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1. Introduction

A pH-sensitive and sustained-release oral drug
delivery system: the synthesis, characterization,
adsorption and release of the xanthan gum-graft-
poly(acrylic acid)/GO-DCFP composite hydrogel}

Li Li, ©2° Xiyan Zheng, Chunjiao Pan,® Hao Pan, {22 Zhonggiu Guo,? Bingmi Liu®
and Yu Liu @ *®

In this study, graphene oxide (GO) was successfully prepared using the improved Hummers method, and
the prepared GO powder was dissolved in distilled water and subjected to ultrasonic stripping.
Diclofenac potassium (DCFP) was selected as a model drug to systematically evaluate the adsorption
mechanism of DCFP by GO. Different reaction models were constructed to fit the adsorption kinetics
and adsorption isotherms of DCFP on GO, in order to further explore the underlying adsorption
mechanism. The results demonstrated that the pseudo-second-order kinetic model and Freundlich model
could better delineate the adsorption process of DCFP by GO. Both m-7 stacking and hydrophobic
interaction were mainly involved in the adsorption process, and there were electrostatic interaction and
hydrogen bonding at the same time. Then, the xanthan gum-graft-poly(acrylic acid)/GO (XG-g-PAA/GO)
composite hydrogel was synthesized by in situ polymerization as a slow-release drug carrier. For this reason,
a XG-g-PAA/GO-DCFP composite hydrogel was synthesized, and its in vitro drug release and
pharmacokinetic data were assessed. The results showed that the synthesized XG-g-PAA/GO composite
hydrogel had a certain mechanical strength and uniform color, indicating that GO is evenly distributed in this
composite hydrogel. Moreover, the results of a swelling ratio test demonstrated that the swelling ratios of the
XG-g-PAA/GO composite hydrogel were significantly increased with increasing pH values, implying that this
material is sensitive to pH. The in vitro drug release experiment showed that the cumulative release of DCFP
after 96 h was significantly higher in artificial intestinal fluid than in artificial gastric fluid. These findings
indicate that the XG-g-PAA/GO-DCFP composite hydrogel exhibits pH sensitivity under physiological
conditions. Besides, the results of in vivo pharmacokinetic analysis revealed that the t;,, of DCFP group was
2.03 + 0.35 h, while that of the XG-g-PAA/GO-DCFP composite hydrogel group was 10.71 + 2.04 h,
indicating that the synthesized hydrogel could effectively prolong the drug action time. Furthermore, the
AUCg_y of the DCFP group was 53.99 + 3.18 mg L™* h~%, while that of the XG-g-PAA/GO-DCFP composite
hydrogel group was 11679 + 1472 mg L™' h™% suggesting that the bioavailability of DCFP is greatly
enhanced by this composite hydrogel. In conclusion, this study highlights that the XG-g-PAA/GO-DCFP
composite hydrogel can be applied as a sustained-release drug carrier.

a two-dimensional sheet material composed of a typical
graphite planar structure, which has a large specific surface

Graphene oxide (GO) is a highly oxidized form of graphene
made from natural graphite. Due to its unique structure and
excellent properties, it has received widespread attention. GO is
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area. Such a huge specific surface area may contribute to its
high drug-loading capacity." Compared with the hydrophobic
graphene that easily causes irreversible agglomeration,” GO
contains both hydrophobic graphene domains and hydrophilic
edges, thus providing excellent amphiphilic properties for this
material.> The GO plane mainly includes hydroxyl and epoxy
groups, and there are carboxyl groups on the edge of the sheet
structure.* The presence of oxygen-containing functional
groups allows GO to be easily peeled off into a single-layer sheet,
with good water dispersibility and excellent ability to penetrate
cell membranes. At the same time, these groups allow GO to be
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functionalized,>® which in turn improves the performance of
GO.”® The functional groups of GO can also capture, anchor or
immobilize polymers and biomolecules, such as nucleic acids,
drugs, etc.® Therefore, GO is suitable for delivering bioactive
molecules with antiviral, antibacterial or anticancer activities."
With the continuous in-depth study of their unique structure
and properties, GO and its derivatives have gradually become
the focus of attention in the field of pharmaceutical medicine.

Traditional hydrogels have relatively poor mechanical prop-
erties and limited functional characteristics; thus, they are
often subjected to certain restrictions during their application.™
Several strategies, such as cold treatment,"” macroporous or
nanoporous structures” and hydrophobic crosslinking
agents," have been widely used for improving the hydrogel.
Rehman et al. developed super-absorbent hydrogels with
extraordinarily high swelling and mechanical behaviors by
fabricating different amounts of pH-sensitive monomer 2-
acrylamido-2-methylpropane sulphonic acid (AMPS) in an
acrylamide/sodium alginate hydrogel.”* Khan et al. synthesized
physically cross-linked hydrogels using supramolecular inter-
actions between the metal ions (Fe**) and the deprotonated
functional groups of acrylic acid and non-modified gum arabic,
which was successfully confirmed by the FTIR spectra.*® They
also physically cross-linked the synthesized hydrogel compos-
ites using a one-step method based on acrylic acid and gum
arabic. The results revealed that the mechanical properties of
the hydrogels could be altered by different amounts of TiO,."”
Shah et al. reported that the encapsulation of GO particles
within the hydrogel network provided better mechanical prop-
erties and the presence of GO could improve the surface
adsorption of the material via changing its pH sensitivity.'® By
introducing nano-materials to modify the hydrogel, the
performance of the polymer network itself is not destroyed, and
the application limitations of the hydrogel have been greatly
broken through. Among many nanomaterials, GO is a nano-
material with many excellent features™ such as large specific
surface area, good solubility, cost-effective and can be easily
combined with the hydrogel through simple chemical modifi-
cation, thus making it an attractive material for large-scale
applications. In addition, GO has a large number of oxygen-
containing functional groups, which can enhance its swelling
performance and mechanical properties. GO composite hydro-
gel has gradually become a research hotspot in recent years.

