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ABSTRACT
A drug and gene co-delivery system with chemotherapeutic sensibilization was prepared and used for
nasopharyngeal carcinoma therapy. For this purpose, the graphene oxide (GO) was conjugated with
the redox hyperbranched poly(amido amine) (HPAA) and then the targeting molecule, transferrin (Tf),
was also conjugated. The obtained Tf-HPAA-GO could co-deliver docetaxel (DOC) and MMP-9 shRNA
plasmid (pMMP-9) effectively and showed the targeting effect to HNE-1 cells. The co-delivery system
showed the effective drug and gene delivery ability with high cytotoxicity and gene transfection effi-
ciency. Besides that, Tf-HPAA-GO/DOC also showed the chemotherapeutic sensibilization effect, the
formulation containing HPAA segments showed much higher cytotoxicity than free DOC. Benefiting
from the sensibilization effect and DOC/pMMP-9 co-delivery strategy, this Tf-HPAA-GO/DOC/pMMP-9
co-delivery system exhibited the significantly improved therapeutic efficacy to HNE-1 tumor in a com-
bined manner which was confirmed by in vitro and in vivo assays. This strategy provided an easily
delivery system combining the drug/gene co-delivery, chemotherapeutic sensibilization, and targeting
into one single platform, which showed a promising application in cancer therapy.
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1. Introduction

Nasopharyngeal carcinoma (NPC) is a high incidence of
tumors in Southern China (Huang et al., 2018). Although
chemotherapy is a prevailing and effective strategy for NPC
treatment in clinical, it is restricted by side effects, such as
the serious adverse effects, drug resistance, and others
(Ruuskanen et al., 2018). As solutions, the drug delivery sys-
tems which could alter the pharmacokinetics and biodistribu-
tion of drugs as well as reduce the side effects of drugs have
developed (Zheng et al., 2018; Ruskowitz and DeForest,
2018; Yu et al., 2018). However, there are still two concerns
to be resolved. One is that the drug loading capacity of the
normal drug delivery systems is insufficient, and the other is
that the therapeutic effect needs more improvements
(Chater et al., 2018).

For the first concern, graphene oxide (GO) has been
explored as the drug carrier in recent years due to its high
capacity to the benzene-containing drugs through the p-p
interactions (Su et al., 2018). Moreover, the good biocompati-
bility in vitro and in vivo of GO has been confirmed by recent
reports, gradually dispelling the doubts about its biosafety

by the worldwide researchers (Chang et al., 2011; Zhang
et al., 2011; Seabra et al., 2014; Wang et al., 2018).

For the second concern, to improve the therapeutic
effects to cancers, two strategies have been usually taken
into consideration: one is that combining a sensitizer with
chemotherapy drugs to enhance the sensitivity of tumor cells
to drugs as well as overcome their multidrug resistance, and
the other is that combining with gene therapy for a synergis-
tic or adjuvant therapy.

Glutathione (GSH) has been found to be much higher
were expected level expression in tumor cells than that in
normal cells, and the GSH-mediated detoxification is an
important reason for the drug resistance of cancer cells (Jing
et al., 2018). Therefore, many GSH-response drug delivery
systems have been designed, which were expected to be
degraded intracellularly due to the presence of GSH at a
high concentration and then achieve the effective drug deliv-
ery and rapid drug release (Cheng et al., 2018; Ji et al., 2018;
Zhu et al., 2018). Moreover, the drug sensitizers, such as
buthionine sulfoximine (BSO), selectively inhibit the synthesis
of GSH, have been combined with chemotherapeutic drugs
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and used in clinical for effective cancer therapy (Hu et al.,
2018; Moghaddam et al., 2018; Zhang et al., 2018). Tang
et al. have reported a drug carrier combining chemothera-
peutic drug sensitization with GSH-response recently (Tang
et al., 2018). They synthesized the redox hyperbranched
poly(amido amine) containing disulfide bonds (HPAA) and
then conjugated the antitumor drug of methotrexate. The
obtained prodrug showed the self-sensibilization effect com-
ing from the intracellular GSH consumption resulted from
the HPAA segments, and showed effective tumor cell inhib-
ition in vitro and in vivo.

Gene therapy, mediating the relevant proteins expressions
and then affecting the tumor cells, has been a promising
strategy for cancer treatment in the past decades. This strat-
egy could avoid the drug resistance and adverse the side
effects, which could be combined with chemotherapy (Zhou
et al., 2018). Nowadays, many co-delivery systems for drug
and gene have been developed (Zhou et al., 2016; Li et al.,
2018; Lv et al., 2018).

In this work, a strategy combining the sensitized chemo-
therapy with gene therapy was developed. The GSH-
response cationic HPAA was used to modify GO to obtain
HPAA-GO. The docetaxel (DOC), a clinical drug for NPC ther-
apy, was loaded with a high loading amount through the
p-p interactions between GO and DOC. And the therapeutic
gene, MMP-9 shRNA plasmid (pMMP-9), closely related to
tumor cells apoptosis and metastasis (Endo et al., 2018), was
encapsulated through the electrostatic interaction between
pMMP-9 and HPAA segments. To further improve the thera-
peutic effect, a targeting molecule, transferrin (Tf), which has
been reported to target to NPC cells (Liu et al., 2018), was
then conjugated with HPAA-GO. In this work, we developed
an “all-in-one” drug delivery system comprised of sensitized
chemotherapy, gene therapy as well as intracellularly GSH-
triggered degradation and rapid drug/gene release.

2. Experimental section

2.1. Materials

Cystamine dihydrochloride, 1-(2-aminoethyl) piperazine,
acryloyl chloride, and docetaxel were purchased from
Aladdin Industrial Corporation (Shanghai, China). Graphene
oxide powder was obtained from Aladdin Industrial
Corporation and was dried before use. N-(3-dimethylamino-
propyl)-N0-ethylcarbodiimide hydrochloride (EDC�HCl) and N-
hydroxysuccinimide (NHS) were purchased from Sigma and
used directly. The branched polyethylenimines (bPEI, molecu-
lar weight of 25 kDa) were purchased from Sigma-Aldrich. All
other reagents and solvents were purchased from Aladdin
Industrial Corporation and used directly. A pcDNA3 plasmid
was designed to construct the vector that expressed the
small interference RNA for MMP-9 protein with the enhanced
green fluorescent protein (EGFP). This plasmid was obtained
from LongSee-Med Technology Co., Ltd. (Guangzhou). Cell
counting kit-8 (CCK-8) was obtained from Beyotime Institute
of Biotechnology (Shanghai, China). Dulbecco’s Modified
Eagle’s Medium (DMEM), trypsine-EDTA (0.25%), and fetal
bovine serum (FBS) were obtained from Gibco (BRL, MD,

USA). The human nasopharyngeal carcinoma HNE-1 cells
were supplied by Southern Medical University (China). Male
specific pathogen-free BALB/c nude mice (age of 4weeks,
weight of 18–20 g) were obtained from the Center for
Laboratory Animal Sciences, Southern Medical University
(license number: SCXK (Yue) 2016-0041) and fed in the
Experimental Animal Center of Jiangxi Testing Center of
Medical Instruments (Jiangxi Institute of Materia Medica). The
Institutional Administration Panel for Laboratory Animal Care
approved the experimental design.

