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A synthetic method for preparing a Pluronic F127 (F127)-stabilized graphene (GO) supramolecular hydrogel
as a safe nanovehicle for combination treatment has been studied. Doxorubicin (DOX) as a model drug is
non-covalently bound on the great surface area of GO due to strong m—m interaction, hydrophobic
interaction, and the strongest hydrogen bonding. In vitro drug release experiments revealed that this
F127-stabilized GO supramolecular hydrogel has a sustained drug release characteristic. Furthermore,
the supramolecular hydrogel showed better in vitro antitumor ability under NIR (near infrared) laser
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Accepted 20th December 2017 ability in vivo and the results show that the hydrogel system can also markedly inhibit the growth of
a tumor when administered individually, especially under laser irradiation. All these findings make the
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Introduction

Cancer is a disease involving dynamic changes in the genome
and composed aberrant pathway network regulation, which
makes curing cancer a formidable challenge." As a result,
various basic research methods and effective treatments have
been implemented for cancer therapy, such as chemotherapy,
radiation, and gene therapy.> However, the complexity of
ontogenesis restricts the application of a single mechanism
approach, resulting in lower efficiency.>* Combined pharmaco-
therapy or combinations of chemotherapeutics with other
treatment modalities have been proven to be highly effective
due to their ability to impact multiple disease pathways via
different mechanisms.* Photothermal therapy (PTT) is one
promising treatment which is based on a photosensitive
material such as graphene, which can convert infrared to heat
energy and then damage tumor cells.>® Therefore, the combi-
nation of chemotherapeutics with PTT has been regarded as
a potent strategy for cancer treatment.

It was also reported that to be a successful combination
therapy, the efficacy could be largely improved by the use of
a drug carrier as a fundamental tool.”® Many innovative drug
delivery systems such as nanoparticles, carbon nanotubes,
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liposomes, and micelles have been explored in the biomedical
field.>*> Although these current nanovehicles can, to a certain
extent, prolong the internal circulation time and improve the
targeting of a drug to increase the cellular effective drug
concentration, the relatively low drug loading capacity and
potential cytotoxicity still hinder their further clinical applica-
tions.” Therefore, it is still a challenge to seek for new drug
delivery systems with high drug loading efficiency, excellent
biocompatibility and low cytotoxicity when applied in delivering
antitumor drugs.

In the process of finding new functional materials to apply in
the biomedical field, graphene, a two-dimensional nano-
material, has been widely investigated for its prominent phys-
ical properties in many fields."* Moreover, its unique 2D
structure and high surface area have attracted much attention
in drug delivery.® However, its poor water solubility has limited
its further application.’® Graphene oxide (GO) bearing func-
tional groups (hydroxyl, carboxyl and epoxide groups) has better
water solubility than graphene and can easily be loaded with
diverse types of drug molecules through m-m stacking, hydro-
phobic interaction or hydrogen bonds.””** It is worth
mentioning that GO is an excellent photosensitive material
widely used for PTT, which can convert NIR to heat energy
efficiently with subsequent damage to tumor cells by signifi-
cantly increasing the local temperature of the tumor tissue.'>*
But the agglomeration or precipitation of GO in electrolyte
solutions such as buffered saline seriously restricted its devel-
opment which needs to be addressed for drug delivery.*
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To resolve that problem, a Pluronic F127 (F127)-stabilized
GO supramolecular hydrogel has demonstrated that it can be
physiologically stable in suspension.?> Thus GO supramolecular
hydrogel derivatives are going to be considered as suitable
nanocarriers in drug combination applications. F127, an FDA-
approved biocompatible Pluronic polymer, contains two
hydrophilic PEO blocks and a hydrophobic polypropylene oxide
(PPO) between those two PEO blocks.”® As a kind of
temperature-dependent phase inversion gel, it will become gel-
like from the solution state when the environmental tempera-
ture is higher than its gelling-temperature, and this process is
reversible.>* So in storage conditions it is a free-flowing liquid,
but it can fill tissue after injection into a tumor because the
phase transition occurs rapidly and the semi-solid state gel is
formed at the injection site. In addition to the above, the large
drug loading, which can even reach 100%, is another advantage
of F127 gel as a drug carrier.” The following drug release
process is dependent on the corrosion of the gel, which due to
the water molecules entering into the gel network structure and
reducing the gel concentration transforms the gel to the solu-
tion state even at the gelling-temperature.”*® The release
behavior of the drug loaded in the gel can be tuned with the
corrosion process. Thus, besides the advantages of biocom-
patibility, convenient preparation, and high drug loading effi-
ciency, the gel drug delivery system also has a sustained-release
property which can delay drug release, making it a good and
widely used drug carrier.

