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Abstract

In this work, novel theranostic platforms based on graphene oxide and AuNP core polyaniline shell
(GO-Au@PANI) nanocomposites are fabricated for simultaneous SERS imaging and
chemo-photothermal therapy. PANI, a new NIR photothermal therapy agent with strong NIR
absorption, outstanding stability and low cytotoxicity is decorated on AuNPs by one-pot oxidative
polymerization, then the Au@PANI core-shell nanoparticles are attached to the graphene oxide
(GO) sheet via m-11 stacking and electrostatic interaction. The obtained GO-Au@PANI
nanohybirds exhibit excellent NIR photothermal transduction efficiency and ultrahigh drug-loading
capacity. The nanocomposites can also serve as novel NIR SERS probes utilizing the intense SERS
signals of PANI. Rapid SERS imaging of cancer cells is achieved using this ultrasensitive nanoprobe.
GO-Au@PANI also reveals good capability of drug delivery with the DOX-loading efficiency of
189.2% and sensitive NIR/pH-responsive DOX release. The intracellular real-time drug release
dynamics from the nanocomposites is monitored by SERS-fluorescence dual mode imaging. Finally,
chemo-photothermal ablation of cancer cells is carried out in vitro and in vivo using
GO-Au@PANI as high-performance chemo-photothermal therapeutic nanoagent. The
theranostic applications of GO-Au@PANI endow it with great potential for personalized and
precise cancer medicine.
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Introduction

Graphene, a newly developed material, and its
derivatives have recently captured tremendous focus
due to their unique properties in various fields
including biomedicine [1, 2]. In terms of cancer
treatment, graphene sheet could serve as an ideal
burgeoning support for efficient drug loading, taking
advantage of its large specific surface area available
[3, 4]. The demonstration of using graphene oxide
(GO) in drug delivery was first initiated by Dai group
in 2008 [4]. Utilizing its high near-infrared (NIR)

absorbance, nano-graphene has also been used as a
photothermal agent for in vivo cancer treatment with
encouraging therapeutic outcomes [5-8]. Our group
utilized DOX-loaded PEGylated nano-graphene oxide
to facilitate = combined chemotherapy and
photothermal therapy (PTT) in mouse xenografts,
which showed a synergistic cancer therapeutic effect
of chemo-photothermal therapy for the first time [9].
GO has shown effective therapeutic effect to
cancer, but it also shows low photothermal
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conversion efficiency. The appearance of abundant
functional groups makes it easy to be modified. It has
been decorated by a variety of nanocomposites, such
as gold nanorods (GNRs) [10, 11], gold nanoparticles
(AuNPs) [12], semiconductor copper sulfide
nanoparticles [13], to enhanced photothermal energy
conversion. Among them, gold-based nanomaterials
received the most attention, owing to the
phenomenon of surface plasmon resonance and their
tunable optical property [14-17]. However, the gold
nanoparticles are always troubled with the biotoxicity
and they have low photostability under long-term
laser irradiation [18]. In addition, the preparation of
some Au nanostructures with NIR photothermal
conversion properties usually need precise synthesis

conditions. = Some  unifunctional  therapeutic
nanoagents are also limited in their theranostic
applications. Thus, the alternatives with easy
preparation, good photostability and

multifunctionality are still in demand.

