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Folic acid-conjugated gold
nanorod@polypyrrole@FezO, nanocomposites for
targeted MR/CT/PA multimodal imaging and
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Integrating multimodal bioimaging and different therapies into one nanoplatform is a promising strategy for
biomedical applications, but remains a great challenge. Herein, we have synthesized a biocompatible folic
acid (FA) functionalized gold nanorod@polypyrrole@FezO4 (GNR@PPy@FezO4-FA) nanocomposite through
a facile method. The conjugated FA has endowed the nanocomposite with the ability to recognize targeted
cancer cells. Importantly, the nanocomposite has been successfully utilized for magnetic resonance (MR),
computed tomography (CT) and photoacoustic (PA) multimodal imaging. Moreover, the
GNR@PPy@Fez0,4-DOX nanocomposite pH-responsive chemotherapy and enables the
integration of photothermal therapy and chemotherapy to achieve superior antitumor efficacy. The

shows

GNR@PPy@Fez0O,4-DOX nanocomposites have a drug release of 23.64%, and the photothermal efficiency
of the GNR@PPy@FezO4 nanocomposites reaches 51.46%. Cell viability decreases to 15.83% and 16.47%
because of the combination of chemo-photothermal therapy effects. Moreover, the GNR@PPy@FezO4-
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multimodal imaging and chemo-photothermal therapy effects showed that the GNR@PPy@FezO,-DOX-
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Introduction

Cancer has seriously threatened human health, and traditional
chemotherapy is still one of the most common methods used
for cancer therapy.'” However, chemotherapy drugs are often
considered to easily cause systemic side effects and induce
complications to patients when killing cancer cells, because of
the lack of specificity for cancer cells and their serious toxicity to
normal cells and tissues.*® Thus, the development of nano-
biotechnology and photothermal therapy (PTT), which is able to
kill cancer cells through converting absorbed near-infrared
(NIR) light into localized heat by using NIR-absorbing agents,
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could be a promising theranostic platform for cancer diagnosis and therapy.

has been explored for cancer therapy.®® Compared with tradi-
tional clinical therapies, such as surgery, chemotherapy or
radiotherapy, PTT is a minimally invasive, highly selective
therapy technique with low side effects.” Therefore, various
materials with strong absorbance in the NIR region have drawn
much attention, such as gold-based nanostructures,'*® gra-
phene oxide,*® CuS/Se related materials"*® and carbon
nanotubes.”®”* Among these nanostructures, gold nanorods
(GNRs) have been extensively investigated as contrast and
photothermal agents because of their superior optical proper-
ties, such as high absorption and tunable aspect-ratio depen-
dent surface plasmon resonance (SPR) across the NIR
region.”>** However, their biomedical applications are often
limited, owing to the toxicity of the surfactant CTAB without
further modification. Generally, in order to improve the
biocompatibility of GNRs, an effective method is coating
biocompatible shells on the surface of GNRs, such as silica or
polymers.

Recently, polypyrrole (PPy), a new type of conductive and
biocompatible material, has been widely used in biomedical
applications.* Benefiting from its good biocompatibility and
high conductivity, PPy as a shell material can increase the
biosafety and stability of GNRs.”* In addition, it has been

This journal is © The Royal Society of Chemistry 2019
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reported that PPy is one of the best nanocarriers for drug
delivery.***” So, a combination of chemotherapy and photo-
thermal therapy can be achieved in one nanoplatform by using
PPy-coated GNRs. And the therapeutic effect can be further
enhanced in comparison with PTT or chemotherapy alone.?®

Besides, enrichment of nanomaterials at the tumor site can
improve the killing effect on tumor cells. In order to enhance
the tumor targeting and cellular uptake ability of our thera-
nostic agent, folic acid (FA), a nonimmunogenic receptor-
specific ligand, has emerged as an attractive specific ligand
for targeted anticancer drug delivery, because folate receptors
are often overexpressed on the surface of human cancer
cells.”**® Furthermore, combining therapeutic and diagnostic
modalities into a platform has evolved as a new paradigm in
cancer therapies.** Thus, an ideal nanoplatform for cancer
therapy should not only allow treatment by chemo-
photothermal effect and targeted delivery of therapeutic
agents, but also provide detailed information on tumor char-
acteristics via various forms of bioimaging.*>** To this end, it is
important to explore multifunctional therapeutic platforms by
a combination of different imaging and therapy modalities for
multimodal bioimaging-guided cancer therapies.