In this work, we prepared a supramolecular hydrogel drug
delivery system with a sustained drug release characteristic that
was composed of F127-stabilized graphene oxide (F127-GO),
which could be applied for the combination treatment of
chemotherapy and photothermal therapy. The introduction of
F127 endows the F127-GO with excellent stability in physio-
logical solutions and low cytotoxicity, as well as weak immu-
nogenicity properties. The cargo release kinetics of F127-GO
were studied using doxorubicin hydrochloride (DOX) as a model
drug. We also demonstrated that the drug loaded-F127-GO
supramolecular hydrogel could inhibit cancer cells efficiently
through the combination therapy in vitro and in vivo. The
hydrogel solution can quickly fill around cells or in tumor tissue
after injection because of the rapid phase transition at the
injection site. Then the hydrogel erosion results in drug release
from the hydrogel matrix. Thus the free drug molecules will
enter cells through endocytosis together with drug-loading GO,
which performs slow drug release and has a photothermal effect
in tumor cells, to achieve efficient treatment cooperatively.
Thus, the F127-GO supramolecular hydrogel might be a prom-
ising controlled platform for combination therapy for cancer.

Experiment section
Materials

Graphite powder was purchased from Shanghai Colloid
Chemical Plant Co., Ltd. Doxorubicin hydrochloride (DOX-HCI)
and Pluronic F127 (F127) were purchased from Dalian Meilun
Biology Technology Co., Ltd. Sulfuric acid (H,SO,), phosphoric
acid (H3;PO,), potassium hypermanganate (KMnO,), hydrogen
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peroxide (H,0,), hydrochloric acid (HCI), and sodium
hydroxide (NaOH) were purchased from Nanjing Chemical
Reagent Co., Ltd. All reagents were of analytical grade and used
as received unless mentioned.

Characterization

Ultraviolet-visible spectra were collected using a LAMBDA-35
spectrometer. Infrared spectra (4000-400 cm ™) were recorded
on Bruker Fourier transform infrared (FTIR) in KBr pellets. The
X-ray powder diffraction patterns were recorded on an X'Pert
diffractometer (PANalytical B.V., Almelo, The Netherlands) with
CuKa radiation. Transmission electron microscopy (TEM) was
performed on a JEOL-2100 with an accelerating voltage of 200
kv. TEM samples were prepared by drop-casting dispersion
onto copper grids covered by carbon film. The scanning elec-
tron microscopy (SEM) was performed on a JEOL-S-3400 N II.
The atomic force microscope (AFM) images were acquired using
an SPM9700. The NIR laser was 808 nm (PSU-III-LRD, CNI
Optoelectronics Tech. Co. Ltd, China).

Exploration of the gelling-temperature to determine the
gelling-concentration of F127

The initial concentrations of F127 were determined for 15% wit,
17% wt, 20% wt, 25% wt according to literature searches.?”*
Then solutions of different concentrations were prepared by
mixing certain amounts of F127 and distilled water. To improve
the temperature of each sample, once the sample had changed
to a gelling state from solution, the phase inversion tempera-
ture was recorded rapidly to choose the most suitable concen-
tration for the following experimental study.

