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Abstract

In this research, hydrogel biocomposites were prepared from whey protein isolate (WPI), reduced graphene oxide (rGO),
and synthetic polymers in varied ratios. Their physicochemical properties were evaluated by FTIR, SEM, TGA, AFM, and
TEM. FTIR spectra revealed significant peaks at 1167 cm™! for C-O—C peak and at 1449 cm™' for O-H bending for WPI
and rGO, respectively. The hydrogels were loaded with proguanil hydrochloride and chloroquine diphosphate and in vitro
release kinetics of individual drugs from the biocomposites were studied. The SEM images of the biocomposites after drug
release confirmed that they are biodegradable. The drug release was controlled, pH-dependent which further confirmed
that the hydrogels are pH-sensitive. The release of proguanil from the hydrogels was slow when compared to chloroquine,
suggesting that the solubility of the drug influenced their rate of release. The drug release from the biocomposites fitted the
Korsmeyer—Peppas model with 7 values for chloroquine between 0.46 and 0.49 at pH of 1.2 and between 0.72 and 1.41 at
pH of 7.4. The n values for proguanil were between 0.66 and 0.83 at pH 1.2 and 0.85-0.92 at pH 7.4. The results obtained
suggested that the biocomposites are potential systems that can be tailored for controlled delivery of bioactive agents.

Keywords Graphene oxide biocomposites - Malaria - Chloroquine - Proguanil - Whey protein isolate

Introduction

Hydrogels are referred to as smart systems with crosslinked
polymeric network and swell in aqueous solution [1]. Some
of them are biodegradable, non-toxic, and biocompatible,
and exhibit porous network that can be tailored to control
the rate of drug release [2]. The aforementioned features
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are dependent on the type of monomers employed in their
preparation [2]. Hydrogels are used for targeted, controlled,
and sustained drug delivery of bioactive agents such as
anticancer, antimalaria, antibacterial drugs, etc., resulting
in enhanced therapeutic effects when compared to the con-
ventional administration of these drugs [3, 4].

Malaria is a chronic and serious disease that is preva-
lent in sub-Saharan Africa. In 2015, 450,000 malaria deaths
worldwide were reported with over 92% occurring in Africa
[5]. The currently used antimalarials suffer drug resistance,
non-specificity, toxicity, poor bioavailability, and water
solubility [6]. Proguanil hydrochloride (PG) is a synthetic
derivative of pyrimidine and a biguanide organic compound.
It is a prophylactic antimalarial [7], and overtime, it has been
used in combination with other malaria drugs for many years
[8]. It inhibits plasmodial dihydrofolate reductase (DHFR)
via its active metabolite cycloguanil by its binding to the
DHEFR enzyme and inhibits the metabolism of folic acid [8].
Chloroquine diphosphate (CQ) is an aminoquinoline deriva-
tive used as a frontline treatment of malaria from the early
1950s [9] and it is believed to act by interfering with the
detoxification of the byproducts of hemoglobin digestion
taking place in the erythrocytes cell state of the plasmodium
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asexual life cycle [10, 11]. Despite the application of chloro-
quine and proguanil for the treatment of malaria, their appli-
cation has been hampered by drug resistance.

Presently, there are few research reports on the design
of hydrogels for the delivery of antimalarials. In one of our
reports, soy protein-based hydrogels were prepared for dual
delivery of antimalarials. The release profiles of both drugs
were controlled, whereby both drugs can work over a differ-
ent period of time [12]. Mavondo et al. developed asiatic and
chloroquine-loaded pectin-based hydrogels for transdermal
delivery in Plasmodium berghei-infected Sprague—Dawley
rats with good therapeutic efficacy [13]. Simina et al. syn-
thesized and characterized chitosan-based hydrogels for the
delivery of quinine. Quinine formed temporary chelates in
the hydrogels [14]. Dandekar et al. prepared hydrogel nan-
oparticles for loading of curcumin from a combination of
hydroxyl propyl methyl cellulose and polyvinyl pyrrolidone.
The hydrophilic nature of the formulation was exploited for
enhanced absorption and prolonged rapid clearance of cur-
cumin. In vivo antimalaria studies revealed significant anti-
malaria activity of the drug loaded hydrogel nanoparticles
when compared to the free curcumin, suggesting that the
formulation is a potential adjunct antimalarial therapy that
can be used along with standard therapy [15].

In an earlier research report, we investigated the release
mechanism of bioactive agent from reduced graphene oxide-
based hydrogel biocomposites [16], as well; other research-
ers have utilized reduced graphene oxide-based biocompos-
ites for other applications [17, 18]. In this manuscript, the
focus is on the in vitro release study of antimalarials from
the hydrogels with modified ratio of whey protein isolate and
reduced graphene oxide. The hydrogels were characterized
by FTIR, SEM, TGA, AFM, and TEM. In vitro drug release
studies were performed at pH 1.2 and 7.4 simulating gastric
juice and blood pH, respectively.

