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Dual-targeting SERS-encoded graphene oxide
nanocarrier for intracellular co-delivery of
doxorubicin and 9-aminoacridine with enhanced

combination therapy+t

Hui Chen, @ * Longgiang Xing, Huiru Guo, Caixia Luo and Xuedian Zhang

A graphene oxide (GO)-based nanocarrier that imparts tumor-selective delivery of dual-drug with
enhanced therapeutic index, is introduced. GO is conjugated with Au@Ag and FezO4 nanoparticles, which
facilitates it with SERS tracking and magnetic targeting abilities, followed by the covalent binding of the
anti-HER2 antibody, thus allowing it to both actively and passively target SKBR3 cells, human breast
cancer cells expressed with HER2. Intracellular drug delivery behaviors are probed using SERS spec-
troscopy in a spatiotemporal manner, which demonstrates that nanocarriers are internalized into the lyso-
somes and release the drug in response to the acidic microenvironment. The nanocarriers loaded with
dual-drug possess increased cancer cytotoxicity in comparison to those loaded with a single drug.
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Attractively, the enhanced cytotoxicity against cancer cells is achieved with relatively low concentrations
of the drug, which is demonstrated to be involved in the drug adsorption status. These results may give us
the new prospects to design GO-based delivery systems with rational drug dosages, thus achieving

rsc.li/analyst optimal therapeutic response of the multi-drug with increased tumor selectivity and reduced side effects.
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Introduction

Conventional chemotherapy of anticancer drugs often goes
along with nonspecific intracellular distribution that limit the
chemotherapeutic efficacy."” In addition, cancer-induced drug
resistance is another serious issue involved in chemotherapy,
which also reduces the therapeutic efficacy.’ > To resolve these
issues, novel therapeutic systems with specific targeting abil-
ities have been designed to selectively deliver anticancer drugs
to cancer cells efficiently.”®® Moreover, two or more thera-
peutic agents can be exploited in the therapy to conquer the
tumor-induced drug resistance.'®™*

In recent years, versatile nanoparticle-based targeted drug
delivery systems are attractive in improving the anti-tumor
therapy.'>'® Nanocarriers are rationally developed to be inte-
grated with ligands that can specifically recognize signatures
on the membranes of tumor cells. For instance, folic acid,**™**
transferrin,?>** peptide®! and antibodies®>® are alternatives
to serve as the active targeting ligands. Advanced drug delivery
systems with recognition abilities can improve the specific cel-
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lular uptake of anti-tumor drugs, and simultaneously decrease
nonspecific accumulation in normal tissue sites, which are
beneficial for limiting the serious side effects. In addition to
this active targeting, a passive magnetic targeting strategy is
also employed to regulate the drug delivery by guiding the
drug nanocarriers directly into the desired tumor site under
an external magnetic field.>**' Through the combination of
both active and passive targeting strategies, drug delivery
systems can be directly transferred to tumor sites and, sub-
sequently, internalized into cancer cells by recognition with
cell surface receptors. This is superior in the demands of
enhanced therapeutic efficacy as well as decreased side effects.

As a new type of carbon material, GO is growing to be a hot
topic in biomedical research recently. Accompanied by the
application potential is the great concern about its biosafety.
Varied physicochemical properties, including types, size, layer
number and surface functionalization, influence the biosafety
of GO. Manipulation of these properties offers the opportunity
to regulate the toxicity of GO. Among them, the proper surface
modification can be effective, since multi-functionalized GO
can be obtained through its abundant oxygen groups on the
surface, such as hydroxyl and carboxylic groups.”® As such,
despite there being still a long journey to study the health
risks of GO materials, we can foresee the attractive opportu-
nities of GO as drug nanocarriers.*>** Moreover, GO-based
nanocarrier is advantageous for high drug loading capacity
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and pH-sensitive drug release.*® Multi-drug loading on GO
may be operable. Graphene-based drug nanocarriers have
been proven to provide a promising platform for efficient drug
delivery with good therapeutic efficacy.>*® For instance, GO
has been utilized as an innovative nanocarrier to deliver anti-
cancer drugs, antibiotics, DNA, RNA, peptides as well as genes,
which offer advanced transport frameworks of a more broad-
ened range of therapeutic agents.”**' However, further inno-
vations to substantially hoist their current abilities are still
needed, which are urgent for the practical transformation of
nanomedicine. For example, the precise imaging ability and
monitoring of therapeutic progress is very challenging,
especially in the complex cellular microenvironment. Lately,
surface-enhanced Raman scattering spectroscopy (SERS) is
emerging as an attractive technique for the detection and
imaging of various biological molecules based on the
vibrational spectroscopy.**** SERS spectroscopy has ultra-high
sensitivity and excellent photostability, which can be utilized
for real-time sensing and imaging.***® These characteristics
make SERS grow in popularity for cancer diagnosis and
therapy. Meanwhile, some important factors, such as the
reproducibility and biocompatibility of SERS constructs are
still needed to be carefully evaluated. With respect to biocom-
patibility, the bio-degradability as wells as toxicity triggered by
nanoparticles need to be addressed properly before the trans-
lation of SERS technology. Despite these hurdles, SERS holds
great opportunities for the development of a more effective
and precise theranostic platform.*” Drug nanocarriers with the
SERS-optical-tracking ability are expected to be powerful for
the noninvasive and rapid investigation of their intracellular
behaviors.*® > Although the thriving nanotechnology develop-
ment paves the way for the design of drug delivery systems
with multifunctional biomedical applications, it is a great
challenge to develop one nanoscale system integrated with the
above-mentioned demands in a rational manner.

