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Abstract

Breast cancer is a chronic disease that is characterized by an uncontrolled growth
of abnormal cells from the breast tissue. It is one of the leading causes of mortality
among women worldwide because of its early metastasis, aggressive behavior and
resistance to the currently used anticancer drugs. Most of these drugs suffer from
poor absorption and toxicity, and lack long-term efficaciousness because of drug
resistance. Recently, polymeric thermosensitive hydrogels have emerged as excellent
drug delivery systems for anticancer drugs with the potential to improve the overall
therapeutic effect of the incorporated drug. In this current research, doxorubicin and
curcumin were loaded into biodegradable PEG—gum acacia-based hydrogels. These
hydrogels were pH-sensitive, biodegradable and non-toxic. The release mechanism
of the drugs from the hydrogels was pH-dependent. In vitro cytotoxicity studies on
MCF-7 cancer cell lines further confirmed that the incorporation of doxorubicin and
curcumin into the hydrogels resulted in significant cytotoxic effect when compared
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to the free drugs, suggesting that these hydrogels are potential dual-drug delivery
systems. The cytotoxic effect was dose- and time-dependent.
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Introduction

Breast cancer has been identified as one of the leading causes of deaths among all
types of cancers all over the world. Thus, it has become a serious public health issue
[1]. It is the most frequently diagnosed disease among women. Therefore, there is a
pressing need to employ non-surgical therapies for its treatment and management.
At the moment, a number of chemotherapeutic agents are used, but there are some
challenges faced with the use of these chemotherapeutics, such as drug resistance,
poor water solubility, lack of cell specificity and drug toxicity [2]. Cancer cells have
become resistant to several drugs used in the management of the disease and this has
led to the application of combination therapy. This is evident in a report by Asghar
and his colleague where they reviewed past and current causes of drug resistance
by cancerous cells. They also suggested strategies by which the barrier can be over-
come [3].

Combination therapy which involves combining two or more therapeutic agents
for the treatment of breast cancer has resulted in improved long-term prognosis
over the years. This is achieved by targeting different pathways by the drugs. The
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advantages of combination therapy approach include: reduced side effects and abil-
ity to overcome drug resistance and the therapeutic effect of the drug is maximized.
This was demonstrated in an experiment by Saraswathy and her co-workers by using
two anticancer agents in a targeted drug delivery system [4, 5]. Doxorubicin and
curcumin are examples of potential therapeutic drugs for combination therapy. Dox-
orubicin belongs to the anthracycline antibiotic family. It is one of the drugs with
great efficacy in the treatment of breast cancer. However, its clinical application has
been greatly limited because of toxicity such as cardiotoxicity [6]. Curcumin, on the
other hand, is a polyphenol from Curcuma longa, a perennial herb. It has antioxi-
dant, antiangiogenic, anti-inflammatory, antimicrobial and anticancer activities [7].
However, it is not soluble in water with poor bioavailability which limits its clinical
use [8].

The mode of action of curcumin as an anticancer drug is by the inhibition the
STAT3 and NF-xB pathways, which play key roles in breast cancer development
and progression; inhibition of cell proliferation, cell cycle arrest and stimulation
of apoptosis via modulation of other transcription factors, such as AP-1, B-catenin,
Erg-1, Notch-1, p53, Hif-1; and PPAR-a down-regulation of Sp-1, a transcription
factor which is highly expressed in breast cancer and reverses multidrug resistance
[9-11]. On the other hand, doxorubicin mode of action on cancer cell is by intercala-
tion into the DNA and disruption of topoisomerase-II-mediated DNA repair and by
the generation of free radicals and their damage to DNA, cellular membranes and
proteins [12, 13]. Due to the different mode of action of curcumin and doxorubicin,
the combination of both drugs has been studied using selected polymer-based drug
delivery systems such as micelles, liposomes and nanoparticles, resulting in syner-
gistic effects.