Therefore, in this study, we developed a multifunctional
theranostic agent, GNR@PPy@Fe;0,-DOX-FA nanocomposites,
which provided cell targeting through FA and magnetic field, for
MRI/CT/PA triple mode imaging and chemo-photothermal
therapy for hepatocellular carcinoma. GNRs were synthesized
by the seed growth method, and were successfully encapsulated
with PPy NPs via a facile aqueous dispersion polymerization
using FeCl; as oxidant and polyvinylpyrrolidone (PVP) as
a stabilizer. Then, Fe;0, was produced by reaction of Fe** and
Fe** with ammonium hydroxide on PPy in situ. The
GNR@PPy@Fe;0, nanocomposites were obtained and then
modified with DOX and FA. GNRs can be used for CT and PA
imaging and are also a good PTT agent; the Fe;O, component
can be used as an MRI contrast. DOX can be used for chemo-
therapy as an antineoplastic agent and Fe;0, and folic acid can
enhance the targeting of cancer cells. Our results showed that
GNR@PPy@Fe;0, nanocomposites had a high photothermal
efficiency of 51.46%, and the cell viability of cancer cells
decreased to 15.83% and 16.47% because of chemo-
photothermal therapy by GNR@PPy@Fe;0,-DOX-FA nano-
composites. The combined functionalities have great potential
in biomedical applications, showing a powerful way to person-
alize the treatment of diseases.

Materials and methods
Materials

Hexadecyltrimethylammonium bromide (CTAB, 99%), ascorbic
acid (AA, 99.99% metal basis), silver nitrate (AgNO3, >99%),
sodium borohydride (NaBH,, 99%), hydrogen tetrachloroaurate
trihydrate (HAuCl,-3H,0, 99.9% metal basis), doxorubicin
(DOX) and polyvinylpyrrolidone (PVP, molecular weight: 40 000)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). (3-
Aminopropyl) triethoxysilane (APTES, AR), ferric chloride
hexahydrate (FeCl;-6H,0, 99%), ammonium hydroxide
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(NH;3-H,O, 25-28%) and pyrrole (Py) were obtained from
Aladdin (Shanghai, China). Folic acid (FA, AR) was obtained
from Xiya Reagent. Ultrapure water (18.2 MQ resistivity) was
obtained with a Milli-Q water purification system (Millipore,
USA) and used throughout the experiments. Dulbecco's modi-
fied Eagle's medium (DMEM) and fetal bovine serum (FBS) were
purchased from Thermo Scientific (Logan, Utah, USA). Peni-
cillin and streptomycin, Cell Counting Kit-8 (CCKS), 4,6
diamidino-2-phenylindole (DAPI) and trypsin were obtained
from MesGenBiotech (Shanghai, China).

Characterization

Transmission electron microscopy (TEM) images were recorded
on a JEM-2100 system. Fourier transform infrared spectra (FT-
IR) were acquired on a Thermo Nicolet iS50 FT-IR Spectrom-
eter. UV-Vis-NIR absorption spectra were obtained using an
Agilent Cary 5000 UV-Vis-NIR Spectrophotometer. Inductively
coupled plasma optical emission spectroscopy (ICP-OES) was
used to measure the content of Au and Fe in the nanomaterials.
The photothermal properties of GNR@PPy@Fe;O, were
acquired on an 808 nm laser (BWT: diode laser system) and the
temperature was assessed by a thermocouple microprobe
(STPC-510P, Xiamen Baidewo Technology Co., China). The MRI
were recorded on a 9.4T (Bruker Biospec) Small Animal MR
Imaging System. The PAI were acquired on Small Animal PA
Imaging System (Endra's Nexus 128). The CT imaging was
assessed by a Positron Emission Tomography/Computed
Tomography Inveon PET/CT (Siemense) system.

Synthesis of gold nanorods (GNRs)

GNRs were synthesized by the seed growth method with little
modification.* Briefly, the gold seeds were firstly synthesized by
adding HAuCl, (10 mM, 0.25 mL) into the CTAB solution
(39.8 mg mL™', 9.15 mL). Then, freshly prepared, ice-cold
NaBH, (10 mM, 0.6 mL) was quickly injected into the
HAuCl,-CTAB solution under vigorous stirring for 2 min. Then,
the seed solution was aged at room temperature for 1 h before
use. To further grow GNRs, the CTAB solution was first
prepared. 3.64 g of CTAB was dissolved in 100 mL of warm water
at 60 °C. The solution was naturally cooled to 30 °C, and
subsequently 5 mL of 10 mM HAuCl, solution was added. The
mixture was kept undisturbed at 30 °C for 10 min, after which
1 mL of 10 mM AgNO; solution was added, and slowly stirred
for 5 min. 2 mL of 0.5 M H,SO, was then injected into the
reaction system and stirred for 5 min. This was followed by the
addition of 0.8 mL of 0.1 M ascorbic acid into the mixed solu-
tion, and the solution was vigorously stirred for 30 s until it
became colourless. Finally, 0.24 mL of seed solution was
injected into the growth solution. The resultant mixture was
stirred for another 30 s and left undisturbed at 30 °C for 12 h for
growth of GNRs. The reaction products were isolated by
centrifugation at 8000 rpm for 30 min, and washed with ultra-
pure water twice. The precipitates were re-dispersed in 40 mL of
ultrapure water. The GNRs prepared here had a longitudinal
surface plasma resonance band centered at 798 nm modified
with CTAB.