Xanthan Gum (XG) is an extracellular polysaccharide
generated by the microorganism Xanthomonas campestris. The
main structure is a repeating pentasaccharide unit that consists
of 2 glucose units, 2 mannose units, and 1 glucuronide.”® XG
can be dissolved in either cold water or hot water, and low-
concentration XG has high viscosity, which can be used as
a dispersing agent in thicken aqueous solutions and as a stabi-
lizer in both emulsions and suspensions. XG is non-toxic, does
not cause skin or eye irritation, and has been widely used in
pharmaceutical preparations, cosmetics and agricultural prod-
ucts. For example, it serves as a suspending agent and stabilizer
in topical and oral formulations as well as a sustained-release
agent in hydrophilic matrix tablets and pills.****
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Diclofenac potassium (DCFP) is a new type of non-steroidal
anti-inflammatory drug,*?** and its mechanism of action is
mainly to inhibit the synthesis of prostaglandins, thereby
exerting anti-inflammatory and analgesic effects. Compared
with diclofenac sodium, DCFP has better solubility in water and
is rapidly absorbed. DCFP formulation can be used to treat
acute and chronic pain, and it is particularly suitable for the
diseases that require immediate treatment, such as
migraine.”®*® However, like other non-steroidal anti-
inflammatory drugs, oral administration of DCFP has a stimu-
lating effect on the gastrointestinal tract.”” Moreover, the half-
life of DCFP is short, and it is absorbed quickly after oral
administration. Therefore, it is necessary to develop an oral
sustained-release preparation of DCFP to reduce its side effects
on the stomach, while prolonging its oral administration time
and reducing the number of medications.

In this work, DCFP was selected as the model drug to
investigate the adsorption mechanism of GO as a drug carrier.
Through the use of XG and GO as raw materials, acrylic acid as
graft monomer, N,N'-methylenebisacrylamide and ammonium
persulfate as reaction crosslinking agents and initiator, XG-g-
PAA/GO composite hydrogel was successfully prepared and
employed as a carrier for controlled drug release. By taking
DCFP as a model drug, the drug loading of XG-g-PAA/GO-DCFP
composite hydrogel was investigated to determine the best
preparation method for this composite hydrogel. The in vitro
drug release of XG-g-PAA/GO-DCFP composite hydrogel was
also tested at different pH values, by using artificial gastric juice
and artificial intestinal juice as the release medium. Further-
more, DCFP and XG-g-PAA/GO-DCFP composite hydrogel were
administered orally into rats, and the pharmacokinetic char-
acteristics of the drug were evaluated in vivo.

2. Experimental details
2.1 Materials and animals

Graphite powder was obtained from Tianjin Bonop Co., Ltd.
DCFP, ketoprofen and pancreatin were purchased from Dalian
Meilun Biology Technology Co., Ltd. Sulphuric acid (98%),
hydrogen peroxide, hydrochloric acid and phosphate-buffered
saline were purchased from Tianjin Laibo Chemical Co., Ltd.
Pepsin was supplied by Biotopped. Potassium permanganate
and sodium nitrate were obtained from Shandong Yu Wang
Industrial Co., Ltd. XG was purchased from Maya Reagent.
Acrylic acid was purchased from Shanghai Macklin Biochemical
Co., Ltd. N,N'-Methylenebisacrylamide and ammonium per-
sulfate were supplied by Tianjin Damao Chemical Reagent
Factory. Ordinary small animal capsules were purchased from
Guangdong Qiangji Pharmaceutical Co., Ltd. SPF-grade
Sprague-Dawley male rats were obtained from Liaoning
Changsheng Biotechnology Co., Ltd.

2.2 Preparation of GO

The modified Hummers method was referred for the prepara-
tion of GO. First, 2.5 g of graphite powder and 2 g of sodium
nitrate were added to a three-necked flask containing 84.4 mL of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentrated sulfuric acid. Then, under stirring, 11.25 g of
potassium permanganate was added in the batches within 1 h.
The mixture was transferred from three-necked round bottom
flask to an oil bath with magnetic heating. The temperature of
the magnetic stir was adjusted as follows: 35 °C for 30 min,
65 °C for 30 min, and 85 °C for 30 min. The product was allowed
to stand at room temperature for one week, and then trans-
ferred to a beaker containing hot water. Hydrogen peroxide
(30%) was added dropwise until the color became bright yellow.
The suspension was centrifuged, washed and freeze-dried to
a constant weight, in order to obtain a flake-shaped solid GO.
An appropriate amount of GO was accurately weighed and
placed into a beaker, followed by the addition of distilled water.
After sonication, the solution was continuously stirred until it
became brownish yellow. Finally, the solution was stripped,
centrifuged and washed to achieve a stable GO aqueous
solution.

