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Multifunctional human serum albumin modified reduced
graphene oxide for targeted photothermal therapy of
hepatocellular carcinoma

Aixian Zheng®®, Da Zhang™®, Ming Wu®®, Huanghao Yang®, Xiaolong Liu**°, and Jingfeng Liu**"*
Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide, which had high malignant degree and
poor prognosis. Early diagnosis and treatment of HCC would significantly improve the clinical outcomes. Near infrared (NIR)
laser and photo-absorbing agent based photothermal therapy (PTT) is an emerging hyperthermia therapeutic approach,
and has been suggested as a minimally invasive and highly efficient therapeutic method. Reduced graphene oxide (rGO) is
one of the most typical photothermal agents. Compared with other materials, rGO possesses some advantages, such as
simple synthesis, low cost, high photo-stability and large surface area for drug loading. However, rGO exhibits poor
dispersibility and difficulty modification by losing the hydrophilic functional groups during reduction process. Thus, the
modification processes of rGO are always complicated, time-consuming, and require some expensive polymers. In this
paper, Human serum albumin (HSA) was functionalized with indocyanine green (ICG) and lactobionic acid (LA) to prepare
the multifunctional human serum albumin (mfHSA), which could be used for the modification of rGO. This approach is
simple and high efficient, which not only improves the stability and the biocompatibility of rGO, but also makes them
exhibit the enhanced photothermal conversion efficiency and the targeting specificity to HCC cells. The low cytotoxicity
and the PTT therapeutic efficacy at both cellular and animal levels indicated that the prepared multifunctional
nanomaterials could be expected to serve as a highly effective therapeutic agent for HCC.

infrared (NIR) laser and then convert into heat to kill cancer
cells.? Compare with traditional therapeutic strategies such as
chemotherapy and radiotherapy, NIR laser induced PTT has

Hepatocellular carcinoma (HCC) is one of the most common
cancers worldwide, which is also the third leading cause of
cancer-related death." Most of the HCC patients were
diagnosed at the late stage of the disease, resulting in limited
clinical outcomes and poor prognosis. Thus, early diagnosis
and treatment of HCC is urgent needed to improve the
therapeutic effects and prolong the survival time. Recently,
various new imaging agents, drug delivery systems and
diagnostic methods have been widely explored.2 Among them,
near infrared (NIR) laser induced photothermal therapy (PTT)
has received significant interests in recent years. PTT is an
emerging hyperthermia therapeutic approach with the help of
photothermal agents that can effectively absorb the near
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been suggested as a minimally invasive and highly efficient
therapeutic method.*

Recently, a variety of materials, such as organic fluorescent
dyes, carbon nanomaterials,’ gold nanomaterials,6 copper
sulfide nanoparticles,7 palladium nanosheets® and organic
nanoparticles,9 have been explored as photothermal agents
for PTT due to their high absorption in tissue-transparent NIR
region (700-900nm), and some of them have entered clinical
trials. Among them, Indocyanine green (ICG) is the Federal
Drug Administration approved agent for NIR
fluorescence imaging.10 Due to the strong NIR absorption, ICG
can be also used for NIR laser induced PTT. However, ICG has
disadvantages poor photo-stability,
concentration-dependent aggregation and non-specific binding
to proteins, which may limit its applications.11 Reduced
graphene oxide (rGO), one of the most typical photothermal

clinical

some such as

nanomaterials, has attracted much attention in recent years.
The rGO exhibits strong NIR absorption and high photothermal
conversion efficiency, making it can be used as photoacoustic
contrast and photothermal agent for the diagnosis and
treatment of cancer." Compared with other materials, rGO
possesses some advantages, such as simple synthesis, low cost,
high photo-stability and large surface area for drug loading.
However, the hydrophilic functional groups contained in rGO
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were significantly decreased during reduction from graphene
oxide®® (GO), which may cause poor dispersibility14 and
difficulty modification. For in vivo applications, appropriate
surface modification of rGO is necessary to improve the

dispersibility and  biocompatibility. However, these
modification processes are always complicated, time-
consuming, and require some expensive polymers.15 For

example, Cai and coworkers used Boc-NH-PEGNH, and C,sPMH
to obtain Cy;gPMH-PEGs5p0-NH2 by deprotection of the Boc
group with trifluoroacetic acid. After purification, the prepared
polymer was then used to modify rGO via hydrophobic
interactions between the C18 chains and the rGO surface.