Experimental
Reagents

All chemicals used in this project were of analytical
grades. Acrylamide (Am) was supplied by Sigma-Aldrich

(Darmstadt, Germany). rGO was donated by Jayara-
mudu research group. Potassium persulfate (KPS), N,N'-
methylenebisacrylamide (MBA), and the activator,
N,N,N',N'-tetramethylethylenediamine (TEMED) were
supplied by Sigma-Aldrich (Darmstadt, Germany). Distilled
water was used; the reagents and solvents used were purified
by known laboratory procedures. Proguanil hydrochloride
(PG) and chloroquine diphosphate (CQ) salt were purchased
from Sigma-Aldrich, South Africa. The natural polymer,
whey protein isolate (WPI), was supplied by Honeyville
Food Products, Salt Lake City (Utah, USA). WPI contained
90% protein, 4% fat, 5% ash, and 1% of minor constituents.

Preparation of the thermally rGO-based hydrogel
biocomposites

The hydrogel biocomposites were prepared by a modified
method [16]. Table 1 is a summary of the composition of
the hydrogels. The hydrogel biocomposites (GW2 and GW3)
were prepared by dissolving WPI in sodium hydroxide solu-
tion, followed by the addition of acrylamide and MBA solu-
tion. The mixture was thoroughly stirred and a homogenous
mixture was obtained before the addition of TEMED, rGO,
and KPS, respectively (Table 1). The hydrogels were formed
at a temperature between 30 and 50 °C. The hydrogel bio-
composites were then soaked in distilled water overnight to
get rid of unreacted amine, before drying at ambient tem-
perature for 5 days.

GW1 and GW4 were prepared by similar procedure as
shown above for GW2 and GW3. However, in these cases,
the acrylamide was dissolved in MBA solution followed by
the addition of TEMED and KPS for GW1 and addition of
TEMED, rGO, and KPS for GW4, respectively. GW1 and
GW4 were formed at a temperature between 30 and 50 °C
and then soaked in distilled water overnight, before drying
at ambient temperature for 5 days.

Drug loading of the hydrogels

1 mg of PG was dissolved in 40 mL of distilled water and
60 mg of the hydrogels were soaked separately in 10 mL
of the drug solution overnight at ambient temperature. The
hydrogel loaded with CQ was performed by dissolving

Table 1 Composition of the

hydrogels Hydrogel WPI MBA KPS Acrylamide TMEDA NaOH RGO
® (65 mM) (37 mM) €] (86.1 mM) ©0.05M) (9
(mL) (mL) (mL) (mL)
GW1 - 1 1 0.5 1 - -
GW2 0.11 1 1 0.5 1 1 -
GW3 0.05 1 1 0.5 1 1 0.007
GW4 - 1 1 0.5 1 1 0.007
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10 mg of CQ in 40 mL of distilled water. 60 mg of the
hydrogels were soaked separately in 10 mL of the drug solu-
tion overnight at ambient temperature. The hydrogels were
then removed from the drug solution, rinsed with distilled
water to get rid of any excess drug present on the surface of
the hydrogels, and allowed to dry at ambient temperature
for 5 days. The percentage encapsulation efficiency of CQ
and PG onto the hydrogels was determined spectrophoto-
metrically. The remaining amount of the drug remaining in
the solution after the hydrogel loading was assayed with
UV spectrophotometer at wavelengths of 343 and 254 nm,
respectively, for CQ and PG. The percentage encapsulation
efficiency was calculated using Eq. (1) and amount of drug
was calculated using Eq. (2):

actual loading 100

%E lation effici =
chneapsuiation eficiency theoritical loading

()
The amount of drug loaded onto the hydrogels in mg:

ng = WX - WY7 2)

where W, is the dried hydrogel after loading with drug and
W, is the dry hydrogel before drug loading.

Physiochemical characterization
of hydrogels

FTIR

FTIR spectroscopy was performed on (Perkin Elmer
Spectrum 100 FTIR spectrometer, USA) in the range of
4000-500 cm™!. The sample was placed on the diamond
sample surface of the machine. The number of scans used
was 32 at a resolution of 4 cm™!. A scan of the background
was taken before the sample was analyzed to act as a control.
FTIR was used to evaluate the types of functional groups
present in the hydrogel networks and the composition of the
hydrogels, and to confirm the successful loading of the drugs
to the hydrogel network.

SEM

To compare the surface morphology of the hydrogels, SEM
analysis was performed at an accelerating voltage of 15 kV
using (JEOL-JSM 7500F, Japan). The hydrogels were dried
at room temperature and then sputtered with gold before
SEM analysis.

TEM

The hydrogels were dispersed in deionized water and a drop
of the solution was deposited onto copper grids and allowed

to dry on a filter paper at room temperature for 15 min prior
to TEM analysis. TEM analysis was performed to determine
the morphology and particle size of the hydrogels using
(JEM-1200EX, JEOL, Japan).