2.2. Synthesis of HPAA

HPAA was synthesized according to the reported methods
(Li et al., 2016). The chemical structure of HPAA was charac-
terized by 1H NMR using D2O as the solvent. And the gel
permeation chromatography (GPC) was performed to analysis
the molecular of HPAA using the poly(ethylene oxide) as the
standard and 0.8mol/L aqueous NaNO3 solution as the elu-
tion liquid with a flow rate of 1mL/min.

2.3. Preparation of HPAA-GO

For HPAA-GO preparation, 100mg of GO was firstly mixed
with 70mg of EDC�HCl and 40mg of NHS in 10mL of PBS
(pH ¼ 6.0) at room temperature for 2 h. Then, another 10mL
of PBS solution containing 500mg of HPAA was added drop-
wise to the activated GO with stirring followed by a 72-hour
reaction. After that, the resultant mixture was dialyzed for 3
days using dialysis membrane (MWCO ¼ 30,000) against the
deionized water and then lyophilized to obtain the HPAA-GO
with a yield of 68%.

The chemical structure of HPAA-GO was characterized by
Raman spectrum. The composition of HPAA-GO was analyzed
using thermal gravimetric analyzer with a temperature range
of 50–700 �C and a heating rate of 10 �C/min.

2.4. Preparation of Tf-functionalized HPAA-GO (Tf-
HPAA-GO)

For Tf-functionalization, HPAA-GO was activated first by
sulfo-SMCC by mixing 300mg HPAA-GO PBS solution with
10mg sulfo-SMCC PBS solution. After 24 h of reaction, the
product was dialyzed for 12 h using dialysis membrane
(MWCO ¼ 8000) in the distilled water to remove the
unreacted sulfo-SMCC. Then, the pH value of the mixture
was adjusted to 6.5, and 30mg Tf-SH was added. The mix-
ture was then reacted at room temperature for another 48 h.
After the reaction, the pH value of the mixture was adjusted
to 5.9–6.0, followed by centrifugation at 20,000 rpm for
10min and lyophilization to obtain Tf-HPAA-GO. The Tf con-
tent in Tf-HPAA-GO was determined by the Micro BCA
Protein Assay Kit with the standard (R2 > 0.98).

2.5. GSH response

For studying the GSH-response ability of Tf-HPAA-GO, 10mg
Tf-HPAA-GO was dispersed in 10mL distilled water and then
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1mL aqueous GSH (100mmol/L) was added. The mixture
was stirred at 37 �C for 24 h. The particle sizes and zeta
potentials of GO, Tf-HPAA-GO, and Tf-HPAA-GO in the pres-
ence of 10mmol/L GSH were recorded by DLS (Zetasizer
Nano-ZS, Malvern, UK) with a monochromatic coherent He-
Ne laser. All values were derived from CONTIN program.

2.6. DOC delivery

2.6.1. DOC loading
For DOC loading, 25mg DOC was firstly dissolved in
DMSO with the concentration of 5mg/mL. Then, 100mg Tf-
HPAA-GO was dispersed in 10mL distilled water in an ice-
bath condition. After that, the DOC solution was mixed with
Tf-HPAA-GO dropwise. The resultant mixture was stirred at
37 �C for 12 h, and then dialyzed using dialysis membrane
(MWCO ¼ 500) against the deionized water for 2 days and
lyophilized to obtain the DOC-loaded Tf-HPAA-GO (Tf-HPAA-
GO/DOC). The loading amount of DOC in Tf-HPAA-GO/DOC
was analyzed using HPLC analysis (Ma et al., 2014).

2.6.2. In vitro DOC release
For the in vitro DOC release assays, 10mg Tf-HPAA-GO/DOC
enclosed in the dialysis bag (MWCO ¼ 2000) was immersed
in 5mL of PBS (pH ¼ 7.4) containing 10% Tween 80 at 37 �C
(Liu et al., 2016). The sample immersed in PBS containing
10mmol/L GSH was set as the control group. All of the
release studies were carried out in triplicate. At the predeter-
mined time points, 2mL of the release media was taken
away for measurements and another fresh 5mL media was
added back to maintain the original medium volume. The
amount of the released DOC was determined by
HPLC analysis.

2.6.3. Cytotoxicity
The cytotoxicity of Tf-HPAA-GO/DOC was evaluated by CCK-8
assay using HNE-1 cells. The HNE-1 cells were cultured onto
a 96-well plate (5� 103 cells per well) in a complete DMEM
(with 10% fetal bovine serum supplemented and high glu-
cose) at 37 �C in a humidified atmosphere with 5% CO2.
After overnight incubation, 100 mL complete DMEM that con-
tained the desired amount of Tf-HPAA-GO/DOC replaced the
growth medium, and each sample was set for five multiple
holes. The same amount of PBS was used as the control
group. After 24 h incubation, 100 mL fresh DMEM with 10 mL
of CCK-8 per wells were incubated in the cells for another
2 h. The absorbance at a wavelength of 450 nm in each well
was measured by a microplate reader to calculate the num-
ber of viable cells. For HPAA sensitized DOC therapy assay,
free DOC was also used the as control group compared with
Tf-HPAA-GO/DOC and HPAA-GO/DOC.

Moreover, in order to explore the targetability of Tf, Tf-
HPAA-GO/DOC and HPAA-GO/DOC were incubated with
HNE-1 cells for only 4 h and then cultured with DMEM for a
further 24 h. The cytotoxicity was determined by CCK-
8 assay.

2.7. pMMP-9 delivery

2.7.1. Tf-HPAA-GO/pMMP-9 complexes
Tf-HPAA-GO and pMMP-9 were co-dissolved in pure water to
make the suitable concentrations of aqueous solution. The
resulting aqueous components were mixed at 25 �C, and
gently stirred for 10min to form the Tf-HPAA-GO/pMMP-
9 complexes.

2.7.2. Gel electrophoresis
The binding ability of Tf-HPAA-GO to pMMP-9 was evaluated
by gel electrophoresis assay. TAE buffer (1mmol/L EDTA and
40mmol/L Trisacetate) was used to prepare the agarose gel
(1.0%, w/v) containing the ethidium bromide (0.25mg/mL).
After an incubation for 15min at 25 �C, all samples were per-
formed by electrophoresis on the agarose gel at 70 V for
20min. Visualization and image capture were accomplished
using the UV-trans illuminator under a Kodak EDAS 290
digital imaging suite (Fisher Scientific, PA).

