultured in
McCoy’s SA medium with 10% fetal bovine serum (FBS) and
antibiotics (100 pg/mL penicillin and 100 pg/mL streptomycin)
(Sigma). The cells were grown in a water jacket incubator at 37 °C
with a 5% CO, humidified atmosphere in 25 cm? tissue culture flasks.
Once the cells reached 90% confluence, they were washed with
Dulbecco’s phosphate-buffered saline (DPBS), detached with 2 mL of
0.25% trypsin—EDTA solution (Sigma), and then redispersed in 10
mL of complete medium. The cells were counted using a
hemocytometer and plated at a density of 6.5 X 10° cells/mL on
polylysine-coated 0.5 cm X 0.5 cm silicon substrates and 13 mm cover
slides in a flat-bottom 24-well plate for Raman bioimaging and live
imaging.

24. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium Bromide) Assay. Cell viability was quantified by a colorimetric
assay based on the mitochondrial oxidation of MTT wusing a cell
proliferation kit (Roche). The cells were treated with 10 uL of freshly
prepared MTT solution (5 mg/mL in DPBS) and incubated for an

additional 4 h before treatment with 100 yL of dimethyl sulfoxide
solubilization solution (Sigma). After 1 h, the absorbance of each well
was measured using an ELISA plate reader (Spectra MAX 340,
Molecular Devices) at an absorbance wavelength of 575 nm and a
reference wavelength of 650 nm.

2.5. Inductively Coupled Plasma Mass Spectrometry (ICP-
MS). To quantify the uptake of GO—AuNS hybrids by SKBR3 cells,
ICP-MS (DRCII, PerkinElmer) was employed.>' At the end of the
intended incubation time of GO—AuNS hybrids with SKBR3 cells, the
medium was removed and the cells were washed 3Xx with DPBS,
trypsinized, and pelleted. A cell pellet that was treated with 3 mL of 1%
HNO; was sonicated in a hot water bath for 30 min to disrupt the cell
membranes followed by successive addition of 1 mL of 70 vol % HCI
and 30 vol % HNO; and sonication for 1 h to completely dissolve Au.
A commercial Au standard was used to obtain a calibration curve for
the gold ions at various concentrations (1, 10, 50, 100, and 200 ppb).

2.6. In Vitro Raman Bioimaging. SKBR-3 cells plated on silicon
substrates were rinsed two times with DPBS and incubated with 10
pug/mL GO—AuNS hybrids in complete medium for 24 h at 37 °C,
maintaining above 90% viability. These cells were washed three times
with DPBS and fixed with 4% formalin in DPBS for 20 min at room
temperature. Then the fixed cells were washed three times with DPBS
and permeabilized in 1% Triton. Finally, the fixed cells were located
using a confocal InVia Renishaw Raman microscope under dark-field
illumination. An array of Raman spectra were collected using a 785 nm
wavelength diode laser as the excitation source with a 1 s exposure
time and 3 mW power at the sample surface. The intensity of the G
band (1600 cm™") was plotted to obtain the Raman map.

2.7. In Vitro Photothermal Therapy. SKBR-3 cells incubated
with GO—AuNS hybrids for 24 h were exposed to an 808 nm diode
laser for different durations as described in the text. Following laser
illumination, the cells were incubated with fluorescent labels of
ethidium homobromide 1 and calcein AM dyes to produce green and
red emission from live and dead cells, respectively, to visualize them
under a fluorescence microscope. The cell viability upon treatment
with the laser was also quantified using MTT assay 24 and 48 h post-
treatment.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of GO—AuNS
Nanopatches. GO—AuNS hybrid nanopatches with tunable
optical properties are synthesized according to our previous
work reported elsewhere (Figure 1).*> Owing to favored
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Figure 1. Scheme depicting the synthesis of AuNSs on the GO
surface.