RSC Adv., 2019, 9, 18874-18887 | 18875
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Preparation of GNR@PPy nanoparticles

4 mL of GNR solution was mixed with 36 mL of aqueous solu-
tion containing 200 mg of PVP and 80 mg of FeCl;, by vigorous
stirring and ultrasonication for 30 min. Then 20 pL of pyrrole
was dropped into the solution and oxidative polymerization was
carried out for 4 h at room temperature to obtain GNR@PPy
nanoparticles. The solution was directly used in the next step to
synthesize the GNR@PPy@Fe;0, nanoparticles

Preparation of GNR@PPy@Fe;0, nanocomposites

The temperature of the GNR@PPy nanoparticle solution was
raised to 70 °C; then 1 mL of 1% NH;-H,O was injected into the
solution, under stirring by mechanical agitation. The resulting
nanoparticles were washed three times with deionized water
after magnetically-assisted precipitation to remove excess PPy
and other reactants. The total weight of the composite was
measured by weighing the completely dried form of the final
GNR@PPy@Fe;0, product.

DOX loading and modification with folic acid

4 mL of 1 mg mL™! GNR@PPy@Fe;0, nanocomposites was
mixed with an equal volume of 1 mg mL™ ' DOX solution by
violently stirring for 24 h in the dark. The obtained
GNR@PPy@Fe;0,-DOX nanocomposites were collected after
centrifugation and washing with ethanol three times. The
amount of DOX in the supernatant was measured by UV-Vis-NIR
absorption spectra.

DOX loading capacity (%)

_ total DOX — free DOX content in supernatant
N weight of nanomaterials

% 100% (1)

0.2 mg mL " of FA and 20 pL of APTES were added into 6 mL of
ethanol and stirred for 2 h in the dark. Then, 2 mL of
GNR@PPy@Fe;0,-DOX solution was injected into the above
solution under magnetic stirring for 12 h. In order to remove
the excess reagents, the products of GNR@PPy@Fe;0,-DOX-FA
nanocomposites were collected via centrifugation at 8500 rpm
for 25 min and re-dispersed in 2 mL of ethanol.

DOX release

In order to explore the in vitro release kinetics of DOX, 2 mL
aliquots of GNR@PPy@Fe;0,-DOX solution were respectively
mixed with 20 mL of pH 4.8, 5.6, 6.6 and 7.4 PBS buffer solu-
tions, and then the supernatants were collected by centrifuga-
tion after different periods of incubation time (0.5, 1, 1.5, 2, 4, 6,
12, 24 and 48 h). The release amount of DOX in the supernatant
was measured by UV-Vis-NIR absorbance spectroscopy.

Photothermal test

To study the photothermal performance of GNR@PPy@Fe;0,
nanocomposites, 1 mL aliquots of aqueous solutions of the
GNR@PPy@Fe;0, nanocomposites at different concentrations
(6.25, 12.5, 25, 50 and 100 pg mL™ ') were irradiated with an
808 nm laser at a power of 2 W for 10 min, where the spot area of
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the 808 nm laser was 1 cm®. The temperatures of the solutions
were monitored by a digital thermometer. Then, the photo-
thermal conversion efficiency n was calculated with eqn (2),
where Ty,.x and Ty, are the maximum and initial temperatures
of the solution, % is the heat-transfer coefficient, S is the area
cross-section perpendicular to conduction, Qg;s is the outgoing
thermal energy with laser power, I, and absorbance of

GNR@PPy@Fe;0, nanocomposites at a wavelength of
808 nm.*
hS(Tmax - Tsur) - Qdis
= 2
K I(1— 104 )

Cytotoxicity and chemo-photothermal therapy evaluation

HepG2 and SMMC-7721 cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) with 10% fetal bovine serum
(FBS), 100 mg mL ™" of penicillin and 100 mg mL ™" of strepto-
mycin in a humidified atmosphere containing 5% CO, at 37 °C.
The cytotoxicities of GNR@PPy@Fe;0, and GNR@PPy@Fe;0,-
FA nanocomposites against HepG2 and SMMC-7721 cells were
determined with Cell Counting Kit-8 (CCK-8 kit). In a typical
experiment, approximately 1 x 10* HepG2 or SMMC-7721 cells
were seeded in 96-well culture plates and then incubated with
different concentrations of GNR@PPy@Fe;0, or
GNR@PPy@Fe;0,-FA nanocomposites (50, 100, 150, 200, 250
and 300 pg mL ') for 24 h in a humidified chamber at 37 °C
with 5% CO,. Cell viabilities were evaluated with CCK-8
according to the manufacturer's protocol.

mean absorbance value of treatment group

Viability% =
iability” mean absorbance value of control group
x 100% (3)
Pyrrole NH, H,0, ° &
- @D — i o . =

PVP,FeCl, 70°C, 1h
Chemo-photothermal

Therapy NIR 808nm

Fig. 1 Schematic illustration of synthetic route and chemo-photo-
thermal therapy for GNR@PPy@FezO4-DOX-FA nanocomposites.