2.7.3. In vitro transfection
HNE-1 cells were seeded into the 24-well culture plates using
500 mL complete DMEM as the culture medium at a density
of 4� 104 cells per well. After 12 h incubation, the culture
medium was interchanged by fresh Tf-HPAA-GO/pMMP-9
complexes (weight ratios of from 10 to 30) in Opti-DMEM.
The pMMP-9 amount in each well was fixed at 2.0 mg. The
cells were incubated for another 36 h and then analyzed by
green fluorescent protein (GFP) expression using a fluores-
cence microscope (Nikon-2000U, Japan). The cells treated
with PEI-25k/pMMP-9 (weight ratio of 1.3) and HPAA-GO/
pMMP-9 complexes were set as the control groups. After the
cells were digested by trypsinase, the transfection percen-
tages (positive cell percent) were recorded by a flow cytome-
ter (BD Accuri C6).

2.7.4. MMP-9 protein expression
HNE-1 cells (1.5� 105) were seeded into the 6-well plates
and incubated at 37 �C in 5% CO2 for 12 h. After that, various
formulations (PBS, blank Tf-HPAA-GO, Tf-HPAA-GO/pMMP-9
complex with a weight ratio of 20:1 and PEI-25k/pMMP-9
complex with a weight ratio of 1.3:1) were added, respect-
ively, and then incubated with the HNE-1 cells for 36 h.
Subsequently, the cells were washed with PBS twice and the
precipitate was added by 100 mL lysis buffer (constitute by
150mM NaCl, 1.5mM MgCl2, 1mM EDTA, 50mM Tris-HCl, pH
of 7.4, 1% Triton X-100 and 10% glycerol). The cell lysates
were then incubated on ice for 30min and vortexed every
5min. The lysates were clarified by centrifugation for at
12,000 rpm 10min, and the supernatant was boiled for
10min in loading buffer. On a 12% PAGE-SDS gel, the total
protein (20mL) was separated and then transferred to the
PVDF membrane (Bio-Rad). After incubated in 5% BSA in PBS
containing Tween-20 for 1 h, the membrane was then incu-
bated in 5% BSA of PBST with MMP-9 antibodies (1:1000)
overnight at 4 �C. After the incubation in 5% BSA of PBST
with goat anti-rabbit IgG-HRP antibody (1:5000) for 60min at
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25 �C, band was visualized using the ECL system (Pierce).
Relative protein expression values were determined using
Image-J software.

2.8. Co-delivery of DOC and pMMP-9

HNE-1 cells were cultured into a 96-well plate (8� 103 cells/
well) in complete DMEM at 37 �C in a humidified atmosphere
with5% CO2. After 12 h incubation, the medium was replaced
by 100 mL of complete DMEM containing the desired amount
of formulations such as the blank Tf-HPAA-GO, Tf-HPAA-GO/
DOC (DOC: 1 mg/well), Tf-HPAA-GO/pMMP-9 (weight ratio of
20; pMMP-9: 0.65 mg/well) and Tf-HPAA-GO/DOC/pMMP-9
(weight ratio of 15; DOC of 1 mg/well; pMMP-9 of 0.65 mg/
well), and every formulation was set for five multiple holes.
Cells treated with the same amount of PBS and HPAA-GO/
DOC/pMMP-9 complexes were used as the control groups.
After 36 h incubation, the cells were incubated in 100 lL of
DMEM containing CCK-8 for another 2 h. The absorbance in
each well was measured at a wavelength of 450 nm to calcu-
late the number of viable cells.

2.9. In vivo assays

For in vivo antitumor tests, the HNE-1 tumor-bearing nude
mice were modeled and then randomly divided into seven
groups (n¼ 5). Subsequently, the mice were injected intra-
venously using 200 lL Tf-HPAA-GO/DOC/pMMP-9 (pMMP-9
dose of 3.25lg/g and DOC dose of 5 lg/g). PBS (200lL), Tf-
HPAA-GO/DOC (5lg/g DOC in 200 lL PBS), free DOC (5lg/g
in 200lL PBS), Tf-HPAA-GO/pMMP-9 (pMMP-9 dose of
3.25lg/g in 200 lL PBS), HPAA-GO/DOC/pMMP-9 (pMMP-9
dose of 3.25lg/g and DOC dose of 5lg/g), and blank Tf-
HPAA-GO (200 lL) were set as the control groups.
Particularly, all formulations were injected every two days.
After 3weeks, the animals were sacrificed. The tumor volume
was calculated as: V ¼ (L � W2)/2, where W and L denote
the shortest and longest diameters of the tumors,
respectively.

2.10. Blood compatibility

2.10.1. Hemolysis
For hemolysis testing, the fresh whole blood was taken from
mice using the sodium citrate as an anticoagulant with a
blood/anticoagulant ratio of 9:1. The whole blood was imme-
diately centrifuged at 1000 rpm for 5min to remove the
resultant buffy coat layer and plasma. The obtained red
blood cells (RBCs) were washed with PBS (pH ¼ 7.4) for three
times. After that, the RBCs were resuspended in PBS at 16%
hematocrit (v/v) and then mixed with 5mL PBS containing
Tf-HPAA-GO at different concentrations (1, 10, 100, and
1000lg/mL, respectively) for 12 h. The positive (100% hem-
olysis induced by PBS containing 5mL 0.1% Na2CO3 solution)
and negative (0% hemolysis of only PBS) controls were set
up. Each sample was measured for three times. After the
incubation, the RBC suspensions were centrifuged at
1000 rpm for 5min, and the supernatants were measured for

the absorbance at 540 nm (Zhen et al., 2015). The percentage
hemolysis was calculated by the optical density (OD) values
as the following formula:

Hemolysis %ð Þ ¼
OD of the test sample –OD of negative controlð Þ � 100½ �=
OD of positive control:

2.10.2. Activated partial thromboplastin time (APTT) and
prothrombin time (PT) assays

The APTT and PT assays were recorded by the SF-8000 auto-
matic coagulation analyzer (Beijing Succeeder Company,
China) with the corresponding reagents provided by the
Southern Medical University (Guangzhou, China). Platelet-poor
plasma was obtained by centrifuging the citrated whole blood
at 1000 rpm for 15min and then mixed with Tf-HPAA-GO
at different concentrations (1, 10, 100, and 1000lg/mL,
respectively). Then, APTT and PT were analyzed at 37 �C. Each
experiment was repeated for three times. The sample of plate-
let-poor plasma mixing with only PBS was set as control.

2.10.3. Cytotoxicity to 3T3 cells
The cytotoxicity of Tf-HPAA-GO to 3T3 cells was determined
by CCK-8 assay in vitro. The 3T3 cells were cultured onto a
96-well plate (7� 103 cells per well) in complete DMEM
(with 10% fetal bovine serum supplemented and high glu-
cose) in a humidified atmosphere of 5% CO2 at 37 �C for
12 h. The growth medium was then replaced with 200 mL
DMEM containing the desired amount of Tf-HAA-GO, and
five multiple holes were set for every sample. The PBS was
used as the control group. After 24 h cultivation, 100 mL of
DMEM with 10 mL of CCK-8 were added and then incubated
for another 2 h. The cell viability was determined at a wave-
length of 450 nm by a microplate reader.