2.3 Characterization of GO

The Fourier transform infrared (FT-IR) spectrum was measured
using an IRAffinity-1 spectrometer (Shimadzu, Japan). The
microstructure of GO was analyzed using a JEM-2100 trans-
mission electron microscope (TEM; JEOL, Japan). The
ultraviolet-visible spectrum was performed on an UV-2550
spectrometer (Shimadzu, Japan). The thermal stability and
other quantitative parameters were characterized by means of
thermogravimetric analysis under a nitrogen atmosphere at 20—
400 °C. The particle size, ZP and polydispersity coefficient (PDI)
value of GO solution were measured using a Malvern Zetasizer
nanometer instrument (Nano-ZS 90, Malvern, UK). X-ray
diffraction (XRD) analysis of GO was conducted using
a Bruker D8 ADVANCE X-ray powder diffractometer (Bruker,
Germany) with CuKa radiation and 260 angle range (10-80°).

2.4 Synthesis of GO-DCFP

GO was weighed by the mass M; (mg) and dissolved in an
appropriate amount of distilled water. The resulting GO
aqueous solution was ultrasonically stripped in a beaker at
a concentration of C, (mg mL™"), which was fixed on a magnetic
stirrer at a constant temperature. DCFP was precisely weighed
by the mass M, (mg) and dissolved in an appropriate amount of
distilled water. Under stirring conditions, the completely dis-
solved DCFP aqueous solution was gradually added dropwise to
the GO aqueous solution. The reaction took place in the dark
under continuous stirring. After completion of the reaction, the
solution was centrifuged, and the obtained precipitate was
rinsed and freeze-dried to obtain the final product GO-DCFP.

2.5 Adsorption experiments

2.5.1 Drug loading. The high-performance liquid chro-
matograph was used to detect the drug loading and encapsu-
lation efficiency of GO-DCFP complex. The calculation
formulas of loading efficiency (LE, %) and encapsulation effi-
ciency (EE, %) are as follows:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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M, - C - L,
LE(%) = 1009
OO = s n - <, < 0%
EE(%) = M- G xLy % 100%

2

M;: GO quality; M,: total dose; Cy: free drug concentration; L;:
solution volume.

2.5.2 Drug-carrier ratio. Different concentrations of DCFP
aqueous solution were used to prepare GO-DCFP. The feeding
mass ratios of DCFP : GO were maintainedas1:5,1:2,1: 1.5,
1:1 and 1.5 : 1. The loading efficiency and encapsulation effi-
ciency were calculated at different drug and carrier feeding
ratios.

2.5.3 Response time. The impact of different reaction
times (293, 303 and 313 K) on DCFP adsorption by GO was
evaluated. To calculate the drug loading of GO at different
reaction times, the drug concentrations in the samples were
measured at the given time points.

2.5.4 pH change. DCFP solutions with different initial
concentrations were selected, and a pH range of 3-11 was set.
The adsorption of DCFP on GO were evaluated within this pH
range.

2.5.5 Reaction temperature. Different concentrations of
DCFPs were reacted with GO solutions, and the adsorption
isotherms of DCFP on GO were determined at 293, 303 and 313
K.

2.5.6 Fitting of adsorption kinetics. The pseudo-first-order
and pseudo-second-order kinetic models were selected to fit the
GO adsorption data, which provided a theoretical basis for
assessing on the adsorption characteristics of GO on DCFP. The
linear expression is as follows:

Pseudo-first-order kinetic: In(g. — ¢;) = In q. — kit

1 1

Pseudo-second-order kinetic : =—5+—
q: k25]e qe

ge: balanced adsorption capacity (mg g~ '); ¢+ adsorption
capacity at time ¢ (mg g~ '); #: reaction time (min); k;: pseudo-
first-order kinetic rate constant (min '); k,: pseudo-second-
order kinetic (g mg~ ' min™").

2.5.7 Adsorption isotherm model fitting. The Langmuir
model and the Freundlich model were selected to fit the
adsorption isotherms of DCFP on GO, respectively. The Lang-
muir model assumes that the adsorbent surface is completely
uniform, all adsorption sites have equal affinity and adsorption
energy, and the adsorption form is monolayer adsorption.”® The
general expression is as follows:

C. 1

. C
Langmuir model : — = — +
£ qe dm Kigm

Ce: equilibrium concentration of the adsorbate (mg L™Y); ge:
equilibrium adsorption amount (mg g '); gm: theoretical
maximum adsorption capacity of monolayer (mg g '); Ky:
Langmuir adsorption constant (L mg™ ).
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The Freundlich model presumes that the adsorption
phenomenon takes place on a heterogeneous surface, that is,
the energy at the surface adsorption sites is not uniform, and
the adsorption is multi-layered.>* The general expression is as
follows:

In C,
n

Freundlich model : In ¢, = In K¢ +

C.: equilibrium concentration of the adsorbate (mg L™'); g.:
equilibrium adsorption amount (mg g '); Kg: Freundlich
adsorption constant (mg g~ '); n: Freundlich parameters related
to adsorption strength.

