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ABSTRACT: The unique reduction-triggered functional graphene oxide
nanoparticles (GON) with well-defined size and uniform distribution
were designed as an innovative drug delivery platform for cancer
treatment for the first time, via the redox radical polymerization of
methacrylic acid from the polyethylene glycol (PEG) modified GON
(GON-PEG), following by cross-linking with cystamine. Thermogravi-
metric analysis demonstrates that the typical PMAA2-GON-PEG carriers
contain about 16 wt % PEG segments and 33 wt % poly(methacrylic acid)
(PMAA) brushes. PEG moieties are incorporated to make the drug
delivery platforms stealthy during blood circulation. Notably, introducing
the cross-linked PMAA brushes efficiently minimizes the premature
release of doxorubicin (DOX) in the stimulated normal tissues, and
accelerates DOX release in the stimulated tumor tissues through response
to reduce agent. The carriers showed a 6-fold faster releasing rate at pH
5.0 in the presence of 10 mM glutathione (GSH) (stimulated tumor tissues) than at pH 7.4 with 10 μM GSH (stimulated normal
tissues). In vitro cytotoxicity test also showed that the cross-linked PMAA2-GON-PEG (CPMAA2-GON-PEG) carriers had
remarkable cytocompatibility, and that the DOX-loaded CPMAA2-GON-PEG had excellent killing capability to SiHa cells.

■ INTRODUCTION
Among various nanomaterials, the development in graphene-
based materials in the past decade is like a modern fairy tale of
how an ugly cygnet transforms into a white swan. Andre Geim
and co-workers’ first discovery of graphene has broken new
ground in material and condensed matter physics.1,2 Owing to
its remarkably unique Young’s modulus, mobility of charge
carriers, electronic and thermal properties, fracture strength,
specific surface area, and biocompatibility,3 graphene has
become a promising frontier in chemical and physical
applications, such as electronics, optoelectronic devices, and
photoconductive materials in solar cells to medical imaging,
drug delivery, and tissue engineering.4

With developments in nanobiotechnology, novel graphene-
based nanomaterials have rapidly grown and shown great
potential as an attractive candidate in imaging, photothermal
therapy, bacterial inhibition, drug delivery, and biosensor
development.5−10 It is extremely important that the gra-
phene-based nanomaterials should be nontoxic, water-disper-
sible, and biocompatible for biomedical applications.11 The
biomedical research on functional graphene oxide (GO) has
been attracting a great deal of attention recently. Starting from
2008, numerous attempts have been made to optimize the GO
properties to win the war against cancer. Liu’s groups studied
the pharmacokinetics and biodistribution of graphene using
radionuclide labeled PEGylated graphene and carried out a
systemic toxicology examination of functionalized graphene in
mice.12 Recently, Wang and co-workers reported a novel SiO2-
coated quantum dot (HQDs)-conjugated graphene to deliver

DOX to the targeted cancer cells, localize the graphene-based
HQDs, and monitor the intracellular DOX release.13

In spite of these advantages for engineered nanocarriers as a
drug delivery platform, they face several challenges including
the programmed release of drugs, stability, and site-specific
delivery for medical application.14 Considering these drawbacks
of drug delivery systems (DDS), in the anti-cancer war, one of
the main obstacles is severe toxic side effects of anticancer
drugs to normal tissues, due to the premature release of drugs
during blood circulation, and overcoming capture by the
reticuloendothelial system (RES).15 Thus, it is extremely
important that nanovehicles with extended blood circulation
duration favor tumor accumulation via the EPR effect, as well as
minimize the premature anticancer drug release during blood
circulation. Compared with normal tissues, tumor tissues
possess a variety of unique microenvironmental features and
physicochemical properties, including weak acidity,16 abnormal
temperature gradients,17 overexpressed proteins and enzymes,18

and others. Most importantly, the intracellular microenviron-
ments of the tumor tissues are drastically different from those
of normal tissues: acidic pH inside endosomes and lysosomes
(pH 5.0−5.5);19 reductive microenvironments due to high level
cysteine or glutathione (GSH) in the cytoplasm and
endolysosomes.20 These could be utilized to modulate the
release of the anticancer drug loading.
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To utilize these differences between tumor tissues and
normal tissues, numerous efforts and studies were undertaken
to boost the application of functional graphene-based materials
for cancer therapy.21 For examples, Cui’s group utilized a
graphene oxide base with redox-response to efficiently regulate
DOX release under a GSH regulated reducing environment.22