Polymeric hydrogels are polymer-based drug delivery systems, which have been
reported to be effective in the management of several diseases such as cancer, due
to their ability to accumulate therapeutic agents at specific sites [14]. Hydrogels are
non-toxic, biocompatible, biodegradable, porous, and have good swelling properties
and tunable mechanical properties; depending on their application, they can be tai-
lored to respond to stimuli such as temperature and pH [15, 16]. There are several
synthetic and natural polymers, which have been explored for the design of hydro-
gels such as chitosan, polyethylene glycol (PEG), sodium alginate and gum acacia.
The application of PEG and gum acacia for the design of hydrogels for drug deliv-
ery has been reported by some researchers, resulting in systems which are tempera-
ture- and pH-sensitive, non-toxic, biodegradable, hydrophilic, non-immunogenic
with controlled drug release mechanism and suitable for dual-drug delivery sys-
tems [17-20]. PEG-based hydrogel drug release profile can be tuned by changing
the hydrophobicity effect of the gels. Giray et al. [21] demonstrated the controlled
drug delivery capability of PEG hydrogels. In addition, PEG-based hydrogel has
been reported to be temperature-sensitive and biodegradable with sustained drug
release profile [22]. Hydrogels containing gum acacia have also been reported by
some researchers to be non-toxic, biodegradable with a good swelling capability and
suitable for controlled drug delivery [23-25]. Despite all these studies on hydrogels,
there is still no report on hydrogels containing PEG and gum acacia developed for
the delivery of anticancer drugs.
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The only report on hydrogel loaded with both drugs was reported by Cao et al. in
which doxorubicin and curcumin were loaded into a thixotropic injectable silk fibroin/
hydroxypropyl cellulose hydrogels for localized chemotherapy of solid tumor. In vitro
and in vivo studies revealed sustained and enhanced antitumor efficacy which was very
significant when compared with the free drug or single drug-loaded hydrogels [26].
Other polymer-based drug delivery systems have also been investigated for the deliv-
ery of the combination DOX and curcumin, resulting in a synergistic effect. Barui
et al. loaded curcumin and doxorubicin PEGylated liposomes, resulting in enhanced
tumor growth inhibition which was two- to threefold more than mice treated with for-
mulations containing only curcumin or doxorubicin in vivo [27]. Zhao et al. loaded
curcumin and DOX into nanoparticles which revealed curcumin capability to reverse
multidrug resistance which was significant by the reduced mRNA levels of MDRI,
bcl-2 and HIF-1a, and protein levels of P-gp, Bcl-2 and HIF-1a. A significant cyto-
toxic effect, decreased ICs,, and resistant index further confirmed the synergistic effects
of combining both drugs [28]. Zhang et al. [29] confirmed similar findings in which
polymer-based nanoparticles loaded with both drugs prolonged blood circulation time,
elevated drug accumulation with increased tumor inhibitory effect when compared to
the free drugs.

Based on the findings from other researchers using different systems, the aim of this
study is to evaluate the potential of a PEG-based hydrogel as a dual-drug delivery sys-
tem for combination therapy. In this study, a PEG-based hydrogel was synthesized by a
free radical polymerization reaction. The resultant hydrogel was characterized by using
Fourier transform infrared (FTIR), scanning electron microscope (SEM), X-ray diffrac-
tion (XRD), thermogravimetric analysis (TGA), and followed by an in vitro cytotoxic-
ity assay of drug-loaded hydrogel on MCF-7 breast cancer cell lines in order to evalu-
ate its potential as a drug delivery system for combination therapy.

Materials and methods
Materials

All reagents used were analytical grade and they were purchased from Merck Chemi-
cals (South Africa): N,N-methylenebisacrylamide (MBA), gum acacia, acrylic acid,
N,N,N,N-tetramethylethylenediamine (TEMED), potassium persulfate (KPS), polyeth-
ylene glycol 4000 (MW 3600—4400 g/mol) (PEG), acrylamide, N-isopropylacrylamide
(NIPAM) and the cell culture reagents were supplied by Merck Chemicals (South
Africa). Curcumin and doxorubicin were also supplied by Merck Chemicals (Darm-
stadt, Germany), while MCF-7 cell lines were purchased from Cellonex cell line, LOT:
01.

Synthesis of PEG-based hydrogel

The PEG-based hydrogel was prepared by a modified procedure reported by Varaprasad
et al. [30]. 0.05 g of gum acacia was dissolved in 2 mL of 6.49 mM MBA followed by
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continuous stirring. 1 g of acrylamide, 0.5 g of PEG, 0.5 g of acrylic acid, 1% N-iso-
propyacrylamide, 36.7 mM KPS and 86 mM TEMED were added, respectively. The
resultant solution was left to polymerize at a temperature of 40-60 °C, resulting in the
formation of a gel which was soaked in distilled water overnight in order to remove
unreacted reagents. The resulting gel was dried at ambient temperature for 5 days.