heterogeneous nucleation and consequent growth, the
reduction of the Au precursor (HAuCl,) using HEPES in the
presence of graphene oxide resulted in the formation of AuNSs
that are anchored to GO (Figure S1, Supporting Information).
GO serves as a flexible soft template for surface-mediated
growth of these nanostructures. HEPES enabled the reduction
of HAuCl, in the aqueous phase through the oxidation of its N-
substituted piperazine ring to a N-centered cationic free radical,
producing gold nanostructures at room temperature and
neutral pH (pH 7.4) and obviating the need for toxic reducing
or growth-directing agents.***> HEPES also facilitates the
anisotropic growth and shape control of AuNSs along the
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Figure 2. (A) Vis—NIR extinction spectra showing the tunable localized surface plasmon resonance of GO—AuNS hybrids. [GO] = 10 pg/mL and

[Au] = 1, 0.8, 0.6, and 0.4 mM for 1—4, respectively. [GO]

=5 pg/mL and [Au]

= 0.2 mM for S. (B) Progressive blue shift in the LSPR wavelength

with increasing Au concentration. (C) In situ vis—NIR extinction spectra of gold nanostar synthesis in 0.1 M HEPES using 0.2 mM Au in the
presence of S ug/mL graphene oxide. The synthesis of GO—AuNS nanopatches is complete in 15 min. (D—F) Transmission electron microscopy
images of GO—AuNS nanopatches. Atomic force microscopy image of (G) graphene oxide and (H) GO—AuNS hybrid nanopatches. The z-scale is 8
nm for (A) and 100 nm for (B). (I) Raman spectra of AuNSs, GO, and GO—AuNS hybrids electrostatically adsorbed onto an amine-terminated

silicon surface.

(111) direction through strong affinity of the piperazine ring
for the {100} planes of gold in comparison to weak or no
adsorption on the {111} planes.*® By changing the GO to gold
ratio, the density and LSPR wavelength of AuNS on GO could
be tuned from visible to near-infrared (NIR) wavelength
(Figure 2 A—F). Tuning the LSPR wavelength of photothermal
contrast agents to the NIR therapeutic window (650—900 nm),
where the endogenous absorption coefficient of tissue is nearly
2 orders of magnitude lower compared to that in the visible
part of the electron microscopy (EM) spectrum, is critical to
ensure light penetration into soft tissues.”* As the GO acts as
the preferred template for the nucleation and growth of the
gold nanostructures, increasing the GO to Au ratio resulted in
the enhanced nucleation (i.e., increased density of AuNSs on

16397

GO) and higher anisotropy (arm length) of the AuNSs, both of
which result in a red shift in the LSPR wavelength.’® For
optimal photothermal transduction, the LSPR wavelength of
the AuNSs was tuned to 802 + 6 nm to match the wavelength
of the diode laser (808 nm) used in this study.

Raman spectroscopy serves as a valuable tool for probing the
structure and properties of nanocarbons, which are known to
exhibit strong Raman scattering. Raman spectra of graphene-
based nanomaterials are known to exhibit three characteristic
Raman bands: graphitic (G) band (~1560—1590 cm™"), defect
(D) mode (~1350 cm™), and second-order defect mode
(~2700 cm™).*® Raman spectra obtained from GO—AuNS
hybrids deposited on a silicon substrate revealed nearly 3-fold
Raman enhancement of the D and G band intensities compared
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to that of bare GO due to the enhanced electromagnetic field
around Au nanostars that are anchored on the surface of the
GO (Figure 2 G—I). Absence of a Raman band corresponding
to the piperazine ring at 836 cm™ indicated that GO—AuNS
hybrids did not possess any detectable level of HEPES on the
surface due to its weak or no affinity for the {111} planes of
AuNSs.*