Shi and co-workers successfully prepared the triple stimuli-
responsive graphene oxide-based nanotheranostics to reverse
the multidrug resistance (MDR) of cancer cells through loading
of anticancer drug and significantly inhibit the metastasis of
cancer cells by down-regulating the expression of metastasis-
related proteins.23 In addition, Liu and workmates provided the
nanographene oxide-based nanocarriers with smart pH-
response for combining photothermal and chemical therapy
to overcome drug resistance in response to the external physical
stimulus and tumor microenvironment.24 Recently, our group
also reported novel functional graphene oxide nanoparticle
(GON)-based nanocarriers to deliver anticancer drug (DOX)
under stimuli-response of the tumor microenvironment.25

To overcome the above drawbacks for anticancer DDS, novel
graphene-based DDS was designed with the PEGylated GON
as drug carriers and the disulfide bond-cross-linked PMAA
brushes as reduction-triggering switch in the present work
(Scheme 1). The typical CPMAA2-GON-PEG carriers, which
are chosen as the desired DDS through a series of optimizing
experiments, have several important designing aspects: (i) the
versatile drug delivery platform with grafted PEG moieties must
be endowed biocompatibility and water-dispersion; (ii) it
possesses reduction-triggered switching characteristic in intra-
cellular microenvironments of tumor tissues due to the
introduction of disulfide cross-linking bond (−S−S−); (iii)
the premature release of the encapsulated doxorubicin could be
avoided in normal tissues, while the release could be accelerated
in tumor tissues. To demonstrate the feasibility of the
fabrication process, herein, the transmission electron micro-
scope (TEM) image, Fourier transform infrared (FT-IR)
spectroscopy analysis, thermogravimetric analysis (TGA),
dynamical light scattering (DLS) measurements, WST-1 assays,
as well as in vitro drug loading and release experiments were
investigated.

■ RESULTS AND DISCUSSION
Fabrication of CPMAA-GON-PEG. The fabrication

approach for the biocompatible and reduction-responsive
CPMAA-GO-PEG nanocarriers is presented in Scheme 1, via
the classic amidation of the carboxyl groups of the GON
nanoparticles with the amine end-groups of the functional
poly(ethylene glycol) (PEG), and the radical polymerization of
MAA initiated with the redox system of cerium ammonium
nitrate (CAN)/the active hydrogen atoms of the GON-PEG
nanoparticles (Table 1),26−28 and finally the cross-linking of the

PMAA brushes with cystamine as a cross-linker (Table 2), to
endow the PMAA-GON-PEG with reduction responsiveness in
the presence of high level cysteine or glutathione (GSH) in the
cytoplasm and endolysosomes.29

After the PEGylation with NH2−PEG, the characteristic
absorbance at 1720 cm−1 of the carbonyl band in carboxylic
acid disappeared, while the new absorbance at 1650 cm−1 of the
carbonyl band in amide group and the characteristic peak at
1110 cm−1 of the oxygen stretching vibration of the C−O−C
group appeared (Figure 1). Furthermore, the C−H stretch
peaks around 2900 cm−1 were obviously enhanced. It revealed

Scheme 1. Schematic Illustration of the Preparation, Ideal Structural Transformation, Drug Loading, and Reduction-Triggered
Release of the CPMAA-GON-PEG Carriers

Table 1. Redox Radical Polymerizing Conditions

samples MAA (mmol) CAN (mmol)

PMAA1-GON-PEG 11.5 0.2887
PMAA2-GON-PEG 23.0 0.2887
PMAA3-GON-PEG 34.5 0.2887

Table 2. Cross-Linking Conditions

samples
MAAa

(mmol)
Cys
(mg)

EDCI
(mg)

NHS
(mg)

PMAA1-GON-PEG 1.28 28.82 49.07 29.46
PMAA2-GON-PEG 3.83 86.24 146.84 88.15
PMAA3-GON-PEG 5.45 122.73 208.95 125.45
aThe molar content of MAA per gram of the PMAA-GON-PEG
nanoparticles was calculated by TGA.
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that the PEG brushes had been successfully modified onto the
GON nanoparticles via amidation. As for the typical PMAA2-
GON-PEG nanoparticles, the strong characteristic absorbance
peak at 1384 cm−1 of the methyl group of PMAA appeared.
The characteristic absorbance of the carbonyl band in
carboxylic acid and the oxygen stretching vibration of the C−
O−C group appeared at 1700 and 1088 cm−1, respectively. The
reappearance of the carbonyl band in carboxylic acid was
attributed to the grafted PMAA brushes, and the shifts in the
two peaks resulted from the hydrogen bond formed between
the two functional groups.30