2.6 Synthesis of XG-g-PAA/GO and XG-g-PAA/GO-DCFP

First, GO was weighed into a beaker, added with distilled water,
and ultrasonically peeled to obtain a yellow-brown GO aqueous
solution. Under magnetic stirring, a certain amount of XG was
completely dissolved into the GO solution, and the temperature
was adjusted to 60 °C. A particular amount of ammonium
persulfate was then mixed with the solution. After stirring for
10 min, specific amounts of acrylic acid and N,N'-methyl-
enebisacrylamide were gradually added to the reaction solution
until reaching the final volume of 30 mL. To form a composite
hydrogel, the reaction was continuously heated at 60 °C. After
completion of the reaction, the resulting product was cooled to
room temperature, cut into smaller pieces and washed repeat-
edly with distilled water, in order to eliminate the residual
reactants. The XG-g-PAA/GO composite hydrogel was finally
obtained after freeze-drying in a vacuum for 24 h.

To synthesize XG-g-PAA/GO-DCFP, the as-prepared XG-g-
PAA/GO composite hydrogel was mixed with DCFP solution
and then magnetically stirred at room temperature for 1 h. After
magnetic stirring, other reactants were added according to the
above-mentioned method, in order to obtain the final XG-g-PAA/
GO-DCFP composite hydrogel.

2.7 Determination of swelling ratio

The as-prepared XG-g-PAA/GO composite hydrogel was dried to
a constant weight and accurately weighed, and the mass of the
dried gel was recorded as Wq4. The xerogel was then submerged
in distilled water, and a swelling test was performed. The
surface moisture was absorbed with clean filter paper, and the
sample was weighed until reaching a constant weight and
swelling balance. The mass at this time point is recorded as Wi.
The swelling ratio can be calculated by the following formula:

- W,

SR% = WSTddx 100

SR: swelling ratio of the hydrogel (%); W,: mass of the gel (mg)
when swelling equilibrium is reached; W4: mass of dry gel (mg).

2.8 Characterization of XG-g-PAA/GO

2.8.1 Morphological observation. Through the use of the
optimal preparation method, XG-g-PAA/GO composite hydrogel
was synthesized, and its appearance and morphological char-
acteristics were examined.
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2.8.2 Micromorphological assessment. The micromor-
phology of XG-g-PAA/GO composite hydrogel was observed
under a scanning electron microscope. The acceleration voltage
is 20 kv.

2.8.3 Infrared spectrum. The infrared spectra of XG, GO
and XG-g-PAA/GO composite hydrogel samples were measured
within the range of 400-4000 cm ™.

2.8.4 Thermogravimetric analysis. A thermogravimetric
analyzer was used to test XG, GO, XG-g-PAA hydrogel and XG-g-
PAA/GO composite hydrogel samples (temperature range: 0-
700 °C, heating rate: 10 °C min ', atmosphere: nitrogen).

2.8.5 Determination of pH sensitivity. The dried composite
hydrogel was accurately weighed, and then placed in salt buffer
solutions at different pH values to determine the pH sensitivity
of the composite hydrogel. The sample was taken out at a given
time point and weighed until reaching a constant weight. The
swelling ratios of the composite hydrogel in different pH buffer
solutions were calculated according to the above-mentioned
formula.”

2.8.6 Changes in the swelling ratio of artificial gastroin-
testinal fluid over time. Through the use of the optimal prepa-
ration method, XG-g-PAA/GO composite hydrogel was
synthesized. Its appearance and morphological characteristics
were also examined.

2.9 XG-g-PAA/GO-DCFP drug loading

The concentration of DCFP was detected by high-performance
liquid chromatography, and the loading efficiency and encap-
sulation efficiency of XG-g-PAA/GO composite hydrogel were
calculated. The calculation formulas of loading efficiency (LE%)
and encapsulation efficiency (EE%) are as follows:

LE (%) = M\/M> x 100%
EE (%) = M,/M; x 100%

M;: the quality of the drug loaded into the composite hydrogel;
M,: the total weight of the drug-loaded composite hydrogel; M;:
the quality of the input drug.

2.10 In vitro drug release testing

The in vitro release of XG-g-PAA/GO-DCFP composite hydrogel
was assessed using the small cup method. The release media
are artificial gastric juice and artificial intestinal fluid, respec-
tively. First, 15 mg of the prepared XG-g-PAA/GO-DCFP
composite hydrogel was accurately weighed, transferred into
small capsules, and placed into artificial intestinal juice and
artificial gastric juice at 37 £ 5 °C. The time points were set at 0,
5,10, 20, 30 min, 1, 1.5, 2, 2.5, 3, 4, 8, 12, 24, 48, and 72 h. After
centrifugation at 5000 rpm for 5 min at room temperature, the
supernatant was subjected to pharmacokinetic study.

2.11 Pharmacokinetic study and data analysis

The rats were randomly divided into two groups. DCFP and XG-
g-PAA/GO-DCFP composite hydrogel were orally administered
to the rats in the two groups, respectively, at a dosage of 25 mg

© 2021 The Author(s). Published by the Royal Society of Chemistry
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kg~ '. Blood samples were collected from the orbit at 0.25, 0.5, 1,
2,4,6,8,10,12, 24, 48, and 72 h after oral administration. After
centrifugation at 12 000 rpm for 5 min, the upper plasma was
subjected to liquid phase analysis.