3.2. Biophysicochemical Properties. Now we turn our
attention to biophysicochemical properties of the nanopatches,
which are extremely important for their efficient and safe
deployment in biomedical applications such as bioimaging and
locoregional therapy. Many nanomaterial characteristics includ-
ing size, shape, aggregation state, surface properties, and
chemistry have been demonstrated to have significant
correlation with their toxicity profiles when interfaced with
biotic entities from the molecular to cell to organism level. ¥ **
GO—AuNS hybrids exhibited excellent stability in 10% FBS
over a course of 10 days (Figure S2, Supporting Informaiton).
Monitoring the vis—NIR extinction spectra of plasmonic
nanostructures is a convenient method to probe the serum
stability of plasmonic nanostructures. A 10 nm red shift in the
LSPR wavelength of AuNSs within the first 24 h indicated
relatively small nonspecific adsorption of the serum proteins
that is known to mitigate the cytotoxicity of the nanostruc-
tures.*> No further red shift was observed after the first 24 h,
indicating the absence of large-scale aggregation of the
nanostructures over the course of 10 days. On the other
hand, ligand-free AuNSs synthesized using HEPES as the
reducing agent in the absence of GO exhibited strong
aggregation within 24 h as evidenced by the significant
broadening of the LSPR band and concomitant rise of a higher
wavelength band due to irreversible serum protein adsorption
or the formation of a hard corona (Figure S2). Gold
nanoparticles synthesized using conventional approaches such
as the Turkevich method or seed-mediated synthesis require
extensive surface modification to lower cytotoxicity, improve
their serum stability, and enhance cellular uptake.*® In the
absence of additional surface modification, AuNSs, in ligand-
free form, exhibited poor stability in biological media (i.e., they
formed large aggregates outside the cells) and poor internal-
ization, if any (Figure S3, Supporting Information). The long-
term biostability of the GO—AuNS hybrid structures can be
attributed to the hydrophilic carboxyl, epoxy, and hydroxyl
surface groups of GO that make GO a better choice for
biomedical applications in comparison to other carbonaceous
nanomaterials with low hydrophilicity such as fullerene, carbon
nanotubes, and graphene.*’™* Moreover, the high specific
surface area of GO along with its planar and flexible nature
essentially maximizes the interactions with biological species
and mitigates the irreversible protein adsorption or the
formation of a hard corona on AuNSs anchored on GO that
resulted in the excellent biocompatibility of the hybrid
nanopatches in a complex biological environment.

{ potential measurements revealed that GO, AuNSs, and
GO—AuNS hybrids possessed a negative charge in water and a
slightly reduced negative charge in serum (Figure S4,
Supporting Information). The negative surface charge of GO
is expected due to the carboxyl, epoxy, and hydroxyl surface
functional groups.®® While reduced graphene oxide could cause
protein denaturation through strong 7—7 interactions, the GO
surface possesses chemical functionality that minimizes protein
denaturation through mild electrostatic interactions.”" Mildly
negatively charged GO—AuNS hybrids can be advantageous to

prevent the formation of a hard corona since most proteins
present in the full medium possess a net negative charge, with a
measured ¢ potential of —9.13 + 0.7 mV.>” The concentration-
dependent toxicity of the nanopatches to epithelial breast
cancer cells (SKBR-3) and normal breast cells (MCF-10A) for
24 h has been examined using MTT assay (Figure 3). Both the
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Figure 3. MTT assay showing the cell viability of SKBR-3 breast
cancer cells and MCF-10a normal breast cells upon incubation with
different concentrations of GO—AuNS hybrids for 24 h.

cell types maintained above 90% viability even for the highest
concentration (40 yg/mL GO—AuNS hybrids) studied. Unless
stated otherwise, a 10 pg/mL concentration of GO—AuNS
hybrids has been used for the cellular uptake, photothermal
transduction, and therapy studies and compared to the same
concentrations of GO and AuNSs as controls.