2.10.4. In vivo toxicity
For in vivo toxicity study, the above nude mice after 21 days
in vivo assays were sacrificed, and their major organs (heart,
liver, spleen, lung, and kidney) were harvested and washed
with PBS. After fixed by 4% formaldehyde, histological exam-
ination was carried out.

2.11. Statistical analysis

The comparison among different groups was analyzed by
the one-tailed Student’s t-test using the statistical software
SPSS 11.5. All data are presented as means ± SD. The differ-
ence with p< .05 (�) was considered statistically significant.

3. Results and discussion

3.1. Tf-HPAA-GO preparation

The preparation routes to Tf-HPAA-GO were shown as
Scheme 1. To obtain the self-sensible drug and gene co-
delivery system, the GSH-response HPAA was firstly
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synthesized according to the reported work (Li et al., 2016),
and then GO was conjugated with HPAA through the amini-
fication reaction. Then, the target protein molecule of Tf con-
taining mercapto group was conjugated with the amino
group of HPAA to form the Tf-HPAA-GO carrier using sulfo-
SMCC as the activity. After that, the Tf-HPAA-GO carrier could
co-deliver GO and pMMP-9 through the p-p interactions
between GO and DOC and the electrostatic interactions
between HPAA and pMMP-9.

The chemical structure of the synthesized HPAA was char-
acterized by 1H NMR. As shown Figure 1(A), all characterized
peaks have been marked corresponding with its chemical
structure, indicating that HPAA was synthesized successfully.
The molecular weight and molecular weight distribution of
HPAA have also been determined by GPC analysis. As shown
in Figure 1(B), HPAA displayed the molecular weight of Mn ¼
21,680 and Mw/Mn ¼ 2.16, using poly(ethylene oxide) as
the standard.

After conjugated with GO, the obtained HPAA-GO was
characterized by Raman spectra to confirm its chemical

structure. As shown in Figure 2(A), both GO and HPAA-GO
showed their characterized peaks at about 1595 cm�1 and
1349 cm�1, which were the typical G and D bands for the
carbon materials. After HPAA conjugation, the D band of
HPAA-GO showed a blue shift and the intensity ratio of G/D
increased compared with that of GO (G/D increased from
1.02 to 1.05 after conjugated with HPAA). This result implied
that GO was chemical modified by HPAA and then resulted
in the larger defects in origin GO structure (Gu et al., 2017).
Moreover, a small peak named G’ or twoD band was found
at about 2600–2700 cm�1, which could be used to calculate
the number of GO layers for HPAA-GO. From the result
shown in Figure 2(A) insert, it was determined that GO
showed a monolayer structure in HPAA-GO (Ferrari et al.,
2006). The composition of HPAA-GO could be calculated by
TG analysis of the residual mass and the results were shown
in Figure 2(B). It was found that GO remained about 44.08%
mass residues after heated to 650 �C under the nitrogen
atmosphere, while HPAA only remained 3.36% residues. For
HPAA-GO, it remained about 13.83% residues in the end.

Scheme 1. The preparation of Tf-HPAA-GO/DOC/pMMP-9.

Figure 1. (A) 1H NMR spectrum of HPAA (25 �C, D2O). (B) GPC trace of HPAA (37 �C, aqueous 0.8mol/L NaNO3).
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From these results, the content of HPAA in HPAA-GO could
be determined to be about 74.3wt%.

To improve the drug and gene co-delivery ability, Tf, a
targeting molecular to HNE-1 cells (Liu et al., 2018), was con-
jugated with HPAA-GO to form the Tf-HPAA-GO, and the Tf
content in Tf-HPAA-GO was determined as 2.3wt% after ana-
lyzed by the Micro BCA Protein Assay Kit.

HPAA segments could be degraded in the availability of
GSH which was rich in most tumor cells. This peculiarity
makes it an excellent drug delivery system, because HPAA
could be degraded intracellular and therefore the loaded
drugs could be released sufficiently (Gu et al., 2017). The
GSH-response of Tf-HPAA-GO was characterized by zeta
potentials and particle sizes with or without GSH incubation.
As shown in Figure 3, GO showed a zeta potential of
–28.2mV due to abundant carboxyl groups itself, and its par-
ticle size was larger than 450 nm due to the aggregation of
GO sheet. After conjugated with HPAA, the Tf-HPAA-GO
showed a good dispersion in aqueous solution with the par-
ticle size of 225 nm, and the zeta potential was þ24.6mV
due to the cationic HPAA. After incubating with 10mmol/L
GSH for 4 h, the zeta potential of Tf-HPAA-GO reduced to
þ8.6mV while the particle size increased to 370 nm, indicat-
ing that the dispersion of Tf-HPAA-GO was destroyed in a
certain extent. These results indicated that Tf-HPAA-GO could
be degraded in aqueous GSH solution and may deliver drugs
efficiently into tumor cells.

3.2. DOC delivery

As the clinical drug for NPC therapy, DOC was loaded on Tf-
HPAA-GO to form the Tf-HPAA-GO/DOC complex through
the p-p interactions between GO and DOC. It has been
reported that the drugs containing benzene groups could
stack on the GO plane effectively, so GO showed higher
drugs loading amount than micelles and other usual carriers
(Ma et al., 2012; Rahmani et al., 2018; Liu et al., 2018). In this
work, the loading amount of DOC in Tf-HPAA-GO/DOC com-
plex was determined as 5.6% (w/w) by HPLC analysis, much
higher than our previous work (Liu et al., 2016).

The in vitro DOC release behaviors in the absence or pres-
ence of GSH were shown in Figure 4. It could be seen that
DOC could be released slowly in PBS and about 40% of the
loaded DOC was released after 48 h. Correspondingly, DOC
was released much faster in the presence of GSH, indicating
a GSH-responsive manner. The cumulative DOC release
amount within 48 h in the presence of 10mM GSH was up to
67.8%, suggesting the DOC release was accelerated by the
degradation of HPAA. The degradation of HPAA segments
made the Tf-HPAA-GO/DOC complex lost the barrier of the
periphery and then speed up the DOC molecule diffusion.
Moreover, it has been revealed that GSH overexpresses in
most tumor organs and cells, and in cytoplasm the GSH con-
centration can reach 10mM (Pan et al., 2012), which is suffi-
cient for the degradation of HPAA segments of the Tf-HPAA-
GO/DOC complex in this work. This result indicated that
such a Tf-HPAA-GO carrier may enable the high therapeutic
level in tumor locations with considerably reduced toxicity
to normal tissues and displaying an “on-demand” drug
release manner.