Herein, the synthesis of a functional GO-based nanocarrier
featured SERS tracking and dual-targeting is reported. As illus-
trated in Scheme 1, Au@Ag and Fe;O, nanoparticles were
attached to GO, rendering it excellent SERS activity and mag-
netic targeting ability. Afterward, the anti-HER2 antibody was
conjugated to target the cancer cells expressed with HER2.
Furthermore, dynamic monitoring of the targeted delivery of
anticancer drugs was investigated using SERS and fluorescence
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Scheme 1 Schematic illustration of the GO-based dual-targeting
SERS-tracking nanosystem.
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joint spectroscopy. 9AA and DOX, as model drugs, were co-deli-
vered by the nanocarrier to generate enhanced combinational
cytotoxicity against the cancer cells. The enhanced cytotoxicity
is found to occur only when the loaded amount of drug
is under a certain threshold value. To our knowledge, this
is the first report on multi-drug-loaded graphene-based
nanocarriers.

Experimental section

Materials

Graphite powder, ascorbic acid (AA), H,SO, (98%), H,O,
(30 wt%), KMnO, (AR) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Ammonia solution (NH;-H,0), tri-
sodium citrate dihydrate (TSCD) were purchased from
Shanghai Zhongshi Chemical Co., Ltd. Hydrogen tetrachlor-
oaurate(m) trihydrate (HAuCl,-3H,0), silver nitrate (AgNOs3),
sodium borohydride (NaBH,), and cetyltrimethylammonium
bromide (CTAB) were purchased from Alfa Aesar. Poly(acrylic
acid) (PAA, MW1800), poly(allylamine hydrochloride) (PAH,
MW15000), 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), 1-ethyl-
3-(3-dimethylaminopropyl)  carbodiimide  (EDC), and
N-hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich. Ferric chloride hexahydrate (FeCl;-6H,0), ferrous
chloride tetrahydrate (FeCl,-4H,0), 9-aminoacridine (9AA),
doxorubicin (DOX), and chitosan (CTS) were purchased
Aladdin Reagent Co., Ltd. In all experiments, deionized water
(Millipore Milli-Qgrade) with a resistivity of 18.2 MQ c¢m was
used.

Synthesis of GO

Graphite oxide was synthesized from graphite powder using a
modified Hummer’s method.”* Typically, 1.0 g of graphite
powder was added to 23 mL of H,SO, (98%) and the mixture
was under stirring for 12 h. Afterward, while keeping the
mixture in an ice bath, 4.0 g of KMnO, was added. After 1 h,
the mixture was stirred at 40 °C for 30 minutes. Next, the heat
was increased to 100 °C for 30 min. Then, the mixture was
diluted to 100 mL and kept stirring for another 30 min. 10 mL
of 30% H,0, solution was subsequently added and the color
of the mixture rapidly changed to bright yellow. The resulting
mixture was washed several times, first with 5% HCI solution
and then with deionized water, to make the solution become
neutral. The obtained oxidized graphite solution was treated
with an ultrasonic probe at 400 W for 30 min, which was then
centrifuged at 7378g for 30 min. GO was obtained in the super-
natant, which was stable and did not precipitate for several
months.