Recently, conducting polymer (CP) materials,
such as polypyrrole (PPy), poly-(34-ethylene
dioxythiophene): poly(4-styrenesulfonate)
(PEDOT/PSS) and polyaniline (PANI), which have
been widely used for electronic, optical and
electrochemical  applications, = gear  towards
application in PTT. Due to their strong NIR
absorption, outstanding stability and low cytotoxicity,
they have been reported to show photothermal effect
for ablation of cancer cells in vitro and in vivo [19-22].
Among these CP materials, PANI is one of the most
useful conducting polymers because of its
conductivity, mechanical flexibility, and low cost [23].
PANI can also be used to wrap metal nanometerials in
order to reduce the toxicity of metal and improve the
conversion efficiency at the same time [24, 25]. In our
latest work, we demonstrated the GNR-PANI
core-shell nanoparticles for high-performance
photothermal cancer therapy [26]. Interestingly, the
core-shell nanostructures could also serve as novel
ultrasensitive surface-enhanced Raman scattering
(SERS) nanoprobes due to the excellent SERS signals
of PANI after fabricating on the surface of GNRs via
one-pot oxidative polymerization. In comparison with
the traditional gold-based SERS probes [24, 27-28], the
fabrication of GNR-PANI core-shell nanoparticles was
easily manipulated and low-cost.

Herein, we report the GO and Au@PANI
nanocomposites  for =~ SERS  imaging  and
chemo-photothermal cancer ablation. AuNP@PANI
core-shell nanoparticles are firstly synthesized by
assembling PANI onto the surface of gold
nanosturctures through facile in situ oxidative
polymerization; then the obtaining Au@PANI
nanostructures are deposited on the

polyvinylpyrrolidone-stabilized GO (GO-PVP) sheet
via m-n stacking and electrostatic interaction. The
GO-Au@PANI nanocomposites show promising
SERS imaging capability of tumor cells and
outstanding chemo-photothermal performance for
cancer therapy, which reveal their theranostic
potential in nanomedicine.

Results and Discussion

Characterization of GO-Au@PANI

The GO nanosheet was functionalized with PVP
before fabrication of graphene-metal nanocomposites.
The atomic force microscope (AFM) image of GO-PVP
illustrated that the nanosheet was almost single
layered with the average thickness of about 1.3 nm
(Fig. S1). The morphology of the obtained
GO-Au@PANI was investigated by the transmission
electron microcopy (TEM). It can be observed that a
large amount of Au nanoparticles with spherial or
strip-like shape are deposited on the flake-like GO
nanostructure (Fig. 1B). The generation of AuNPs can
also be confirmed by the energy dispersive X-ray
(EDX) analysis (Fig. S2). Fig. 1C shows the TEM image
of GO-Au@PANI at a higher magnification where an
encapsulation matrix consist of PANI appears outside
the metal nanoparticles, forming core-shell like
nanostructures. An insert high-resolution image
clearly identify the three components (Au, PANI and
GO) of the hybrids with different contrasts, verifying
the successful fabrication of GO-Au@PANI. The sizes
of the nanocomposites was measured by the dynamic
light scattering analysis, which displayed a mean
dimension of 120 nm (Fig. S3). The UV-vis-NIR
spectrum of Au@PANI (Fig. 1D) shows the absorption
peaks at 345, 438 and 792 nm, indicating the formation
of PANI [29]. The longitudinal SPR absorption of
PANI red-shifted to 816 nm after attached onto the
GO sheet, which is consistent with the morphological
changes observed in the TEM image. The Raman
spectra of the nanomaterials are given in Fig. 1E. Two
prominent peaks at 1344 cm™ (D band) and 1594 cm!
(G band) are observed in the Raman spectrum of GO
sheet which can be attributed to the disordered
graphite edge and graphite lattice, respectively. In
comparison with the normal Raman specturm of
PANI, extraordinarily intense SERS signals assigned
to the molecular vibration of PANI emerge in the
Raman spectrum of Au@PANI under NIR laser
excitation (785 nm) [30]. This inherent SERS feature
endows it with promising potential for bioimaging. In
the Raman spectral line of GO-Au@PANI, some
characteristic peaks ascribed to PANI (1168 cm™) and
GO (1598 cm?) respectively can be observed,
indicating that the nanocomposites has be sucessfully
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synthesized. The conjugation of Au@PANI with
GO-PVP can also be proved by the FTIR spectra (Fig.
S4). In addition, the GO-Au@PANI nanohybrids
exhibit excellent stability in water, phosphate
buffered saline (PBS) buffer and RPMI-1640 medium
(Fig. S5) and outstanding photostability (Fig. S6).