Preparation of graphene oxide (GO) nanosheet

GO was synthesized via a previous method.”” In a typical
procedure, 1.0 g of graphite powder was put into a flask that was
placed in an ice bath. Then, 150 mL of mixed acid (135 mL
concentrated sulfuric acid, 15 mL of phosphoric acid) was
added to the mixture below 5 °C. Subsequently, 6 g of KMnO,
was added to the reaction system stepwise over 1 h below 15 °C.
Then, the temperature was raised to 50 °C and the mixture was
stirred for 12 h. 200 mL of iced distilled water was slowly added
into the solution. Finally, H,0, (30%) was poured into the
reaction system until no bubbles were observed, resulting in the
formation of a bright yellow suspension. After that, graphite
oxide was washed with distilled water, HCI (1 M) and distilled
water three times, respectively. Finally the product was dried to
a brown solid. 100 mg of dry graphite oxide was dissolved in
40 mL of NaOH (0.01 M) and exfoliated by ultrasonication for
4 h. Then, the mixture was dialyzed in distilled water for two
days and dried for further use.

Preparation of F127-GO

Triblock copolymer F127 (1.025 g) was added into the GO
dispersion (5 mL) and then the mixture needed to swell at 4 °C
for 24 h to obtain a stable F127-GO dispersion.

This journal is © The Royal Society of Chemistry 2018
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Loading of doxorubicin hydrochloride

5 mg of DOX was added into a stable F127-GO dispersion (5 mL)
and then the mixture was stirred overnight in the dark. The final
drug loaded F127-GO dispersion was brown-colored and stable
at room temperature.

In vitro DOX release

The DOX-loaded hydrogel samples were in situ prepared in the
dialysis chamber, and then dialyzed in 60 mL of phosphate
buffer solution (PBS, pH = 7.4, 5.5). The release experiment was
conducted in an incubator that was shaken at 50 rpm and kept
at a constant temperature of 37 °C. At predetermined time
internals, 1 mL of release solution was withdrawn from each
sample and fresh PBS of equal volume (1 mL) was added. The
amount of DOX released from the hydrogel samples was
determined by UV spectroscopy using a standard DOX
concentration curve at the wavelength of 492 nm, and the
cumulative released amount was calculated.

Cell culture

A549 (lung adenocarcinoma cell lines) were provided by Key-
GEN Biotech and maintained in Dulbecco's Modified Eagle's
Medium (DMEM) containing 10% fetal bovine serum, 100 units
per mL penicillin, and 100 mg mL " streptomycin in 37 °C, 5%
CO,.

Photothermal treatment and cell viability assay

The cytotoxicity in vitro was measured by using an MTT assay
against A549 cells. In a typical procedure, cells were initially
seeded into a 96-well cell culture plate at 1 x 10 per well and
then incubated for 24 h at 37 °C under 5% CO,. DMEM solu-
tions of F127-GO, F127-GO-DOX and F127-DOX were added
under the same conditions. After incubation for 24 h, the cells
were irradiated with the 808 nm NIR laser at a power density of
0.5 W cm ™ for 10 min. (The laser beam covers the whole well.)
Each sample has a set control group. The cells were further
incubated for 48 h at 37 °C under 5% CO,. The cells were
washed three times with 0.2 mL PBS to remove the unbound
NPs. Subsequently, 0.2 mL of DMEM and 25 uL of MTT (5 mg
mL ") were added to each well and incubated for an additional
4 h at 37 °C under 5% CO,. Then the medium solution was
replaced by 0.15 mL of DMSO solution. After 10 min, the optical
density at 490 nm (absorption value) of each well was measured
on a microplate reader. DOX was used as a positive control for
the MTT assay.

In vivo tumor inhibition

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of China
Pharmaceutical University and approved by the Animal Ethics
Committee of China Pharmaceutical University, Jiangsu, China.
To evaluate the curative effects of the F127-GO-DOX hydrogel
drug delivery system in vivo, twenty-one mice with tumor
models were employed, which were divided into seven groups.
Five of the groups were intratumorally treated with saline (100
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uL), DOX (100 pL, 1 mg mL ™" in saline), F127-GO-DOX (100 pL,
1 mg mL ™" in saline), F127-DOX (100 uL, 1 mg mL " in saline),
or F127-GO (100 pL, 1 mg mL " in saline) per mouse, respec-
tively, for investigation without NIR laser irradiation. The other
two groups were intratumorally treated with F127-GO-DOX (100
pL, 1 mg mL " in saline) or F127-GO (100 uL, 1 mg mL ™" in
saline) per mouse, respectively, to investigate the photothermal
effect under NIR laser irradiation. The mice treated with saline
were used as the control group. When saline and samples were
injected, the tumor sizes and mouse weights were measured
periodically. Seven days later, the groups for investigating the
photothermal effect were irradiated by the 808 nm laser at
a power density of 0.5 W em ™2 for 10 min per mouse. Finally the
treated mice from all groups were sacrificed, and the tumor
tissues were removed from the bodies for weighing.

