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ABSTRACT: A novel nanohybrid of hyaluronic acid (HA)-
decorated graphene oxide (GO) was fabricated as a targeted
and pH-responsive drug delivery system for controlling the
release of anticancer drug doxorubicin (DOX) for tumor
therapy. For the preparation, DOX was first loaded onto GO
nanocarriers via 7—n stacking and hydrogen-bonding inter-
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actions, and then it was decorated with HA to produce HA—GO—DOX nanohybrids via H-bonding interactions. In this strategy,
HA served as both a targeting moiety and a hydrophilic group, making the as-prepared nanohybrids targeting, stable, and
disperse. A high loading efficiency (42.9%) of DOX on the nanohybrids was also obtained. Cumulative DOX release from HA—
GO—DOX was faster in pH 5.3 phosphate-buffered saline solution than that in pH 7.4, providing the basis for pH-response DOX
release in the slightly acidic environment of tumor cells, while the much-slower DOX release from HA—GO—DOX than DOX
showed the sustained drug-release capability of the nanohybrids. Fluorescent images of cellular uptake and cell viability analysis
studies illustrated that these HA—GO—DOX nanohybrids significantly enhanced DOX accumulation in HA-targeted HepG2
cancer cells compared to HA-nontargeted RBMEC cells and subsequently induced selective cytotoxicity to HepG2 cells. In vivo
antitumor efficiency of HA—-GO—DOX nanohybrids showed obviously enhanced tumor inhibition rate for H22 hepatic cancer
cell-bearing mice compared with free DOX and the GO—DOX formulation. These studies suggest that the HA—GO—-DOX
nanohybrids have potential clinical applications for anticancer drug delivery.
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1. INTRODUCTION

While chemotherapy is commonly used in cancer therapy, the
classic chemotherapeutic agents lack specificity for cancer cells,
resulting in high toxicity in normal tissues and low therapeutic
efficacy.' To overcome this obstacle, considerable efforts have
been made to develop targeted delivery systems of anticancer
drugs,”* aiming to deliver chemotherapeutic drugs specifically
to, or around, cancerous tissues. Two forms of targeted
strategies for cancer therapy have thus far been developed:
passive and active targeted therapy. The passive strategy takes
advantage of the differences in microenvironment between
cancerous and normal tissues to improve drug availability by
using liposome and nanoparticles as drug carriers based on
enhanced permeation and retention (EPR) effects.” Active
targeting strategies take advantage of overexpression of
receptors on cancer cells. Thus, nanoparticles bearing targeting
moieties, such as antibodies,** peptides,é’7 and other ligands,s’9
are able to recognize and bind to tumor cells through the
specific interactions between targeting moieties and receptors.
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Therefore, these targetable nanoparticles can serve as nano-
carriers for targeted delivery of anticancer drugs.

In recent years, graphene oxide (GO), a new two-
dimensional nanoscale material with a single carbon layer,"
has attracted tremendous attention for its application in
anticancer drug loading and delivery, owing to its larger surface
area and loading capacity of aromatic molecules via z—x
stacking and hydrogen-bonding interactions."' ~"® However,
although GO is monodisperse in pure water, it tends to
aggregate in solutions with high concentrations of salts or
proteins, such as cell culture medium and serum.'” To improve
the stability and biocompatibility of GO in aqueous phase,
hydrophilic groups, such as poly(ethylene glycol) (PEG),"*~*'
sulfonic acid groups,”>*® and polysaccharides,”* have been
grafted onto GO, thus making it more promising as a drug
carrier.”® Furthermore, GO-functionalized specific recognition
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moieties were investigated as drug nanocarriers for active
targeted drug delivery.”®** To this end, tumor-recognition
moieties, including folic acid (FA), which is a target ligand that
selectively binds with FA receptor overexpressed on tumor
cells,*>? peptides,”” and antibodies,>® were conjugated to GO
by covalent bonding.'”*® However, among these targeting
moieties, FA is economical, but poorly water-soluble, peptides
have limited target cell types, and antibodies have high
selectivity, but with the shortcomings of immunogenicity and
high cost.

Hyaluronic acid (HA), a linear macromolecule composed of
alternating D-glucuronic acid and N-acetyl-p-glucosamine,
possesses specific recognition capability to transmembrane
glycoprotein CD44, which is overexpressed on surfaces of
various tumor cells.”*~>* Owing to its outstanding biocompat-
ibility, biodegradability, and specific targeting ability to cancer
cells, HA has been extensively investigated for its biomedical
and pharmaceutical applications.*” In particular, HA has been
conjugated with drugs or onto various nanoparticles for
targeted delivery of antitumor drugs, including paclitaxel33’34
and doxorubicin (DOX).>**® Moreover, compared to other
counterparts, such as FA, peptides, or antibodies, HA has better
water-solubility and stability, and it is more economical and
ubiquitous.