3. Results and discussion
3.1 Characterization of GO

The PSD and ZP of GO are shown in Fig. 1. The mean particle
size, PDI and ZP values of the prepared GO were approximately
336.9 nm, 0.183 and —39.6 mV, respectively. The PDI value of
less than 0.3 indicates a good PSD; while the negative ZP
suggests the presence of oxygen-containing functional groups
in GO. The X-ray spectrum (Fig. 2) showed that the peaks at 10°
and 26° were the characteristic peaks of GO, confirming the
successful synthesis of GO. In addition, the absolute value of ZP
was greater than 30 mvV, indicating that the electrostatic
repulsion between the particles of GO sheet is large. Thus, it is
not easy to cause aggregation or precipitation, and the stability
of GO solution is good.

The UV spectral data of GO aqueous solution are presented
in Fig. 1. Notably, the GO UV spectrum exhibited two features
that could be used for identification. One was the maximum
absorption wavelength at 234 nm, which corresponded to the =
electron transition of aromatic C=C bond in GO structure.
Another feature was the shoulder peak at 300 nm, which could
be ascribed to the n — 7* transition of C=0. These results
demonstrate that GO with higher oxidation degree has been
successfully synthesized.

The infrared spectrum of GO is shown in Fig. 1. Infrared spec-
troscopy revealed that -OH (3360 cm™ '), C=0 (1738 cm ') and
C=C (1620 cm ") were existed in the synthesized GO, proving the
successful introduction of oxygen-containing functional groups. In
addition, there were C-OH stretching vibration peaks of carboxyl
groups at 1406 cm ', and absorption peaks of C-O groups at
1231 cm™ ' and 1063 cm™ . These characteristic absorption peaks of
GO infrared spectrum indicate that the graphite conjugate structure
is destroyed and GO has been successfully synthesized.
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Fig. 2 XRD pattern of GO.

TEM image of GO is displayed in Fig. 1. It was found that GO
had a lamellar structure with wrinkles on the surface and edges.
GO can be existed in the form of single layer or multiple layers,
and the single-layer sheet structure is prone to folding and
curling in space, which explains the slightly wrinkled sheet
structure of GO.

The DSC spectra of graphite powder and GO are shown in
Fig. 1. The results showed that there was a clear difference in
DSC curves between graphite powder and GO. Graphite powder
had no obvious melting point peak in the detected temperature
range, and the synthesized GO sample exhibited a melting point
peak at around 200 °C, which corresponded to the decomposi-
tion of unstable oxygen-containing functional groups. These
findings also confirm the successful synthesis of GO.

3.2 Adsorption experiments

Based on the results, the loading effect of DCFP/GO was found
to be most ideal at the DCFP : GO feeding ratio of 1 : 1.5. At this
ratio, the loading efficiency and entrapment efficiency of DCFP/
GO were 36.0% and 84.36%, respectively. Loading efficiency
refers to the ratio of the amount of drug loaded into DCFP/GO to
the total weight. Entrapment efficiency refers to the ratio of the
amount of drug loaded into DCFP/GO to the amount of drug

Tame

» L 2 20 300 00 500 50
Asgareet Taa Sometal il 3

Fig. 1 Particle size distribution, zeta potential, UV spectrum, infrared spectrum, TEM image, and differential scanning calorimetric curves of

graphite (a) and GO (b).
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Fig. 3 Loading efficiency of DCFP/GO.
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Fig. 4 Entrapment efficiency of DCFP/GO.

administered. The loading efficiency and entrapment efficiency
of DCFP/GO are shown in Fig. 3 and 4.

The effects of reaction time on DCFP-loaded GO were
determined under different temperature conditions (293, 303,
and 313 K). As demonstrated in Fig. 5, the initial reaction rate
was relatively large. This may be due to the fact that the
concentration of DCFP in the solution is high at the beginning
of the reaction. Moreover, there are many unoccupied adsorp-
tion sites on the surface of GO, which can enhance its adsorp-
tion rate. As the reaction progressed, DCFP was gradually
consumed in the solution and the adsorption sites on GO
surface were gradually occupied, which in turn led to a gradual

600
so0 3t i —
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F — =
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g |' [
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< 200 (] —a—303K
|
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Fig. 5 Adsorption kinetics curves of DCFP on GO.
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Fig. 6 Effects of pH on the adsorption of DCFP on GO.

decrease in reaction rate until reaching equilibrium. The reac-
tion equilibrium time was about 30 minutes.