Chitosan functional GO

CTS solution of 1.0 wt% was prepared by dissolving CTS in
0.5% (v/v) aqueous acetic acid solution. Then, 4 mL of the pre-
pared chitosan solution was added to 8 mL GO solution, fol-
lowed by stirring for 24 h. CTS-GO was obtained by centrifu-
gation at 25 252g for 20 min.
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Fe;0, and Au@Ag NPs attached CTS functional GO (GO-Fe;0,/
Au@Ag)

Au@Ag NPs were synthesized according to the previously pub-
lished literature.’> 10 mL of Au@Ag NPs was first mixed with
50 pL of 10 mM DTNB and stirred for 4 h, which was followed
by adding 2 mL of 10 mg mL™" PAH (in 10 mM NacCl) solution
and stirred for 2 h. The mixture was centrifuged to remove
excess PAH at 4722g for 30 min. The precipitate was then dis-
persed in 10 mL of 15 mg mL™" PAA solution and stirred for
another 2 h. The mixture was centrifuged to remove excess
PAA. The obtained precipitate was re-dispersed in 4 mL of
water.

Fe;0, nanoparticles were prepared by the co-precipitation
method.” Briefly, 1.0 g of FeCl,-4H,O and 2.7 g of FeCl;-6H,0
were mixed in 40 mL of water under argon in a three-necked
flask and the mixture was heated to 80 °C. While keeping the
mixture stirring, 6 mL of NH;-H,O was added, and the heating
was continued for 30 min. Afterwards, 4.0 g of TSCD in 10 mL
water was introduced, and the temperature was increased to
90 °C. The mixture was stirred for 90 min. The Fe;0, precipi-
tate was then collected by centrifugation at 10 625g for 10 min.
After washing it several times, the precipitate was re-dispersed
in 10 mL of water.

4 mL of the pre-prepared Au@Ag NPs and 800 pL of Fe;0,
nanoparticles were added to 2 mL solution of GO-CTS, and the
mixture was gently stirred overnight. Finally, the product was
obtained by centrifugation at 4722g for 20 min.

GO-Fe;0,4/Au@Ag-anti-HER2

GO-Fe;0,/Au@Ag (5 mg) was dispersed in 4 mL 0.1 M PBS (pH
= 7.4) solution and followed by adding 200 puL of 10 mM EDC
and 40 pL of 100 mM NHS. After the mixture was stirred for
15 min, 500 pL of 20 mg mL™~"' anti-HER2 antibody was added
and the mixture was kept stirring for 2 h. The product was
obtained by magnetic separation.

DOX loading of GO-Fe;0,/Au@Ag-anti-HER2

100 pL of 10 mg mL™" DOX aqueous solution was added to
5 mL of GO-Fe;0,/Au@Ag-anti-HER2 and kept stirring over-
night in dark. The product was obtained by magnetic separ-
ation. Unloaded DOX was removed by magnetic separation.
The amount of unloaded DOX was calculated according to a
calibration curve recorded with known concentrations. The
drug loading efficiency (LE) was calculated using the equation:

DOX; — DOX¢ »

%LE of DOX =
¢ DOX;

100
DOX; is the initial amount (mg) of DOX, DOX¢ is the unloaded
DOX.

For dual drug loading, 9AA was first loaded onto the nano-
carrier by mixing the 9AA solution with the nanocarriers and
stirring for 12 h. DOX was then added and stirred for another
12 h. After the unbound drugs were removed by centrifugation,
dual drug-loaded nanocarriers were obtained. In this process,
the concentration of the 9AA solution was fixed. By adjusting
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the concentration of DOX, the equal loading capacity of 9AA
and DOX was obtained.

Cell culture and in vitro experiments

Human breast cancer cells (SKBR3) were purchased from
China Type Culture Collection. SKBR3 cells were cultured in
DMEM supplemented with 10% fetal bovine serum (Gibco)
and 1% penicillin-streptomycin (Nanjing KeyGen Biotech. Co.,
Ltd). The culture was always kept under the standard culture
condition (5% CO,, 37 °C).

To test the targeting capability of the cancer cell targeting
nanocarrier, SKBR3 cells were first seeded into culture dishes
and incubated for 24 h. SKBR3 cells were incubated by target-
ing the nanocarrier solution and with anti-HER2 free nano-
carrier solution for 2 h at 37 °C, respectively (volume ratio of
nanocarrier solution/culture media = 1:5). By fixing a magnet
under the culture dish, SKBR3 cells in another culture dish
were incubated with the targeting nanocarrier for 2 h at 37 °C.
Then, the culture media were removed and the culture dishes
were gently washed with PBS three times and subjected to
SERS and fluorescence measurements.

To investigate the intracellular drug delivery of nano-
carriers, SKBR3 cells were seeded in a culture dish and incu-
bated for 24 h. Then, by fixing a magnet under the culture
dish, the drug-loaded targeting nanocarriers were added to the
cell culture dish and incubated for different time periods
(volume ratio of nanocarriers solution/culture media = 1:5).
0.8 pL of LysoTracker Green DND-26 (1 mM) was added 10 min
before the preassigned time. After incubation, the culture
media were discarded and the culture dishes were gently
washed with PBS solution 3 times before SERS and fluo-
rescence measurements.