AFM

The surface properties of the hydrogels were evaluated
using Atomic Force Spectroscopy (AFM) Digital Instru-
ments Nanoscope, Veeco, MMAFMLN-AM (Multimode)
instrument, USA. Flat samples of the gels were placed on
the convex holder resting on the inner surface, underneath
the microscope. The samples were scanned over lengths of
5 um to give a surface area of 25 um?. The experiment was
performed at room temperature in a tapping mode using
a probe designated as RTESPAW-300 (model). The scan
rate was set to 0.50 Hz, the amplitude setpoint ranged from
1.27 to 1.440 V, and probe frequencies ranged from 280
to 310 kHz for all the analysis. Image processing such as
roughness analysis, topography histogram images, surface
skewness, average height, and surface kurtosis were done
using the software package WSxM version 5.0.

XRD

X-ray diffraction was used to study the internal organization
and crystalline nature of the hydrogels. It was performed on
dried and finely grounded samples using PAnalytical X’ Pert
PRO diffractometer, The Netherlands (Cu K radiation, with
a wavelength, A =0.1546 nm) running at 40 kV and 40 mA.
The gels were packed into a hole of between 1 and 2 mm in
diameter, in a piece of metal of ~ 1.5 mm thick. The metal
piece was then mounted on a specimen holder, so that the
X-ray beam can pass through.

TGA

This was performed on TA TGA Q500 (TA Instruments),
USA, using between 5 and 10 mg of the hydrogel. TGA
was used to evaluate the thermal stability of the hydrogel
biocomposites. The analysis was performed at a heating rate
of 10 °C/min under air and ramped up to 900 °C. The plot
of the weight loss against temperature was achieved from
the analysis.

Water uptake mechanism of the hydrogels

60 mg of the dry hydrogels were placed in 25 mL of buffer
solutions (1.2 and 7.4) at ambient temperature. The water
uptake of the hydrogels was evaluated by allowing the
hydrogels to swell in selected buffer solutions until the equi-
librium swelling was reached over a period of 24 h. They
were then removed and blotted gently with blotting paper to
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remove the overloaded water on the surface and weighed.
The swelling ratio at equilibrium (ER) was calculated from

Eq. (3):

Ws - Wl
ER = T 3

where W is the weight of the hydrogel at equilibrium and
W, is the weight of the hydrogel before swelling. The swell-
ing ratio (SR) of the hydrogel was evaluated by immersing
dry hydrogel (50 mg) in (25 mL) of selected buffer solution
(pH 7.4 and 10) at ambient temperature. After an interval of
30 min, the hydrogels were removed from the buffer solu-
tions and blotted gently with blotting paper and weighed. SR
was calculated from Eq. 4:

(Ms - Md)
Md

SR = , “

where M is the weight of the hydrogel at time ¢ and M is
the weight of the dried hydrogel before swelling.

The release kinetics of the drugs from the hydrogels was
evaluated using Korsmeyer—Peppas model (Eq. 4), where
M /M  =fraction of drug released, r=time of release,
K =constant incorporating the structural geometric char-
acteristics of the hydrogel, and n =release exponent. The
plot of Log (M/M ) against Log t was achieved with the
experimental data according to Eq. 5.

The water uptake kinetics of the hydrogels were evaluated
using Eq. 5:

o =k, §)

where M, and M are the masses of the hydrogel at time ¢
and equilibrium, respectively. K is the diffusion constant of
water into the hydrogel matrix, and n is the diffusion expo-
nent. n=0.5 indicates case I, which is a perfect Fickian pro-
cess, whereby the rate of network relaxation is faster than
the rate of diffusion. When n=1.0, it indicates a non-Fickian
diffusion, whereby water transport is controlled and the rate
of diffusion is faster than the network relaxation. When
0.5<n< 1.0, it indicates that the rate of penetrant mobility
and segmental relaxation is comparable.

The hydrogels diffusion coefficients were also calculated
using Eq. 6:

D 0.5
s=4[ﬁ] 03, 6)

where D, r, S, and t represent the diffusion coefficient, radius,
fractional swelling of the hydrogels, and time, respectively.
To investigate the diffusion coefficient of the hydrogels, a
graph of S versus 7'/? were drawn and the diffusion coeffi-
cients were obtained from the slopes of these graphs.

* @ Springer

In vitro drug release studies

The 60 mg hydrogels loaded with drug were placed in 50 mL
of selected buffer solutions (pH 1.2 and pH 7.4). A shaker,
BS-06 (Lab Companion) was used for the study at 100 rpm
and at a temperature of 37 °C. The release profiles of CQ
and PG from the hydrogels were obtained using UV-visible
spectroscopy at wavelengths of 343 and 254 nm, respec-
tively. The release study was performed over a period of 48 h
by collecting 4 mL of the sample and replacing it with an
equivalent amount of buffer solution. The cumulative drug
release was calculated using Eq. 7:

1
%Cummulative drug release = I—O x 100, @)
£

where I is the amount of drug release at time ¢ and /I is the
amount of drug loaded to the hydrogel.