The impact of pH change on DCFP adsorption by GO was
evaluated, different concentrations (200 and 250 pg mL™") of
DCFP were tested separately. As displayed in Fig. 6, the
adsorption of GO on DCFP was inhibited with increasing pH
values, and the equilibrium adsorption capacity of DCFP under
alkaline conditions was very small. DCFP exists in a neutral
form in a low pH environment (pH < pK,), and its pK, value is
4.0. When pH > pK,, DCFP gradually ionized, electrostatic
repulsion occurred between the dissociated anions, and GO
became negatively charged, thus leading to a decrease in the
amount of DCFP adsorbed on GO. However, if the pH value was
between 3 and 5, the adsorption capacity did not reduce
significantly. This may be attributed to the fact that the elec-
trostatic repulsion is weak at this time and has little effect on
the adsorption results, which also implies that the electrostatic
repulsion is not the only adsorption mechanism. The amino
groups of DCFP and the oxygen-containing groups on GO
surface can form hydrogen bonds, and the adsorption process is
also affected by hydrogen bonds. The formation of hydrogen
bonds under alkaline conditions is not conducive to the
formation of hydrogen bonds, which may also lead to a decrease
in adsorption capacity. It should be pointed out that GO has
a hydrophobic surface and an aromatic ring structure. It can
cause m-7 stacking and hydrophobic interaction with DCFP,
thus affecting the adsorption process. Overall, the adsorption of
DCFP on GO can be affected through multiple mechanisms.
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Fig. 7 Adsorption isotherms of DCFP on GO.
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Under the conditions of 293, 303 and 313 K, DCFP solutions
with different initial concentrations were selected for this
experiment, and the adsorption isotherms of the reaction
between GO and DCFP were measured. As shown in Fig. 7, the
amounts of DCFP absorbed on GO were increased with increasing
equilibrium concentrations, and tended to be saturated when its
equilibrium concentration reached a certain value. Similarly, the
equilibrium adsorption capacity of GO increased with increasing
reaction temperatures, indicating that a high temperature could
exert profound effects on DCFP adsorption by GO.

The fitting results of adsorption kinetics data are demon-
strated in Fig. 8 and Table 1. The correlation coefficient R
derived by fitting the two kinetic models was greater than 0.9,

Table 1 Adsorption kinetic fitting parameters at different temperatures

indicating that both pseudo-first-order and pseudo-second-
order kinetic models could be employed to describe the
kinetic process of DCFP adsorption on GO. Generally, pseudo-
first-order kinetic model is only suitable for describing the
adsorption characteristics of the initial adsorption stage, but
not the whole adsorption process. By comparing the fitted data
with the experimental data, it could be seen that the g. value of
pseudo-second-order kinetic model was more comparable to
that measured experimentally, and the R* values of pseudo-first-
order kinetic model obtained at three different temperatures
were lesser than those of pseudo-second-order kinetic model,
suggesting that the pseudo-second-order kinetic model is more
appropriate to denote the adsorption process of DCFP on GO.

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

T (K) Ge, exp (Mg ™) Ge, cal (Mg g™ 1) ky (min™?) R Ge, cal (Mg &™) k, (g mg™* min™") R

293 466.92 459.41 0.1485 0.9946 476.19 0.0008 0.9985
303 529.94 508.14 0.3181 0.9897 533.33 0.0015 0.9997
313 550.04 533.37 0.3841 0.9954 552.79 0.0021 0.9999

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Adsorption isotherm model fitting. (a) Langmuir. (b) Freundlich.
The point in the figure is the experimental value; while the line
represents the calculated value of the model.

The adsorption process is primarily regulated by the interaction
between the adsorbate and the adsorbent. Based on the struc-
tural characteristics of GO and DCFP, it can be speculated that
the interactions between the two are - stacking, hydrophobic
interaction, electrostatic interaction and hydrogen bonding.
Taken together, multiple mechanisms may play an essential
role during the adsorption process of DCFP on GO.

The adsorption isotherms of DCFP on GO were delineated by
Langmuir model and Freundlich model. The fitting curves and data
are presented in Fig. 9 and Table 2, respectively. By comparing the
correlation coefficient R> derived from the two models, it was
observed that the Freundlich model could better describe the
adsorption process. As mentioned above, there are multiple mech-
anisms involved during the adsorption process. The dominant
mechanisms are -7 stacking and hydrophobic interaction, and
these interactions tend to cause multi-layer adsorption. An elevated
temperature can also affect the adsorption of DCFP by GO.

Table 2 Adsorption isotherm fitting parameters

Langmuir Freundlich
T(K) gm(mggh K R? Ky n R
293 697 0.0201 0.9397 27.19 1.34 0.9883
303 776 0.0221 0.9302 43.54 1.52 0.9827
313 821 0.0242 0.9412 47.65 1.53 0.9756
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Fig. 10 The appearance of XG-g-PAA/GO composite hydrogel.

3.3 Characterization of XG-g-PAA/GO composite hydrogel

As shown in Fig. 10, the prepared composite hydrogel was
brown and uniform in color, and had certain mechanical
strength.

The SEM results of XG-g-PAA/GO composite hydrogel are
shown in Fig. 11. It was found that the synthesized XG-g-PAA/
GO composite hydrogel had a rough surface, multiple folds,
and obvious porous structures. These features could enhance
the absorption of other compounds more rapidly. The synthesis
roadmap of the hydrogels is shown in Fig. 12.