The strong NIR  photoabsorption  of
GO-Au@PANI in UV-vis-NIR absorbance spectrum
motivated us to investigate the temperature elevation
induced by NIR laser irradiation. Different
concentrations of GO-Au@PANI were exposed to a
continuous-wave fiber- led diode laser (80§ nm,
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a rapid temperature rise in marked contrast to the
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monotonically with the GO-Au@PANI concentration.
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an ideal NIR-light absorber for cancer photothermal
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Figure 1. The TEM images of Au@PANI A) and GO-Au@PANI with different resolutions B) and C), the UV-vis-NIR absorbance spectra D) and the Raman spectra of the
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Figure 2. A) NIR-induced heat generation of different concentrations of GO-Au@PANI aqueous dispersion. B) Quantification of DOX loading at various DOX concentrations.
C) Fluorescence spectra of GO-Au@PANI/DOX and free DOX at the same concentration of DOX. D) DOX release profiles from GO-Au@PANI/DOX in PBS buffer at pH

values of 7.4 and 5.5 with or without laser irradiation (2.5 W cm2, 10 min).
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Drug loading and release on GO-Au@PANI

Graphene and their derivatives with ultrahigh
surface area have been extensively reported as
efficient nanocarriers for drug delivery [4, 31]. The
capability of GO-Au@PANI for drug delivery was
carried out using DOX as the durg model. The
amount of DOX loaded on the GO nanosheets
improves in an initial DOX concentration-dependent
manner, showing the maximal loading efficiency of
189.2% (Fig. 2B). The adsorption of DOX on
GO-Au@PANI may be attributed to the hydrophobic
interaction and mn-m stacking. In addition, the
fluorescence signal of GO-Au@PANI/DOX is
drastically quenched by GO, which can be attributed
to the fluorescence resonance energy transfer between
DOX and the nanocarrier (Fig. 2C). An efficient drug
delivery system should have not only a high
drug-loading capacity but also a sustained DOX
release formulation. The released DOX from
GO-Au@PANI was collected and then measured by
fluorescence spectroscopy. DOX-releasing
characteristic from GO-Au@PANI/DOX is shown in
Fig. 2D. The lower pH values in PBS solutions, the
more DOX molecules are released, but the amount of
drug released is still comparatively low after a 48 h
incubation. Noteworthy, the release rate of DOX from
GO-Au@PANI nanosheets can be significantly
improved with the aid of NIR laser irradiation; about
90% of DOX is released 2 d after 808 nm laser
exposure (2.5 W cm?, 10 min). It is likely that the local
heating may induce increased thermal vibration thus
loosening the drug molecule from GO-Au@PANL

SERS imaging of tumor cells

Molecular imaging using fluorescence-based
techniques is often limited by the photobleaching of
fluorescent molecules, autofluorescence from the
biological samples and large spectral overlap between
broadband fluorescence dyes [32-34]. Raman
scattering provides information about the unique
vibrational modes of molecules with narrow spectral
bandwidth and is resistant to photobleaching and
autofluorescence, which maybe a good alternative to
the fluorescence imaging [35, 36]. SERS imaging of
cancer cells was performed using GO-Au@PANI as
the nanoprobe. The SERS images of 4T1 mammary
carcinoma cells were acquired using the distinct SERS
signal of PANI at 1100-1200 cm™. As shown in Fig. 3A,
the intense SERS signals of PANI suffuse the cancer
cell, and the SERS image is closely correlated with the
bright-field image. The two Raman spectral lines
extracted from the cytoplasm and nucleus regions
indicate that the nanoprobes are situated almost