It has been reported that protein can be adsorbed on the
surface of rGO through the hydrophobic and m-mt stacking
interactions. Thus, human serum albumin (HSA) could be
intended as the stabilizer of rGO, which is a natural protein
that presents in all parts of the human body. It is noteworthy
that specific targeting of therapeutic agents to cancer cells
could improve the therapy efficacy due to the decreased
toxicity to normal tissues and the increased local dose at
treatment site. Galactose residues are one of the most
attractive targeting ligand for HCC due to its high affinity to the
asialoglycoprotein receptor (ASGP-R), which is highly
expressed on the surface of HCC cells.’® HSA could be
covalently conjugated with lactobionic acid (LA) between the
amine groups of the protein and the carboxy groups of LA to
introduce the galactose residues for HCC cell targeting.
Moreover, ICG can noncovalently attach to HSA, 7 which can
be protected by rGO from degradation and thus enhance the
photothermal conversion efficiency of rGO.

In this paper, HSA was functionalized with ICG and LA to
prepare the multifunctional human serum albumin (mfHSA),
which could be used as the stabilizers of rGO to prepare the
multifunctional therapeutic agents (scheme 1). This approach
is simple and high efficient, which not only improves the
stability and the biocompatibility of rGO, but also makes them
possess some other excellent features to improve the
therapeutic efficacy of PTT, such as the increased
photothermal conversion efficiency the targeting
specificity to HCC cells. We will investigate the PTT therapeutic
efficacy of prepared multifunctional nanomaterials at both
cellular and animal levels.

and

NIR Laser

Heat

rGO-mfHSA

Targeting HCC
=t ( ‘ Enhanced PTT

Scheme 1 Schematic presentation of mfHSA modified rGO as therapeutic
agents for targeted photothermal therapy of Hepatocellular Carcinoma.
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Experimental
Materials and apparatus

Graphite powder was purchased from Sinopharm Chemical
Reagent Co., Ltd; HSA was purchased from Bomei Co. Ltd; LA
was purchased from J&K Scientific Ltd; Indocyanine green (ICG)
was purchased from Tokyo Chemical Industry Co., Ltd; N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC) and sulfo-N-hydroxysuccinimide (sulfo-NHS) were
purchased from Sigma-Aldrich Co.; Cell Counting Kit-8 (CCK-8)
was purchased from Dojindo Laboratorie; and Live-Dead
Viability/Cytotoxicity Kit (Calcein AM/EthD-1) was purchased
from life technologies, Inc. All other reagents were of
analytical grade. Ultrapure water (18.2 MQ-cm) was obtained
from a Millipore water purification system and was used in all
experiments.

The absorbance data were all measured by microplate reader
(Spectra Max M5, Molecular Devices). The fluorescent spectra
were measured by Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies, Malaysia). The
particle size and the zeta potential were determined by
dynamic light scattering (DLS) using the Zetasizer Nano ZS
(Malvern Instruments, UK). Atomic force microscopic (AFM)
images of GO and rGO were taken using a Nanoscope |l
multimode atomic force microscope (USA) in tapping mode.
Raman spectra of GO and rGO were recorded on a Renishaw
inVia laser Raman spectrometer. NIR laser irradiation was
performed using a continuous-wave diode NIR laser with a
center wavelength of 808 nm (K808D/KO9F-8.00W, Beijing
Kaipulin Optoelectronic Technology Co., China). Fluorescence
imaging of live/dead cells was performed with a confocal laser
scanning fluorescence microscope (Zeiss LSM780). The
Hematoxylin and (H&E) staining and
Immunohistochemical staining of major organs and tumor
tissues were observed by Zeiss microscope (Axio Lab.A1).

Cell culture

eosin

The human hepatocellular carcinoma cell line (HepG2) and the
human cervical cancer cell line (HeLa) were maintained as a
monolayer culture in MEM and RPMI-1640 medium at 37 °C in
a humidity atmosphere (5% CO,). They were both
supplemented with 10% fetal bovine serum (FBS, Atlanta
Biologicals, Lawrenceville, GA, USA) and 1% penicillin-
streptomycin (Gibco BRL, Grand Island, NY, USA).