In the present study, an HA—GO—DOX nanohybrid was
constructed by conjugating GO with HA via H-bond
interaction for targeted delivery of DOX to induce selective
cytotoxicity in target cancer cells. In this HA-GO-DOX
nanohybrid, DOX is a broad-spectrum anticancer agent
commonly used to treat many solid tumors; GO is used as a
potential drug carrier that can deliver drugs to tumor cells as
described previously;'®*> HA modified with adipic acid
dihydrazide (ADH) functions as both a targeting moiety and
a hydrophilic moiety, and provides the pendant hydrazido
group for the binding with GO'® and better coupling and cross-
linking ability, tolerance under neutral pH, and resistance to
hyaluronidase.”’ > The construction of HA—GO via H-
bonding between the amine group of HA—ADH and epoxy
groups in GO™ could avoid complex covalent modification,
which made the whole preparation process easier than that
reported in previous studies.'¥**' The HA-GO-DOX
nanohybrids showed high stability, dispersibility, high drug
loading efficiency, and biocompatibility, and they were capable
of pH response and sustained drug release. Intracellular drug
uptake from HA—GO-DOX was further revealed using
fluorescent imaging, and the in vitro selective cytotoxicity
induced in target tumor cells compared to control cells was
demonstrated using cell viability analysis. Finally, solid tumor
inhibition efficacy of HA—GO—DOX nanohybrids compared
with free DOX and GO-DOX formulation in vivo was
investigated by using an H22 hepatic cancer cells-bearing
mouse model. It could be expected that the HA—GO—-DOX
nanohybrids would have potential clinical applications for
cancer therapy.

2. EXPERIMENTAL SECTION

2.1. Materials. Hyaluronic acid (~3.5 kDa) was purchased from
Shandong Dongchen Bioengineering Co., Ltd. (Shandong, China).
Fuorescein hyaluronic acid (HA—FITC) was purchased from Sigma-
Aldrich. Adipic acid dihydrazide (ADH) and 1-ethyl-3-[3-(dimethyla-
mino)-propyl]carbodiimide (EDC) were purchased from Aladdin
Reagent Database, Inc. Doxorubicin hydrochloride (DOX) was
purchased from Dalian Meilun Biology Technology Co., Ltd. (Dalian,

China). Natural graphite (325 mesh) was purchased from Nanjing
Xianfeng Nano Materials Technology Co., Ltd. (Nanjing, China), and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
was purchased from Sigma-Aldrich, Inc. (Shanghai, China). Dialysis
bags (cutoff 8000—14 000) was bought from Dingguo Biotechnology
Co. (Beijing, China). All other chemicals were of the highest grade
commercially available without further purification.

2.2. Synthesis of GO. GO was synthesized from natural graphite
by the Hummer method with minor modification.'*** In brief,
graphite (1.0 g) was mixed with 46 mL of concentrated H,SO, (98%,
46 mL) at 0 °C and was stirred for 10 min, followed by adding
KMnO, (6.0 g) and stirring at 35 °C for 6 h. Subsequently, distilled
water (80 mL) was added to the mixture, drop by drop, under intense
stirring. The whole mixture was quickly heated to 80 °C and stirred for
another 30 min at this temperature. Afterward, distilled water (200
mL) and H,0, solution (30%, 6 mL) were added, in turn, until the
color of the mixture changed to yellow. The resultant suspension was
washed by distilled water and centrifuged (12000 rpm for S min)
repeatedly until the pH value of suspension reached ~5.0 and no
SO,*~ appeared when analyzed using BaCl,. Finally, suspensions were
lyophilized.

2.3. Loading of GO with DOX. DOX and GO (with a constant
final concentration of 1 mg/mL) were added to distilled water (pH 7).
The mixture was stirred under darkness at room temperature for 24 h.
Then, the mixture was centrifuged at 12000 rpm for 5 min and
washed with distilled water. Repeated centrifugation was performed
until the supernatant was colorless. The precipitation, GO—DOX
complex, was collected and freeze-dried.