exclusively in the cytoplasm. To understand the cell
internalization process of the GO-Au@PANI, we
conducted the SERS mapping experiments of 411 cells
incubated with GO-Au@PANI for 0.5 h,1h,2h, 4 h
and 8 h. As shown in Fig. 3B, the cells incubated with
GO-Au@PANI for 0.5 h and 1 h yield obscure Raman
signals, which suggest that the time is too short for a
large amount of GO-Au@PANI to enter into the cells.
The SERS image of 4T1 cells becomes distinct after 2 h
incubation with the nanocomposites. Bright and
clear-cut SERS image can be observed at 4 h, showing
more GO-Au@PANI nanohybrids are taken up by the
cancer cells. The amount of intracellular
GO-Au@PANI are maintained at a considerable
degree after 8 h of incubation, when the 4T1 cells are
still filled with the strong SERS signals ascribed to the
GO-Au@PANI nanoprobes.

Dynamics studying Intracellular drug drug
delivery

The promising SERS activity of GO-Au@PANI
facilitates the dynamics studying of intracellular
drug delivery. The real-time drug release process
was monitored by a SERS-fluorescence spectroscopy,
where the SERS signals (1100-1200 cm, Aex: 785 nm)
of the nanocarrier and the fluorescent signals (590-640
nm, Ae: 514 nm) of DOX can be collected
simultaneously. The green false-color images in Fig. 4
show the SERS signal distribution of the
GO-Au@PANI nanocarrier in 4T1 cells. It can be seen
that the intracellular SERS signals stay constant in the
cytoplasmic region during a 45 min observation,
demonstrating that the drug loading does not affect
the intracellular behavior of nanovehicles. Fig. 4B
displays the fluorescent image of DOX just entering
into the cancer cells, where the photoluminescent
signals are very weak owing to the fluorescence
quenching effect of the GO nanosheet. Moreover, the
fluorescent image is highly overlapped with the SERS
image of the nanocarrier (Fig. 4A), also showing that
the drug has not yet released from GO-Au@PANL
Real-time fluorescence mapping of DOX was then
performed every 15 min. It can be noticed that the
fluorescent signals escalate along with the increasing
incubation time and reach a peak at 45 min, which
reveals a releasing process of DOX from the
nanovehicles. The distribution of DOX also changes
after detachment, and the drug tends to gather in the
nucleus with the time increasing. Almost all the
fluorescent signals are detected in the nucleus, the
target of DOX, at 45 min (Fig. 4E), while the
nanocarriers remain in the cytoplasm (Fig. 4F).

http://lwww.thno.org



Theranostics 2016, Vol. 6, Issue 8

1100

Bright field SERS

0.5h M0

Bright field 3>

1h

SERS
2h

-

4 h

it M W

2 bt WW’W' i )‘?“" &=
©

900 1200 1500 1800
Raman Shift (cm™)

Merged

14000

13000

12000

11000

10000

9000

8000

Figure 3. NIR SERS imaging of cancer cells using GO-Au@PANI as the nanoprobe. A) Bright field microscopic image and SERS image of a 4T1 cell after incubation
GO-Au@PANI for 8 h. The black and red lines represent the SERS spectra of two different spots marked in cytoplasmic and nuclear, respectively (scale bar: 5 ym). B) NIR SERS
images of 4T1 cells incubated with GO-Au@PANI for 0.5, 1, 2, 4 and 8 h, respectively (scale bar: 10 pm). The arrow indicates the Raman peak used for SERS mapping.
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Figure 4. The intracellular real-time drug release dynamics monitored by SERS-fluorescence dual mode imaging. The SERS and fluorescence mapping were performed
at 0 min A) and B), 15 min C), 30 min D), 45 min E) and F) (scale bar: 10 ym). SERS mapping A) and F) was conducted using the SERS bands of PANI at 1100-1200 cm-! under 785
nm laser excition and the fluorescence imaging B), C), D) and E) was performed using the fluorescent signals of DOX at 590-640 nm under 514 nm laser excition.