Preparation of GO and rGO

GO was prepared according to a modified Hummers method.'®
In the detail procedure, 1g of graphite powder and 1g NaNO;
were milled for 20min, and then mixed with 46mL
concentrated H,SO, in glass beaker under ice bath. After
slowly added of 6g KMnO,, the mixture was put in a water
bath at 35°C and stirred for about 2h. Then, 80mL of ultrapure
water were added to the above beaker and stirred at 90°C for
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35min. After extra addition of 200mL ultrapure water, 6mL 30%

H,0, was slowly added into the mixture. In this process, the
color of the mixture turned from brown to yellow. After
cooling down to room temperature, the mixture was
centrifuged at 10000rpm for 5min (3 times) to remove the
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exceeded acid. Then the suspension was centrifuged at
2000rpm for 5min (3 times) to separate the impurities. The
supernatant was collected and then continued to centrifuge at
16000 rpm for 20min (3 times). Finally, the sediment was
collected and vacuum dried. 20mg of the obtained solid was
then dispersed in 20mL ultrapure water by sonication for 4h to
obtain the GO solution.

To prepare rGO, the solution was centrifuged at 10000rpm for
10min to isolate the large size of GO. Then, 300uL of ammonia
solution was added to the supernatant. After stirred for a
moment, the mixture was transferred to 50mL of
polytetrafluoroethylene (PTFE) lined stainless-steel autoclave
and reacted at 100°C for 3h. After cooling down to room
temperature, the mixture was further dialyzed in a dialysis bag
(retained molecular weight: 3500Da) for 3 days.

Preparation of mfHSA modified rGO (rGO-mfHSA)

ICG was noncovalently conjugated to HSA by simple mixing.
Typically, 10mL of 10uM HSA in PBS buffer was mixed with
1mL 600uM ICG and then shaken for 4h at room temperature.
To remove the unbound ICG, the mixture was dialyzed in a
dialysis bag (retained molecular weight: 3500Da) for 2days.
The mfHSA was prepared by the covalently linking of active LA
and HSA-ICG complex. Firstly, 1mL of 5mM LA was reacted
with 3mg EDC and 3mg sulfo-NHS for 1h at room temperature.
Then, 100uL of the activated LA was reacted with 10mL of the
HSA-ICG complex for 24h at room temperature. Finally, the
solution was dialyzed in a dialysis bag (retained molecular
weight: 3500Da) for 2days to remove the unreacted active LA
and other reaction byproducts.

Finally, 4mL of mfHSA solution were mixed with 6mL of 0.6mg
mL? rGO solution and then shaken for 12h at room
temperature. The obtained rGO-mfHSA was purified by
centrifugation at 20000rpm for 30min (twice).

Photothermal effect induced by NIR laser

The photothermal effect of the prepared rGO or rGO-mfHSA
induced by NIR laser was evaluated by monitoring the
temperature change of the corresponding solution with
different concentrations (0, 5, 10 and 20ug mL'l). Briefly, 1.0
mL of the solution were added to a quartz cuvette and then
irradiated by an NIR laser (808nm 2W cm'z) for 10min. The
temperature change of the solution was monitored by a
thermocouple microprobe. Meanwhile, the photothermal
effect of water, ICG and mfHSA was evaluated for comparison.
In vitro cytotoxicity and photothermal ablation ability

The in vitro cytotoxicity of rGO-mfHSA was evaluated on 3T3
Cells and HepG2 cells using a Cell Counting Kit (CCK-8). The
cells were seeded in a 96-well plate and incubated in humidity
atmosphere (5% CO,) at 37°C for 24h. After washed three
times with PBS, the cells were further incubated with different
concentrations (0, 20, 40, 60, 80, 100ug mLﬁl) of rGO-mfHSA
(at rGO concentration) for 24h or 48h, respectively. After
washed three times, the cell survival rates were measured by
CCK-8 according to the manufacturer's protocol. The results
represent the average of four independent experiments.