Results and discussion

The synthesis of F127-GO supramolecular hydrogel with phys-
iological stability for delivering DOX is shown in Scheme 1. GO
nanosheets were extracted from graphite using a modified
Hummers' method. Then the F127 were used to form an F127-
GO supramolecular hydrogel. The concentration of the F127
was 17% wt and the critical temperature of the final hydrogel
system was 28 °C. The corresponding critical temperatures of
different concentrations of F127 are shown in Table 1.

The morphology and structure of the GO and resulting F127-
GO supramolecular hydrogel were directly characterized by
TEM, SEM and AFM. The ultrafine and single morphology of GO
can be observed clearly in Fig. 1(a) and the average thickness of
the GO was less than 0.8 nm, as reflected in Fig. 1(d), which
proved that GO formed in a single layer through ultra-
sonication. Compared to the well-dispersed flakes of GO in the
low-magnification SEM image in Fig. 1(b), the surface of the
F127-GO supramolecular hydrogel (Fig. 1(c)) was very wrinkled
and covered with F127 polymer.

The FTIR spectrum of the F127-GO supramolecular hydrogel
is given in Fig. 2(a). Unlike graphite, GO nanosheets had peaks
at 1719 cm™ ' and 1580 cm ™', which represent the stretching
vibration band of C=0, C-C, and a strong absorption band at
3403 cm ™', corresponding to the H-O stretching vibration in
GO. When F127 covered the GO, the amount of F127 was far
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Scheme 1 Synthesis and mechanism of F127-GO-DOX supramolec-
ular hydrogel system.
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Table 1 The phase inversion temperature of F127 at different
concentrations

wt% 15% 17% 20% 25%
T/°C — 28 23 20

Sum

Re 1862m
Re:01813nm

R 0255t

Height Profile oo

Fig. 1 (a) TEM image of GO sheets. (b) SEM image of GO sheets. (c)
SEM image of F127-GO. (d) AFM image of GO.
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Fig. 2 FTIR spectra (a) and XRD spectrum (b) of F127-GO, F127 and
GO.

larger than that of GO, so that the nano-sized GO was almost
covered by F127. The FTIR spectrum of F127-GO was similar to
that of F127, while the characteristic peaks of GO disappeared.

Typical XRD patterns of GO, F127 and F127-GO are depicted
in Fig. 2(b). GO showed a strong characteristic diffraction peak
at 26 = 10.30°, illustrating the transformation from graphite to
GO. The pattern of F127-GO was similar to that of F127 and the
characteristic peaks of GO disappeared, results which coincided
with those of the FTIR spectra.

In this work, a kind of DNA topoisomerase II inhibitor, DOX,
was loaded on the F127-GO supramolecular hydrogel.** A tunable
profile of the drug loading and release behavior by the hydrogel
was demonstrated. For drug loading, the final concentration of
DOX was 1 mg mL ™. Due to the great surface area of GO yielding
to strong hydrophobic interaction with aromatic compounds,
the majority of the drug molecules were loaded on the GO while
the remainder were dissociated in the hydrogel matrix. Once the
hydrogel formed, the rest of the free drug molecules in the F127-
GO dispersion were totally encapsulated into the hydrogel matrix
to achieve a nearly 100% loading percentage. Such a high drug
loading efficiency was far beyond that of common drug carriers,
such as liposome and polymer vesicles, confirming that F127-GO
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hydrogel is a material with higher drug loading than other drug
carriers for drug delivery.