TGA technique was utilized to evaluate the contents of the
PMAA and PEG brushes grafted onto the GON nanoparticles
(Figure 2). All the samples exhibited small mass loss of about 3

wt % upon heating even below 100 °C, attributed to the release
of moisture. For the GON nanoparticles, the main mass loss
occurred around 200 °C due to the pyrolysis of the labile
oxygen-containing groups.31 The TGA data for the GON-PEG,
PMAA1-GON-PEG, PMAA2-GON-PEG, and PMAA3-GON-
PEG nanoparticles showed a weight loss of 42%, 55%, 78%, and
92% upon 450 °C, respectively, whereas the GON nano-
particles had only a weight loss of 22%. Therefore, it could be
calculated that the GON-PEG nanoparticles contained about
16% PEG segment, and that the PMAA1-GON-PEG, PMAA2-
GON-PEG, and PMAA3-GON-PEG nanoparticles contained

10%, 33%, and 47% PMAA brushes, respectively. These results
demonstrated that the PMAA degree of grafting of the PMAA-
GON-PEG nanoparticles could be easily controlled by
adjusting the redox radical polymerizing conditions.
The morphology and size of the GON, GON-PEG, and

PMAA-GON-PEG nanoparticles were tracked by TEM (Figure
3). The GON nanoparticles showed nearly spherical shape and

near-monodisperse size, with a diameter of approximately 40
nm (Figure 3a). After the PEGylation to provide the desired
biocompatibility, the GON-PEG nanoparticles had similar
diameter to the GON nanoparticles and the aggregates had
been obviously reduced (Figure 3b). With increase of the
grafting degree of the PMAA brushes, the GON nanoparticles
unfolded and the particle size increased to 70, 110, and 180 nm
for the PMAA1-GON-PEG, PMAA2-GON-PEG, and PMAA3-
GON-PEG nanoparticles (Figure 3c,de), respectively. With
more PMAA brushes grafted, the GON in the PMAA2-GON-
PEG and PMAA3-GON-PEG nanoparticles were unfolded
more obviously to nonspherical morphology.
Furthermore, the morphological analysis of the GON, GON-

PEG, and PMAA2-GON-PEG was carried out with the SEM
technique. The GON nanoparticles exhibited a well-defined 3-
dimensional structure with a unique diameter of nearly 40 nm
(Figure 4a). Interestingly, the diameter of the GON-PEG
increased to around 60 nm via PEGylation (Figure 4b). The
difference between SEM and TEM images was likely due to the
particle size distribution. More importantly, the PMAA2-GON-
PEG showed folding and rough surface and dense polymer
structure (Figure 4c), consistent with the TEM results. With
the above results taken into consideration, PEGylation of GON
and modification of PMAA moieties were successful.
Owing to the introduction of PEG segments and PMAA

brushes, the CPMAA2-GON-PEG nanoparticles have out-
standing dispersion stability in aqueous dispersion and PBS

Figure 1. FT-IR spectra of the GON, GON-PEG, and PMAA2-GON-
PEG nanoparticles measured in KBr pellets.

Figure 2. TGA curves of the GON, GON-PEG, PMAA1-GON-PEG,
PMAA2-GON-PEG, and PMAA3-GON-PEG nanoparticles at a
heating rate of 10 °C min−1 in nitrogen.

Figure 3. TEM images of the GON (a), GON-PEG (b), PMAA1-
GON-PEG (c), PMAA2-GON-PEG (d), and PMAA3-GON-PEG (e)
nanoparticles.
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(pH 7.4 or 5.0) dispersion. As shown in Figure 5, the CPMAA2-
GON-PEG nanoparticles were stably dispersed in aqueous

dispersion and PBS (pH 7.4 and 5.0) in the range of time from
0 to 26 min or over a long time. However, the GON
nanoparticles quickly precipitated after sonication in PBS was
stopped (pH 7.4 and 5.0) within 26 min. A similar
phenomenon was also reported previously.11,25,32