Loading of doxorubicin and curcumin into the hydrogel

Doxorubicin (DOX.HCI) and curcumin (5 mg each) were dissolved in appropriate sol-
vents, and they were subsequently loaded unto 100 mg of the synthesized hydrogel.
The two drugs (2.5 mg each) were loaded in combination into 100 mg of the hydrogel.
This was done according to the procedure of Varaprasad et al. [30]. The hydrogels were
rinsed with distilled water thoroughly in order to get rid of excess drug (DOX.HCI) and
curcumin on the surface of the hydrogels, and dried for 5 days at ambient temperature.
It is important to mention that curcumin is hydrophobic in nature when compared to
doxorubicin salt which is hydrophilic in nature. The percentage drug entrapment effi-
ciency was calculated according to Eq. (1):
Actual drug loading (mg)

% D t t effici = x 100
¢ LTUE entapment eThclency Theoretical drug loading (mg) M

Swelling studies

The swelling capacity of the PEG-based hydrogel was investigated using a gravimetric
method to measure the equilibrium swelling behavior of the hydrogel [31]. About 0.3 g
of the PEG-based hydrogel was placed in beakers containing varying pHs (1.2, 5.8 and
7.4) of about 25 mL and allowed to swell at room temperature. At an interval of 30 min
(over a period of 6 h), the hydrogel was blotted with a filter paper (in order to get rid
of excess solutions on the surface), weighed on an electronic weighing balance and
returned into the buffers. Subsequently, it was weighed at 12, 24, 48 and 72 h, respec-
tively. The swelling ratio and equilibrium swelling ratio of the hydrogel were calculated
gravimetrically using the equations as follows:

S = Wt_Wo
-5 ®

Equilibrium swelling ratio:

3)

W, - W,
S% = <¥> x 100 )
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where S,=swelling ratio (g/g); W,=weight at time ¢ (g); W,=initial weight of the
hydrogel before swelling (g); W,=swollen hydrogel weight (g); S% =percentage
water uptake of the hydrogels; S, =equilibrium swelling ratio (g/g).
The solvent diffusion and polymer matrix relaxation effect were calculated and
analyzed by examining the exponent n from Eq. 5.
W,

—L =Kk
W ®)

(s

where W,=weight of hydrogel (g) at time, ; W_ = weight of hydrogel at equilibrium
(g); K=diffusion constant; n=diffusion exponent.

The diffusion exponent n was determined from the slope of the graph of
Ln(W/W_)) versus Ln(z).

The diffusion coefficient was calculated using Eq. (6):

=

s=4] 2] ©)
nr
where D =diffusion coefficient of the hydrogel; r=radius of the hydrogel; S=frac-
tional swelling; #=time.
The diffusion coefficients were evaluated from the plot of S versus #* and these
were obtained from the slopes.

Characterization
Fourier transform infrared (FTIR)

The hydrogel sample [with and without the drug(s)] was analyzed using a Perki-
nElmer Spectrum 100 FTIR spectrometer. This was done in the wavelength range
between 4000 and 500 cm™". Sixteen scans were used at a resolution of 4 cm™'. The
background was scanned to act as a control before the sample was analyzed.

X-ray diffraction (XRD)

In order to identify the interaction of the drug(s) within the hydrogel, X-ray diffrac-
tion was employed using a PANalytical X Pert PRO diffractometer (CuK,, radiation,
with a wavelength, 1=0.1546 nm) running at 40 kV and 40 mA. The XRD tech-
nique was performed in order to evaluate and understand the morphological changes
in the structure and crystallinity of the sample.

Scanning electron microscope (SEM)
The sample was mounted on a carbon tape and then coated with gold. Thereafter,

the sample was put into a Jeol JSM-5600 SEM for analysis. Images were formed at
different magnification after appropriate focusing was done.
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Thermogravimetric analysis (TGA)

The sample was placed into the analyzer of a TA TGA Q500 machine, ensur-
ing that there was no moisture on the plate in order to have accurate results. The
sample was analyzed at a heating rate of 10 °C per minute, under air and ramped
up to 900 °C. The plot of the weight loss was done on the data obtained from the
result of the analysis.

UV-visible spectrophotometer

The amount of drug released from the hydrogels was determined using a Cary
100 UV-visible instrument. Prior to the analysis, the spectrophotometer was
switched on for 20 min to allow sufficient heating up time. The wavelength used
for the analysis was dependent on the wavelength of the drug loaded into the
hydrogel. Before recording the absorbance of the samples, autozero and standards
were performed to ensure accurate results are obtained.