After drug loading, to confirm that DOX was indeed bound
on the surface of GO, the UV-vis spectra of DOX, GO, and GO-
DOX are shown in Fig. 3(a). The UV-vis spectra of DOX before
the loading experiment display the characteristic absorption
peaks at 233 and 480 nm. After DOX loading onto the GO
surface, the characteristic absorption peaks at 233 nm and
480 nm of GO-DOX are broader and lower than those of free
DOX. This phenomenon was caused by the m-m stacking
interaction, hydrophobic effects and hydrogen bonding
between DOX molecules and the GO surface, as reported. The
-7 stacking interaction and hydrophobic effects are mainly
contributed by the quinone moieties of DOX. Meanwhile the
-OH and -NH, groups in the DOX molecules form hydrogen
bonds with the -OH and -COOH groups of GO. The above
results indicated the effective loading of DOX onto the GO.

We also investigated the stability of the F127-GO-DOX
hydrogel system owing to the stabilizing role of F127 after
drug loading. As shown in Fig. 3(b), within the first 1 hour, the
GO-DOX solution already showed serious agglomeration or
precipitation, and the solid was almost completely precipitated
in 4 h. The F127-GO-DOX was still stable as a suspension
because in the F127-GO-DOX dispersion, the hydrophobic PPO
segments of F127 bind to the relatively hydrophobic area of the
GO surface, and the hydrophilic PEO chains extend into water to
stabilize the GO. These phenomena showed that the addition of
F127 could stabilize the hydrogel system without obvious
agglomeration or precipitation.

To further understand the drug release behavior of the F127-
GO-DOX hydrogel, we incubated different samples of F127-GO-
DOX, F127-DOX, and single DOX solution in phosphate buffers
as a pH 5.5 analogue of physiological conditions. And we also
investigated the differences in release in a neutral environment.
The released DOX was measured by UV-vis spectroscopy of the
dialysis solution from different hydrogel samples with time
dependence. The release curves are shown in Fig. 4.
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Fig.3 The UV-vis spectra (a) of DOX, GO, and GO-DOX and the digital
photos (b) for stability investigation of F127-GO-DOX hydrogel
(sample 2) with GO-DOX (sample 1) solution as a control at different
times.
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Fig.4 The release percentage curves of DOX from the F127-GO-DOX
hydrogel (A, pH 5.5; W, pH 7.4), F127-DOX hydroge! (@), and DOX
solution (@ ).

At the beginning of the release process, all the different
samples in each dialysis chamber gradually dissociated so that
the DOX molecules in all the samples were released quickly. But
the cumulative release of F127-DOX hydrogel is higher than that
of single DOX solution, which is about 55%, illustrating that the
hydrogel system could improve the total amount of drug release.
When the GO was added into the hydrogel system, due to the
strong non-covalent bonding between GO and DOX, the release
process of the drug was obviously delayed, as indicated by the
35% release percentage of the F127-GO-DOX hydrogel in the first
12 h. Thus, in this stage, the F127-GO-DOX hydrogel system
showed a slower release process than F127-DOX, in which the
drug molecules might be released directly from the hydrogel
matrix due to its erosion. After 12 h of release, there was some
reddish powder-like solid left in the dialysis chamber of the
F127-GO-DOX hydrogel, while there was almost nothing left for
the F127-DOX hydrogel and very little further release from the
F127-DOX hydrogel was observed. Moreover, the DOX molecules
were continuously and slowly released from the F127-GO-DOX
hydrogel, and release finally reached 60%. We inferred that in
the second stage, the DOX drug molecules that were loaded on
the GO surface began to be released into the medium because
the acid conditions destroyed the interactions between DOX and
the GO surface, resulting in an inefficient release under neutral
conditions. The contrast in release curves at pH 5.5 and pH 7.4 of
the F127-GO-DOX hydrogel also confirmed the above conclusion.
In addition, the total amount of the F127-GO-DOX hydrogel
released was higher than for the F127-DOX hydrogel, and its
release process was much longer. Taken together, all these
results demonstrate that the F127-GO-DOX hydrogel system had
a release behavior with longer and more sustained properties.