This journal is © The Royal Society of Chemistry 2019
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For photothermal therapy experiments, HepG2 or SMMC-
7721 cells were incubated in 96-well plates at 37 °C in
a humidified atmosphere containing 5% CO, for 24 h. The
GNR@PPy@Fe;0,-FA and GNR@PPy@Fe;0,-DOX-FA nano-
composites at different concentrations (50, 100, 150, 200, 250
and 300 pg mL ") were added and the cells were further incu-
bated for 24 h. With or without irradiation by an 808 nm laser
(0.65 W) for 3 min, the cells were incubated at 37 °C for another
24 h. The cell viabilities were studied by standard CCK-8 assays.

In vitro cellular uptake

Briefly, 5 x 10* HepG2 cells were seeded into a cell culture dish
and cultured for 24 h to allow the cells to attach. Afterwards,
GNR@PPy@Fe;0,-DOX and GNR@PPy@Fe;0,-DOX-FA nano-
composites of a certain concentration were injected into fresh
medium and incubated for some time with or without a magnet.
Thereafter, cells were washed with PBS and fixed by 4% form-
aldehyde for 10 min. The cell nuclei were stained with DAPI (1
ng mL™ ). The fluorescence images of the cells were acquired
using a confocal laser scanning microscope (CLSM). And
inductively coupled plasma optical emission spectroscopy (ICP-
OES) was used to measure the concentration of Au and Fe after
cellular uptake.

In vitro MR, CT and PA imaging

In vitro CT imaging of GNR@PPy@Fe;0,-FA nanocomposites
was carried out by a Positron Emission Tomography/Computed
Tomography (Siemens Inveon PET/CT) system. The samples
were diluted in water and the concentrations of Au (determined
by ICP-MS) were 0.21, 0.42, 0.84, 1.68, 3.36 and 6.72 mM. The
control sample was fixed with 1% agar and water. The CT
images and obtained CT values were analysed.

In vitro MR imaging of GNR@PPy@Fe;O,-FA nano-
composites was studied in a Bruker 9.4T Biospec Small Animal
MR Imaging System. Using water as the reference, the concen-
trations of Fe (determined by ICP-MS) in the samples were 0.03,

A

50nm
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0.06, 0.12, 0.25, 0.49, 0.98 and 1.97 mM, respectively. The T,
relaxivity value (r,) of GNR@PPy@Fe;0,-FA was calculated by
linear fitting of 1/T, and the concentration of Fe.

In order to study the in vitro PA imaging function of the
GNR@PPy@Fe;0,-FA nanocomposites, in vitro PA imaging
experiments were carried out on an Endra Nexus 128 Fully 3-D
Photoacoustic CT Scanner. The PAI data of aqueous solutions
containing different concentrations (0.016, 0.032, 0.063, 0.125
and 0.25 mg mL ") of GNR@PPy@Fe;0,-FA nanocomposites
were obtained under 808 nm laser irradiation. The data were
analysed with the corresponding software, and the PA images
and PA signal values of the GNR@PPy@Fe;O,-FA nano-
composites were acquired.

In vivo multimodal imaging

Female mice were purchased from China Wushi, Inc.
(Shanghai, China). All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Xiamen University and approved by the Animal
Ethics Committee of Xiamen University. 100 pL of ascites was
injected into each mouse. When the tumour volume was about
100 mm?® , GNR@PPy@Fe;0,-FA (2 mg mL~, 100 pL) was
injected through the tail vein. CT/MR/PA multimodal imaging
was carried out before and 24 h after injection.

In vivo chemo-photothermal therapy evaluation

To further prove the potential of the GNR@PPy@Fe;0,-DOX-FA
nanocomposites for in vivo cancer therapy, the tumor-bearing
mice were divided into six groups (three mice per group): (1)
control group (intravenous injection with PBS), (2) intravenous
injection with GNR@PPy@Fe;04 (100 pL, 2 mg mL™Y), (3)
GNR@PPy@Fe;0,-DOX-FA (100 pL, 2 mg mL™Y), (4)
GNR@PPy@Fe;0,-DOX (100 pL, 2 mg mL™ ") + laser, (5)
GNR@PPy@Fe;0,-FA (100 pL, 2 mg mL™') + laser, (6)
GNR@PPy@Fe;0,-DOX-FA (100 uL, 2 mg mL™') + laser. The
laser irradiation was applied to the tumor area (2 W em ™2, 5

S50nm

Fig. 2 TEM images of (A) GNRs, (B) GNR@PPy nanoparticles, and (C) GNR@PPy@FezO4 nanocomposites.