Release studies

Buffer solutions at pH 1.2, 5.8 and 7.4 were prepared and placed in a water bath
shaker—BS-06 Lab Companion (set at 37 °C)—overnight to equilibrate. The
hydrogel loaded with the drugs was placed in 3 mL of the equilibrated buffers.
The water bath was set to 50 rpm at 37 °C, and at 30-min interval (for 6 h), the
entire buffer was removed and then stored. The exact quantity of the buffer that
was removed was then replaced. This was also done subsequently at 24, 48 and
72 h, respectively. In order to determine the drug release concentrations at dif-
ferent time intervals, the stored buffer solutions were analyzed using a UV spec-
trophotometer. The amounts of curcumin and doxorubicin released were meas-
ured at 427 nm and 480 nm, respectively. Drug release kinetics was performed
as reported by Aderibigbe et al. [32]. Percentage cumulative drug release was

calculated as:
IO
— ] x 100 (7
I;

where / =initial amount of drug released (mg) at time #; ;=total amount of drug
loaded into the hydrogel (mg).

Using the percentage of cumulative release data obtained from Eq. 7, different
drug release kinetic models were employed in this study:

M, = K¢"
()
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M, .
where M—’=fractlon of drug released; K=release constant; n=release exponent;

t=time of release.

Zero-order:
C=C,- K(’) 9)

where C'=amount of dissolved or released drug (mg); C,=initial amount of drug in
solution (mg); K, =zero-order rate constant; ¢=time.

Hixson-Crowell:

1 1

C(; _C; ZKHCt (10)

where C,=amount of drug released (mg) at time #; C=initial amount of drug (mg);
Ky =Hixson—Crowell’s rate constant.

Higuchi:

C=[D(2qt - CS)CSt]% (11)

where C=total amount of released drug per unit area of the matrix (mg); D=dif-
fusion coefficient for the drug in the matrix; g¢=total amount of the drug in a unit
volume of the matrix (mg); C,=dimensional solubility of the drug in the polymer
matrix; t=time (h).

In vitro cytotoxicity studies

The cytotoxicity of hydrogel [loaded and unloaded with the drug(s)] was evalu-
ated by WST assay on MCF-7 breast cancer cell lines in order to determine the
cell toxicity. The WST assay is a colorimetric cell proliferation assessment,
based on the tetrazolium salt (WST-1) which is reduced to water-soluble orange
formazan by cellular mitochondrial dehydrogenase present in viable cells. There-
fore, the quantity of formazan dye, determined by the absorbance at 450 nm, is
directly proportional to the number of living cells. The cells (1x 10° cells/mL)
were seeded into 96-well plates in complete media without antibiotics for 48 h
and then treated with 0.055-28 pg/mL of the drug(s). Untreated cells were used
as the control. 10 pL of WST was added to each well, and the plate was incubated
for 1 h 30 min. The absorbance was measured using a microtiter plate reader
(Inﬁnite® 200 PRO; Tecan Group Ltd., CSIR, South Africa) at the wavelength of
450 nm, and an individual experiment was carried out three times. The minimum
inhibitory concentration (ICs,) value was determined using GraphPad Prism soft-
ware version 6.0 (GraphPad Software, Inc., La Jolla, CA, USA).
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Drug loading of hydrogels for in vitro cytotoxicity evaluation

5 mg of drug was weighed, dissolved in 1 mL of distilled water and mixed
thoroughly using a vortex. The required concentration was pipetted from the
stock concentration using a micropipette. The required concentration of drugs
0.055-28 ug/mL was prepared. 1 mL aliquot of the required concentration was
transferred into a 2-mL Eppendorf tube, and 21-24 mg hydrogel was inserted and
allowed to imbibe the solution and then dried at room temperature before in vitro
cytotoxicity evaluation.

Statistical analysis

One-way analysis of variance was used to determine statistical significance. The
results are expressed as mean =+the standard error of the mean. p values <0.05
were considered statistically significant. The statistical analysis was performed
using GraphPad Prism software version 6.0 (GraphPad Software, Inc., La Jolla,
CA, USA).