3.3. Intracellular Uptake. The multifunctional nano-
patches exhibited cytosolic colocalization of ligand-free, gold
nanostars anchored on the surface of graphene oxide into
epithelial breast cancer cells (Figure 4; Figure SS, Supporting
Information). TEM of sectioned cells showed patches of

Figure 4. Internalization of GO—AuNS nanopatches into SKBR-3
cells. Tranmission electron microscopy images of (A) the sectioned
SKBR-3 cells and (B—D) the sectioned SKBR-3 cells that were
incubated with GO—AuNS hybrids for 24 h.
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AuNSs at the interior and along the surfaces of subcellular
organelles, suggesting GO and AuNS hybrids remain intact
after internalization into SKBR-3 cells. The time-dependent
uptake of GO—AuNS nanopatches has also been quantified
using ICP-MS (Figure S6, Supporting Information).

3.4. In vitro Raman Bioimaging. Raman scattering is an
attractive modality in molecular bioimaging owing to its (i)
large multiplexing ability, (ii) excellent photostability compared
to that of organic dyes, (iii) absence of interference from water,
and (iv) high spatial resolution.>*>3~%7 Raman-scattering-based
in vitro imaging serves as a valuable optical imaging technique
to confirm the internalization of the hybrid nanopatches.**~%
GO is a known strong Raman scatterer which serves as a
biocompatible Raman reporter, thus obviating the need for
other toxic reporter molecules. Raman mapping of the graphitic
(G) band of GO revealed that GO was concentrated in the
cytoplasm of the cell with weak or no signal from the nucleus
(Figure S; Figures S7 and S8, Supporting Information). This is
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Figure S. In vitro Raman bioimaging. (A) Dark-field scattering images
of an SKBR-3 cell incubated with GO—AuNS hybrids. (B) Map of the
G band (1600 cm™) intensity from a cell incubated with GO—AuNS
hybrids clearly showing the presence of GO in the cytosol and absence
of the same in the nucleus. (C) Representative Raman spectra
obtained from various spots shown in (B).

in complete agreement with the TEM imaging, which revealed
the presence of the nanopatches in the cytoplasm and their
absence in the nucleus.

3.5. In Vitro Photothermal Therapy. Next, we compared
the photothermal transduction capabilities of GO, AuNSs, and
GO—AuNS nanopatches (Figure 6). The temperature measure-
ments of solutions of the nanostructures showed a rapid
increase for the nanopatches within 2 min of laser irradiance
(laser power density of 0.75 W/cm?) to 54.4 °C, while the
same for AuNSs and GO was found to be 50 and 30 °C,
respectively, under the same irradiation conditions. The
temperature increase (from the room temperature of 25 °C)
directly corresponds to the contribution of the individual
components to the total photothermal transduction.

To monitor the therapeutic efficiency of the nanohybrids, we
have performed live/dead cell assay following the irradiation of
the cells with an 808 nm wavelength laser. One hour after
photothermal treatment, a live/dead viability (green color for
live and red color for dead) test was performed for control cells
and SKBR-3 cells incubated with GO, AuNSs, and GO—AuNS
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Figure 6. Photothermal efficiency of GO—AuNS nanopatches. (A) IR
camera images captured from solutions of GO, AuNSs, and GO—
AuNS nanopatches that were irradiated with an 808 nm laser for 2 s, 1
min, and 2 min, respectively. (B) Corresponding temperature increase
of the solutions in (A).