This journal is © The Royal Society of Chemistry 2019
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(A) UV-Vis-NIR absorption spectra of GNRs (a), GNR@PPy (b), GNR@PPy@FezO, (c), GNR@PPy@FezO4-DOX (d), GNR@PPy@FezO4-DOX-

FA (e), DOX (f) and FA (g) nanocomposites, where the concentrations of these nanocomposites were about 40 pg mL™%; (B) the FTIR spectra of
the prepared GNR@PPy (a), GNR@PPy@FezO4 (b), GNR@PPy@FezO4-DOX (c) and GNR@PPy@FezO4-DOX-FA (d) nanocomposites. The inset
shows the characteristic peaks of GNR@PPy@FezO,4-DOX-FA nanocomposites at 1646 cm ™, 1606 cm ™! and 1574 cm™2. Inset is the spectrumin

the wavenumber range of 1550-1660 cm™2.

min) 24 h after intravenous injection. The changes in tumor
volume and body weight were measured every two days.

Results and discussion
Synthesis of GNR@PPy@Fe;0, nanocomposites

The overall procedure for the formation of GNR@PPy@Fe;0,
nanocomposites is illustrated in Fig. 1. The CTAB-capped GNRs
were firstly synthesized by the seed growth method, and then
GNRs were introduced to a solution of PVP and FeCl;. Next, the
pyrrole monomers were added into the complex solution. The
PPy shell was coated onto the surface of the GNRs via oxidative
polymerization using FeCl; as an oxidation agent and PVP as
a capping agent and dispersion aid.*® Furthermore, we utilized
unreacted Fe*" and reduced Fe*" ions to produce Fe;0, crystals
in situ on the surface of GNR@PPy nanoparticles without any
additional iron precursors by using the coprecipitation method.

Characterizations of GNR@PPy@Fe;0,-DOX-FA
nanocomposites

TEM was used to study the structure of the GNR@PPy@Fe;0,
nanocomposites. As shown in Fig. 2A, the GNRs were about
57.98 nm in length and about 13.9 nm in width, and the average
aspect ratio (length to diameter ratio) of the GNRs was 4.0. After
the reaction, GNRs were coated with PPy, and the thickness of
the PPy layer was about 16.17 nm (Fig. 2B). As shown in Fig. 2C,
GNR@PPy@Fe;0, nanocomposites with a well-defined struc-
ture were successfully synthesized. ICP-OES was used to analyse
the elements in the GNR@PPy@Fe;0, nanocomposites. The
amounts of Au and Fe in the GNR@PPy@Fe;O, nano-
composites were about 23.59% and 31.52%, respectively. The
particle size distributions of GNR@PPy@Fe;0,-DOX-FA in
water and PBS were also found. As shown in Fig. S1,f the
effective diameters of GNR@PPy@Fe;0,-DOX-FA in water and
PBS were 118 nm and 137 nm, respectively. The results

18878 | RSC Adv,, 2019, 9, 18874-18887

indicated that the GNR@PPy@Fe;0,-DOX-FA nanocomposites
have good dispersion in water and phosphate buffer saline
(PBS) solutions.

Fig. 3A shows the UV-Vis-NIR absorption spectra of GNRs,
and GNR@PPy, GNR@PPy@Fe;0,, GNR@PPy@Fe;0,-DOX and
GNR@PPy@Fe;0,-DOX-FA nanocomposites. The GNRs had two
absorbance peaks at 509 and 798 nm, which match the TEM
images in Fig. 2A. After coating with PPy, a clear red shift in the
absorption spectra of GNR@PPy and GNR@PPy@Fe;O, nano-
composites was observed. The reason is that the PPy shell alters
the localized electric field distribution of the GNRs.
GNR@PPy@Fe;0,-DOX and GNR@PPy@Fe;0,-DOX-FA still
exhibited strong NIR absorbance, and the GNRs showed
a characteristic absorption peak of DOX near 480 nm, indi-

cating that the DOX was successfully loaded onto
254 pH 4.8 ——pH 5.6 ——pH 6.6 ——pH 7.4

s :
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Fig. 4 DOX release profile of GNR@PPy@FezO4-DOX nano-

composites at different pH values.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Photothermal effect of GNR@PPy@FezO4 nanocomposites. (A) Photothermal heating curves of GNR@PPy@FezO4 nanocomposites with
different concentrations exposed to 808 nm laser irradiation for 10 min at a power of 2 W; (B) photothermal characteristics of 25 pg mL™t
GNR@PPy@FezO,4 nanocomposites under 808 nm laser irradiation at various powers for 10 min.