The viability of SKBR3 cells was tested by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide)  assay.
SKBR3 cells were first seeded into 96-well plates (100 pL per
well) and incubated for 24 h under standard conditions. Then,
the solutions of the nanocarriers loaded with drugs or without
drugs were added, respectively. After 48 h, 50 pL of MTT solu-
tion was added to each well and cultured for another 4 h
(volume ratio of MTT buffer to dilution buffer 1:4). After
removing the supernatant medium, 150 pL of DMSO was then
added to each well. The absorbance of each well at 490 nm was
measured using a microplate reader (Bio-Rad model 680).
SKBR3 cells without being treated with nanocarriers were used
as a control.

Instruments

TEM images were collected on an FEI Tecnai G2T20 electron
microscope operating at 200 kV. Extinction spectra were
recorded using a Shimadzu UV-3600 PC spectrophotometer.
Photoluminescence emission spectra were recorded on an
Edinburgh FLS920 spectrofluorometer. Zeta potential
measurements were performed using a Zetasizer Nano instru-
ment (ZS90, Malvern). Each sample was analyzed in triplicate
and each measurement was an average of three 30 s runs.
Intracellular SERS and fluorescence images were recorded
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using confocal microscopy (FV1000, Olympus). Fluorescence
images of the cells were recorded at the excitation of 488 nm.
SERS spectra were measured at 633 nm excitation. Rayleigh
scattering light was removed by a holographic notch filter. The
Raman scattering light was then directed to an Andor sham-
rock spectrograph equipped with a charge-coupled device
(ccb).

Results and discussion
Characterization of the nanocarriers

CTS is reported to be beneficial in drug delivery because of its
superior biocompatibility, biodegradability, and positively
charged characteristics. Generally, the surface of GO is nega-
tively charged with a zeta potential of —38.2 mV. As such, the
positively charged CTS can be introduced to the surface of GO
through electrostatic interactions. After the treatment of CTS,
the zeta potential of GO is 23.8 mV, which can be attributed to
the adsorption of CTS onto GO. Fe;0, and Au@Ag NPs were
then attached to CTS-functionalised GO through the reaction
between the amino groups of CTS and a carboxyl group on the
surface of Fe;O, and Au@Ag. After the attachment of Fe;O,
and Au@Ag nanoparticles, some amino groups in chitosan
were neutralized and the zeta potential decreased to 14.5 mV
(Fig. S1, ESIT). The morphology of GO and GO-based compo-
sites was analyzed using TEM as shown in Fig. 1. It can be
observed that the GO sheet is irregular and curly with a lateral
size of 1-2 pm (Fig. S2, ESIf). As shown in Fig. 1B and C,
Fe;0, and Au@Ag NPs are found to be decorated onto the
surface of GO. A STEM analysis of GO-Fe;0,/Au@Ag was also
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Fig.1 (A-C) TEM images of GO, GO-Fe;0,4 GO-Fez04/Au@Ag; (D)
dark-field STEM image of GO-Fe;04/Au@Ag composites. The mapping
images of elements in the composites, including C (E), Fe (F), O (G), Au
(H) and Ag().
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utilized to reveal the distribution of elements, which is shown
in Fig. 1D-I. Element mapping of GO-Fe;0,/Au@Ag shows the
spatial distribution of C, Fe, O, Au and Ag, respectively. As
shown in Fig. 1E, the sheet is filled with a uniform and
intense C signals. Meanwhile, Fe, Au, Ag elements are located
on a part of the sheet, and the location of Au overlaps with Ag,
which indicates the successful attachment of Fe;O, and
Au@Ag NPs. The absorbance spectrum of GO with a peak at
230 nm is shown in Fig. 2A, which originates from the
n-plasmon of carbon. After GO was treated with CTS, it shows
a similar curve in the absorbance spectrum because no
obvious absorption occurs from CTS. Then, the extinction
spectrum of GO-Fe;0,/Au@Ag was detected. A band from 400
to 600 nm appears in the spectrum, which is attributed to
Au@Ag NPs (no obvious absorption peak from Fe;O,). EDX
spectrum of GO-Fe;O,/Au@Ag is presented in Fig. S3 (see
ESI}) along with the percentages of C, O, Fe, Ag and Au. The
result indicates the successful loading of Au@Ag NPs onto the
GO sheets. In the absence of a magnetic field, GO-Fe;0,/
Au@Ag composites were well-dispersed in an aqueous solution
and the suspension was kept stable for a long duration (at
least 48 h). When an external magnetic field was applied, as
shown in Fig. 2A inset, these GO-Fe;0,/Au@Ag composites
were aggregated within 20 min, which demonstrates the super-
paramagnetic characteristic of GO-Fe;0,/Au@Ag.