nanohybrids. Considering the relatively low laser power density
(0.75 W/cm?), SKBR-3 cells without any GO or AuNSs
maintained their healthy state as evidenced by the bright green
fluorescence and the absence of red fluorescence (Figure 7A).
GO and AuNSs did not cause cell death as indicated by the
absence of red fluorescence, but a slight dimming in green
fluorescence as compared to bright green fluorescence from the
control cells suggested that GO and AuNSs caused only minor
damage to the cells (Figure 7A—C). Due to its significantly low
concentration (10 pg/mL), GO in the highly oxidized form of
graphene has a relatively lower photothermal effect due to
suboptimal absorption in the NIR range compared to graphene
but offers much better biocompatibility. As opposed to
individual plasmonic nanostructures that act as nanoscale
heaters, the unique nanopatch-like morphology of the hybrid
with a high density of AuNSs serves as a heating patch, which
enhanced the local destruction of SKBR-3 cells due to their
local destruction after intracellular colocalization. Furthermore,
the perfect match of the LSPR wavelength of AuNSs with the
excitation laser wavelength (808 nm) maximizes the photo-
thermal effect of the nanopatch. Complete cell death occurred
at ultralow power laser irradiation (0.75 W/cm?) for 2 min of
laser exposure (Figure 7D; Figure S9, Supporting Information).
It should be noted that even though AuNSs have a remarkable
photothermal transduction capability evidenced by the temper-
ature measurements of the nanoparticle solutions, their
negligible cellular uptake in the absence of surface modifica-
tions and aggregation outside the cells resulted in their poor
therapeutic effect. This is direct evidence that GO dictates both

dx.doi.org/10.1021/am504795d | ACS Appl. Mater. Interfaces 2014, 6, 16395—16402
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Figure 7. In vitro photothermal therapy using GO—AuNS nanopatches. Columns 1, 2, 3, and 4 are bright-field, dark-field, green fluorescence (live),
and red fluorescence (dead) microscopy images, respectively. Rows A, B, C, and D are control SKBR-3 cells and cells incubated with GO, AuNSs,
and GO—AuNS nanopatches and irradiated with an 808 nm laser with a power density of 0.75 W cm™ for 2 min.
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Figure 8. MTT assay for quantifying the viability of SKBR-3 cells incubated with GO—AuNS nanopatches after photothermal therapy. SKBR-3 cell
viabilities upon incubation with S yig/mL GO—AuNS nanopatches (A) 24 h and (B) 48 h post-treatment for varied laser exposure times and with 10
pug/mL GO—AuNS nanopatches (C) 24 h and (D) 48 h post-treatment for varied laser exposure times. Note that complete cell death occurs with
extended laser exposure times in (B)—(D) for GO—AuNS-nanopatch-incubated SKBR-3 cells.

the biostability and the efficient intracellular uptake and
colocalization of the gold nanostars on the nanopatches,
which contributed to the efficient photothermal therapy at
ultralow dosages of GO, that is, at least an order of magnitude

. . . 61-63
lower compared to the doses used in previous studies.

The photothermal efficiency of GO—AuNS nanopatches was
further quantified using MTT assay, which confirmed that the
complete cell destruction was achieved using ultralow laser
power irradiation. SKBR-3 cells incubated with S yg/mL GO—
AuNS nanohybrids and irradiated with a laser for 2 min showed
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36 + 1% viability after 24 h and 14 + 0.3% viability after 48 h
(Figure 8A,B). SKBR-3 cells incubated with 10 yg/mL GO—
AuNS hybrids and irradiated with a laser for 2 min showed a
drop from 19 =+ 2% viability after 24 h to complete cell death at
48 h (Figure 8C,D). Compared to GO or AuNSs alone, for
which we observed 80% or higher cell viability in all cases,
GO—AuNS nanopatches proved to be extremely effective for
photothermal therapy.

4. CONCLUSION

Taken together, we demonstrated novel multifunctional and
biocompatible hybrids of graphene oxide and metal nanostruc-
tures that hold great potential for efficacious cancer
theranostics. In vivo studies are required to test and realize
the nanopatches further. Understanding the underlying material
factors that lead to a particular cellular uptake mechanism of
the nanopatches such as amphipathic surface chemistry or the
flexible mechanics of the sheet structure can shed light on
better nanomedicine design, which is currently being
investigated.
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Additional atomic force microscopy images, vis—NIR spectra,
Raman images, live/dead fluorescent images, and transmission
electron microscopy images of the sectioned SKBR-3 cells
incubated with GO—AuNS. This material is available free of
charge via the Internet at http://pubs.acs.org.
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