CCK-8 was also used to study the photothermal ablation ability
of rGO-HSA-LA and rGO-mfHSA against HepG2 cells. Typically,

This journal is © The Royal Society of Chemistry 20xx

hepG2 cells were seeded in a 96-well plate at a density of 1 x
10* cells per well and incubated at 37°C for 24 h in humidity
atmosphere (5% CO,). After washed three times with PBS, the
cells were incubated with different concentrations (0, 5, 10, 20,
40ug mLfl) of rGO-HSA-LA or rGO-mfHSA for 4h. After washed
three times with PBS, the cells of each well were irradiated
with a NIR laser (808nm, 2W cm'z) for 5 min. Then, CCK8 was
used to measure the cell survival rate.

To further evaluate the photothermal cytotoxicity of rGO-
mfHSA, we used the Live-Dead Viability/Cytotoxicity Kit to
stain the cells after laser irradiation. Firstly, HepG2 cells (2 x
105) and Hela cells (5 x 104) were seeded in a 35mm glass-
bottom Petri dish and incubated at 37°C for 24h in humidity
atmosphere (5% CO,). After washed three times with PBS, the
cells were incubated with 20ug mL™! rGO-mfHSA for 4h at 37°C.
Subsequently, the cells were washed three times with PBS and
then irradiated with NIR laser (808nm, 2W cm'z) for Smin.
Finally, the cells were stained with 2.0uM calcein AM and
4.0uM EthD-1 for the visualization of live and dead cells.

Tumor xenograft and in vivo photothermal cancer therapy

Male BALB/c-nude mice (5-6 weeks old) were purchased from
China Wushi, Inc. All animal procedures were performed
according to the national and institutional guidelines and
approved by the Animal Ethics Committee of Fujian Medical
University (SYXK (fujian) 2012-0001). The tumors were
generated by subcutaneous injection of HepG2 cells (107) in
sterilized PBS onto the back of the mice. When the tumor size
reached 150-200mm3, the mice were divided into three groups
and each group has six mice. Two groups were tail-vein
injected with 200uL of 1mg mL* rGO-HSA-ICG and rGO-mfHSA
(at rGO concentration), respectively. The other group were
tail-vein injected with 200uL PBS and used as control.

The NIR laser irradiation at tumor sites was performed after
18h of tail vein injection, and the temperature changes can be
observed by the thermo-graphic images. To examine the
histological changes of the treated tumor tissues, one mouse
in each group was sacrificed and the tumors were collected
after 24h. The treated tumor tissues were stained with
Hematoxylin and eosin (H&E) for histopathology evaluation
and Ki67 antibody for immunohistochemical analysis. The
effects of photothermal treatment of nanomaterials were
evaluated by monitoring the changes of tumor volume and
body weight of the mice in each group.

In vivo toxicity of rGO-mfHSA

Male ICR mice (4-5 weeks old) were obtained from the Center
for Animal Experiment of Fujian Medical University. To
evaluate the in vivo toxicity of rGO-mfHSA, each four healthy
mice were tail-vein injected with 200uL of 1mg mL™* rGO-
mfHSA for 1, 3, and 7days. Other four mice were tail-vein
injected with 200uL PBS and used as control. Blood specimen
of each mouse was collected by orbital blood collection. After
standing for one hour, the blood samples were centrifuged at
3000rpm for 10min to obtain the serum, which can be used for
biochemical examinations. The biochemical parameters
including  alanine  aminotransferase  (ALT), aspartate
transaminase (AST), blood urea nitrogen (BUN) and creatinine

RSC Adv., 2015, 00, 1-8 | 3
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(Cr) were measured according to the manufacturer's protocol.
Meanwhile, to perform the histopathological analysis, the
major organs of the mouse in each group were collected and
then fixed in 4% neutral buffered formalin. After processed,
the corresponding tissues (heart, liver, spleen, lung and kidney)
were stained with H&E for histopathology evaluation.