The PMAA2-GON-PEG nanoparticles were then chosen for
the biocompatible and reduction-responsive drug carriers due
to their compromising degree of grafting of PMAA brushes and
particle size, by cross-linking the PMAA brushes with

cystamine. The cross-linked PMAA layers on the designed
drug carriers (CPMAA2-GON-PEG nanoparticles) are expected
to prevent the premature drug release in the circulatory system.
The average hydrodynamic diameter (Dh) of the GON, GON-
PEG, PMAA2-GON-PEG, and CPMAA2-GON-PEG nano-
particles at pH 7.4 were tracked using DLS measurements
(Figure 6). All these nanoparticles displayed narrow unimodal

size distribution with Dh of 72, 154, 191, and 175 nm,
respectively. With the grafting of PEG and PMAA brushes, the
Dh increased, while it decreased after the cross-linking of the
PMAA brushes. The Dh of 175 nm of the CPMAA2-GON-PEG
nanoparticles at pH 7.4 could ensure the passive targeting
function of the drug carriers via the EPR effect.

Drug Loading and Triggered Release. The drug-loading
capacity (DLC) and drug-loading efficiency (DLE) of the three
cross-linked drug carriers (CPMAA1-GON-PEG, CPMAA2-
GON-PEG, and CPMAA3-GON-PEG) were measured as 0.487
± 0.01, 0.430 ± 0.013, and 0.266 ± 0.014 mg mg−1, and 48.74
± 0.8%, 42.96 ± 1.3%, and 26.58 ± 1.4% in pH 7.4 at room
temperature for DOX, respectively. These values were distinctly
lower than those of the GON nanoparticles (0.978 ± 0.012
mg/mg and 97.8% ± 1.2%). This finding also demonstrated
that the aromatic graphene oxide sheets had been coated with
thicker cross-linked PMAA layers in the CPMAA-GON-PEG
nanoparticles, with increased amount of the PMAA brushes
grafted from the CPMAA1-GON-PEG to the CPMAA3-GON-
PEG, leading to the decrease in the DLC and DLE of DOX via
the π−π stacking interaction.33

Compared with significant fluorescence quenching for the
DOX-loaded CPMAA2-GON-PEG in deionized water, the
fluorescence was recovered when the dispersed medium was
transferred from deionized water to ethanol (Figure 7). It is
noted that the fluorescence quenching of DOX is caused by the
photoinduced electron-transfer effect from the loading
process.34 The clear difference in deionized water and ethanol
demonstrated that DOX was successfully loaded onto the
CPMAA2-GON-PEG carriers.
The higher DLC and DLE of the un-cross-linked PMAA2-

GON-PEG nanoparticles for DOX were measured as 0.574 ±
0.009 mg mg−1 and 57.34 ± 0.9% under the same drug-loading
condition respectively, higher than those of the CPMAA2-
GON-PEG nanoparticles. This resulted from the DOX-loaded
onto the PMAA brushes via the electrostatic interaction. It also
revealed that the polymer brushes in the CPMAA2-GON-PEG
nanoparticles had been successfully cross-linked.

Figure 4. SEM images of GON (a), GON-PEG (b), and PMAA2-
GON-PEG (c).

Figure 5. Digital photographs of the dispersion status of the GON in
(a) aqueous solution (pH 7.0), (c) PBS (pH 7.4), and (e) PBS (pH
5.0) and the CPMAA2-GON-PEG in (b) aqueous solution (pH 7.0),
(d) PBS (pH 7.4), and (f) PBS (pH 5.0), respectively, for different
dispersion times of (A) 0 min, (B) 26 min, and (D) 24 h. The
concentration of an equivalent dose of GON in all samples was around
0.20 mg mL−1.

Figure 6. Typical average hydrodynamic diameter distributions of the
GON (a), GON-PEG (b), PMAA2-GON-PEG (c), and CPMAA2-
GON-PEG nanoparticles (d).
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The controlled releasing performance of the DOX-loaded
different platforms of the CPMAA-GON-PEG nanoparticles
was investigated at 37 °C under pH 5.0 in the absence or
presence of 10 mM GSH. As presented in Figure 8, the DOX
cumulative release from the CPMAA1-GON-PEG, CPMAA2-
GON-PEG, and CPMAA3-GON-PEG nanoparticles was
45.31%, 45.89%, and 32.19% at pH 5.0 after 60 h in the
absence of GSH, and 48.46%, 66.48%, and 70.63%, at pH 5.0
after 60 h in the presence of 10 mM GSH, respectively. The
high difference in the cumulative DOX release from the DOX-
loaded CPMAA2-GON-PEG nanoparticles demonstrated that
the cross-linked PMAA layers in the CPMAA2-GON-PEG