Cytotoxicity assessments of SERS nanotags

For further biomedical application, the
cytotoxicity of GO-Au@PANI was investigated by the
classic methyl thiazolyl tetrazolium (MTT) assay. The
GO-Au@PANI nanocomposites were diluted with
RPMI-1640 medium and incubated with 4T1 tumor
cells in 5% CO» at 37 °C for 24 h. It is found that the
GO-Au@PANI reveal no obvious toxic effect on 4T1
cells at concentrations below 50 pg mL1 (Fig. 5A),
showing a good biocompatibility. We next evaluated

the in vitro chemo-photothermal efficacy of DOX
loaded GO-Au@PANI by conducting the MTT assay.
As shown in Fig. 5B, dose-dependent
anti-proliferative effects are observed in the tumor
cells after various treatments. Compared with DOX,
GO-Au@PANI/DOX  exhibits relatively = weak
cytotoxicity at the same drug concentration, which
can be ascribed with the low release efficiency of
GO-Au@PANI without laser irradiation. The cell
ablation effect of GO-Au@PANI is significantly
improved by the NIR laser exposure, which induces
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about 77.4% cell death at the concentration of 5 pg
mL71. In comparison with other treatments, the
chemo-photothermal treatment reaches the strongest
therapeutic effect, which can be attributed to the
combined cell-killing effect initiated by the drug and
heat. The synergistic effect is more pronounced at the
drug concentrations below 3 pg mL-1. For example,
the inhibition rate of tumor cells treated with
chemo-photothermal is 79.8% (Group V, 3 ug mL"7),
much higher than that of cells treated with DOX
(Group 1II, 39.2%) or GO-Au@PANI (Group 1V,
42.1%). To further identify the cell viability, the cells
were incubated at 37 °C for another 24 h after laser
irradiation and then stained by Hoechst 33258
(nuclear marker). Fig. 5C shows the representative
fluorescence microscope images of 4T1 cells treated
with various treatments. The amount of apoptotic
cells treated with GO-Au@PANI/DOX which are
observed as the irregular granules with bright blue
luminescence are much more than that in the 4T1 cells
with other treatments. The remarkable cell-killing
capability of GO-Au@PANI/DOX is expected to
reduce drug dose, making it a promising approach to
overcome resistance to chemotherapeutic agents in
tumor therapy.

In vivo cancer therapeutic efficacy

Finally, the in wvivo synergistic therapeutic
efficacy of GO-Au@PANI/DOX was investigated
using Balb/c mouse as the model. An infrared
thermal camera was used to record the temperature
change in the tumor area under NIR irradiation. It is
noticed that no obvious surface temperature change
emerges on the tumor region injected with PBS
(Group II) during the NIR irradiation (Fig. 6A). In
marked contrast, remarkable temperature increasing

are observed in the tumor sites injected with the

nanostructures (AT ~ 55 °C), confirming the promising

pothothermal potential of GO-Au@PANI. The tumor
growth curves after various treatments are shown in
Fig. 6B, where the tumors of mice treated with DOX
experience an equivalent growth rate in comparison
with that of control groups during the 16-day
observation period, demonstrating that the dosage of
administered DOX is inadequate to inhibit the tumor
growth. However, the in vivo anti-tumor effect of
GO-Au@PANI is extraordinarily obvious. The tumors
in Group IV and Group V are effectively eliminated
with only small black scars left at the tumor sites (Fig.
S7). Compared with the tumors with photothermal
treatment, the relative tumor volume in Group V is
much smaller (Fig. 6C, D), showing a better
therapeutic efficacy. The microscopic images of
tumors with various treatments were also acquired
using hematoxylin and eosin (H&E) staining analysis.
As noticed in Fig. 6E, the normal tumor cells with
regular morphology and intact cell nucleus [37, 38],
are largely observed in control groups. As excepted,
most tumor cells are severely destroyed after
chemo-photothermal treatment, which is in good
agreement with the previous data, further confirming
the superior anti-cancer therapeutic efficacy of the
combination therapy. The improved therapeutic
efficacy of GO-Au@PANI/DOX plus NIR laser
treatment may be attributed to synergistic effect of
PTT and chemotherapy. On the one hand, local
hyperthermia can cause direct cell killing as the result
of protein denaturing and aggregation or indirect
killing due to the triggering of programmed cell death
[39, 40]. On the other hand, the sensitive
pH/NIR-triggered DOX release initiates an efficient
nuclear-targeted drug killing of the tumor cells.