The in vitro tumor cells inhibition assays were performed
on HNE-1 cells. Figure 5(A) showed the results of HNE-1 cells
viability after incubated with blank Tf-HPAA-GO, free DOC,
and Tf-HPAA-GO/DOC for 24 h. It was found that blank Tf-
HPAA-GO showed noncytotoxicity to HNE-1 cells in the
experimental concentrations, indicating a good

Figure 2. (A) Raman spectra of GO and HPAA-GO. (B) TG curves of GO, HPAA, and HPAA-GO.

Figure 3. The zeta potentials and particle sizes of GO, Tf-HPAA-GO, and Tf-
HPAA-GO in the presence of 10mmol/L GSH (37 �C for 4 h) (1: GO; 2: Tf-HPAA-
GO; 3: Tf-HPAA-GO mixed with 10mmol/L GSH).
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biocompatibility of Tf-HPAA-GO. Free DOC and Tf-HPAA-GO/
DOC showed the obvious cytotoxicity to HNE-1 cells, and the
cell viability decreased with the increase of concentrations,
displaying the concentration-dependent inhibition effect. In
particularly, Tf-HPAA-GO/DOC showed much better inhibiting
effect than that of free DOC on HNE-1 cells. For example, the
Tf-HPAA-GO/DOC complex showed the inhibition efficiency
of 52.8% to HNE-1 cells at the DOC concentration of 0.5mg/
mL, at which the free DOC showed only 20.6% inhibition effi-
ciency. According to the inhibition results, the IC50 of the
free DOC and Tf-HPAA-GO/DOC to HNE-1 cells were deter-
mined as 3.82mg/mL and 0.55 mg/mL (concentration of DOC),
respectively, implying that Tf-HPAA-GO/DOC displayed much
better therapeutic effect than free DOC to HNE-1 tumor,
which may be relative to the self-sensibilization effect of Tf-
HPAA-GO/DOC. The excellent effect of Tf-HPAA-GO/DOC on
HNE-1 tumor cells may be attributed from its GSH-response
ability of HPAA segments, which resulted in consuming the
intracellular GSH and then improving the sensibility of tumor
cells to the chemotherapy drugs. Tang et al. have reported
that the HPAA segments could be degraded intracellularly
and consume the intracellular GSH, and then the GSH
expression could be down-regulated (Tang et al., 2018). The
down-regulated GSH could improve the sensibility of some

tumor cells to chemotherapy drugs, and this strategy has
been used in clinical tumor therapy. So, in this work, the
drug carrier containing HPAA segments could improve the
sensitivity of HNE-1 cells to DOC and showed the self-sensibi-
lization effect of the drug carrier.

To further verify the targeting ability of Tf to HNE-1 cells,
the cells were incubated with Tf-HPAA-GO/DOC and HPAA-
GO/DOC for 4 h and then replaced by DMEM for another
24 h. The cell viability results were shown as Figure 5(B). It
was found that both Tf-HPAA-GO/DOC and HPAA-GO/DOC
showed the concentration-dependent cytotoxicity to HNE-1
cells and the Tf-HPAA-GO/DOC showed significantly better
inhibition effect than HPAA-GO/DOC. This result confirmed
that Tf was targeting to HNE-1 cells and Tf-HPAA-GO/DOC
could be uptaken by HNE-1 cells easier than HPAA-GO/DOC.

3.3. pMMP-9 delivery

HPAA has been developed as an efficient gene delivery vec-
tor benefiting from its hyperbranched structures and intracel-
lular biodegradation (Li et al., 2016). To confirm the pMMP-9
delivery ability of Tf-HPAA-GO, gel retardation assay was
firstly performed to examine its gene condensation ability.
As shown in Figure 6(A), at the low Tf-HPAA-GO/pMMP-9
weight ratio of 1:1 to 5:1, pMMP-9 could be observed to
move out under the experimental electric field
conditions. Above the ratio of 10:1, pMMP-9 was totally
retarded, implying that the pMMP-9 was completely con-
densed by Tf-HPAA-GO, suggesting Tf-HPAA-GO showed the
good gene condensation ability in vitro.

The gene transfection efficiency of Tf-HPAA-GO/pMMP-9
complexes at different weight ratios was evaluated by in
vitro transfection assay, and PEI-25k/pMMP-9 (w/w¼ 1.3) and
HPAA-GO/pMMP-9 were used as the positive controls. As
shown in Figure 6(B,C), both Tf-HPAA-GO and HPAA-GO
showed the considerable gene delivery ability to MMP-9.
Particularly, both of them showed the significant higher
transfection efficiency than PEI-25k/MMP-9 in the presence
of serum. Their high transfection efficiency may arise from
two reasons: one is that HPAA displayed better blood com-
patibility than PEI due to its chemical structure, which made
it the relative low zeta potential and then made its

Figure 5. (A) HNE-1 cells viability after incubated with blank Tf-HPAA-GO, free DOC and Tf-HPAA-GO/DOC for 24 h (37 �C and 5% CO2, n¼ 5). (B) HNE-1 cells viabil-
ity after incubated with Tf-HPAA-GO/DOC and HPAA-GO/DOC for 4 h (37 �C and 5% CO2, n¼ 5).

Figure 4. In vitro DOC release profiles from Tf-HPAA-GO/DOC complex in PBS
or aqueous 10mmol/L GSH solution (37 �C).
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complexes more stable in the serum; the other is that its
hyperbranched structure and bioreducible disulfide linkages
could bind gene easily and form the stable complexes
extracellularly, while degraded intracellularly and released
the gene rapidly to complete the transfection. Moreover, Tf-
HPAA-GO showed the significant higher transfection effi-
ciency than HPAA-GO, confirming the good targeting ability
of Tf to HNE-1 cells. Then, the Tf-HPAA-GO was designed
successfully for delivering gene to HNE-1 cells. At the weight
ratio of 20, Tf-HPAA-GO showed the best transfection ability
in this work, and about 37% HNE-1 cells could be
transfected.

Metastasis-related recurrence responsible for the majority
of the mortality is a common occurrence in HNE-1 cancer,
which is similar to most reported tumor diseases (Oh et al.,
2017), so the inhibition of migration-related signals, such as
MMP-9 protein, has been an effective strategy for cancer
treatments. The MMP-9 protein expression in HNE-1 cells
treated with various formulations was analyzed by the west-
ern blot assay (Jiang et al., 2017). As shown in Figure 7(A,B),
the blank Tf-HPAA-GO showed the negligible effect on MMP-
9 protein expression in HNE-1 cells, while the formulations
loading pMMP-9 (PEI-25k/pMMP-9 and Tf-HPAA-GO/pMMP-9)
showed the significant down-regulation of MMP-9 protein
expression. Particularly, in accordance with the transfection
assay results, Tf-HPAA-GO/pMMP-9 showed the best result
on the suppression of MMP-9 protein expression, further
confirming the good gene delivery ability of Tf-HPAA-GO.