Results and discussion
Preparation and characterization of mfHSA modified rGO

GO was prepared according to a modified Hummers method.
Fig. 2A shows the AFM image of GO by simultaneously
collecting the height and phase data. The average thickness of
GO was about 1nm, implying that they are single-layered
structure. Meanwhile, the average size of GO was about
200nm. When reduced by ammonia, GO can be further
converted into rGO. And the color of the solution was changed
from yellow to black, resulting in increased optical absorption
in NIR region (Fig. 1A). This result is consistent with previous
reportslz. The structural changes from GO to rGO can be also
characterized by Raman spectra. As respected, GO has two
prominent Raman bands, D band at around 1348 cm™ and G
band at around 1594 cm'l, respectively. After reduction, the
obtained rGO also has the D band and the G band but
increasing the D/G intensity ratio compared to that of GO (Fig.
1B), indicating the successful conversion of GO to rGO.

HSA can be adsorbed on the surface of GO through the
hydrophobic and m-mt stacking interactions as well as maintain
the stability (Fig. S1 in ESI). Thus, we consider the use of
mfHSA to modify rGO. To obtain the mfHSA, HSA was
noncovalently attached with ICG and then further covalently
conjugated with LA between the carboxy groups of LA and the
amine groups of the protein molecule. After conjugated with
LA, the zeta potential of the protein was changed from -12.3 to
-17.2. On the other hand, the successful attaching of ICG to
HSA was easily evidenced by the presence of characteristic
absorption peaks of ICG and the slight red-shift phenomenon
(Fig. S2 in ESI). Then the HSA-ICG complex was further
conjugated with LA to obtain the mfHSA. The presence of
galactose residues on mfHSA can be determined by the
phenol-vitriol method.

The successful preparation of rGO-mfHSA can be confirmed by
the appearing of NIR absorption peak (Fig. 1C) and the
significantly quenched fluorescence of the complexes (Fig.
1D).Since ICG in the mfHSA exhibited high NIR absorption and
the fluorescence can be quenched when close to rGO surface.
It was estimated that 0.334 mmol/g of ICG in mfHSA was
adsorbed onto the rGO surface, which was calculated by the
standard curve (Fig. S3 in ESI) and subtracting the amount in
the supernatant. As shown in Fig. 2B, after the reaction of
mfHSA with rGO, the average thickness of the complex was
increased to about 4nm. Meanwhile, the morphology and the
zeta potential values of the nanomaterials were significantly
changed after modification (Fig. S4 in ESI). These results can
further confirm the successful functionalization of rGO.

4 | RSC Adv., 2015, 00, 1-8
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Fig. 1 (A) Absorption spectra and photograph of 0.6mg mL™ GO and rGO; (B)
Raman spectra of GO and rGO; (C) absorption spectra of rGO, mfHSA and
rGO-mfHSA; (D) fluorescence spectra of mfHSA and rGO-mfHSA.

Fig. 2 (A) AFM image of rGO and rGO-mfHSA deposited on mica substrates
by simultaneously collecting the height and phase data; (B) the dispersibility
of rGO (a-c) and rGO-mfHSA (d-f) in PBS, MEM Medium and MEM Medium
containing 10% serum.

Furthermore, the prepared rGO-mfHSA exhibited high stability
in PBS buffer and other biological mediums, while rGO was
aggregated in these mediums due to n-m stacking interactions
(Fig. 2C). The results of in vitro release behaviour and confocal
microscopy images (Fig. S5 in ESI) all indicated that mfHSA
could be stable on the surface of rGO. Apart from the
stabilizing effect, the protein layer on rGO surface could also
increase their biocompatibility due to the intrinsic nature of
HSA itself.

Temperature elevation induced by NIR laser irradiation

The high NIR absorption of rGO-mfHSA suggested that it would
be a good photo-absorbing agent for PTT. The photothermal
effect of rGO-mfHSA was investigated by monitoring the
temperature change of the solution induced by NIR laser
irradiation. As shown in Fig. 3A, after exposure to NIR laser
irradiation for 10 min, the temperature of the solution with 5,

This journal is © The Royal Society of Chemistry 20xx
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10, and 20upg mL? rGO-mfHSA (at rGO concentration)
increased by 18.4, 25.9, and 32.2°C, respectively. The
temperature of the solution can increase up to 59.3°C when
the concentration of rGO-mfHSA up to 20ug mL™, which is
sufficient to kill cancer cells. While, the temperature of rGO
solution with same concentrations increased much slower
when exposed to laser irradiation (Fig. 3B).
temperature elevation of equivalent amount of the materials
(rGO-mfHSA, rGO, mfHSA and ICG) induced by NIR laser
irradiation was also investigated. As shown in Fig. 3C, rGO-
mfHSA showed the best photothermal conversion capability,
which may due to the combined effect of ICG and rGO. These
results suggest that the prepared rGO-mfHSA could be used as
an efficient photo-absorbing agent for PTT.