Drug release kinetics were performed using different
mathematical modeling drug release equations such as zero-
order Eq. 8, Korsmeyer—Peppas Eq. 9, and Higuchi Eq. 10:

0, = 0o — Ko, 8)
where Q, is the cumulative amount of drug release, Q, is the
initial amount of drug, K is the zero-order release constant,
and 7 is the time:

— =k, )

where M /M is the cumulative drug release, K is the release
constant, ¢ is the time, and n is the release exponent.

0 =Ki'?, (10)
Q is the cumulative drug release, K is Higuchi release con-
stant, and ¢ is the time.

Results
FTIR

The FTIR spectrum for GW1 hydrogel exhibited absorp-
tion peaks for OH stretching at 3317 cm~!, NH stretch-
ing of amide at 3182 cm™!, C-H stretching at 2931 cm™!,
C=0 stretching of amide at 1648 cm™!, and CH, bending at
1450 cm™! (Fig. 1a). The FTIR spectrum of GW2 showed
characteristic peaks for C—H stretch at 2944 cm™! and C=C
aromatic stretch at 1662 cm™! and NH stretch of amide at
3175 cm™! (Fig. 1a). The FTIR spectrum for GW3 exhibited
absorption peaks for C-H sp® stretch at 2938 cm™! and C=C
aromatic stretch at 1658 cm™!, OH stretch at 3345 cm™!, and
NH stretch of amide at 3195 cm™' (Fig. 1a). The FTIR spec-
trum for GW4 displayed absorption peaks for OH stretch-
ing at 3317 cm™!, CH stretching at 2927 cm™!, aand C=C
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Fig. 1 a FTIR spectra of GW1, GW2, GW3, and GW4. b FTIR spectra of GW3 loaded with CQ, CQ, acrylamide and whey protein isolate. ¢
FTIR spectra of GW3 loaded with PG, PG, acrylamide, and whey protein isolate

stretching at 1653 cm™!, and OH bending of carboxylic acid

from rGO was visible at 1445 and 1416 cm™!, respectively
(Fig. 1a).

CQ displayed N-H stretch at 3300 cm™!, C-N stretch at
1211 em™!, C=C aromatic stretch at 1612 cm™!, and C-Cl
peaks between 600 and 800 cm™! (Fig. 1b). PG showed N-H
stretch at 3292 cm™', C=C stretch at 1532 cm™!, and C-Cl
peaks between 600 and 800 cm™' (Fig. 1c).

Hydrogels GW3PG and GW3CQ did not exhibit char-
acteristic peaks for the loaded drug, confirming physical
entrapment of CQ and PG into the hydrogel (Fig. 1b, c).
Acrylamide FTIR spectrum revealed characteristic peaks at
3343 and 3156 cm™! for N-H stretch for primary amide,
at 1668 cm™! for C=0 stretch, and at 1610 cm™! for C=C
bending for alkene (Fig. 1b, ¢). The FTIR spectrum of WPI
displayed characteristic peaks at 3279 cm™' for N-H stretch,
at 1645 cm™! for C=0 stretch, at 1537 cm™" for N-H amide
bending, and at 1226 cm™! for C-O stretch (Fig. 1b, ¢). The

FTIR spectrum of rGO showed peaks at 1727, 1550, and
1049 cm™! for C=0, C=C, and C-O stretching, respectively.

SEM

Figure 2a—d depicts the SEM images of the hydrogels with-
out the drugs. GW1 and GW2 displayed irregular and coarse
morphologies (Fig. 2a, b). GW3 and GW4 exhibited distin-
guished rod-like morphology which can be attributed to the
presence of rGO (Fig. 2¢, d). GW3 loaded with PG exhib-
ited irregular morphology (Fig. 2e, f). GW3 loaded with CQ
exhibited rod-like morphology (Fig. 2g, h). GW3 loaded
with CQ did not display rod-shaped morphology after drug
release at pH 1.2 over a period of 48 h (Fig. 3a). GW3 loaded
with CQ still displayed rod-shaped morphology after drug
release at pH 7.4 over a period of 48 h (Fig. 3b).

@ Springer
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«Fig.2 a SEM image of GW1. b SEM image of GW2. ¢ SEM image
of GW3. d SEM image of GW4. e, f SEM images of GW2 hydrogel
loaded with PG. g, h SEM images of GW3 hydrogel loaded with CQ

TEM and AFM

TEM images of GW3 are shown in Fig. 4a, b. AFM images
of GW3CQ loaded with CQ and GW3PG loaded with PG are
shown in Fig. 5a, b. The degree of roughness was reduced in
the GW3 loaded with PG when compared to GW3 loaded
with CQ. The WSxM software analysis of GW3 loaded with
either PG or CQ are depicted in Table 2.