3.4. Co-delivery

To verify the drug/gene co-delivery strategy for HNE-1 tumor
therapy, in vitro CCK-8 assay was firstly carried out to verify
the combined inhibition effect of pMMP-9 and DOC. As
shown in Figure 8, the cells treated with blank Tf-HPAA-GO
showed the negligible inhibition effect on HNE-1 cells, indi-
cating the good biocompatibility of the co-delivery system.
The formulations containing pMMP-9 or DOC showed the
significant cytotoxicity to HNE-1 cells, and Tf-HPAA-GO/DOC
displayed 52% inhibition ratio and Tf-HPAA-GO/pMMP-9 dis-
played 15% inhibition ratio respectively. For the co-delivery

of Tf-HPAA-GO/DOC/pMMP-9, it showed the best inhibition
effect and more than 64% HNE-1 cells were inhibited, signifi-
cantly higher than that of pMMP-9 or DOC used only. This
result indicated that the drug/gene co-delivery strategy dis-
played the outstanding inhibition effect on HNE-1 cells and
had the potential application in combined tumor therapy.

Encouraged by the well-combined therapeupic effect in
vitro, the in vivo antitumor assay was then investigated
through the treatment of the nude mice bearing HNE-1
tumor. Figure 9 gave the tumors growth profiles and the
representative tumors image treated with various formula-
tions. It was found that the blank Tf-HPAA-GO showed no
effect on HNE-1 tumor growth and there was no significant
difference in growth profiles with PBS control. The other
groups treated with DOC or pMMP-9 formulations displayed

Figure 6. (A) Gel electrophoresis assay of Tf-HPAA-GO/pMMP-9 complexes with different weight ratios. (B) Gene transfection results of HNE-1 cells treated with
PEI-25k/pMMP-9 (w/w¼ 1.3:1), HPAA-GO/pMMP-9, and Tf-HPAA-GO/pMMP-9 (w/w¼ 10, 20, and 30, respectively) complexes (n¼ 3). (C) Typical image of trans-
fected HNE-1 cells with Tf-HPAA-GO/pMMP-9 at a weight ratio of 20.

Figure 7. Representative MMP-9 protein expression determined by western
blot analysis (A) and its quantitative analysis of MMP-9 protein expression (B) in
HNE-1 cells treated with different formulations (n¼ 3). (1: PBS control; 2: blank
Tf-HPAA-GO; 3: PEI-25k/pMMP-9 at a weight ratio of 1.3; 4: Tf-HPAA-GO/pMMP-
9 at a weight ratio of 20).
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the obvious antitumor effect. Particularly, the tumors treated
with Tf-HPAA-GO/DOC/pMMP-9 showed the smallest volume
and slowest growth profile, which was a significant differ-
ence with other groups. This result indicated that the drug
and gene co-delivery system showed the potential applica-
tion in combined tumors therapy. Moreover, there was a sig-
nificant difference between Tf-HPAA-GO/DOC/pMMP-9 and
HPAA-GO/DOC/pMMP-9, implying the good targeting ability
of Tf in vivo. In addition, compared with free DOC injection,
Tf-HPAA-GO/DOC also showed much better antitumor effect.
This result was benefited from the self-sensibilization effect
of Tf-HPAA-GO to a certain degree. These results further con-
firmed that the self-sensibilization Tf-HPAA-GO carrier com-
bining the drug and gene co-delivery strategy may be a
promising treatment to cancers.

3.5. Biocompatibility

For drug delivery systems, their blood compatibility is a con-
cern. Their interactions with the compositions of blood are
considered as the serious limitation in clinical, and their non-
specific interactions could even severely diminish the half-life
and targeting of drugs (Kumar et al., 2017). The blood com-
patibility of Tf-HPAA-GO was assessed by spectrophotometric
measurement of hemoglobin released from erythrocytes after
Tf-HPAA-GO treatment. Figure 10(A) showed the percentage
hemolysis of the blood in contact with different Tf-HPAA-GO
concentrations. It was found that CS-PLLD-Tf exhibited the
good blood compatibility. Even the concentration reached to
1mg/mL, the sample showed a nonhemolytic effect with the
extent of hemolysis lower than the permissible level of 5%
(Davoudi et al., 2017).

Another important concern on blood compatibility for
drug carriers is the effect on the blood coagulation (Chai
et al., 2017). Coagulation at the right time and location is
necessary to maintain normal metabolism, while inappropri-
ate coagulation will cause severe, even fatal, risks to the
living system. Therefore, the effect of Tf-HPAA-GO on coagu-
lation is a key factor in the blood safety evaluation. The
blood coagulation cascade contains three types of pathways:
intrinsic, extrinsic, and common pathway. Thereinto, the per-
formance of the intrinsic and common coagulation pathways

Figure 8. The HNE-1 cell viability treated with different formulations (n¼ 5) (1:
blank Tf-HPAA-GO; 2: Tf-HPAA-GO/DOC (1mg/well DOC); 3: Tf-HPAA-GO/pMMP-
9 (weight ratio of 20, 0.65mg/well pMMP-9); 4: Tf-HPAA-GO/DOC/pMMP-9
(weight ratio of 20, 1mg/well DOC, 0.65mg/well pMMP-9)).

Figure 9. (A) Representative image of HNE-1 tumors at the 21st day and (B)
tumor growth profiles treated with different formulations (n¼ 5). (1: PBS con-
trol; 2: blank Tf-HPAA-GO; 3: Tf-HPAA-GO/pMMP-9; 4: HPAA-GO/DOC/pMMP-9;
5: free DOC (docetaxel injection, purchased from Rhone-Poulenc Rorer S.A.); 6:
Tf-HPAA-GO/DOC; 7: Tf-HPAA-GO/DOC/pMMP-9).

Figure 10. The hemolysis (A) and clotting analysis (B) of Tf-HPAA-GO (n¼ 5).

752 T. LIU ET AL.



are measured by APTT, which refers to the time needed for
forming a fibrin clot after a partial thromboplastin reagent or
CaCl2 is added. Meanwhile, PT measures the performance of
both extrinsic and common coagulation pathways, and refers
to the time taken to form a fibrin clot after tissue thrombo-
plastin is added. The effects of the Tf-HPAA-GO on APTT and
PT are shown in Figure 10(B). Compared with the PBS con-
trol, Tf-HPAA-GO did not significantly change the APTT and
PT of the blood under the concentration of 1mg/mL. The
results indicated that Tf-HPAA-GO under experimental con-
centrations had no obvious activation to coagulation factor
XII in the plasma and thrombin, suggesting the blood safety
in this work. The good blood compatibility of Tf-HPAA-GO
may be attributed from its hyperbranched structure and low
cationic charge density, which resulted in it showed the rela-
tive low zeta potential than other cationic polymer such as
PEI, and then was avoided to interact with the proteins in
the blood (Ma et al., 2014).