The photothermal stability of nanomaterials is also important
in NIR laser induced PTT. To investigate the photothermal
stability of rGO-mfHSA, the solution was subjected to three
rounds of on/off laser irradiation. As shown in Fig. 3D, rGO-
mfHSA showed excellent photothermal stability during
repeated laser irradiation, while the photothermal effect of
ICG was obviously reduced during the same process. This is
because that ICG is easily degraded by laser irradiation, while
rGO can protect it from being degraded.

In vitro cytotoxicity of rGO-mfHSA

Meanwhile,

Nontoxicity or low toxicity of nanomaterials is another
important aspect for PTT. The CCK-8 was used to investigate

the in vitro cytotoxicity of rGO-mfHSA, and the HepG2 cells

and 3T3 normal cells were used as cell models. As shown in Fig.

4, the viability of both cells remained more than 90% even
with the incubation of 100ug mL™" rGO-mfHSA (at rGO
concentration) for 24h or 48h. Thus, the prepared
multifunctional nanomaterials have good biocompatibility and
low cytotoxicity to both HepG2 cells (A) and 3T3 cells (B)
without laser irradiation.
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Fig. 3 Temperature changes of different concentrations of rGO-mfHSA (A)
and rGO (B) after exposure to NIR laser (808nm, 2W cm?) for 10min, water
was used as a control; (C) Temperature changes of rGO (20ug mL'l) and
corresponding concentrations of free ICG, mfHSA and rGO-mfHSA after
exposure to NIR laser for 10 min; (D) Temperature changes of rGO-mfHSA
and free ICG solution subjected to three rounds of on/off laser irradiation.
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Fig. 4 Cell viability of 3T3 cells (A) and HepG2 (B) cells treated with different
concentrations of rGO-mfHSA for 24h or 48h (without laser irradiation).
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Fig. 5 (A) Cell viability of HepG2 cells treated with 20ug mL™ rGO-mfHSA and
rGO-HSA-ICG, or the Hela cells incubated with 20ug mL™ rGO-mfHSA; (B) Cell
viability of HepG2 cells treated with different concentrations of rGO-HSA-LA
and rGO-mfHSA. The cells were irradiated with NIR laser (808nm, 2W cm’z)
for 5 min or without laser irradiation as control.

Fig. 6 Confocal micrographs of hepG2 cells (a-d) and Hela cells (e-h) stained
with calcein AM (green, live) and EthD-1 (red, dead). (a, e) untreated cells; (b,
f) treated with 20ug mL™ rGO-mfHSA; (c, g) NIR laser irradiation for 5min; (d,
h) treated with 20ug mL" rGO-mfHSA combined with NIR laser irradiation
for Smin.

In vitro photothermal ablation ability

The photothermal ablation ability of rGO-mfHSA was analyzed
by using CCK-8 and Live-Dead Viability/Cytotoxicity Kit. To
improve the delivery efficiency into HCC cells, the
multifunctional nanomaterials have been modified with LA.
The generated galactose residues can be used as the targeting
ligand for HCC due to its high binding affinity to ASGP-R, which
is highly expressed on the surface of HCC cells.

As shown in Fig. 5A, HepG2 cells were incubated with rGO-
HSA-ICG or rGO-mfHSA at the same rGO concentration (20ug
mL'l) for 4h and then exposure to laser irradiation for 5min.

RSC Adv., 2015, 00, 1-8 | 5
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We can find that the viability of HepG2 cells incubated with
rGO-mfHSA decreased by about 90%, while the HepG2 cells
incubated with rGO-HSA-ICG still maintained high viability. This
result indicated that the modification of LA can really improve
the delivery efficiency into HCC cells. On the other hand, when
Hela cells were used instead of HepG2 cells to incubate with
rGO-mfHSA, the cell viability remained more than 75%, which
is much higher than that of HepG2 cells. This is because that
the amount of ASGP-R on the surface of Hela cells is much
lower than that of HepG2 cells, which is the target of galactose
These that the prepared
multifunctional nanomaterials can be used to selectively target
and effectively kill HCC cells.