The infrared spectra of GO (a), XG (b) and XG-g-PAA/GO (c)
are displayed in Fig. 13. Notably, the C=0 stretching peak of
carboxyl group at 1738 cm~', C=C absorption peak at
1620 cm ', and C-OH peak of carboxyl group at 1406 cm ™ were
observed in the infrared spectrum of GO. These stretching
vibration absorption peaks imply that GO has oxygen-
containing groups. The absorption peaks of C-O group
appeared at 1231 and 1063 cm ™ ". For the infrared spectrum of
XG, the absorption peak at 3440 cm~ ' was the primary and
secondary -OH characteristic stretching vibrations. The

S
SU8010 20.0kV x1.10k SE(U)

Fig. 11 SEM image of XG-g-PAA/GO composite hydrogel.
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Fig. 13 The infrared spectra of GO (a), XG (b) and XG-g-PAA/GO (c).

absorption band at 2920 cm ™' could be attributed to the ~-CH
stretching of alkyl group. The absorption peaks at 1641 and
1413 cm™ " were assigned to the asymmetric and symmetric
COO-stretching vibrations of carboxylate group, respectively.
The absorption peaks at 1263 and 1050 cm ™' were attributed to
C-0 bending vibration. Besides, the infrared spectrum of XG-g-
PAA/GO composite hydrogel showed an increase in the peak
intensity of the characteristic band at 1413 cm ™", which might
be ascribed to the symmetric stretching mode of carboxylate
group. These spectral data revealed the successful formation of
XG-g-PAA/GO composite hydrogel. The peak at 1535 cm ™" was
attributed to the C=0 asymmetric stretching of acrylic acid in
the composite hydrogel. In addition, for XG, there was a broad
absorption peak at 3440 cm !, and after surface modification
with acrylic acid, a new broad peak was emerged at 3200 cm ™.
These results indicate that the copolymer of acrylic acid has
been well grafted onto XG.

The results of thermogravimetric analysis (TGA) are revealed
in Fig. 14. The TGA curve of GO demonstrated a weight loss in
the range of 25-200 °C, probably due to the gradual pyrolysis of
numerous oxygen-containing functional groups on GO surface,
thereby producing CO, and CO gases. The TGA curve of XG
showed that the first degradation occurred in the range of 30—
120 °C was associated with the endothermic peak, which might
be due to the elimination of water. As the temperature increased
to 200-300 °C, the weight loss rate also increased. The TGA

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Thermogravimetric analysis curves of GO, XG, XG-g-PAA and
XG-g-PAA/GO.

curves of XG-g-PAA hydrogel and XG-g-PAA/GO composite
hydrogel revealed similar trends of weight loss. The first
decomposition stage was noted in the range of 250-300 °C.
Combined with the TGA curve of XG, it can be speculated that
the weight loss in this range is due to the decomposition of XG
framework. In the curves of XG-g-PAA hydrogel and XG-g-PAA/
GO composite hydrogel, the second weight loss between 375-
450 °C was the consequence of residual polymer degradation.
The TGA curve vividly indicated that the thermal stability of XG-
g-PAA hydrogel and XG-g-PAA/GO composite hydrogel was
higher than that of raw material XG at the temperature range of
25-400 °C. Thus, it can be inferred that the thermal stability of
XG is increased after formation of the hydrogel.

The experimental results for the effects of solution pH value
on the swelling ratio of XG-g-PAA/GO composite hydrogel are
presented in Fig. 15. Notably, the swelling ratios of XG-g-PAA/
GO composite hydrogel were significantly increased with
increasing pH values. The possible reason is that under a low
pH environment, the carboxylate ions of XG-g-PAA/GO
composite hydrogel are protonated, the electrostatic repulsion
is weakened, and hydrogen bonds are formed between the
carboxyl groups generated by protonation, which in turn leads
to the formation of hydrogen bonds in the composite hydrogel.

800
700

600
500
400

SR (%)

300
200
100

Fig. 15 Curve of the swelling ratios of XG-g-PAA/GO composite
hydrogel under different pH values.
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Table 3 Loading efficiency and encapsulation efficiency of XG-g-
PAA/GO composite hydrogel at different DCFP concentrations

C (mg mL™ ) LE (%) EE (%)
1.25 1.88 44.15
2.5 3.49 53.12
5 8.49 57.32
10 10.57 50.48
15 10.31 50.70

The network structure of XG-g-PAA/GO composite hydrogel is in
a contracted state, the external liquid is not easy to enter the
hydrogel, and the swelling ratio is relatively low. As the pH value
continues to increase, the hydrogen bond is destroyed, the
carboxyl group gradually dissociates into carboxylate ions, and
the electrostatic repulsion is enhanced. Consequently, the
network structure of the gel gradually expands to facilitate the
external solution to enter the voids of the hydrogel, and thus,
the swelling ratio is also increased.

3.4 Drug loading of XG-g-PAA/GO composite hydrogel

The dose optimization results of the drug-loaded XG-g-PAA/GO
composite hydrogel are summarized in Table 3. The XG-g-PAA/
GO composite hydrogel was used as a carrier, the non-steroidal
anti-inflammatory drug DCFP was used as a loading drug, and
the loading efficiency was calculated to determine the best
prescription dosage. The results showed that when the drug
concentration was 10 mg mL ', the drug loading capacity of the
composite hydrogel was the largest (10.57%), with the encap-
sulation rate of 50.48%. The prescription with the largest drug
loading was considered as the optimal prescribed dose. It can
be seen from Table 3 that the drug loading capacity increased
with increasing DCFP concentrations, but when the concen-
tration was higher than 10 mg mL™", the drug loading capacity
decreased. Hence, the best prescription dose was determined to
be 10 mg mL ™.
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Fig. 17 The in vivo plasma concentration versus time curves of DCFP
and XG-g-PAA/GO-DCFP through oral administration.