2.4. Preparation of HA—GO-DOX Nanohybrids. HA is
sensitive to strong acid, alkali, free radicals, and hyaluronidase.43 To
overcome this limitation, HA needs to be modified. To accomplish
this, we modified HA with ADH according to a previous study.*
Synthesis details and 'H NMR characterization was shown in
Supporting Information. Coating GO—DOX with HA—ADH was
accomplished by adding GO—DOX (3 mg) and HA—ADH (6 mg) in
phosphate-buffered saline (PBS) (pH 7.4, 6 mL) under stirring at
room temperature, keeping the mixture in the dark for 24 h. Afterward,
the mixture was centrifuged (12 000 rpm for S min) and washed three
times to collect HA—GO—DOZX. The loading efliciency of DOX was
determined as follows. Supernatant was collected to measure unloaded
DOX concentration using a standard DOX concentration curve
obtained by UV—vis spectrophotometry from DOX solutions with
different concentration at the wavelength of 480 nm. The drug loading
efficiency (DLE) and entrapment efficiency (EE) of HA—GO—DOX
were presented by eq 1 and 2:*

DLE = WDOX/T/Vnanohyrid X 100% (l)

EE = Wy /W' pox X 100% ®)

where Wy is the weight of DOX in HA—GO—DOX, W,,0nyriq is the
weight of nanohyrid, and W'y is the initial weight of DOX added.

2.5. Characterization of GO, GO—DOX, and HA—GO—-DOX.
GO, GO-DOX, and HA—GO—DOX were characterized by UV—vis
spectrophotometry (UV2450, SHIMADZU), fluorospectrophotome-
try (F-7000, HITACHI), atomic force microscopy (AFM) (Multi-
Mode 8, VEECO), Malvern Zetasizer 3000 HS, and Fourier transform
infrared (FTIR) (Spectrum-GX, PerkinElmer).

2.6. In Vitro Drug Release. Release of DOX from HA—GO—
DOX was achieved using the dialysis method. HA—GO—-DOX was
dispersed in PBS (2.5 mL) at pH 5.3 (endosomal pH in cancer cells)
and pH 7.4 (physiological pH) and was placed in a dialysis bag, which
was immersed in homologous PBS (50 mL) under a certain stirring
rate at 37 °C. At selected time intervals (1,2,3,4,5,6,7,8,9, 10, 11,
12, 24, 36, 48, 72, 96, and 120 h), PBS (2.5 mL) outside the dialysis
bag was taken out for UV absorption measurement at a wavelength of
480 nm, and an equal volume of blank PBS was added. Concentration
of DOX released into PBS was calculated using a standard DOX
concentration curve. This method is also applicable to GO—DOX,
using free DOX as control. All experiments were carried out in
triplicate. Cumulative DOX release (%) was obtained by eq 3 below:**
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Scheme 1. Schematic Illustrating the Preparation of HA—GO—DOX Nanohybrid
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Figure 1. AFM images of GO (a), GO—DOX (b), and HA—GO—DOX (c); UV—vis (d) and fluorescence (at 480 nm excitation) spectra (e) of

DOX, GO, GO—DOX, and HA—GO—DOX.

Ve Z:ll Ci+ VoCn
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where Er is the cumulative DOX release (%); Ve is the volume which
was taken out (2.5 mL); Ci is the concentration at time i (i = n — 1),
ug/mL; Vo is the total volume of PBS outside the dialysis bag (50
mL); Cn is the concentration at the selected time, yg/mL; and m is
the total milligram amount of DOX in HA-~GO—-DOX.

2.7. Cell Culture. Human hepatocellular carcinoma cells (HepG2)
were cultured in RPMI 1640 medium (Gibco, Invitrogen Co., USA)
with 10% fetal bovine serum (HyClone, USA) and antibiotics (100 U/
mL penicillin, 100 y#g/mL streptomycin) at 37 °C and 5% CO,. Rat
brain microvascular endothelial cells (RBMEC) were cultured in high
glucose-containing Dulbecco’s modified Eagle’s medium (DMEM)
medium (Gibco, Invitrogen Co., USA) with 20% fetal bovine serum
(HyClone, USA) and antibiotics (100 U/mL penicillin, 100 pg/mL
streptomycin) at 37 °C and 5% CO,.