Then, the anti-HER2 antibody was linked to the GO-Fe;0,/
Au@Ag composite through the formation of amide bonds
between the amino groups of the antibody and the carboxyl
groups on Fe;0, and PAA coated DTNB tagged Au@Ag in the
presence of EDC and NHS, rendering a more positive zeta
potential of 37.6 mV (Fig. S1, ESIt). The increase in zeta poten-
tial was attributed to the presence of positive anti-HER2.”* The
EDX spectrum of GO-Fe;0,/Au@Ag-anti-HER2 (Fig. S3, ESIY)
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Fig. 2 (A) Absorbance spectra of GO and GO-based nanocomposites.
Inset: Photograph showing magnetic behavior under an extra magnet.
(B) FTIR spectra of GO-Fe;O4/Au@Ag and nanocarriers (GO-Fe3O,4/
Au@Ag@Ag-anti-HER2). (C) SERS spectra of DTNB tagged PAA coated
Au@Ag NPs and nanocarriers. (D) Absorbance spectra of the nano-
carriers and DOX-loaded nanocarriers.
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exhibited higher percentages of C, O, N and S in comparison
to that of GO-Fe;0,/Au@Ag, which can be attributed to anti-
HER2. This is in agreement with the previous reports.>® In the
FTIR spectrum of GO-Fe;0,/Au@Ag (Fig. 2B), two representa-
tive peaks at 1702 cm™", 1400 cm ™" are assigned to the carbo-
nyl of -COOH and C-N bond, while a strong band at
3356 cm™ " originates from the O-H group.’®*” After the anti-
body is linked, it was observed that the peak at 1700 cm™*
assigned to the carbonyl of -COOH is almost disappeared and
much stronger peaks at 1562 cm ™' of N-H in the amide group
and 1400 cm™" of C-N bond are present, indicating the suc-
cessful attachment of anti-HER2 antibody. The quantity ratio
of HER2 antibody to GO-Fe;O,/Au@Ag in the final nano-
composites was calculated to be 1.57 (Fig. S4, ESIt). Thus, the
designed multifunctional nanocarriers GO-Fe;0,/Au@Ag-anti-
HER?2 are completely constructed.

Finally, DOX molecules were loaded on the nanocarrier
mainly through n-n stacking as reported previously. The
unloaded drug was removed by centrifugation. The UV/Vis
spectra of nanocarriers and drug-loaded nanocarriers were
recorded (Fig. 2D). In contrast to the spectrum of nanocarriers,
the absorption band at 480 nm in the spectrum of DOX-loaded
nanocarriers was much more intense. This can be attributed
to the loading of DOX because DOX exhibited strong absorp-
tion around 480 nm. The zeta potential of DOX-loaded nano-
carriers was observed to be 39.3 mV (Fig. S1, ESI{). The slightly
increased zeta potential can be attributed to the addition of
amino groups in DOX. The drug loading capacity was calcu-
lated to be 0.65 mg mg™' with the weight ratio of DOX to
GO-Fe;0,/Au@Ag-anti-HER2 at 2:1. The corresponding DOX
release is pH-responsive as shown in Fig. 3, which can be
attributed to the weakened n-r stacking interaction between
DOX and GO in acidic condition.

SERS characteristics of nanocarriers

Au@Ag NPs were first tagged with the Raman reporter DTNB
and then coated with PAA. The PAA-coated layer isolated the
Raman reporter thus keeping the SERS signal stable and
reliable, and simultaneously served as the conjugate agent to
CTS functional GO. The nanocarrier was designed to generate
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Fig. 3 DOX release profiles at given pH values.
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SERS signals for tracing the intracellular distribution. Fig. 2D
shows the SERS spectrum of the nanocarriers. The assignments
of Raman vibrational modes for DTNB have been reported pre-
viously. The representative Raman modes of DTNB are at 1333,
1152, 1067, and 1558 cm™*, assigned to the symmetric stretch
of the nitro groups, the C-H deformation modes, the succinimi-
dyl N-C-O stretch overlapping with aromatic ring modes and
the aromatic ring C-C stretching modes, respectively.>® The pre-
pared nanocarrier was further applied to in vitro studies. The
dynamic process of nanocarriers being internalized into cells
can be monitored through SERS signals. In contrast with GO-
based nanocarriers labeled with fluorescence, SERS, inherited
from Raman spectroscopy characteristics, yields higher sensi-
tivity, spatial and spectral resolution as well as photostability,
while also presenting high multiplexing potential. This is
superior for online continuous monitoring of nanocarriers in
the complex biological microenvironment.