The cytotoxicity of the blank Tf-HPAA-GO was also eval-
uated using 3T3 cells to confirm its safety, and the result
was shown in Figure 11. It was found that the cell viability of
the 3T3 cells treated with different concentration of Tf-HPAA-
GO for 24 h remained constant and there was no significant
difference with PBS control. Even the concentration of Tf-
HPAA-GO reached to 100 mg/mL, the 3T3 was still viable and
no significant difference was found compared with PBS con-
trol. This result indicated that Tf-HPAA-GO showed
good safety.

In vivo toxicity assay was also performed through a histo-
logical analysis to prove the safety of Tf-HPAA-GO. As shown
in Figure 12, histologically, no visible difference was
observed between the two groups. The in vivo toxicity of
polymers is influenced by the chemical structures, size, bio-
distribution, and metabolism as well as the surface and ter-
minal groups (Li et al., 2017). The nonobserved toxicity of Tf-
HPAA-GO could be attributed to its hyperbranched molecular
structure and the degradation ability, which could reduce
the cytotoxicity of polymers compared with a linear structure
having the similar molecular weights.

4. Conclusion

To combine the sensitized chemotherapy with gene therapy
for NPC treatment, the GSH-response cationic HPAA was
used to modify GO, and Tf was also conjugated to target
NPC cells. The carrier of Tf-HPAA-GO displayed the GSH-
response and could accelerate DOC release in aqueous GSH
solution. More importantly, it displayed much better inhib-
ition effect to HNE-1 cells than free DOC, which was con-
firmed that the chemotherapeutic self-sensibilization effect.
Meanwhile, Tf-HPAA-GO simultaneously possessed excellent
pMMP-9 delivery with significant down-regulation of MMP-9Figure 11. Cytotoxicity of Tf-HPAA-GO to 3T3 cells (37 �C and 5% CO2, n¼ 5).

Figure 12. Representative HE stain image of organ histology by Tf-HPAA-GO/DOC/pMMP-9 (top row) and PBS control (bottom row).
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protein expression. Benefiting from the self-sensibilization
effect as well as the high-efficiency drug and gene delivery,
Tf-HPAA-GO/DOC/pMMP-9 showed significantly improved
therapeutic efficacy to NPC in vitro and in vivo. The work
provided a facile platform to integrate the drug/gene co-
delivery strategy, self-sensibilization and targeting effect into
one single nanocomposite for potential cancer treatment.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was financially supported by the National Natural Science
Foundation of China (81573000), the talent introduction fund of
Guangdong Provincial People’s Hospital (Y012018142), the Social
Development Project of Dongguan (No. 2016108101025), and the
Science and Technology Program of Guangzhou (201707010489).

References

Chai Q, Huang Y, Kirley TL, Ayres N. (2017). Shape memory polymer
foams prepared from a heparin-inspired polyurethane/urea. Polym
Chem 8:5039–48.

Chang Y, Yang S-T, Liu J-H, et al. (2011). In vitro toxicity evaluation of
graphene oxide on A549 cells. Toxicol Lett 200:201–10.

Chater PI, Wilcox MD, Pearson JP. (2018). Efficacy and safety concerns
over the use of mucus modulating agents for drug delivery using
nanoscale systems. Adv Drug Deliv Rev 124:184–92.

Cheng FR, Su T, Cao J, et al. (2018). Environment-stimulated nanocarriers
enabling multi-active sites for high drug encapsulation as an “on
demand” drug release system. J Mater Chem B 6:2258–73.

Davoudi P, Assadpour S, Derakhshan MA, et al. (2017). Biomimetic modi-
fication of polyurethane-based nanofibrous vascular grafts: a promis-
ing approach towards stable endothelial lining. Mater Sci Eng C
Mater Biol Appl 80:213–21.

Endo H, Owada S, Inagaki Y, et al. (2018). Glucose starvation induces
LKB1-AMPK-mediated MMP-9 expression in cancer cells. Sci Rep 8:
10122.

Ferrari AC, Meyer JC, Scardaci V, et al. (2006). Raman spectrum of gra-
phene and graphene layers. Phys Rev Lett 97:187401.

Gu J, Chen X, Fang X, Sha X. (2017). Retro-inverso d-peptide-modified
hyaluronic acid/bioreducible hyperbranched poly(amido amine)/pDNA
core-shell ternary nanoparticles for the dual-targeted delivery of short
hairpin RNA-encoding plasmids. Acta Biomater 57:156–69.

Gu Y, Guo Y, Wang C, et al. (2017). A polyamidoamne dendrimer func-
tionalized graphene oxide for DOX and MMP-9 shRNA plasmid co-
delivery. Mater Sci Eng C Mater Biol Appl 70:572–85.

Hu J, Zhuang W, Ma B, et al. (2018). Redox-responsive biomimetic
polymeric micelle for simultaneous anticancer drug delivery and
aggregation-induced emission active imaging. Bioconjugate Chem 29:
1897–910.

Huang WB, Chan JYW, Liu DL. (2018). Human papillomavirus and World
Health Organization type III nasopharyngeal carcinoma: multicenter
study from an endemic area in Southern China. Cancer 124:530–6.

Ji X, Tang Q, Pang P, et al. (2018). Redox-responsive chemosensitive pol-
yspermine delivers ursolic acid targeting to human breast tumor cells:
the depletion of intracellular GSH contents arouses chemosensitizing
effects. Colloids Surf B Biointerfaces 170:293–302.

Jiang Z, Chi J, Han B, Liu W. (2017). Preparation and pharmacological
evaluation of norcantharidin-conjugated carboxymethyl chitosan in
mice bearing hepatocellular carcinoma. Carbohydr Polym 174:282–90.

Jing T, Li T, Ruan Z, et al. (2018). Imaging-guided pHe and glutathione
dual responsive polypeptide nanogel for smart drug delivery.
Macromol Mater Eng 303:1800060.

Kumar P, Takayesu A, Abbasi U, et al. (2017). Antimicrobial peptide-poly-
mer conjugates with high activity: influence of polymer molecular
weight and peptide sequence on antimicrobial activity, proteolysis,
and biocompatibility. ACS Appl Mater Interfaces 9:37575–86.

Li M, Zhou X, Zeng X, et al. (2016). Folate-targeting redox hyper-
branched poly(amido amine)s delivering MMP-9 siRNA for cancer
therapy. J Mater Chem B 4:547–56.

Li S, Li C, Jin S, et al. (2017). Overcoming resistance to cisplatin by inhib-
ition of glutathione S-transferases (GSTs) with ethacraplatin micelles
in vitro and in vivo. Biomaterials 144:119–29.

Li Y, Thambi T, Lee DS. (2018). Co-delivery of drugs and genes using
polymeric nanoparticles for synergistic cancer therapeutic effects. Adv
Healthcare Mater 7:1700886.

Liu T, Chen S, Zhang S, et al. (2018). Transferrin-functionalized chito-
san- graft -poly(l-lysine) dendrons as a high-efficiency gene delivery
carrier for nasopharyngeal carcinoma therapy. J Mater Chem B 6:
4314–25.