GNR@PPy@Fe;0,. Moreover, FA had a typical absorption peak In addition, the characteristic bond vibrations of the
at 280 nm, which was observed in the GNR@PPy@Fe;0,-DOX- samples were identified by using FTIR spectroscopy (Fig. 3B).
FA nanocomposites, demonstrating that FA was successfully For GNR@PPy nanocomposites, the characteristic peaks of
conjugated onto GNR@PPy@Fe;0,-DOX. 1287 and 1421 cm ' corresponded to the C-H stretching
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Fig. 6 (A) The temperature change curve of GNR@PPy@FezO,4 aqueous solutions under 808 nm laser irradiation for 10 min; (B) the corre-
sponding linear fitting of the irradiation time obtained from the cooling phase and —In (4); (C) evaluation of photothermal stability of
GNR@PPy@Fez0O4 nanocomposites at a concentration of 25 pg mL ™! through five cycles of an on-and-off laser.
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Fig.7 CLSM images of HepG2 cells incubated with 200 pg mL™* GNR@PPy@Fez04-DOX and GNR@PPy@Fez0,4-DOX-FA nanocomposites for
4 h with or without an external magnetic field. Scale bar: 20 pm.

GNR@PPy@Fe, O, GNR@PPy@Fe, O, GNR@PPy@Fe,O,
-DOX+magnet

GNR@PPy@Fe,O,
-DOX-FA-+magnet

vibration and N-H deformation vibration of polypyrrole, Compared with the GNR@PPy nanocomposites, the FTIR
respectively. The peak at 1640 cm ™" was related to the stretching spectra of the GNR@PPy@Fe;O, nanocomposites showed

vibration of C=0, which was affected by the surfactant PVP. a characteristic absorption peak of Fe-O at 553 cm ',
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Fig. 8 CLSM images of HepG?2 cells incubated with 300 pg mL~! GNR@PPy@Fez0,4-DOX-FA nanocomposites for 1, 4, 6 and 8 h. Scale bar: 50

um.

confirming that we had successfully synthesized
GNR@PPy@Fe;0, nanocomposites. The characteristic peaks of
1210 em™" and 981 cm™' were attributed to the bending
vibrations of C-H and C-C=0 of DOX, which verified the
successful loading of DOX onto the GNR@PPy@Fe;0, nano-
composites.”” In addition, the FTIR spectrum of
GNR@PPy@Fe;0,-DOX-FA displayed the C=O stretching
vibration and benzene skeleton vibration at 1646 cm ' and

This journal is © The

1606 cm™ ', confirming the successful conjunction of FA on the
surface of the GNR@PPy@Fe;0, nanocomposites.*

DOX loading and release

To further investigate the drug loading and release of
GNR@PPy@Fe;0, nanocomposites, DOX was loaded onto the
surface of GNR@PPy@Fe;0, nanocomposites by simply mixing

RSC Adv., 2019, 9, 18874-18887 | 18881
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0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

DOX aqueous solutions overnight to form GNR@PPy@Fe;0,-
DOX nanocomposites. The DOX concentration was determined
from the typical absorption peak of DOX at about 480 nm with
the established standard curve (Fig. S21). The loading capacity
of DOX was 11.37%. To test the DOX release profile,
GNR@PPy@Fe;0,-DOX was dispersed in PBS at all pH values of
4.8, 5.6, 6.6 and 7.4.*° As shown in Fig. 4, the release amount of
DOX at pH 7.4 was only about 12.01% over 48 h. However, about
23.64%, 19.19% and 13.41% DOX were released at pH 4.8, 5.6
and 6.6 over 48 h. The pH-dependent drug release of DOX from
GNR@PPy@Fe;0,-DOX nanocomposites is beneficial for cancer
therapy.

Photothermal properties of GNR@PPy@Fe;0,
nanocomposites

The strong absorption of GNR@PPy@Fe;0, nanocomposites in
the NIR area motivated us to explore their NIR photothermal
properties. The photothermal effect of GNR@PPy@Fe;0,
nanocomposites was investigated by measuring the tempera-
ture changes in GNR@PPy@Fe;0, solution at various concen-
trations (0, 6.25, 12.5, 25, 50 and 100 pg mL~ ") under 808 nm