Moreover, rGO-mfHSA exhibited dose-dependent PTT effect
when exposure to laser irradiation. As shown in Fig. 5B, the
viability of HepG2 cells decreased by about 90% when the
concentration of rGO-mfHSA up to 20ug mL? (at rGO
concentration). While, the viability of the cells just decreased
to 49.8% even if they were incubated with double
concentration of rGO-HSA-LA. This result indicated that the
modification of rGO with mfHSA not only introduce the
capability of targeting to HCC cells, but also enhance the PTT
efficacy due to the combined effect of ICG and rGO.

To further evaluate the targeted therapeutic effect of rGO-
mfHSA, the treated Hela and HepG2 cells were stained with
Calcein AM and EthD-1 to visualize the live and dead cells,
which could exhibit green and red fluorescence, respectively.

residues. results indicated

As shown in Fig. 6, the HepG2 cells showed almost green
fluorescence when treated with 20ug mL? rGO-mfHSA alone
or exposed to NIR laser irradiation alone, indicating low
toxicity of prepared nanomaterials or NIR laser irradiation
alone. However, red fluorescence region of dead cells was
observed when the cells were simultaneously treated with
rGO-mfHSA and laser irradiation. This phenomenon clearly
demonstrated that the prepared rGO-mfHSA had excellent
therapeutic effect against HCC cells. When using Hela cells as
targets, the vast majority of green fluorescence indicated that
most of the cells were viable even if they were simultaneously
treated with rGO-mfHSA and laser irradiation. These results
once again
nanomaterials can specifically target to HCC cells and
effectively kill them with the help of NIR laser.

Photothermal treatment of rGO-mfHSA in vivo

indicated that the prepared multifunctional

the prepared
performed in
tumor-bearing nude mice. Two groups of the mice were tail-
vein injected with 200uL of 1mg mL™ rGO-HSA-ICG and rGO-
mfHSA (at rGO concentration), respectively. The other group

The targeted photothermal therapy of
multifunctional nanomaterials was further

of the mice were tail-vein injected with 200uL PBS and used as
control. After 18h of tail vein injection, the tumor sites of the
mice were exposed to NIR laser, and the temperature changes
of which can be observed by the thermo-graphic images. As
shown in Fig. 7A and 7B, after 10min laser irradiation, the
tumor temperature of the rGO-mfHSA treated mice can
increase to 50.5°C, which is high enough to kill cancer cells.
While, the tumor temperature of the rGO-HSA-ICG treated

6 | RSC Adv., 2015, 00, 1-8

mice can only increase to 45.5°C, which indicating that the
modification of LA can improve the photothermal effect due to
the enhanced accumulation of nanomaterials in tumor sites by
specifically targeting to HCC cells. This result was further
demonstrated by histopathological analysis and
immunohistochemical analysis. The related tumor tissues have
been collected and stained with H&E for histopathology
evaluation. As shown in Fig. 7C, the tumor tissue of PBS
treated mice had no necrosis or obvious apoptosis and the
tumor cells have normal morphology, indicating that the laser
irradiation under experimental condition is not enough to kill
cancer cells. Compare with them, the tumor tissue of rGO-
HSA-ICG treated mice showed a certain degree of cellular
damage at tumor site. And the rGO-mfHSA treated mice
showed significant cell destruction at tumor site, including
cells shrinkage, nucleus damage and the loss of contact. The
treated tumor tissues of each group were also stained with
Ki67 antibody for immunohistochemical analysis, since Ki67
can be used to reflect cell proliferation status.”® As shown in
Fig. 7D, the Ki67 was significantly expressed at the tumor site
of control mouse, indicated by the large number of the brown
granules in the cell nucleus. The expression of Ki67 was slightly
decreased in the rGO-HSA-ICG treated group, and it was
greatly decreased in the rGO-mfHSA treated group. These
results indicated that the prepared multifunctional
nanomaterials could be used for PTT in vivo by causing cellular
destruction and significant decrease of cell proliferation.
Furthermore, the modification of LA can improve the
therapeutic efficacy of PTT.
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Fig. 7 (A) Thermo-graphic images of tumor bearing nude mice that tail-vein
injected with 200puL PBS (a), 200pug rGO-HSA-ICG (b) and rGO-mfHSA (c)
for 18h and then exposed to laser irradiation (808 nm, 1 W) for 10min. (B)
The corresponding temperature change of tumor sites for 10min; (C) H&E
staining and (D) immunohistochemical staining of the tumor tissues after
treatment for 24 h.
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Fig. 9 Serum biochemical examination of rGO-mfHSA treated mice: (A)
alanine aminotransferase (ALT); (B) aspartate transaminase (AST); (C) blood
urea nitrogen (BUN); (D)creatinine (Cr). The data represent the average of
four independent experiments (n=4).