2.8. In Vitro Cellular Uptake of HA—GO—-DOX by HepG2 and
RBMEC Cells. To investigate selective uptake of HA-GO—-DOX,
HepG2 and RBMEC cells were used. HepG2 cells have overexpression
of CD44 receptor, while RBMEC cells have no expression of CD44
receptor. Cells seeded into 6-well plates at 1 X 10° cells/well with
culture medium (2 mL) were treated with free DOX, GO—DOX, and
HA—-GO-DOX at DOX concentration of 5 pug/mL, followed by
incubation at 37 °C with a humidified atmosphere containing 5% CO,

Er
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for 3 h. After that, culture media were abandoned, and the cells were
washed with PBS (0.01 M, pH 7.4) three times. Fluorescence images
of cells were captured with a fluorescence microscope (Olympus
IX71). For dose- and time-dependent study, HepG2 cells were treated
with free DOX, GO—-DOX, and HA-—GO-DOX at the DOX
concentration of 0.5 pug/mL, 1 pug/mL, and 5 pg/mL, followed by
incubation at 37 °C in a humidified atmosphere containing 5% CO,.
After 0.5, 3, and 6 h, the cells were treated using the same method
mentioned above.

2.9. In Vitro Cytotoxicity of HA—GO—DOX against HepG2
and RBMEC Cells. To investigate the cytotoxicity of the designed
nanohybrid toward tumor cells, an MTT assay was performed. Cells
were seeded in culture medium (100 L) on 96-well plates at a density
of 1 X 10* cells per well for 24 h. Cells were incubated with HA—GO,
free DOX, GO—DOX and HA—GO—-DOX, respectively, for a further
24 h. Then culture medium was removed, and fresh medium
containing 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide (MTT) (final concentration of 0.5 mg/mL) was added. Cells
were incubated for another 4 h. Afterward, supernatant was removed,
dimethyl sulfoxide (DMSO) (100 pL) was added in each well, and
plates were shaken for 15 min. Absorbance of solution of each well was
measured using a microplate reader at the wavelength of 570 nm to
determine the optical density (OD) value. The MTT assay was
performeg three times. Relative cellular viability was calculated based
on eq 4:
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relative cellular viability = OD,,,, ;./ OD.. vl (4)

ample

where ODj,,c is obtained from cells incubated with DOX, GO—
DOX, HA—-GO-DOX, or HA—-GO, and OD_,,,, is obtained from
cells incubated without the material above.

2.10. In Vivo Antitumor Efficiency of HA—GO—-DOX. The
healthy male Kunming (KM) mice (Warrant No. SCXK(Yu)-2014—
001; age = six weeks; body weight = 18—22 g) were obtained from
Chongging Medical University (Chongging, China). All animals
received care in compliance with the guidelines outlined in the Guide
for the Care and Use of Laboratory Animals, and all procedures were
approved by the Animal Care and Use Committee.

The in vivo study was performed according to a previous study with
some modifications.*> In brief, the tumor-bearing mouse model was
first obtained by implantation of H22 hepatic cancer cells (1 X 107) in
the right flank of each mouse. Then the tumor-bearing mice (n = 70)
were randomly and equally divided into seven groups on the seventh
day of postsubcutaneous. The mice in the control group were treated
with physiological saline (PS), and the other six group mice were
treated with free DOX, GO—DOX, or HA-GO—-DOX, respectively,
through the tail vein at a dose of 4 mg kg™' or 6 mg kg™' (on a DOX:
HCIl basis) on days 0, 3, 7, and 10. On the 12th day of post-tumor
implantation, each group of mice was sacrificed, and the tumors were
completely excised, followed by weighting.

3. RESULTS AND DISCUSSION
3.1. Characterization of HA—GO—-DOX Nanohybrids.

In this drug delivery system, GO was used as a drug carrier,
DOX was used as a model drug, and HA was used as both
targeting and hydrophilic moieties. The preparation of the
nanosized HA—GO—DOX complexes is shown in Scheme 1.

Water-soluble GO was synthesized by oxidizing graphite
using a modified Hummer method.*" Sonication treatment of
GO brings it into nanosized material with a thickness of less
than 2.0 nm and 10—200 nm in lateral width, as verified by
AFM characterization (Figure la), suggestin6g a single or two-
layer sheet, according to a previous report.***”

We next studied the loading of DOX onto GO, using UV—
vis spectrometry. GO has the characteristic peak at 230 nm, and
DOX shows strong absorbances at 232, 252, 290, and 480 nm.

As shown in Figure 1d, the two main absorption peaks at 230
and 480 nm of GO—DOX correspond to the characteristic
peaks of GO and DOX, respectively. Thus, the presence of
characteristic DOX absorption peak clearly indicated the
successful loading of DOX onto GO. With 480 nm excitation,
the fluorescence spectrum of free DOX displayed a peak at 590
nm, as shown in Figure le. However, GO—DOX with the
equivalent DOX concentration exhibited significant fluorescent
quenching at the same excitation wavelength based on the
energy transfer from DOX to GO, which resulted from the
strong 77—7 stacking interaction between GO and DOX.* This
fluorescence quenching also confirmed successful loading of
DOX onto GO. The AFM image of GO—DOX complex
(Figure 1b) shows a slight increase of the thickness compared
with free GO as a result of DOX loading.