XRD

XRD analysis was used to study the changes in the mor-
phological structure of GW3, GW3 loaded with PG and
GW3 loaded with CQ. GW3 loaded with either PG or CQ
displayed broad peaks between © = 17° and 34°. (Fig. 6a)
GW3 hydrogel showed significant peaks at © = 38°, 43°,
and 49.7°.

TGA

The thermal stability of GW3 after loading with the drugs
and the free drugs were evaluated. The TGA thermograms
of CQ exhibited two steps of weight loss (Fig. 6b). The first
weight loss of 40% was between 200 and 380 °C, and the
second weight loss was visible and rapid between 450 and
600 °C. GW3PG hydrogel loaded with PG exhibited the
first weight loss of 12% between 180 and 240 °C, a second
weight loss of 40% between 250 and 380 °C, a third weight
loss of 12% was visible 390-440 °C, and a final weight
loss of 28% was visible between 450 and 600 °C (Fig. 6b).
GW3CQ hydrogel loaded with CQ exhibited the first weight
loss of 22% between 210 and 320 °C, a second weight loss
of 12% was visible between 250 and 400 °C, and the final
weight loss of 28% was between 410 and 620 °C (Fig. 6b).

Water uptake mechanism of the hydrogels

The hydrogels were pH-sensitive with a significant degree
of swelling at pH 7.4. The swelling capability of the hydro-
gel biocomposites was enhanced at pH 7.4 and at a tem-
perature of 37 °C. GW1 and GW4 exhibited slow degree
of swelling at 24 °C (Fig. 7a). GW4 containing only rGO
exhibited low swelling ability at pH 7.4. At pH 1.2 and tem-
perature of 24 °C, the hydrogels exhibited reduced degree
of swelling (Fig. 7b). The swelling capacity of the hydrogels
was enhanced at temperature of 37 °C when compared to
24 °C at pH 1.2 (Table 3). The swelling exponents n for the
hydrogels were determined from the slope of the graph of
In (M /M) versus In t for 60% swelling ratio. The n values

were in the range of 0.38—1.10 with a coefficient of deter-
mination of 0.97-0.99 (Table 3). At pH 1.2 and temperature
of 24 °C, the n values for GW2 and GW3 were 0.38 and
0.56, respectively. The n values for GW1 and GW4 were
0.64 and 0.81, respectively. At pH 7.4 and temperature of
24 °C, the n values for GW1-4 was 0.64, 0.86, 1.1, and 0.41,
respectively (Table 3). The coefficient of determination was
in a range of 0.99-0.97, indicating good linearity. At pH 1.2
and temperature of 24 °C, the n values for GW2 and GW3
were 0.38 and 0.56, respectively. GW1 and GW4 n values
were 0.64 and 0.81. At pH 7.4 and temperature of 24 °C, the
n values for GW1-4 were 0.64, 0.86, 1.1, and 0.41, respec-
tively. The coefficient of determination was in the range of
0.99-0.97, indicating good linearity. At pH 1.2 and tempera-
ture of 37 °C, the n values for GW1, GW2, GW3, and GW4
were 0.50, 0.52, 0.49, and 0.52, respectively. At pH 7.4 and
temperature of 37 °C, the n values for GW1-4 were 0.34,
0.48, 0.44, and 0.22, respectively (Table 3). The coefficient
of determination was in the range of 0.99-0.97 indicating
good linearity.

In vitro drug release

In vitro cumulative drug release of CQ and PG from GW1PG
to GW4PG and GW1CQ-GW4CQ at pH 1.2 and 7.4 are
depicted in Fig. 7c—f. The percentage encapsulation effi-
ciency of proguanil hydrochloride onto GW1PG-GW4PG
hydrogels was 88, 73, 72, and 90%, which relates to 0.88,
0.73,0.72, and 0.9 mg, respectively. The percentage encap-
sulation efficiency of CQ onto GW1CQ-GW4CQ hydrogel
was 53, 60, 60, and 52%, which relates to 5.3, 6, 6, and
5.2 mg, respectively. The release studies were performed
over a period of 48 h and the amount of drug release at
pH 7.4 was high. At pH 7.4: 53.5, 90.5, 95.9, and 50.7%
of CQ were released over a period of 48 h from GW1CQ,
GW2CQ, GW3CQ, and GW4CQ, respectively (Fig. 7d).
At pH 1.2: 38.5, 17.8, 35.5, and 45% of PG were released
over the same period from GW1PG, GW2PG, GW3PG, and
GW4PG, respectively (Fig. 7c). At pH 1.2: 30, 17.6, 31,
and 36% of CQ were released over the same period from
GWI1CQ, GW2CQ, GW3CQ, and GW4CQ, respectively
(Fig. 7e). At pH 7.4: 46, 60.6, 69.5, and 40% of PG were
released, respectively, over a period of 48 h from GW1PG,
GW2PG, GW3PG and GW4PG, respectively (Fig. 7f). The
release behaviours of the hydrogels were in agreement with
their water sorption capacity. Using Korsmeyer—Peppas
release equation, the release exponent n was between 0.38
and 0.49 for CQ at pH 1.2 and between 0.72 and 1.41 at pH
7.4 (Table 4). The release exponent was between 0.66 and
0.83 for PG at pH 1.2 and between 0.85 and 0.96 at pH 7.4
(Table 5). The coefficient of determination was between 0.98
and 0.99 signifying good linearity. The n values suggested
that the release mechanism for CQ was pseudo-Fickian at
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Fig.3 a SEM image of GW3 hydrogel after drug release at pH 1.2. b, ¢ SEM images of GW3 hydrogel after drug release at pH 7.4