The therapeutic efficacy of PTT was further investigated by
monitoring the change of relative tumor volumes of treated
mice for 20 days. As shown in Fig. 8A, the tumor volume of PBS
treated mice increased rapidly, indicating that laser irradiation
alone had no significant effect on tumor growth. However, the
rGO-HSA-ICG and rGO-mfHSA treated groups showed obvious
inhibition of tumor growth or even tumor shrinkage, indicating
the photothermal therapeutic efficacy of nanomaterials. It is
noteworthy that the rGO-mfHSA treated group showed higher
therapeutic efficiency than that of rGO-HSA-ICG treated group,
which should be due to enhanced accumulation through the
specific targeting ability to tumor cells of the modified LA. High
toxicity or side effects of nanomaterials usually cause the body
weight loss, so the body weight of the mice was also measured
after PTT treatment. As shown in Fig. 8B, the mice in each
group had no obvious weight loss, indicating that the used
therapeutic approach had no significant toxicity or side effects.
Therefore, the prepared multifunctional nanomaterials can be
expected to serve as a highly effective therapeutic agent for
HCC.

In vivo toxicity of rGO-mfHSA

In vivo toxicity of the prepared nanomaterials is of great
concern before clinical applications. In order to investigate the
potential in vivo toxicity, each four healthy ICR mice were tail-

This journal is © The Royal Society of Chemistry 20xx

vein injected with 200uL of 1mg mL™" rGO-mfHSA (at rGO
concentration) for 1, 3, and 7 days. Other four mice were tail-
vein injected with 200uL PBS and used as control. Then the
mice were sacrificed for serum biochemical examination and
histopathological analysis. Serum sample of each mouse was
collected and used for the detection of biochemical
parameters, including two liver function index (ALT and AST)
and two kidney function index (BUN and Cr).20 As shown in Fig.
9, all the values of the measured parameters are within normal
ranges and are close to those in control group. This result
suggested that the injection of rGO-mfHSA would not cause
hepatic and kidney damage. In addition, the major organs
(heart, liver, spleen, lung and kidney) of the mice were isolated
and stained with H&E for histopathological analysis. As shown
in Fig. S6 in ESI, the major organs of the mice had no signs of
inflammation or deformities after treated with rGO-mfHSA,
and the staining images of which are similar to those in control
group. These results indicated that the prepared
multifunctional nanomaterials show little or no in vivo toxicity
under the experimental conditions.

Conclusions

In summary, HSA can be functionalized with ICG and LA, and
then used as the stabilizers of rGO. This approach is simple and
high efficient, which not only improves the stability of rGO, but
also increases the biocompatibility due to the intrinsic nature
of HSA itself. Furthermore, the prepared rGO-mfHSA exhibited
increased photothermal conversion efficiency due to the
combined effect of ICG and rGO. And the generated galactose
residues can be used as the targeting ligand for HCC due to its
high binding affinity to ASGP-R that is highly expressed on the
surface of HCC cells. These multifunctional nanomaterials can
specifically target to HCC cells and effectively kill them with
the help of NIR laser, which can be further used for PTT in vivo
by causing cellular destruction and significant decrease of cell
proliferation. The results of serum biochemical examination
and histopathological analysis also indicated that these
nanomaterials show little or no in vivo toxicity. Thus, these
prepared multifunctional nanomaterials could be expected to
serve as a highly effective therapeutic agent for HCC.
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