GO uniformly dispersed in water, but it tended to aggregate
upon DOX loading, most likely from the screening of
electrostatic charges.”” In our study, the linear hydrophilic
macromolecular HA not only functions in a manner similar to
PEG to increase the stability and solubility of GO, but it can
also serve as an active targeting moiety to recognize CD44
receptor. As described above, before grafting of HA onto GO—
DOX, it was modified with ADH for better biocompatibility.
This modification was proved by 'H NMR according to the
literature.” In our study, the degree of ADH modification was

~15%, as determined by integration of the linker peaks (4H)
against the methyl peaks (6 = 1.95 ppm) of the acetamido
moiety of the N-acetyl-D-glucosamine residue of HA (Support-
ing Information, Figure S1), which will not affect the receptor-
mediated endocytosis of HA.** The modified HA was then
attached to GO—DOX via H-bonding between the amine
group of HA—ADH and epoxy groups in GO, resulting in the
HA—-GO—-DOX nanohybrid.

Compared to GO—DOX, Figure 1d,e shows that HA—GO—
DOX has similar UV—vis absorbance and fluorescence signals,
except a slight decrease of the absorbance at 230 and 480 nm
and the fluorescence at 590 nm, most likely from the coating of
HA—-ADH. AFM images (Figure 1c) illustrate successful
coating of HA onto the GO surface. And the hydrodynamic
size distribution of HA—GO—DOX nanohybrids was studied
by dynamic light scattering (DLS) method (see Supporting
Information, Figure S2).The FTIR spectra were further
examined to determine the formation of HA—GO—-DOX. As
shown in Figure 2a, the peaks at 1114 and 817 cm™' in the

(a) DOX

(b) GO

(c) GO-DOX

Transmittance

d) HA-ADH

726

(e) HA-GO-DOX
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Wavenumber /cm™1

Figure 2. FTIR spectra of DOX (a), GO (b), GO—DOX (c), HA—
ADH (d), and HA—GO—DOX (e).

FTIR spectrum of DOX were from the stretching bands of C—
O—CH;, while the peaks shown at 871 and 764 cm™" belong to
the wagging of —NH, and deformation bonds of N—H,
respectively. The characteristic peaks of GO at 1730 and 1632
cm™' were from the stretching vibration of C=O and
deformation of —OH. Figure 2c displays the FTIR spectra of
GO—-DOX. Compared with DOX and GO shown in Figure
2a,b, there were peaks at 1118 and 814 cm ™" (corresponding to
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stretching bands of C—O—CH; of DOX) and at 874 and 762
cm™" (corresponding to the primary amine NH, wag and N—H
deformation bonds from DOX), in addition to the character-
istic peaks at 1733 and 1632 cm ™" belonging to GO. These data
confirm the successful loading of DOX onto GO. The FTIR
spectrum of HA—GO-DOX is shown in Figure 2e. The
characteristic peak at 726 cm™' corresponds to the bending
vibration of (CH,), of ADH in HA—ADH, as shown in Figure
2d. An additional peak at 874 cm™ resulted from the wagging
of —NH, of DOX, which shows that GO—-DOX was
successfully encapsulated by HA—ADH. The DLEpox of
HA—-GO-DOX reached 42.9%, and EEpox of HA-GO-—
DOX reached 69.5%, which is relatively higher than many other
drug carriers, such as polymer nanoparticles.*"** The effect of
HA density on the performance of HA—GO—DOX nano-
hybrids (stability, DOX release rate, binding with HepG2 cells,
and cell viability) was studied (Supporting Information, Figure
$3), and the HA—GO—DOX nanohybrids with HA density of
0.591 mg HA/mg HA—GO-DOX was chosen for further
study.