For biomedical applications, safety and toxicity are major
concerns in using a GO-based drug delivery for cancer therapy.**
The in vitro cytotoxic activity of the as-prepared F127-GO was
investigated on A549 cells by a standard MTT assay. As shown in
Fig. 5, the cell viability was always above 90% at a certain
concentration, indicating that the F127-GO nanocarrier itself
was not cytotoxic and was quite biocompatible, and so suitable
for drug delivery.

We then investigated the cytotoxicity of the drug loaded
samples of F127-GO-DOX, with DOX as a control. The cell
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Fig. 5 Cell viability of different hydrogel samples against A549 cells
under normal and infrared conditions (0.5 W cm™2 for 10 min) in 48 h.

inhibition ratio of F127-GO-DOX, F127-DOX and single DOX
were about 41%, 35%, 31%, respectively. It was not surprising
that the cell inhibitory capacity of F127-GO-DOX was higher
than that of single DOX, which was consistent with their drug
release capacity.

Next we gave NIR laser irradiation to the groups of F127-GO
and F127-GO-DOX to evaluate the photothermal effect of GO.
After laser exposure, both groups showed a significantly
improved cell inhibition rate compared to the non-infrared
groups. The cell inhibition rate of F127-GO-DOX after laser
exposure was increased to about 60% from 41% because of the
synergistic effects of chemotherapy and photothermal therapy,
and even the nondrug loaded carrier could reach about 40%.
Based on these findings, we concluded that the F127-GO-DOX
hydrogel drug delivery system had synergistic effects under
laser irradiation. These two therapies, chemotherapy achieved
by DOX and PTT achieved by GO, showed a much better anti-
cancer effect than expected when used cooperatively. The
agreeable effects proved that F127-GO was a potentially
outstanding drug combination carrier for a laser-triggered PTT
effect along with the chemotherapy under laser irradiation.

Encouraged by the excellent in vitro antitumor activity, we
then chose A549 cells to establish a subcutaneously implanted
tumor model on nude mice. When the tumor volume reached
about 60-100 mm?®, mice were used for the following experi-
ments. On this basis, we investigated the preliminary tumor
inhibition effect of F127-GO-DOX. Tumor models in nude mice
were established using the method in the Methods section. We
periodically measured the tumor sizes after intratumoral
injection of different samples. The mice treated with saline were
used as the control group. We measured the tumor sizes peri-
odically in order to investigate the tumor growth after admin-
istration. Before PTT, Fig. 6(a) showed that in vivo growth of the
tumor was inhibited to varying degrees when treated with
samples of DOX, F127-DOX and F127-GO-DOX, and the group
with F127-GO showed no obvious inhibition effect. Moreover,
the F127-GO-DOX group had better curative effects than the
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Fig. 6 (a) Real-time observation of tumor sizes in vivo from the
different treatment groups. Error bars represent means + SD. (b) Real-
time weight analysis of mice after each treatment. Error bars represent
means + SD. (c) Tumor tissue from the different treatment groups after
14 days.

pure DOX and F127-DOX groups studied over the two-week
period. After treatment with F127-GO and F127-GO-DOX for 7
days, we chose two groups to be given 808 nm NIR laser (0.5 W
cm?) irradiation to each mouse for 10 min. The other two
groups treated with F127-GO and F127-GO-DOX but without
NIR were tested for comparison. After photoirradiation, at day
10 and 14, black scars in the tumor tissues were observed in the
mice from the groups of F127-GO and F127-GO-DOX with NIR
treatment, and no obvious tumor progression was observed.
Importantly, the tumor reduction was enhanced because of the
photothermal therapy compared to the groups without NIR
laser irradiation, and even the F127-GO group obtained a good
treatment effect after PTT. As expected, F127-GO-DOX can
effectively suppress tumor growth and the curative effect would
be improved under photoirradiation. The tumor tissues sepa-
rated from different treatment groups after 14 days are shown in
Fig. 6(c).