3.5 In vitro DCFP release test

The in vitro drug release test results of XG-g-PAA/GO-DCFP
composite hydrogel are summarized in Fig. 16. Under the
conditions of simulated gastric and intestinal juice, the cumu-
lative release of DCFP after 96 h was 34.57% and 68.41%,
respectively. The drug embedded in the composite hydrogel was
less released in the stomach, but was released well in the
intestine. According to the test results of the swelling ratio of
XG-g-PAA/GO composite hydrogel in different pH buffer solu-
tions, it was found that the swelling ratios of the composite
hydrogel elevated with increasing pH values. A high pH value is
conducive to the entry of the external solution, so that the drug
can be well released. In addition, the higher the pH values, the
stronger the electrostatic repulsion between the anions ionized
by DCFP and GO, which is also conducive to the release of
DCFP. Therefore, the amount of drug released by the composite
hydrogel is much higher in the artificial intestinal fluid at a high
pH value, which in turn protects the drug from being released in
the stomach and avoids the side effects of drug on the stomach.
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Fig. 16 Drug release curves of XG-g-PAA/GO composite hydrogel in the simulated gastric and intestinal conditions.
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Table 4 Basic pharmacokinetic parameters of DCFP and XG-g-PAA/
GO-DCFP via oral administration

Parameters Unit DCFP XG-g-PAA/GO-DCFP
AUC(oy mgL 'h! 53.99 + 3.18 116.79 + 14.72
AUC(o- ) mgL'h™"  59.22£5.23 123.90 & 12.14

tun h 2.03 £ 0.35 10.71 & 2.04

Trnax h 1.33 £ 0.52 6.67 + 1.03

Cunax mg L™ 15.52 + 1.05 10.15 £ 0.90

3.6 Pharmacokinetic studies

The plasma concentration-time curves obtained from the oral
administration of DCFP and XG-g-PAA/GO-DCFP composite
hydrogel to the rats are displayed in Fig. 17, and the basic
pharmacokinetic parameters are listed in Table 4. From the
figure, it can be seen that the blood drug concentration was not
detectable in both DCFP and XG-g-PAA/GO-DCFP composite
hydrogel groups within 1 h. This is because the rat enteric-
coated capsules could not be degraded in the stomach. There
is almost no release of the drug in the stomach. The ¢,,, of DCFP
group was 2.03 + 0.35 h, and that of XG-g-PAA/GO-DCFP
composite hydrogel group was 10.71 + 2.04 h. The blood drug
concentration of DCFP group was nearly undetectable at 10 h,
while that of XG-g-PAA/GO-DCFP composite hydrogel group
remained detectable at 24 and 48 h. This indicates that the
elimination rate of DCFP is fast, and the composite hydrogel
can slow down the elimination rate of the drug in the body, thus
producing a sustained release effect. The AUC ¢ of DCFP group
was 53.99 + 3.18 mg L' h™", and that of XG-g-PAA/GO-DCFP
composite hydrogel group was 116.79 + 14.72 mg L " h™,
which was about 2.16 times higher than that of DCFP group.
Therefore, it can be concluded that the bioavailability of DCFP
in the rat body is low after oral administration, and the prepa-
ration of XG-g-PAA/GO-DCFP composite hydrogel can greatly
improve its bioavailability and stability.

4. Conclusion

First, we successfully synthesized nano-level GO using the
improved Hummers method and ultrasonic peeling method.
The non-steroidal anti-inflammatory drug DCFP was selected as
the model drug to investigate the adsorption of GO to DCFP
under different conditions, and different theoretical models
were employed to fit the adsorption kinetics and adsorption
isotherm model to further explore the adsorption mechanism of
GO towards DCFP. The results showed that the adsorption
capacity of GO on DCFP decreased with increasing pH values. By
integrating the fitting results of adsorption kinetics and
adsorption isotherm models, the pseudo-second-level kinetic
model and Freundlich model could better delineate the
adsorption process of DCFP on GO. It is speculated that a variety
of adsorption mechanisms co-exist during the adsorption
process. The most dominant mechanisms are - stacking and
hydrophobic interaction, and to a lesser extent, hydrogen bonds
and electrostatic repulsion. The pH-sensitive XG-g-PAA/GO

© 2021 The Author(s). Published by the Royal Society of Chemistry
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composite hydrogel was successfully synthesized as a carrier,
loaded with DCFP, and the loading efficiency and encapsulation
efficiency for its optimal formulation were 10.57% and 50.48%,
respectively. The results of in vitro release experiment demon-
strated that the cumulative release of DCFP was higher in
simulated intestinal fluid (68.41%) than in simulated gastric
juice (34.57%) after 96 h. This implies that drug loading into
a composite hydrogel can avoid the side effects of drugs on the
stomach. Pharmacokinetic data revealed that XG-g-PAA/GO-
DCFP composite hydrogel group had longer ¢,,,, and the AUC,_
¢ was approximately 2.16 times higher than that of DCFP group.
XG-g-PAA/GO-DCFP composite hydrogel enables DCFP to be
gradually released in the body over time, thereby prolonging the
action time of the drug in the body and greatly improving the
bioavailability of DCFP in the body. In summary, the proposed
XG-g-PAA/GO composite hydrogel has stable structure, uniform
color, and pH sensitivity. The oral route of XG-g-PAA/GO-DCFP
composite hydrogel can effectively prolong the action time of
DCFP and enhance its bioavailability. Hence, this composite
hydrogel can be applied as a sustained-release drug carrier for
further research.
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