3.2. Stability of HA—GO—DOX Nanohybrids. Stability of
a drug-carrier complex is critical for the application of a drug
delivery system. In this work, HA was employed to couple with
GO—-DOX to produce the HA—GO—DOX nanohybrid with
improved stability compared to unmodified GO, which tends to
aggregate in complex medium environment. Figure 3a shows

(a) [Goipox (b) 40

-=-GO-DOX
-o—HA-GO-DOX
35
2
23
8
-DOX £ 25
-
e
| i I ‘ .
15

cell

PBS medium

water serum

Days

Figure 3. (a) Photos of HA—GO—DOX and GO—DOX in different
solutions. (b) Fluorescence intensities of HA—GO—DOX and GO—
DOX in water vs storage time.

that no aggregation occurred for the HA—GO—DOX nano-
hybrids (100 pg/mL) when dispersed in PBS, cell medium, or
serum, while GO—DOX aggregated very quickly. Compared
with GO—DOX, this test demonstrated that the resulting HA—
GO—-DOX nanohybrid exhibited excellent stability in all

biological solutions tested, including serum. Moreover, the
stability of HA—GO—DOX (10 pg/mL) for storage was
investigated by measuring the fluorescence of HA—GO—-DOX
at different storage time intervals when stored in pure water.
Figure 3b shows no obvious change of fluorescence intensities
for the HA—GO—DOX nanohybrids after storage in water for
two weeks at 4 °C, indicating their good stability for storage.
The above-mentioned tests show that the introduction of HA
does, indeed, enhance the stability of the whole HA-GO—
DOX nanohybrid.

3.3. In Vitro Drug Release of HA—GO—-DOX Nano-
hybrids. We next evaluated whether DOX could be delivered
and released from the nanohybrids. Drug release from a carrier
depends on different experimental factors, such as pH, carrier
materials, particle sizes, and interactions between drug and
carriers. Herein, in vitro release behavior of DOX from HA—
GO—-DOX was first investigated under different pH values.
Figure 4a shows DOX release profiles from HA—GO—DOX at
37 °C in phosphate buffer solutions with pH of 7.4 and 5.3,
which represent normal physiological pH and acidic environ-
ment of tumor cell, respectively. It was found that the
cumulative DOX release of HA-GO—DOX reached 40% in
pH 5.3 PBS in 24 h, while it achieved less than 20% of DOX
release in pH 7.4 PBS, suggesting that an acidic solution
facilitated DOX release. It is likely that DOX became more
hydrophilic and water-soluble in pH 5.3 buffer, which increased
DOX release rate.”> Figure 4b shows DOX release profiles of
free DOX itself, GO—DOX, and HA—GO—-DOX at 37 °C in
phosphate buffer solutions with pH of 5.3. Compared with free
DOX, the release rates of DOX from both GO—DOX and
HA—-GO-DOX systems were slower in pH 5.3 PBS within 24
h. This could be ascribed to the strong hydrogen-bond and
m—n stacking interactions between DOX and GO. Moreover,
compared with GO-DOX, HA—-GO—-DOX nanohybrids
showed a lower release rate of DOX, which is presumably
because the HA—ADH conjugate offers a diffusion barrier to
retard DOX release after encapsulating GO—DOX.*® This pH-
activated, sustained drug release is expected to facilitate
targeted drug release in the acidic environment of tumor cells
or in intracellular compartments, such as endosome.

3.4. In Vitro Cellular Uptake of HA—GO-DOX by
HepG2 and RBMEC Cells. To study the selective cell uptake
of HA—GO—-DOX, cell lines HepG2 (target cells, with
overexpressed CD44) and RBMEC (nontarget cells, without
overexpressed CD44) were employed. Before studying the
cellular uptake of HA-GO—DOX by the chosen model cells,
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Figure 4. Cumulative DOX release (%) from HA—GO—DOX in PBS with pH of 7.4 and pH 5.3 at 37 °C (a). Cumulative DOX release (%) from
DOX, GO-DOX, and HA-GO—DOX in PBS with pH of 5.3 at 37 °C (b). The data points are the average of three experiments. Error bars

represent the range over which the values were observed.
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the selective binding of HA to HepG2 cells other than RBEMC
cells was confirmed by flow cytometry analysis after treating
HepG2 cells and RBEMC cells with HA—FITC. Flow
cytometry results (Supporting Information, Figure S4) showed
that, compared with no FITC fluorescent signal shift of
RBEMC cells, the sample of HepG2 cells exhibited distinct
FITC fluorescent signal shift after incubating with HA—FITC,
demonstrating HA can specifically bind with CD44 overex-
pressed HepG2 cells but not binding with RBMEC cells.
Cellular uptake of drug was evaluated using fluorescence
microscopy after incubation of cells and drugs, or nanohybrids,
for 3 h. HepG2 cells treated with HA—GO—-DOX showed
much stronger fluorescence intensity than cells treated with free
DOX or GO-DOX with the same DOX equivalent
concentrations, even though the amount of DOX released
from HA—GO—-DOX (15.4%) was lower than that of free
DOX (72.7%) and GO—DOX (20.4%) at 3 h, indicating that
endocytosis mediated by CD44 receptor facilitates cellular
uptake efficiency. In contrast, in RBMEC cells, the fluorescence
signal of the free DOX group was the strongest, while that of
the HA—GO—DOX group was the weakest (Figure S). Since