Magnetic and receptor-mediated targeting abilities

To achieve increased tumor selectivity, a prerequisite is the high
cellular uptake efficacy of drug nanocarriers for tumor cells
specifically. Therefore, anti-HER-2 antibody and Fe;O, NPs were
chemically conjugated to render the nanocarriers dual targeting
recognition. Both, magnetic targeting and receptor-mediated
targeting behaviors can bring much improved specific cellular
uptake efficiency of nanocarriers, which is integrated with SERS
optical tracking property. A conclusion can be drawn that
improved internalized nanocarriers result in increased detect-
able SERS signals. Thus, dual targeting behaviors internalized
in tumor cells can be studied utilizing SERS. Herein, we used
SKBR3 as an in vitro model cell because of the overexpression of
the HER2 receptor on the membrane. SERS signals of the car-
riers inside the cells were then collected to reflect the uptake of
drug carriers in SKBR3 cells (Fig. 4).

Receptor-targeting NPs are usually internalized in cancer
cells by a receptor-mediated endocytosis process. To investi-
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Fig. 4 Images and spectra of SKBR3 cells incubated with GO-FezO,/
Au@Ag (A and B), GO-FezO4/Au@Ag-anti-HER2 (C and D) and
GO-Fez04/Au@Ag-anti-HER2 (E and F) under an extra magnetic field.
The Raman shift at 996 cm™ indicated by the red mark is assigned to
the culture dish bottom.
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gate if the antibody-conjugated nanocarriers can be more
efficiently internalized into HER2 overexpressed SKBR3 cells, a
group of control experiments was carried out. SKBR3 cells
were cultured with nanocarriers conjugated with or without
anti-HER2 for 2 h under the same conditions. SERS-mapping
images of SKBR3 cells are depicted in Fig. 4A-D, more nano-
carriers conjugated with anti-HER2 were internalized to SKBR3
cells exhibiting a strong targeting effect. These results showed
that the binding and uptake of anti-HER2 conjugated nano-
carriers into SKBR3 cells could be improved due to the special
interaction between anti-HER2 and overexpressed HER2 recep-
tors on SKBR3 cells. Thus, the antibody-conjugated nano-
carriers can target SKBR3 cells sensitively. Next, for the study
of magnetic targeting behavior, a magnet was placed under
the culture dish where SKBR3 cells were incubated with anti-
HER?2 conjugated nanocarriers. The nanocarriers were guided
to the culture bottom under the magnetic field, which makes
SKBR3 cells exposed to more nanocarriers. Thus, nanocarriers
were internalized into SKBR3 cells through both surface-recep-
tor-targeting and magnetic targeting. As depicted in the SERS
mapping image (Fig. 4E), the SERS signal of SKBR3 cells is
much enhanced in the magnetic field active region compared
to that in Fig. 4C, exhibiting excellent magnetic targeting
ability. Therefore, compared to the SERS mapping image in
Fig. 4A, the significantly increased traces of SERS signals in
SKBR3 cells in Fig. 4E prove that these presented dual-target-
ing nanocarriers can sensitively target SKBR3 cells, which
holds great promise for improved tumor-selective therapy.

Intracellular drug release

After the cellular internalization of nanocarriers, the drug-
release behavior of GO-Fe;0,/Au@Ag-anti-HER2 was investi-
gated using confocal laser scanning microscopy (Fig. 5). The
intracellular distribution of nanocarriers can be tracked
through SERS signals while the released DOX can be moni-
tored by fluorescence measurement. The green Lysotracker dye
was utilized to stain the acidic organelles in SKBR3 cells.
Intracellular DOX fluorescence and SERS signals of GO-Fe;0,/
Au@Ag-anti-HER2 in SKBR3 cells were observed after treat-
ment with the drug-loaded nanocarriers for different time dur-
ations (as shown in Fig. 5). It was observed that after a short
incubation time of 0.5 h, no obvious SERS and fluorescence
signals were detected inside the cells (Fig. 5A-E), suggesting
that DOX-loaded nanocarriers had not entered into the cells
sufficiently. When the incubation time was increased to 1 h,
weak SERS signals inside the cells were observed, which
demonstrated that some DOX-loaded nanocarriers were inter-
nalized by the cells. From the merged image (Fig. 5]), the co-
localization of SERS signals (red) and fluorescence of the lyso-
somes (green) demonstrated that nanocarriers were mainly
distributed in the acidic lysosomes. It can be speculated that
DOX-loaded nanocarriers are internalized to SKBR3 cells
through HER-2 receptor-mediated endocytosis and accumu-
lated at the intracellular lysosomes.’® The acidic lysosomal pH
consequently triggered DOX release, which was evidenced by
the detected fluorescence of DOX inside the cells (Fig. 5G). As
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Fig. 5 CLSM images of SKBR3 cells incubated with GO-Fe3;04/Au@Ag-
anti-HER2 for different time durations under an extra magnetic field.
SERS mapping images of intracellular nanocarriers (A, F, K and P); fluor-
escence images of intracellular DOX (B, G, L and Q); fluorescence
images of the lysosomes (C, H, M and R); bright-field images of SKBRS3
cells (D, I, N and S); merge images of the nanocarriers and lysosomes (E,
J,0andT).