Fig.4 a, b TEM images of GW3

pH 1.2 and super case II at pH 7.4. The n values suggested
that the release mechanism for PG was anomalous at pH 1.2
and 7.4. Using zero-order release equation, the release of the

* @ Springer

drugs from the hydrogels did not follow zero-order release
profile (Tables 4, 5).
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Discussion

The percentage encapsulation of both drugs in the hydro-
gel network was high and is attributed to the water solubil-
ity of drugs. CQ water solubility was 50 mg/mL and PG
water solubility was 156 mg/L. Similar results have been
reported by other researchers in which percentage loading

of hydrophilic drugs onto hydrogel network was enhanced
[19-21]. The percentage encapsulation efficiency of PG
for GW1PG-GW4PG hydrogels was 88, 73, 72, and 90%,
respectively, while the percentage encapsulation efficiency
of CQ onto GW1CQ-GW4CQ hydrogel was 53, 60, 60, and
52%, respectively. The FTIR spectrum (Fig. 1a) for GW1
hydrogel revealed characteristic peaks for OH stretching at
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Table2 WSxM software analysis of GW3CQ loaded with CQ and
GW?3PG loaded with PG

Parameters GW3 loaded with GW3 loaded
CQ (nm) with PG (nm)
(Fig. 5a) (Fig. 5b)
Roughness average (R,) 89.53 73.96
Root-mean-square (R,) 119.16 90.23
Surface kurtosis 3.75 3.66
Surface skewness —0.51 - 091
Average height 192.93 219.22
a 18000+ —— GW3CQ
16000 -|
14000
=1
G 12000 -]
2
S 10000
=
8000 -
6000 -
4000 -I
10 20 30 40 50 50
2 Theta/Degree
b
100 . X
Proguanil hydrochloride
—— Chloroquine diphosphate
80 GW3PG
— GW3CQ
§ 60
=
k=4
o 40+
2
X
20
04 -
-20 . T . 1 T

T T T T )
0 20 40 60 80 100

Temperature (C°)

Fig.6 a XRD diffractograms of GW3 before and after loading with
drugs. b TGA thermograms of GW3 before and after loading with
drugs

3317 cm™', NH stretching of amide at 3182 cm~!, and C=0
stretching of amide at 1648 cm™!, indicating the successful
crosslinking of the acrylamide used for the preparation of
the hydrogels [16]. The FTIR spectrum for GW2 and GW3
containing WPI showed C—O—C glycosidic absorption peak
at 1167 cm™! and C=0 stretch for rGO at 1738 cm, con-
firming crosslinking of the WPI and rGO in the hydrogel
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network (Fig. 1a). The C=0 stretch for rGO further con-
firmed the interaction of the rGO with the polymer in the
hydrogel network. Some researchers reported similar find-
ings for hydrogels containing rGO [16, 17]. The absence of
the NH, stretching which was conspicuous in pure acryla-
mide in the GW1-GW4 hydrogel further confirmed the
successful crosslinking of acrylamide (Fig. 1a). Hydrogels
GW3 loaded with either PG or CQ did not exhibit peaks
for the drugs, confirming physical entrapment of CQ and
PG into the hydrogel network (Fig. 1b, c). Apart from the
FTIR, the hydrogels were also characterized by SEM and
TEM analysis.

The surface morphology of GW3 and GW4 was rod-like,
which is attributed to the interaction of rGO with the poly-
mer in the hydrogel network (Fig. 2c, d). Similar findings
were reported by Delbecq et al., and Sui et al., on hydrogels
containing rGO [22, 23]. After drug loading, the hydrogels
still retained the morphology (Fig. 2g, h). However, after
drug release at pH 1.2, the rod-shaped morphology was not
visible, suggesting degradation (Fig. 3a). Few rod-shaped
features were visible in the hydrogels after drug release at
pH 7.4. This finding suggests that the hydrogels degraded
faster in acidic medium simulating gastric juice compared to
the pH 7.4 simulating blood. TEM images of GW3 further
revealed the interaction of rGO with the polymers in the
hydrogel matrices (Fig. 4a, b). The average surface rough-
ness (R,) and mean-square-roughness (R,,,) were obtained
from the roughness analysis capacity of WS X M software
[24]. R, is the average distance of the roughness profile to
the center plane of the surface profile, whereas R, is the
standard deviation from the mean surface plane. Both rough-
ness parameters represent the maximum height identified
within the observed area and do not reflect the actual topog-
raphy of the hydrogels (Fig. 5a, b). The degree of roughness
was reduced in the GW3PG when compared to GW3CQ
and this is attributed to different levels of pores fillings
within the polymeric matrix by drug loading (Table 2). The
aforementioned findings were similar to those reported by
Gonzalez-Meijome et al. [25].