Bright DOX Merge

DOX

GO-DOX [ HepG 2 cells
HA-GO-DOX
pox |
GO-DOX - RBMEC cells

HA-GO-DOX

Figure 5. Fluorescent microscopy images showing cellular uptake of
DOX, GO-DOX, and HA-GO—DOX by HepG2 and RBMEC cells.
The cells were treated with free DOX and HA—-GO—-DOX (DOX
equivalent = S yg/mL) for 3 h.

tewer CD44 receptors are present on RBMEC cells, the HA—
GO—-DOX complex was mainly uptaken through passive
means, and the HA—ADH shell had retarded the release of
DOX. The selective drug uptake in target cells provides the
basis for targeted therapy mediated by HA—GO nanocarriers.

Further study showed that cellular uptake and release of
DOX in HepG2 cells was both time- and dose-dependent. At
low DOX concentration (0.5 ug/mL) for each sample (free
DOX, GO-DOX, and HA-GO-DOX), HepG2 cells
incubated with HA—GO-DOX exhibited the strongest
fluorescence signals (Supporting Information, Figure SS),
even though DOX release rate was the slowest from the

HA—-GO-DOX nanohybrid (Figure 4). This demonstrated
selective uptake of HA—GO—DOX nanohybrid by HepG2 cells
based on the HA targeting to CD44 receptor overexpressed on
HepG2 cells. Moreover, the fluorescence signals from HepG2
cells were enhanced with the increase of the incubation time for
all three groups (DOX, GO—DOX, HA-GO—DOX), which is
consistent with the in vitro drug release behavior as shown in
Figure 4. However, when the concentration of pure DOX was
increased to 5 ug/mL, no obvious difference of the fluorescence
signals was observed from HepG2 cells for either free DOX or
HA—GO—-DOX nanohybrid groups after incubating for 6 h.
This might be ascribed to the saturation of DOX for the chosen
model cells under our experimental condition, which means
that the uptake by HepG2 cells had been exhausted. The
weaker fluorescence signal from HepG2 cells incubated with
GO—-DOX in contrast to the relatively stronger fluorescence
signals from either free DOX or HA—GO—-DOX can be
attributed to the slower release rate of DOX and the lack of a
targeting moiety. This experiment, along with the fluorescence
images shown in Figure S, strongly suggests specific uptake of
HA—-GO-DOX by HepG2 cells, presumably via receptor-
mediated endocytosis, and it also suggests that the HA—GO—
DOX nanohybrids can effectively deliver drugs to the target
tumor cells.

3.5. Cytotoxicity of HA—GO-DOX in HepG2 and
RBMEC cells. Having demonstrated the selective targeting of
HA—-GO-DOX to target HepG2 cells, the selective cytotox-
icity effect of HA—GO—-DOX nanohybrids was further
evaluated using an MTT assay. The cytotoxicity of HA—GO
nanocarrier itself was first studied. Figure 6 shows the relative
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Figure 6. Relative cell viability of HepG2 cells (target cells) and
RBMEC cells (control cells) after treatment with HA—GO
nanocarrier(a), HA—-GO—-DOX (b), free DOX (¢, d), GO—DOX
(¢, d) at different concentrations for 24 h.

cellular viability of HepG2 cells and RBMEC cells treated with
HA—GO nanocarriers, free DOX, GO—DOX, and HA-GO—
DOX, respectively. After 24 h incubation, we found that HA—
GO nanocarriers did not induce obvious cytotoxicity to these
cells, even at a concentration of 100 ug/mL (Figure 6a),
indicating good biocompatibility of this drug carrier under our
experimental conditions. The cytotoxicity of free DOX, GO—
DOX and HA—GO—DOX was next evaluated (Figure 6b,c,d).
Results indicated that HA—~GO—DOX presented much more
cytotoxicity to HepG2 cells than RBMEC cells (Figure 6b).
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Table 1. Effect of HA—GO—DOX on the tumor weight of mice bearing H22 hepatic cancer cell (mean + SD, n = 10)

group dose of DOX (mg-kg™)
HA-GO-DOX 4
HA-GO-DOX 6
GO-DOX 4
GO-DOX 6
DOX 4
DOX 6

PS

average tumor weight (g) inhibition rate (%)

0.1258 + 0.0592%0 3445
0.1002 + 0.0476%%< 48.59
0.1582 + 0.0462° 18.83
0.1325 + 0043570 32.02
0.1348 + 0.0440° 30.79
0.1229 + 0058177 36.92

0.1949 + 0.065S

“p < 0.0 vs PS group. bp < 0.05 vs GO—DOX(4 mg kg™") group. “p < 0.05 vs GO—DOX (6 mg kg™") group. 4p < 0.05 vs HA—GO-DOX (6 mg

kg™') group.