shown in Fig. 5K-O, more GO-Fe;0,/Au@Ag-anti-HER2 was
efficiently internalized by SKBR3 cells after 3 h of incubation.
These nanocarriers distributed inside the lysosomes were
observed to be yellow in colour, which was caused by the over-
lapping of green (Lysotracker) and red (nanocarriers) signals.
Significantly enhanced fluorescence of DOX was found to be
distributed in both the cytoplasm and nucleus (Fig. 5L) due to
the DOX release that was triggered by the acidic lysosomal pH.
Nevertheless, as the incubation time was further increased to
4 h, some of the GO-Fe;0,/Au@Ag-anti-HER2 composites were
observed to escape from the lysosome. Fig. 5T showed that
some GO-Fe;0,/Au@Ag-anti-HER2 composites were distribu-
ted in the cytoplasm. The results demonstrate that the pre-
sented dual-targeting drug nanocarriers can enhance the
uptake efficacy by specific cancer cells, and efficiently release
the drug into cancer cells.

Anticancer efficacy of dual drug-loaded nanocarriers

The anti-proliferation of the drug-loaded nanocarriers was
investigated by the MTT assay was conducted in SKBR3 cells
(Fig. 6A). The results revealed that nanocarriers exhibited no
obvious cytotoxicity to SKBR3 cells, even at a high concen-
tration of 500 pg mL~". However, when the cells were cultured
with DOX-loaded nanocarriers, significantly enhanced inhi-
bition of the cell growth was observed. SKBR3 cells were
treated with free DOX, DOX-loaded nanocarriers and
DOX-GO-Fe;0,/Au@Ag for 48 h, with an equivalent DOX con-
centration of 10 pg mL ™" (Fig. 6A). Cytotoxic efficacy of DOX-
loaded nanocarriers in SKBR3 cells was higher than that of
DOX-GO-Fe;0,/Au@Ag, which proved that the drug-loaded
nanocarriers with targeting ability increased the cellular
internalization through receptor-mediated endocytosis, thus
leading to a high concentration of intracellular DOX.
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Fig. 6 (A) Cell viability of SKBR3 treated with nanocarriers, DOX-loaded
nanocarriers, DOX-GO-Fe3;04-Au@Ag and free DOX for 48 h. (B) Cell
viability of SKBR3 after treatment with DOX or 9AA loaded nanocarriers
and dual-drug loaded nanocarriers. ***p < 0.001. Calibration curves of
fluorescence intensity of DOX (C) and 9AA (D) as a function of the
amount of DOX and 9AA added to 5 mL of nanocarriers. Lines marked in
(C) and (D) indicated the measured fluorescence of 9AA/
DOX-GO-Fes04/Au@Ag-anti-HER2 with a concentration of 0.8 pg mL™
(red), 7.3 ug mL™* (blue) and 26.7 pg mL™ (green). The intersection of
black dotted lines was defined as the turning point.

Compared to free DOX, the relatively low cytotoxicity of
DOX-GO-Fe;0,/Au@Ag-anti-HER2 in SKBR3 cells was due to
the controlled release of DOX by nanocarriers.