The hydrogels were amorphous in nature, which were vis-
ible by their broad diffraction pattern. GW3PG and GW3CQ
hydrogel loaded with either CQ or PG displayed broad peaks
between ©=17° and 34° (Fig. 6a). GW3 hydrogel showed
significant peaks at ©=38° 43°, and 49.7°, respectively,
which is due to oriented crystalline planes in the polymeric
matrices. A similar finding was reported by Bastos et al.
[26]. The intensity of the peaks at ©=38°, 43°, and 49.7°
in GW3 was reduced in GW3PG and GW3CQ loaded with
drugs and this is attributed to decrease in intermolecular
interactions between the polymeric chains, which in turn
decreases the degree of the crystallinity. However, a distinct
peak was visible at © =44° in all the hydrogels loaded with
the drugs (Fig. 6a), suggesting a low degree of crystallinity
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Fig.7 a Graph of water uptake capacity of the hydrogels at pH 7.4 CQ from GW1 to GW4 at pH 1.2. d Drug release profiles of CQ from
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Table 3 Swelling kinetic data Code pH 24°C N D (graph of R 37 n 37°C  24°C
for the hydrogels R? (graph of Ln SR vs %) °C ESR ESR
SR vs Ln time) R? (graph of Ln
SR vs Ln time)
GW1 12 0.99 0.64 098 099 0.98 050 17.38 4.7
GW2 12 0.99 038 132 099 0.98 0.52 1847 39
GW3 12 098 056 8.44 098 0.99 049 22.63 4.9
GW4 12 097 081 0.76 099 0.98 052 16.07 5.7
GW1 74 0.99 0.64 499 098 098 034 16.63 8.1
GW2 74 097 086 6.33 097 098 048 2093 28.64
GW3 74 098 1.10 293 099 098 044 2553 3040
GW4 74 097 041 8.88 097 0.96 022 19.95 7.97
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Table 4 Release data for CQ Hydrogels pH n Korsmeyer—peppas Zero order Higuchi

from the hydrogels

K R? K R? K R?

GW1 1.2 0.48 0.014 0.9949 0.079 0.9708 2.251 0.9971
GW2 1.2 0.38 0.011 0.9943 0.128 09110 3.685 0.9800
GW3 1.2 0.49 0.015 0.9947 0.144 0.9361 4.113 0.9891
Gw4 1.2 0.46 0.014 0.9946 0.089 0.9468 2.516 0.9937
GW1 74 0.98 1.77 0.9919 0.061 0.9475 1.788 0.9937
GW2 74 1.41 3.77 0.9862 0.284 0.9948 8.023 0.9700
GW3 74 1.18 2.05 0.9972 0.186 0.9244 5.509 0.9827
GW4 74 0.72 0.48 0.9717 0.057 0.9353 1.675 0.9905

Table 5 Release data for PG Hydrogels pH n Korsemeyer—peppas  Zero order Higuchi

from the hydrogels

K R? K R? K R

GW1 1.2 0.79 2.64 0.9845 0.0085 0.9598 0.2484 0.9951
GW2 1.2 0.66 222 0.9840 0.0706 0.9482 2.0680 0.9895
GW3 1.2 0.79 2.67 0.9822 0.0567 0.9278 1.6764 0.9859
Gw4 1.2 0.83 2.78 0.9835 0.0105 0.9186 0.3122 0.9830
GW1 74 0.88 2.96 0.9853 0.0239 0.9618 0.6964 0.9925
GW2 74 0.92 3.12 0.9955 0.1087 0.9649 3.1603 0.9924
GW3 74 0.96 3.24 0.9928 0.1395 0.9603 4.0670 0.9926
GW4 74 0.85 2.84 0.9878 0.0143 0.8850 0.4255 0.9526

of the hydrogel and less structural stability of the gels at the
loaded concentrations and dispersion of the drug particle at
a molecular level in the polymeric network. This observation
is desirable, because it suggests enhanced degradation of the
hydrogel after drug release.