nanoparticles could efficiently provide the desired reduction-
stimuli-responsive controlled release characteristics, besides
their smaller particle size and higher DLC and DLE.
The extracellular pH and GSH level in the normal tissues and

blood is approximately 7.4 and 10 μM, respectively, whereas
the average pH is 5.0−5.5 and the GSH level is up to 10 mM
inside endosomes and lysosomes in the extracellular tumor
tissues. Considering these differences, the in vitro controlled
release of DOX from the DOX-loaded CPMAA2-GON-PEG
carriers was also investigated at 37 °C under different media,
i.e., (i) pH 7.4 without GSH, (ii) pH 7.4 with 10 μM GSH, and
(iii) pH 7.4 with 10 mM GSH, as shown in Figure 8c. The
DOX cumulative release from the CPMAA2-GON-PEG carriers
was about 9.09% at pH 7.4 after 60 h in the absence of GSH. In
the presence of 10 μM GSH, which confirmed the stability of
the CPMAA2-GON-PEG carriers and a low premature drug
release in a physiological pH and GSH (mimicking the normal
tissue), the DOX cumulative release was 11.32% on the same
time scale, while that from the un-cross-linked PMAA2-GON-
PEG nanoparticles was found to be 23.53% (Figure 8d). By
increasing the concentration of GSH to 10 mM, the cumulative
release of DOX increased to 25.72%. This result showed that
the CPMAA2-GON-PEG carriers might prevent the theft of
DOX from the DOX-loaded CPMAA2-GON-PEG carriers. In
addition, the cumulative release ratio of DOX was significantly
accelerated at pH 5.0 as 45.29% in 60 h, likely due to that the
decreasing pH value weakening the π−π stacking interaction

Figure 7. Fluorescence spectra of the DOX-loaded CPMAA2-GON-
PEG in deionized water and ethanol with concentration of around 2.5
× 10−4 mg mL−1.

Figure 8. Cumulative DOX release from (a) the DOX-loaded CPMAA1-GON-PEG nanoparticles and (b) CPMAA3-GON-PEG nanoparticles in
PBS (pH 5.0) without or with 10 mM GSH at 37 °C, (c) the DOX-loaded CPMAA2-GON-PEG nanoparticles in PBS at 37 °C (pH 7.4 without
GSH), (pH 7.4 with 10 μM GSH), (pH 7.4 with 10 mM GSH), (pH 5.0 without GSH) and (pH 5.0 with 10 mM GSH), and (d) the DOX-loaded
PMAA2-GON-PEG and CPMAA2-GON-PEG nanoparticles at PBS (pH 7.4) with 10 μM GSH at 37 °C, respectively.
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between that aromatic network of the platform and DOX, due
to its acidic solubility.
In order to simulate the intracellular trafficking process, drug

release were performed at pH 5.0 with 10 mM GSH
(mimicking the acidic endosomal compartments). The
cumulative release was 66.48% within 60 h. The in vitro drug
release profiles presented in Figure 8c demonstrated that the
initial DOX release was 6-fold faster at pH 5.0 in the presence
of 10 mM than at pH 7.4 in the presence of 10 μM GSH.
More importantly, the total amount of DOX released from

the CPMAA2-GON-PEG carriers apparently increased under
acidic conditions and GSH (11.32 wt % at pH 7.4 in the
presence of 10 μM GSH, 25.72 wt % at pH 7.4 in the presence
of 10 mM GSH, 45.29 wt % at pH 5.0 in the absence of GSH,
and 66.48 wt % at pH 5.0 in the presence of 10 mM GSH,
respectively). This results demonstrated that the premature
release of DOX during blood circulation could be minimal due
to the favorable stability of the cross-linked polymer layers at
pH 7.4 in the presence of 10 μM GSH. Consequently, patients
are expected to greatly benefit from reduction in severe toxic
side effects of anticancer drugs to normal tissues. Furthermore,
this strongly supports our hypothesis that the apparent release
of DOX in stimulated tumor tissues might be maximized by
cleaving the disulfide bridge bond in the cross-linked PMAA
layers and increasing acidity. Therefore, these results clearly
indicate that reduction and pH stimulus-responsive biocompat-
ible CPMAA2-GON-PEG carriers present synergistic effects in
DOX release, namely, the tumor microenvironment-responsive
triggered release performance. Notably, DOX could be
effectively released in the presence of elevated GSH.