We also measured the changes in mouse weight during the
treatment process, and the initial weights of nude mice were
recorded to be approximately 25.0 + 0.21 g. As shown in
Fig. 6(b), the weights of all seven groups of mice changed to
different degrees with 27.3, 22.1, 24.8, 20.3, 22.0,21.9 and 25.7 ¢
on average for saline, DOX, F127-DOX, F127-GO-DOX (with/
without NIR) and F127-GO (with/without NIR) groups at the
end of treatment, respectively. The results indicated that F127-
GO-DOX had good biocompatibility and no obvious toxicity on
the mice even under NIR laser irradiation.

Conclusions

In this work, we mixed GO and Pluronic polymer F127 to
prepare a supramolecular hybrid hydrogel F127-GO. Then its
morphology and structure were confirmed by TEM, SEM, AFM,
FTIR and XRD. Besides such advantages as good biocompati-
bility and simple preparation, the main advantages which are
worth mentioning are the following: firstly, the supramolecular
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hybrid hydrogel has an effective loading content of DOX which
can even reach 100%. In vitro drug release experiments indicate
that the hydrogel system has a sustained-release characteristic
which results from the erosion of the hydrogel matrix and the
non-covalent interactions between DOX and the GO surface.
Furthermore, the strong photothermal effect of GO significantly
increased the treatment effect of the hydrogel system, especially
under infrared laser irradiation whether in vitro or in vivo. All
these properties make the supramolecular hydrogel a potential
candidate for a sustained drug delivery system and combination
treatment of chemotherapy and photothermal therapy.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully acknowledge the support of the National
Natural Sciences Foundation of China (No. 21401216), Graduate
Research Innovation Program of Jiangsu Province Regular
College (No. KYZZ16_0419), Innovative Training Program for
College Students (No. 201610316029) and Qing Lan Project in
Jiangsu Province.

Notes and references

1 Y. Nakamura, A. Mochida, P. L. Choyke and H. Kobayashi,
Bioconjugate Chem., 2016, 27, 2225-2238.

2 S. Li, M. Ou, G. Wang and L. Tang, Appl Microbiol.
Biotechnol., 2016, 100, 8325-8335.

3 A. Engert, C. Balduini, A. Brand, B. Coiffier, C. Cordonnier,
H. Dohner, T. D. de Wit, S. Eichinger, W. Fibbe, T. Green,
F. de Haas, A. Iolascon, T. Jaffredo, F. Rodeghiero and
G. Salles, Haematologica, 2016, 101, 115-208.

4 E. Karyotaki, Y. Smit, K. Holdt Henningsen, M. J. H. Huibers,
J. Robays, D. de Beurs and P. Cuijpers, J. Affective Disord.,
2016, 194, 144-152.

5 H. Hirschberg and S. J. Madsen, J. Neuroimmune Pharmacol.,
2017, 12, 99-106.

6 L. Beytollahi, M. Pourhajibagher, N. Chiniforush,
R. Ghorbanzadeh, R. Raoofian, B. Pourakbari and
A. Bahador, Photodiagn. Photodyn. Ther., 2017, 17, 56-60.

7 J. Shi, P. W. Kantoff, R. Wooster and O. C. Farokhzad, Nat.
Rev. Cancer, 2017, 17, 20-37.

8 J. Xu, L. Xu, C. Wang, R. Yang, Q. Zhuang, X. Han, Z. Dong,
W. Zhu, R. Peng and Z. Liu, ACS Nano, 2017, 11, 4463-4474.

9 J. H. Na, H. Koo, S. Lee, S. J. Han, K. E. Lee, S. Kim, H. Lee,
S. Lee, K. Choi, I. C. Kwon and K. Kim, Mol. Pharm., 2016,
13, 3700-3711.

10 W. Xing, W. Yang, W. Yang, Q. Hu, J. Si, H. Lu, B. Yang,
L. Song, Y. Hu and R. K. Yuen, ACS Appl. Mater. Interfaces,
2016, 8, 26266-26274.