The TGA thermograms of PG and CQ suggested that the
drugs were not thermally stable. PG exhibited a curve, indi-
cating a rapid rate of degradation (Fig. 6b). CQ exhibited
two steps of weight loss. The weight loss of the free drugs
was rapid, while the weight loss of the hydrogel loaded with
the drug was steady. This observation suggested that the
hydrogels enhanced the thermal stability of the drugs which
is attributed to the high degree of crosslinking of the hydro-
gel and interaction between rGO and the polymeric network
(Fig. 6b) [17].

The water uptake of the hydrogel is very important,
because it influences the rate of release of drug from the
hydrogel matrices. The hydrogels were pH-sensitive and
their degree of swelling was very significant at pH 7.4 and at
a temperature of 37 °C. At a temperature of 37 °C, the swell-
ing ratio of the hydrogels was enhanced when compared
to the swelling at a temperature of 24 °C. The enhanced
swelling capability of the hydrogels was attributed to the
destruction of hydrogen bonding between the polymer mol-
ecules, resulting in an increased in the mobility of the chain
and network expansion. Similar findings were reported by
other researchers [27, 28]. The presence of hydrophilic

]
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functionalities on the WPI in the polymer network also
enhanced the swelling capacity of the hydrogels [29, 30].
At 24 °C, almost 30% of the total swelling capacities were
observed in GW2 and GW3 in the first hour. GW2 and GW3
exhibited a high swelling ability over the period of 24 h at
both temperatures, which is attributed to the presence of
WPI within the gel matrix. GW1 and GW4 exhibited a slow
degree of swelling at 24 °C and pH 7.4 (Fig. 7a). This obser-
vation suggests that the presence of WPI in the hydrogel
matrices enhanced the swelling capacity of the hydrogels.
WPI and rGO contain hydrophilic groups which contrib-
ute to the enhanced water sorption ability of the hydrogels.
Some researchers reported similar findings in which the
addition of rGO to hydrogel enhanced the swelling capacity
of hydrogels [31, 32]. However, it is important to mention
that the hydrogel GW4 containing only rGO exhibited low
swelling ability at pH 7.4 and at a temperature of 24 °C,
indicating suppressed swelling ability and suggesting good
mechanical property that is not easily destroyed by swelling
forces. However, further studies will be required to confirm
the mechanical properties of these hydrogels. Similar find-
ings were reported by Zhuang et al. for hydrogels prepared
from alginate, synthetic polymers and rGO [33]. At pH 1.2,
the hydrogels exhibited a reduced degree of swelling which
is due to the protonation of carboxylate anions whereby
anion—anion repulsive forces no longer exist (Fig. 7b). The
swelling ability of the hydrogel containing rGO, i.e. GW4,
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was enhanced at acidic pH which is attributed to the low
quantity of rGO dispersed in the hydrogel network, result-
ing in enhanced intermolecular interactions. A similar find-
ing was reported by Huang et al. for hydrogels prepared
from graphene oxide and polyacrylic-co-acrylamide [34].
At pH 7.4, the enhanced swelling capacity of the hydrogels
was attributed to ionization of the carboxylate groups, thus
resulting in the mutual repulsion between the carboxylate
groups (Fig. 7a). The hydrogels were temperature sensitive
(Table 3).

In vitro cumulative drug release of CQ and PG from
hydrogels revealed that the hydrogels had the capacity to
retain a substantial amount of drug in simulated gastric
juice condition. Similar findings were reported by some
researchers [35, 36]. The solubility of the drugs influenced
their release rate from the hydrogels; Castro et al. [19] and
Alhnan et al. reported similar findings [37]. The solubility of
CQ in water is 50 mg/mL, while the solubility of PG in water
is 156 mg/L. The swollen state of the hydrogel network con-
tains a large amount of water which dissolves CQ which is
highly soluble when compared to PG in water phase of the
hydrogel, followed by the diffusion of CQ which was faster
from the hydrogel when compared to PG. The drug release
profiles of the hydrogels were found to follow Korsmeyer
and Higuchi release models.

Conclusion

The aim of this research is to develop hydrogel biocompos-
ites that are biodegradable for controlled release of bioac-
tive agents. The biocomposites were characterized by FTIR,
SEM, TEM, AFM, XRD, and TGA. Hydrogel biocompos-
ites were prepared from a combination of thermally reduced
graphene oxide (rGO) and natural and synthetic polymers
followed by encapsulation of antimalarials. FTIR spectrum
confirmed physical entrapment of the drugs to the hydrogel
biocomposites. SEM analysis confirmed that the hydrogels
are biodegradable and the rate of degradation was influ-
enced by the pH. In vitro drug release was performed and
the release of CQ was pseudo-Fickian at pH 1.2 and super
case Il at pH 7.4. The release mechanism of PG was anoma-
lous at pH 1.2 and 7.4. The presence of WPI and rGO in
the hydrogel network resulted in intermolecular interactions
and influenced the drug release mechanisms. The results
obtained suggested that the biocomposites are potential sys-
tems that can be tailored for controlled delivery of bioactive
agents. However, more research is needed to evaluate the
mechanical properties of the biocomposites.
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