The semiempirical Korsmeyer-Peppas equation was utilized
to fit the accumulative release data and the coefficients of
correlation (R2) were used to evaluate the fitting accuracy at pH
7.4 without GSH, pH 5.0 without GSH, or pH 5.0 with 10 mM
GSH at 37 °C (Figure 9). The plots for the Korsmeyer-Peppas
equation for the DOX-loaded CPMAA2-GON-PEG carriers
resulted in linearity with R2 and n values of 0.9788 and 0.4644,
0.9290 and 0.5379, and 0.9877 and 0.6622, respectively. It
yields comparatively good linearity with release exponents (n)
of approximately 0.5. This suggested that the release
mechanism of DOX fitted the Fickian diffusion at pH 7.4
without GSH.35 In contrast, the n values at other releasing
conditions were found to be 0.5379 and 0.6622, showing that
the transport process of DOX was anomalous, corresponding to
a pseudo-Fickian or Case III mechanism,35,36 considering the
cutting off of the disulfide bridge bonds of the CPMAA2-GON-
PEG carriers, which promotes the cumulative release of DOX at
pH 5.0 in the presence of 10 mM GSH. Meantime, the n value
was 0.5379 at pH 5.0, the anomalous diffusion was considered
so that the release of DOX was accelerated in slightly acidic
condition mimicking the tumor microenvironment. Simulta-
neously, the compact cross-linked polymer layers hindered the
diffusion of DOX, compared to the release mechanism at pH
5.0 in the presence of 10 mM GSH.

Toxicity and Cell-Killing Activity for SiHa and LSECs
Cells. Feasibility of biocompatibility of drug delivery platform
(CPMAA2-GON-PEG) and cell killing with this novel
reduction and pH responsive DOX-loaded drug delivery
platform (DOX-loaded CPMAA2-GON-PEG) was assessed
by WST-1 assays for SiHa cells (the acervical squamous cancer

Figure 9. Curves of Korsmeyer-Peppas models for the drug release from DOX-loaded CPMAA2-GON-PEG carriers under different conditions: (a)
pH 7.4, (b) pH 5.0, and (c) pH 5.0 with 10 mM GSH.
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cells and generally accepted in vitro model of parenchymal cells
in the liver, hepatocytes37) and LSECs (a normal cell). As
shown in Figure 10, the CPMAA2-GON-PEG nanocarriers

were reasonably safe up to 120 μg mL−1 (cell viability >97%)
for all the testing concentrations after 48 h of incubation,
indicating that the CPMAA2-GON-PEG nanocarriers had little
toxicity on not only SiHa cells, but also LSECs in the given
concentration range, in comparison with the GON. Further-
more, with the increase of concentration of the GON and
CPMAA2-GON-PEG nanocarriers, results were statistically
significant, as shown in Figure 10. These results demonstrate
that the functionalization of GON is extremely essential for
biomedical application.
The therapeutic efficacy of the DOX-loaded CPMAA2-GON-

PEG in the absence or presence of GSH-OEt and free DOX for
SiHa cell, and the DOX-loaded CPMAA2-GON-PEG and free
DOX for LSECs cell, were also compared in Figure 11. Free
DOX alone significantly reduced the viability of SiHa cells and

LSECs in the tested concentration range. More importantly,
the DOX-loaded CPMAA2-GON-PEG nanoparticles do not
significantly affect proliferation of LSECs (a normal cell) up to
a concentration of 40 μg mL−1 (the cell-killing activity was
81.38%), as shown in Figure 11. In addition, the DOX-loaded
CPMAA2-GON-PEG nanoparticles have similar cell-killing
activity to free DOX in a dose-dependent manner. Meantime,
the cell-killing activity of DOX-loaded CPMAA2-GON-PEG
nanocarriers in the presence of 10 mM GSH-OEt was higher
than that in the absence of GSH. Finally, with the increase of
DOX equivalent concentration of the DOX-loaded CPMAA2-
GON-PEG from 40 to 60 μg mL−1, results were not statistically
significant (Figure 11). The reason was potentially that 40 μg
mL−1 of DOX equivalent concentration was enough to inhibit
viability of the SiHa cells. From the discussion above, it could
be concluded that the functional GON nanoparticles had
excellent biocompatibility and were developed to sense
reduction/pH variations that differentiate cancer cells from
normal cells.