11 L. Feng, L. Cheng, Z. Dong, D. Tao, T. E. Barnhart, W. Cai,
M. Chen and Z. Liu, ACS Nano, 2017, 11, 927-937.

12 A. W. Du, H. Lu and M. Stenzel, Mol. Pharm., 2016, 13, 3648—
3656.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra12099k

Open Access Article. Published on 05 stycznia 2018. Downloaded on 01.11.2025 19:18:42.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

13 R. Voeikov, T. Abakumova, N. Grinenko, P. Melnikov,
V. Bespalov, A. Stukov, V. Chekhonin, N. Klyachko and
N. Nukolova, J. Pharm. Invest., 2017, 47, 75-83.

14 H. Hu, J. Yu, Y. Li, J. Zhao and H. Dong, J. Biomed. Mater.
Res., Part A, 2012, 100, 141-148.

15 B. J. Robinson, S. W. Bailey, L. J. O'Driscoll, D. Visontai,
D. J. Welsh, A. B. Mostert, R. Mazzocco, C. Rabot,
S. P. Jarvis, O. V. Kolosov, M. R. Bryce and C. Lambert, ACS
Nano, 2017, 11, 3404-3412.

16 Z.Xu, S. Zhu, M. Wang, Y. Li, P. Shi and X. Huang, ACS Appl.
Mater. Interfaces, 2015, 7, 1355-1363.

17 X. Zhao, L. Liu, X. Li, J. Zeng, X. Jia and P. Liu, Langmuir,
2014, 30, 10419-10429.

18 X. Zhao, L. Yang, X. Li, X. Jia, L. Liu, J. Zeng, J. Guo and
P. Liu, Bioconjugate Chem., 2015, 26, 128-136.

19 S. H. Kim, J. E. Lee, S. M. Sharker, J. H. Jeong, I. In and
S. Y. Park, Biomacromolecules, 2015, 16, 3519-3529.

20 S. H. Su, J. L. Wang, E. Vargas, J. H. Wei, R. Martinez-
Zaguilan, S. R. Sennoune, M. L. Pantoya, S. R. Wang,
J. Chaudhuri and J. J. Qiu, ACS Biomater. Sci. Eng., 2016, 2,
1357-1366.

21 H. M. Zhang, D. Guo, J. Zhu, Q. H. Li, L. B. Chen and
T. H. Wang, Electrochim. Acta, 2015, 152, 378-382.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

22 Q. Y. Cheng and B. H. Han, J. Nanosci. Nanotechnol., 2013,
13, 755-760.

23 Z. Chen, Z. Liu and F. Qian, Mol. Pharm., 2015, 12, 590-599.

24 F. Aydin, X. Chu, G. Uppaladadium, D. Devore, R. Goyal,
N. S. Murthy, Z. Zhang, J. Kohn and M. Dutt, J. Phys. Chem.
B, 2016, 120, 3666-3676.

25 B. Karolewicz, M. Gajda, A. Gorniak, A. Owczarek and
I. Mucha, J. Therm. Anal. Calorim., 2017, 1-8.

26 E. Gioffredia, M. Boffitoa, S. Calzonea, S. M. Giannitellib,
A. Rainerb, M. Trombettab, P. Mozeticb and V. Chionoa,
Procedia CIRP, 2016, 49, 125-132.

27 R. K. Prud’homme, G. W. Wu and D. K. Schneider, Langmuir,
1996, 12, 4651-4659.

28 G. E. Yu, Y. L. Deng, S. Dalton, Q. G. Wang, D. Attwood,
C. Price and C. Booth, J. Chem. Soc., Faraday Trans., 1992,
88, 2537-2544.

29 A. Hosseinpour, H. Abdizadeh and M. R. Golobostanfard,
Thin Solid Films, 2017, 631, 118-123.

30 J. C. Rocha, F. F. Busatto, L. K. de Souzaa and J. Saffia, DNA
Repair, 2016, 42, 33-43.

31 M. Ema, M. Gamo and K. Honda, Regul. Toxicol. Pharmacol.,
2017, 85, 7-24.

RSC Adv., 2018, 8, 1693-1699 | 1699


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra12099k

	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy

	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy
	Physiologically stable F127-GO supramolecular hydrogel with sustained drug release characteristic for chemotherapy and photothermal therapy