Cell viability
=4

e
w

0 0561 2 5 75 10 20 50 100
Concentration (ug/mL,

1.2 {Jcontrol Ml GO-Av [l pox [EECO-AuDOX
[ Laser [ GO-Au@PANI+L [IGO-Au@PANID OX+L]

2 ' 5
Concentration (ug/mL)

Figure 5. In vitro chemo-photothermal ablation of
tumor cells. A) Relative cell viability of 4T1 cells
exposed to  different  concentrations  of
GO-Au@PANI for 24 h. B) Relative viability of 4T1
cells after various treatments at the same DOX
concentrations. The data represent the means of
triplicate measurements. All data are presented as

mean*SD. C) Fluorescence photomicrographs of

the 4TI cells after various treatments (Group I:
control, Group lI: control+laser, Group lll: DOX,
Group IV:  GO-Au@PANI+laser, Group V:
GO-Au@PANI/DOX+laser) and  staining with
Hoechst 33258 (scale bar: 100 um).
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In addition, toxic side effects have always been
A of great concern in the development of nanomedicine.
The body weight of the mice was monitored after
treatment because high toxicity often causes weight
loss. The curves of body weight changes are displayed
in Fig. 7A, where no significant body weight losses are
noted in all groups. Histology analysis of major
organs from mice 16 days after treatment indicates
—=— Control (l) that neither noticeable organ damage nor
154 —e—Laser (Il) inflammation is associated with various treatments
——DOX (Il (Fig. 7B). Moreover, the blood samples were gathered
—+—GO-Au@PANI+laser (IV) from the mice for blood analysis. The liver function
. . - C?O'A lf@PA'N ad D(:)X+Ialser (Y) markers (alkaline phosphatase, alanine
0 2 4 6 8 10 12 14 16 aminotransferase, and aspartate aminotransferase)
. Days and kidney function marker (blood urea nitrogen) are
Heart Kidney Liver Lung Spleen measured to be normal (Fig. S8), suggesting no
\ 2 ; : o evident renal and hepatic disorder of mice induced by
the treatments. Therefore, these results reveal that the
GO-Au@PANI based chemo-photothermal therapy
induces no significant side effect to the tumor-bearing
mice.
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Figure 7. A) Mean body weights of mice in various groups. B) Micrographs of H&E
stained organ slices acquired at 16 days post-treatment (Group I: control, Group llI:
DOX, Group IV: GO-Au@PANI+laser, Group V: GO-Au@PANI/DOX+laser, scale
bar: 200 pm).
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Conclusion

In summary, we have successfully fabricated
biocompatible graphene and AuNP core polyaniline
shell nanocomposites for biomedical applications for
the first time. The GO-Au@PANI nanocomposites
show good biocompatibility, outstanding stability,
strong NIR absorbance high drug loading efficiency
and sensitive NIR/pH-responsive drug releasing
capacity, which promote the practical application of
GO-Au@PANI  for  high-performance  chemo-
photothermal therapy in vitro and in wvivo. The
nanohybrids also reveal excellent NIR SERS activity,
which have been served as the ultra-sensitive
nanoprobes for rapid SERS imaging of cancer cells.
Real-time monitoring of intracellular drug release
from GO-Au@PANI has then been carried out using
SERS-fluorescence dual mode imaging. Further
investigation should pay attention to the long-term
systemic toxicity of graphene-based nanostructures.
The fabrication of these multifunctional theranostic
platforms for integrated SERS real-time monitoring
and chemo-photothermal therapy which can be an
efficient strategy for imaging-guided cancer therapy.
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