■ CONCLUSIONS

An innovative method has been developed for synthesizing
unique reduction/pH dual sensitive graphene oxide nano-
particle (GON)-based drug carriers with well-defined size and
uniform distribution via the PEGylation and grafting PMAA
brushes via redox radical polymerization, followed by cross-
linking with cystamine. The CPMAA2-GO-PEG nanoparticles
with the middle degree of grafting of the PMAA brushes were
chosen as the desired drug delivery system through
optimization experiments. The results demonstrated that the
versatile drug delivery platform possessed biocompatibility and
reduction/pH stimulus-responsive properties toward the tumor
microenvironments. For the encapsulated doxorubicin (DOX),
the premature release could be minimal during blood
circulation, while it was maximized in tumor tissues via the
EPR effect by the tumor microenvironment-triggered accel-
erated release. Consequently, this novel drug delivery platform
is expected to appear brilliantly promising for cancer treatment.

■ EXPERIMENTAL SECTION

Materials. Graphite powder was purchased from Huatai
Chemical Reagent Co. Ltd. Monofunctional PEG (NH2−
PEG2000) was provided by Beijing Kaizheng Biological
Engineering Development Co. Ltd.
Cystamine dihydrochloride (Cys, 98%) was provided by J&K

Chemical Ltd. 1-Ethyl-3-(3-dimethyl aminopropyl) carbodii-
mide hydrochloride (EDCI) was purchased from Fluorochem.
N-Hydroxylsuccinimide (NHS) was purchased from Aladdin
Chemistry Co. Ltd. Doxorubicin hydrochloride (DOX) was
purchased from Beijing Huafeng United Technology Co. Ltd.
All other reagents were of analytical reagent grade from Tianjin
Chemical Company without further purification. Deionized
water was used throughout the experiments.

PEGylation of GON. The three-dimensional (3D) graphene
oxide nanoparticles (GON) were synthesized referring to a
modified Hummers method with natural graphite powder as
the raw material.25,38

The GON dispersion was diluted with water to 200 mL with
solid content of about 1 mg mL−1. After it was ultrasonicated
with 20 mg mL−1 NH2−PEG for 15 min, EDCI (5 mM) was
added and the dispersion was ultrasonicated for another 30
min, followed by adding enough EDCI to reach 20 mM and

Figure 10. Biocompatibility of the CPMAA2-GON-PEG and GON
were determined by standard WST-1 assay. Data are presented as the
mean ± standard deviation (SD; n = 6). The asterisks indicate P < 0.01
between the two groups. When the P value was less than 0.01,
differences were considered statistically significant.

Figure 11. Antitumor activity of the DOX-loaded CPMAA2-GON-
PEG in the presence or absence of 10 mM GSH-OEt for SiHa cells,
free DOX as a function of DOX dosages determined by standard
WST-1 assay. In addition, cytotoxicity of the DOX-loaded CPMAA2-
GON-PEG for the normal cell (LSECs) was measured under the same
conditions. Data are presented as the mean ± standard deviation (SD;
n = 6). The asterisks and triangles indicate P < 0.01 between the two
groups and various concentrations in the same group, respectively.
When the P value was less than 0.01, differences were considered
statistically significant.
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stirring for 12 h. The final product was centrifuged and washed
with water to remove any excess free NH2−PEG. The
PEGylated GON (GON-PEG) nanoparticles were freeze−
dried and stored at 4 °C.
Redox Radical Polymerization of MAA from GON-PEG.

The PMAA brushes were grafted from the surface of the GON-
PEG by the redox radical polymerization technique with cerium
ammonium nitrate (CAN) as oxidant.26 Typically, 200 mL 2
mg mL−1 GON-PEG aqueous dispersion was prepared by
ultrasonicating for 30 min, then MAA was added. CAN in 1.0
mol L−1 nitric acid solution was then added into the GON-PEG
dispersion dropwise for 3 min. During the entire preparation
process, the mixture was electromagnetically stirred at 35 °C for
6 h under nitrogen atmosphere. Different feeding ratios of
MAA were utilized to modify the GON-PEG in order to obtain
the desired products along with the same concentration of
initiator CAN as presented in Table 1. After the grafting
polymerization, the product was separated by centrifugation at
12 000 rpm for 15 min, and the sediment was washed with
water to remove the excess monomer and the possible free,
ungrafted polymer. The resultant products (PMAA-GON-
PEG) were collected and dried under vacuum at 35 °C to
constant weight.
Cross-Linking PMAA-GON-PEG with Cystamine. To