To evaluate the combined cytotoxicity of DOX and 9AA
loading on DOX-GO-Fe;0,/Au@Ag-anti-HER2 in vitro, the cyto-
toxicity of 9AA/DOX-GO-Fe;0,/Au@Ag-anti-HER?2 (loading ratio
of 9AA:DOX was about 1:1) was compared with that of
9AA-GO-Fe;0,/Au@Ag-anti-HER2 and DOX-GO-Fe;0,/Au@Ag-
anti-HER2. The composites with three different loading weight
ratios of the drug to nanocarriers were subjected to MTT assay
as shown in Fig. 6B. It was found that the DOX-loaded nano-
carriers with a concentration of 0.8 pug mL™" showed about
75% cell viability. A similar result was also observed for 9AA
loaded nanocarriers with a 9AA concentration of 0.8 pg mL™".
When 9AA and DOX were loaded together in the nanocarriers,
notably, = 9AA/DOX-GO-Fe;0,/Au@Ag-anti-HER2  (concen-
trations of both 9AA and DOX approximately 0.8 ug mL™") dis-
played obvious lower cell viability (about 60%). When loaded
9AA and DOX were increased to a higher concentration of
7.3 pg mL™', dual drug-loaded nanocarriers also exhibited
lower cell viability, indicating enhanced combined chemo-
therapy. However, when loaded 9AA and DOX were increased
to a concentration of 26.7 pg mL™", dual drug-loaded nano-
carriers showed similar cytotoxicity compared with that of
DOX or 9AA loaded nanocarriers and no enhanced cytotoxicity
was observed. Hence, we postulate that the cytotoxicity of dual
drug-loaded nanocarriers is dependent on the drug loading
concentration. This hypothesis was then studied in detail
through fluorescence spectroscopy. As shown in Fig. 6C, in the
beginning, the fluorescence intensity of DOX was quenched
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due to energy transfer to GO and was maintained at a low
level. Then, with the further increase in the added amount of
DOX, the fluorescence intensity increased suddenly and then
linearly with the added DOX. This phenomenon can be
explained as follows. DOX molecules first continuously
adsorbed onto GO through n-rn stacking and the fluorescence
was quenched significantly, which has been reported
previously.’>®" Then, with further addition of DOX, they
began to form a monolayer on GO until the turning point was
reached. At the turning point, the surface of GO was occupied.
The further added DOX molecules started to stack as multi-
layers and the fluorescence was unable to be quenched
efficiently anymore, which showed linear growth after the
turning point. That is to say, the multilayer adsorbed mole-
cules made a great contribution to the recovered fluorescence
after the turning point. Similar results were obtained for 9AA
(as shown in Fig. 6D). On the basis of this presented drug-
adsorbed model, the above-mentioned drug-loaded nano-
carriers with different loading concentrations for MTT assay
were subjected to fluorescence measurements, which are indi-
cated by lines marked in Fig. 6C and D. It was observed that
9AA/DOX-GO-Fe;0,/Au@Ag-anti-HER2 with a drug concen-
tration of 0.8 pg mL™' or 7.3 pg mL™' was the monolayer-
adsorbed model. Noteworthily, for 9AA/DOX-GO-Fe;0,/Au@Ag-
anti-HER2 with a drug concentration of 7.3 pg mL™', the
measured fluorescence of DOX indicated that the adsorbed
DOX exceeded the turning point very slightly, which can still
be recognized as an adsorbed monolayer. While 9AA/
DOX-GO-Fe;0,/Au@Ag-anti-HER2 with a drug concentration of
26.7 ug mL™' was the multilayer adsorbed model. Thus, the
multilayer adsorbed model of the drug may affect the release
behavior of the drug, thus suppressing the cytotoxicity. This
hypothesis is consistent with the observation in the MTT
result. When the loaded drug onto GO is in the multilayer
adsorbed status, the cytotoxicity of 9AA and DOX-loaded nano-
carriers was no longer increased compared with that of 9AA or
DOX-loaded nanocarriers. Therefore, the results may give us
the new method to obtain an optimal therapeutic response of
the multi-drug. Finally, the IC50 values (as shown in Fig. S5,
ESIT) were determined as 7.34 pg mL™" for 9AA-loaded nano-
carriers, 4.90 pg mL™' for DOX-loaded nanocarriers and
1.96 pg mL™" for 9AA/DOX-loaded nanocarriers, exhibiting the
enhanced anti-tumor efficiency induced by dual-drug.

Conclusions

In summary, we have presented the synthesis of a multi-func-
tional GO as a nanocarrier, and its application to the targeted
delivery of multiple drugs. Dynamic cellular uptake was
tracked by SERS and fluorescence joint spectroscopy, which
demonstrated the efficient and dual-targeted delivery of drugs
into cancer cells by GO-based nanocarriers through receptor-
mediated endocytosis and external magnetic field. Moreover,
nanocarriers loaded with two anticancer drugs, 9AA and DOX,
presented much higher cytotoxicity to cancer cells than those
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loaded with only one single drug. The enhanced combina-
tional cytotoxicity occurred at low concentrations of anticancer
drugs, which can be determined by drug adsorption status.
The way DOX and 9AA are adsorbing on the GO surface plays
an important role in their anti-proliferation effect in living
cells, which may offer the opportunity for the optimal thera-
peutic response of the multi-drug. These findings break the
cognition of an irrational endeavor to high drug loading
capacity while ignoring its real therapeutic efficacy. Thus, this
work gives a new perspective and method for the development
of GO-based nanoplatforms for targeted multi-drug delivery,
which may have prosperous clinical advantages with improved
therapeutic efficacy.
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