18882 | RSC Adv., 2019, 9, 18874-18887

laser irradiation (2 W). As shown in Fig. 5A, with an increase in
the concentration of GNR@PPy@Fe;0, nanocomposites or NIR
laser irradiation time, the temperature of the solutions
increased rapidly. Furthermore, the temperature of the
GNR@PPy@Fe;0, solution (25 pug mL™') showed a 25.7 °C
increase (from 32.6 °C to 58.3 °C) after 808 nm laser irradiation
for 10 min, while the pure water showed negligible changes.
Moreover, GNR@PPy@Fe;O, nanocomposites displayed an
obvious laser-power-dependent photothermal effect (Fig. 5B).
These data indicated that GNR@PPy@Fe;0, could act as an
efficient photothermal coupling agent. Subsequently, in order
to further study, the photothermal conversion properties of
GNR@PPy@Fe;0,, 25 ug mL ™" of GNR@PPy@Fe;0, aqueous
solution was continuously exposed to near infrared light and
then naturally cooled to room temperature after rising to its
highest temperature (Fig. 6A and B). According to the obtained
data, the photothermal conversion efficiency of the
GNR@PPy@Fe;0, nanocomposites was calculated to be about
51.46%. As shown in Fig. 6C, the photothermal conversion
efficiency of the GNR@PPy@Fe;0, nanocomposites remained
stable without significant changes after five laser irradiation

This journal is © The Royal Society of Chemistry 2019
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cycles, indicating that

photostability.

GNR@PPy@Fe;0, had good

In vitro cellular uptake of GNR@PPy@Fe;0,-DOX-FA
nanocomposites

Prior to investigation of the as synthesized nanocomposites for
further therapy applications, the GNR@PPy@Fe;0,-DOX-FA
nanocomposites were incubated with HepG2 to evaluate their
cell uptake behaviour. After incubation for 4 h, the cells were
collected and the cellular red fluorescence of DOX was visual-
ized by a confocal laser scanning microscope (CLSM). Fig. 7
shows that the fluorescence intensity of HepG2 cells treated
with GNR@PPy@Fe;0,-DOX-FA was considerably higher than
that of GNR@PPy@Fe;0,-DOX, indicating that folic acid
enhanced the targeting of the composite nanomaterials to the
cells. Moreover, the cellular uptake of GNR@PPy@Fe;0,-DOX-
FA under the influence of an external magnetic field was
higher than that without the magnetic field. The cellular

This journal is © The Royal Society of Chemistry 2019

uptakes of Au and Fe are listed in Table S1.T The amounts of Au
and Fe increased with a magnetic field. In addition, the cellular
uptake of GNR@PPy@Fe;0,-DOX-FA exhibited time-dependent
behavior (Fig. 8). These results suggested that the
GNR@PPy@Fe;0,-DOX-FA nanocomposites can be efficiently
taken up by cancer cells and enable specifically targeted delivery
of DOX into cancer cells via FA and magnetically targeted.

Cytotoxicity evaluation and chemo-photothermal therapy

In order to achieve further bioapplications of the
GNR@PPy@Fe;04-FA nanocomposites, their biocompatibility
was a primary concern. Therefore, the cell viability for HepG2
and SMMC-7721 cells incubated with GNR@PPy@Fe;0, or
GNR@PPy@Fe;04-FA nanocomposites at different concentra-
tions for 24 h was determined by CCK-8 assay. Fig. 9A and C
show the high cell viabilities of HepG2 and SMMC-7721 cells
even when the concentrations of GNR@PPy@Fe;O, or
GNR@PPy@Fe;04-FA nanocomposites reached 300 pug mL ™"

RSC Adv., 2019, 9, 18874-18887 | 18883
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Fig. 11

This meant that GNR@PPy@Fe;0, and GNR@PPy@Fe;0,-FA
had low toxicity against HepG2 and SMMC-7721 cells, con-
firming that GNR@PPy@Fe;O0, and GNR@PPy@Fe;0,-FA
nanocomposites had good biocompatibility.

Furthermore, to evaluate the effect of chemo-
photothermal therapy in vitro, HepG2 or SMMC-7721 cells
were incubated with different concentrations of
GNR@PPy@Fe;04-FA and GNR@PPy@Fe;0,-DOX-FA for
24 h. Then the cells were treated with or without NIR irra-
diation. Subsequently, the cells were incubated for another
24 h and a CCK-8 assay was carried out to test cell viability. As
shown in Fig. 9B and D, after 808 nm laser irradiation (0.65
W), the GNR@PPy@Fe;0,-DOX-FA nanocomposites exhibi-
ted a higher cell killing effect in HepG2 and SMMC-7721 cells
at all tested concentrations than the GNR@PPy@Fe;0,-DOX-
FA without laser irradiation or the GNR@PPy@Fe;0,4-FA with
laser irradiation. The results indicated that the therapeutic
effect of chemo-photothermal therapy was better than that of
chemotherapy or photothermal therapy alone, demon-
strating the synergistic effect of chemo-photothermal
treatment.