endow reduction-response of the PMAA-GON-PEG nano-
particles, cystamine (Cys) was utilized to cross-link the PMAA
moieties, with the molar ratio of cystamine to the total carboxyl
groups in the PMAA-GON-PEG nanoparticles of 1:2 (Table
2). The PMAA-GON-PEG was dispersed into 100 mL
phosphate buffered saline (PBS, pH 7.4) until about 2 mg
mL−1. It was then ultrasonicated with 0.5 equiv of Cys for 30
min. One equivalent of EDCI and NHS was afterward added to
the mixture. The solution was sonicated for another 30 min,
and then magnetically stirred for 24 h. The products were
centrifuged and washed with deionized water to remove any
excess Cys. The obtained cross-linked PMAA-GON-PEG
(CPMAA-GON-PEG) nanoparticles were freeze−dried and
stored at 4 °C.
Drug-Loading and Triggered Release. Drug-loading and

release of the CPMAA-GON-PEG, PMAA-GON-PEG, and
GON were performed as in previous work.25 10.0 mg samples
of the drug carriers were dispersed into 10.0 mL of 1.0 mg
mL−1 DOX solution at pH 7.4 for the DOX-loading.
Different typical conditions (at pH 7.4 without GSH, pH 7.4

with 10 μM GSH, pH 7.4 with 10 mM GSH, pH 5.0 without
GSH, and pH 5.0 with 10 mM GSH) were used to investigate
the DOX release from the DOX-loaded CPMAA2-GON-PEG.
To compare with the DOX-loaded CPMAA2-GON-PEG, the
drug release performance of the DOX-loaded CPMAA1-GON-
PEG and DOX-loaded CPAMA3-GON-PEG was evaluated in
PBS (pH 5.0 without GSH, and pH 5.0 with 10 mM GSH), and
that of the DOX-loaded non-cross-linked PMAA2-GON-PEG
was evaluated in PBS (pH 7.4 with 10 μM GSH, with the same
procedure as the DOX-loaded CPMAA2-GON-PEG).
The Korsmeyer-Peppas equation was used to analyze the

release data to understand the release mechanism of the GON-
based DDS, as given below:

= · <∞ ∞M M k t M M/ ( / 0.6)t
n

t

where Mt/M∞ is the fraction of drug release at time t; k is a
constant; and n is the release exponent.39,40

Cell Toxicity Assays. WST-1 assay was carried out to
investigate the cytocompatibility of the CPMAA2-GON-PEG

nanocarriers and GON, cytotoxicity of the DOX-loaded
CPMAA2-GON-PEG nanocarriers, and DOX-loaded GON
for SiHa cell and LSECs cell under typical conditions, as
reported previously.25

Characterizations. The morphologies of the samples were
characterized with a JEM-1200 EX/S transmission electron
microscope (TEM) and a JSM-6380 scanning electron
microscope (SEM). The unique structure of the PMAA-
GON-PEG sample was revealed with a Bruker IFS 66 v/s
infrared spectrometer. Fluorescence spectra of the DOX-loaded
CPMAA2-GON-PEG in deionized water and ethanol (2.5 ×
10−4 mg mL−1) were recorded with a FLS-920T fluorescence
spectrophotometer at excitation wavelength of 485 nm.
Thermogravimetric analysis (TGA) of the GON-PEG and
PMAA-GON-PEG samples was obtained with a TA Instrument
2050 thermogravimetric analyzer at a heating rate of 10 °C
min−1 from 25 to 600 °C at nitrogen atmosphere.
The drug loading and release performance was assessed using

a PerkinElmer Lambda 35 UV−vis spectrometer (PerkinElmer
Instruments, USA) at room temperature. DOX-loading capacity
and loading efficiency were calculated by equations as follows:

−

=

−DOX loading capacity (DLC)(mg mg )
weight of DOX in nanocarriers

weight of the nanocarriers

1

−

= ×

DOX loading efficiency (DLE) (%)
weight of DOX in nanocarriers

weight of the feeding DOX
100%

The cumulative release (%) of drug at a particular time (t)
was calculated as follows:

=
+ ′ ∑

×=
−C V V C

M
Cumulative release (%) 100%t i

t
i0 1

1

total

where Mtotal is the total content of DOX in dialysis tubes, V0
and V′ are the initial volume of release media and that at
specific time intervals (here, V0 = 120 mL and V′ = 5 mL)
respectively; Ct is the DOX concentration in release media at
desired time t.
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