Meanwhile, at a lower concentration of DOX equivalent (1 pug/
mL), HA—GO—DOX showed a much higher cytotoxicity to
HepG2 cells than free DOX and GO—DOX (Figure 6c), even
though the release amount of DOX from HA-GO-DOX
(39.9%) was lower than that of free DOX (87.7%) and GO—
DOX (48.2%) at 24 h. That might be ascribed to more uptake
of DOX by HepG2 cells as a consequence of CD44 receptor-
mediated endocytosis (Figure S). In contrast, the cytotoxicity of
HA—-GO-DOX to RBMEC cells was lower than that of either
free DOX or GO—DOX(Figure 6d). These results suggested
that, at low DOX dosage of 1 pug/mL, the HA-GO-DOX
nanohybrids were much more cytotoxic to target HepG2 tumor
cells than either GO—DOX or free DOX, while, at the same
time, they were less cytotoxic to normal cells due to the
targeted, pH-response, and sustained drug release profiles of
HA—-GO-DOX nanohybrids. These results suggested that the
use of the HA—~GO—DOX nanohybrids drug system not only
reduces the dosage of DOX with the same cytotoxicity to
tumor cells, but also reduces side effects to normal cells, making
the HA—GO—-DOX nanohybrid potentially promising for
clinical targeted cancer therapy.

3.6. In Vivo Anticancer Efficacy of HA—GO—DOX. The
antitumor effect of HA-GO—DOX in vivo was evaluated by
tumor inhibition rate in a H22 hepatic cancer cells bearing-
mouse model. The tumor inhibition rate was calculated by the
following eq $ reported in previous work:>"
W,

Inhibition rate = (I/Vcontrol - experimental)/M/c 1 X 100%

()
Where W01 and Wyperimenta are the average tumor weights in
the control and experimental group, respectively. The tumor
inhibition rate is shown in Table 1. The mean weight of tumor
in the treatment groups (DOX, GO—DOX, and HA-GO—
DOX) was significantly lower than in the PS group (P < 0.0S).
At the 12 day implantation, the tumor inhibition rates of groups
of DOX and GO—DOX with dose of 4 mg kg™" are 30.79% and
18.83% respectively while 36.92% and 32.02% respectively for
dose of 6 mg kg_l, which are much lower than the tumor
inhibition rate from group of HA—GO—DOX at the same dose
(34.45% for 4 mg kg™, 48.59% for 6 mg kg™'). These results
indicate that the HA—GO—DOX inhibited tumor growth much
more efficiently than free DOX and GO—DOX formulation
under same condition. Comparison between group of HA—
GO-DOX (4 mg kg™') and HA-GO-DOX (6 mg kg™')
showed obvious dose dependence of the tumor inhibition (p <
0.05), and the most efficient inhibition of tumor growth was
observed in the group of HA—GO—DOX treated at a dose of 6
mg kg™". The enhanced tumor inhibition rate of the HA—GO—
DOX could be attributed to the sustained DOX release in the

ontro
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tumor tissue after nanohybrids accumulation via the receptor-
mediated binding with targeted cells.

4. CONCLUSION

In summary, we have developed a novel HA-GO-DOX
nanohybrid based on a simple and effective method. The as-
prepared nanohybrids possessed excellent physiological stabil-
ity, high drug loading capacity for DOX (42.9%), the ability of
pH response, and sustained release of anticancer drugs. In vitro
cellular uptake study and cytotoxicity assays showed that the
HA—-GO-DOX nanohybrids could specifically deliver DOX to
target HepG2 cells, and then efficiently inhibit the proliferation
of HepG2 cells, without obvious side effects to control cells,
confirming their ability of targeted delivery. The in vivo
anticancer efficacy study using an H22 hepatic cancer cell-
bearing mouse model demonstrated higher tumor inhibition
rate of HA—GO—DOX compared to free DOX and GO—DOX
formulation at an equivalent drug dose. Taken together, this
work demonstrates an efficient strategy to construct novel HA—
GO-DOX nanohybrids, which shows great potential for
clinical tumor therapy applications.
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