In vitro multimode imaging of GNR@PPy@Fe;0,-FA
nanocomposites

Because gold nanomaterials can be employed as CT imaging
contrast agents, we measured the CT contrast efficacy of as-
synthesized GNR@PPy@Fe;04,-FA nanocomposites. As
shown in Fig. 10A, the enhancement effect of
GNR@PPy@Fe;0,4-FA with different concentrations of Au on
CT imaging was studied. The signal intensity of
GNR@PPy@Fe;0,4-FA increased with an increase in Au

18884 | RSC Adv., 2019, 9, 18874-18887

In vivo CT images (A), MR images (B) and PA images (C) of GNR@PPy@FezO4-FA nanocomposites before and 24 h after injection.

concentration. The CT values of GNR@PPy@Fe;0,-FA were
linearly related to the concentration of Au in the materials,
which indicated that GNR@PPy@Fe;0,-FA nanocomposites
can be used as a contrast agent for CT imaging.

The potential of GNR@PPy@Fe;0,-FA nanocomposites as
multimode imaging contrast agents was further researched.
The in vitro MR imaging ability of GNR@PPy@Fe;0,-FA
nanocomposites was investigated by a Bruker 9.4T Biospec
Small Animal MR Imaging System. As shown in Fig. 10B, the
images revealed a clear iron-concentration-dependent dark-
ening effect (the concentration of Fe was measured by ICP-
OES). With the increase in Fe concentration, the T, signal
intensity was significantly decreased. In addition, the trans-
verse relaxation rate (r, = 1/T,) was linearly related to Fe
concentration. The transverse relaxation rate of the
GNR@PPy@Fe;0,4-FA nanocomposites was calculated to be
26.7 mM~' s'. These results demonstrated that
GNR@PPy@Fe;0,4-FA nanocomposites showed promise for
use as a T,-weighted negative contrast agent for MRI.

The strong NIR absorption of GNRs and PPy motivated us
to study the PA property of the GNR@PPy@Fe;0,-FA nano-
composites. Fig. 10C shows that the PA signal increased
gradually with an increasing concentration of
GNR@PPy@Fe;0,-FA at 808 nm, suggesting that the
GNR@PPy@Fe;0,4-FA nanocomposites would be good as
a contrast agent for PAI applications.

In vivo multimodal imaging and chemo-photothermal therapy
of GNR@PPy@Fe;0,-FA nanocomposites

As a proof-of-concept experiment, we next utilized

GNR@PPy@Fe;0,4-FA nanocomposites as a contrast agent for in

This journal is © The Royal Society of Chemistry 2019
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various treatments.

vivo CT/MR/PA multimodal imaging. The CT, MR and PA
images were performed before and after intravenous injection
with GNR@PPy@Fe;0,-FA nanocomposites into tumor-bearing
mice. As shown in Fig. 114, the CT signal in tumor tissue was
greatly enhanced 24 h after injection with GNR@PPy@Fe;0,-
FA. Then, the in vivo MRI contrast effects of GNR@PPy@Fe;0,-
FA were investigated on a 9.4T MRI instrument. An obvious
darkening effect at the tumor site was observed after the
administration of GNR@PPy@Fe;0,-FA nanocomposites.
Consistent with the CT and MRI findings, the PA signal in the
tumor region was also significantly enhanced after intravenous
injection with the nanocomposites. These results demonstrated

This journal is © The Royal Society of Chemistry 2019

that GNR@PPy@Fe;0,-FA nanocomposites could be a prom-
ising multimodal contrast agent for in vivo CT, MR and PA
bioimaging.

Then, we examined the effect of chemo-photothermal
therapy in vivo. It can be seen in Fig. 12 that the tumor
growth was significantly inhibited in mice intravenously injec-
ted with GNR@PPy@Fe;0,-DOX-FA after NIR laser irradiation.
However, tumors in other treatment groups showed relatively
rapid  growth. These results demonstrated that
GNR@PPy@Fe;0,-DOX-FA could be a promising agent for
combined PTT and chemotherapy in vivo.

RSC Adv., 2019, 9, 18874-18887 | 18885
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Conclusions

In summary, we have successfully synthesized
GNR@PPy@Fe;0,-DOX-FA nanocomposites as multifunctional
theranostic agents for targeted multimodal imaging and
chemo-photothermal therapy. The obtained nanocomposites
have good water dispersion, high photothermal conversion
efficiency and low cytotoxicity. Furthermore, GNR@PPy@Fe;0,-
FA nanocomposites have the potential to be used as contrast
agents for CT, MR and PA imaging. In combination with pho-
tothermal therapy and chemotherapy, GNR@PPy@Fe;0,-DOX-
FA nanocomposites can effectively kill tumor cells and achieve
excellent tumor therapy. The targeting ability of
GNR@PPy@Fe;0,-DOX-FA nanocomposites can also reduce the
damage to normal tissue during tumor therapy. Therefore, the
synthesized GNR@PPy@Fe;0,-DOX-FA nanocomposites with
multimodal imaging and chemo-photothermal therapy prop-
erties shows great potential in the integration of tumor diag-
nosis and treatment.
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