Liu T, Wu X, Wang Y, et al. (2016). Folate-targeted star-shaped cationic
copolymer co-delivering docetaxel and MMP-9 siRNA for nasopharyn-
geal carcinoma therapy. Oncotarget 7:42017–30.

Liu T, Zhang X, Ke B, et al. (2016). F-127-PEI co-delivering docetaxel and
TFPI-2 plasmid for nasopharyngeal cancer therapy. Mater Sci Eng C
Mater Biol Appl 61:269–77.

Liu Z, Liu J, Wang T, et al. (2018). Switching off the interactions
between graphene oxide and doxorubicin using vitamin C: combin-
ing simplicity and efficiency in drug delivery. J Mater Chem B 6:
1251–9.

Lv T, Li Z, Xu L, et al. (2018). Chloroquine in combination with aptamer-
modified nanocomplexes for tumor vessel normalization and efficient
erlotinib/Survivin shRNA co-delivery to overcome drug resistance in
EGFR-mutated non-small cell lung cancer. Acta Biomater 76:257–74.

Ma D, Lin J, Chen Y, et al. (2012). In situ gelation and sustained release
of an antitumor drug by graphene oxide nanosheets. Carbon 50:
3001–7.

Ma D, Lin Q, Zhang L, et al. (2014). A star-shaped porphyrin-arginine
functionalized poly(L-lysine) copolymer for photo-enhanced drug and
gene co-delivery. Biomaterials 35:4357–67.

Moghaddam SP, Yazdimamaghani M, Ghandehari H. (2018). Glutathione-
sensitive hollow mesoporous silica nanoparticles for controlled drug
delivery. J Control Release 282:62–75.

Oh P, Kim H, Kim E, et al. (2017). Inhibitory effect of blue light emitting
diode on migration and invasion of cancer cells. J Cell Physiol 232:
3444–53.

Pan Y, Chen Y, Wang D, et al. (2012). Redox/pH dual stimuli-respon-
sive biodegradable nanohydrogels with varying responses to
dithiothreitol and glutathione for controlled drug release.
Biomaterials 33:6570–9.

Rahmani Z, Sahraei R, Ghaemy M. (2018). Preparation of spherical porous
hydrogel beads based on ion-crosslinked gum tragacanth and gra-
phene oxide: study of drug delivery behavior. Carbohydr Polym 194:
34–42.

Ruskowitz ER, DeForest CA. (2018). Photoresponsive biomaterials for tar-
geted drug delivery and 4D cell culture. Nat Rev Mater 3:17087.

Ruuskanen M, Grenman R, Leivo I, et al. (2018). Outcome of nasopharyn-
geal carcinoma in Finland: a nationwide study. Acta Oncol 57:251–6.

Seabra AB, Paula AJ, de Lima R, et al. (2014). Nanotoxicity of graphene
and graphene oxide. Chem Res Toxicol 27:159–68.

Su T, Cheng F, Yan J, et al. (2018). Hierarchical nanocomposites of gra-
phene oxide and PEGylated protoporphyrin as carriers to load doxo-
rubicin hydrochloride for trimodal synergistic therapy. J Mater Chem
B 6:4687–96.

Tang Q, Ma X, Zhang Y, et al. (2018). Self-sensibilized polymeric prodrug
co-delivering MMP-9 shRNA plasmid for combined treatment of
tumors. Acta Biomater 69:277–89.

Wang B, Su X, Liang J, et al. (2018). Synthesis of polymer-functionalized
nanoscale graphene oxide with different surface charge and its cellu-
lar uptake, biosafety and immune responses in Raw264.7 macro-
phages. Mater Sci Eng C 90:514–22.

754 T. LIU ET AL.



Yu S, Li G, Liu R, et al. (2018). Dendritic Fe3O4 @poly(dopamine)@PAMAM
nanocomposite as controllable NO-releasing material: a synergistic pho-
tothermal and NO antibacterial study. Adv Funct Mater 28:1707440.

Zhang X, Yin J, Peng C, et al. (2011). Distribution and biocompatibility
studies of graphene oxide in mice after intravenous administration.
Carbon 49:986–95.

Zhang Y, Jiang Q, Bi B, et al. (2018). A bioreducible supramolecular
nanoparticle gene delivery system based on cyclodextrin-conjugated
polyaspartamide and adamantyl-terminated polyethylenimine. J Mater
Chem B 6:797–808.

Zhen Z, Liu X, Huang T, et al. (2015). Hemolysis and cytotoxicity mecha-
nisms of biodegradable magnesium and its alloys. Mater Sci Eng C
Mater Biol Appl 46:202–6.

Zheng Y, Yu B, De La Cruz LK, et al. (2018). Toward hydrogen sulfide
based therapeutics: critical drug delivery and developability issues.
Med Res Rev 38:57–100.

Zhou X, Xu L, Xu J, et al. (2018). Construction of a high-efficiency drug
and gene co-delivery system for cancer therapy from a pH-sensitive
supramolecular inclusion between oligoethylenimine-graft-b-cyclodex-
trin and hyperbranched polyglycerol derivative. ACS Appl Mater
Interfaces 10:35812–29.

Zhou X, Zheng Q, Wang C, et al. (2016). Star-shaped amphiphilic hyper-
branched polyglycerol conjugated with dendritic poly(l-lysine) for the
codelivery of docetaxel and MMP-9 siRNA in cancer therapy. ACS
Appl Mater Interfaces 8:12609–19.

Zhu Y, Zhang J, Meng F, et al. (2018). Reduction-responsive core-cross-
linked hyaluronic acid-b-poly(trimethylene carbonate-co-dithiolane
trimethylene carbonate) micelles: synthesis and CD44-mediated
potent delivery of docetaxel to triple negative breast tumor in vivo. J
Mater Chem B 6:3040–7.

DRUG DELIVERY 755


	Abstract
	Introduction
	Experimental section
	Materials
	Synthesis of HPAA
	Preparation of HPAA-GO
	Preparation of Tf-functionalized HPAA-GO (Tf-HPAA-GO)
	GSH response
	DOC delivery

	DOC loading
	In vitro DOC release
	Cytotoxicity
	pMMP-9 delivery

	Tf-HPAA-GO/pMMP-9 complexes
	Gel electrophoresis
	In vitro transfection
	MMP-9 protein expression
	Co-delivery of DOC and pMMP-9
	In vivo assays
	Blood compatibility

	Hemolysis
	Activated partial thromboplastin time (APTT) and prothrombin time (PT) assays
	Cytotoxicity to 3T3 cells
	In vivo toxicity
	Statistical analysis

	Results and discussion
	Tf-HPAA-GO preparation
	DOC delivery
	pMMP-9 delivery
	Co-delivery
	Biocompatibility

	Conclusion
	Disclosure statement
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages false
	/ColorSettingsFile (None)
	/AutoRotatePages /All
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Bicubic
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