Results
Swelling studies

The swelling studies of the hydrogel were carried out in buffers of 1.2, 5.8 and
7.4 in order to mimic the gastrointestinal tract, tumor cells and intestinal fluid—
blood—respectively, at room temperature. The swelling capacity of the hydrogels
was pH- and temperature-dependent. The hydrogel exhibited low swelling in the
medium of pH 1.2 and 5.8, and a high swelling at pH 7.4 (Fig. 1a, b). The degree
of swelling of the hydrogel increased with time until equilibrium swelling was
reached. The swelling ratio (g/g) of the hydrogel at room temperature was 6, 11
and 22 at pH 1.2, 5.8 and 7.4, respectively. At 37 °C, the swelling ratio was 8§, 14
and 28 g/g at pH 1.2, 5.8 and 7.4, respectively.

Table 1 indicates the swelling exponent (n), the coefficient of correlation (R?
values) and the constant k£ as determined by the plot of the graph Ln(M,/M_)
against Ln 7. Results obtained indicated that the solvent diffusion was Fickian in
the buffer of pH 1.2 and non-Fickian (anomalous) in the buffers of pH 5.8 and 7.4
since n values are >0.5 and 0.5 <n < 1.00, respectively, at room temperature. At
37 °C, swelling exponents were 0.424, 0.290 and 0.523 at pH 1.2, 5.8 and 7.4,
respectively, revealing pseudo-Fickian at pH 1.2, 5.8 and anomalous at pH 7.4.
An excellent linearity was seen in all buffers with R? values of 0.98-0.99. Simi-
larly, the slope of the graph of swelling ratio against 72, which represent the dif-
fusion coefficient (D) of the hydrogel for 50% of the total water uptake was deter-
mined. The diffusion coefficient of the hydrogels at room temperature was 0.824
at pH 7.4 when compared to 0.423 at pH 5.8 and 0.204 at pH 1.2, indicating
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Fig.1 a A graph of swelling of hydrogels at room temperature. b A graph of swelling of hydrogels at
37°C
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(a) At room temperature

1.2 0.99 0.504 1.56 0.99 0.204 1.14

5.8 0.99 0.716 229 0.99 0423 1.39

7.4 0.99 0.814 225 0.99 0.824 3.52
(b) At 37 °C temperature

1.2 0979 0.424 0.80 0.985 0.296 1.27

5.8 0.982 0.290 0.29 0.976 0215 1.62

7.4 0.991 0.523 0.38 0.995 0.827 2.60
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faster diffusion at pH 7.4. At 37 °C, the diffusion coefficient was 0.296, 0.215 and
0.827 at pH 1.2, 5.8 and 7.4, respectively.

Release studies

The percentage cumulative release of the drug(s) over a period of 72 h at different
pH is shown in Table 2. The release of the drug from the hydrogels loaded with
a single drug was enhanced when compared to hydrogels loaded with both drugs.
79%, 68% and 62% of doxorubicin were released from the hydrogel loaded with
only doxorubicin at pH 1.2, 5.8 and 7.4, respectively. The release of curcumin
from the hydrogel was 42%, 91% and 72% at pH 1.2, 5.8 and 7.4, respectively.
The release of curcumin was significant at pH 5.8 when compared to pH 1.2 and
7.4. Loading both drugs into the hydrogel resulted in a reduced amount of indi-
vidual drug release. The significant drug release at acidic pH indicates the poten-
tial of the hydrogel for targeted tumor drug delivery.

Korsmeyer—Peppas, Hixson—Crowell, zero-order and Higuchi drug release
models were employed in order to evaluate the mechanisms of drug release from
the hydrogels (Fig. 2). Korsmeyer—Peppas release model allows the release kinet-
ics to be determined by the diffusion exponent value (n). If n=0.5, it indicates
Fickian diffusion or the drug release is diffusion-controlled as in the Higuchi
model. If the diffusion exponent is 0.5 <n <1, it indicates anomalous diffusion or
the drug release is a combination of diffusion-controlled and erosion-controlled.
If n=1, it indicates a case II transport or drug release that is zero order, in which
the release rate is constant and controlled by polymer relaxation. When n>1, it
indicates super case II transport or the drug release is erosion-controlled [33].
The diffusion exponent for DOX from the hydrogel loaded with only DOX was
0.82, 1.00 and 0.9 at pH 1.2, 5.8 and 7.4, respectively, indicating that the release
of DOX was anomalous at pH 1.2, 7.4 and a case II transport at pH 5.8 (Table 3).
The diffusion exponent for curcumin from the hydrogel loaded with only cur-
cumin was 1.00, 1.34 and 0.93 at pH 1.2, 5.8 and 7.4, respectively, indicating that
the release of DOX was a case II at pH 1.2, a super case II at pH 5.8 and anom-
alous at pH 7.4. Combining both drugs affected the release mechanism of the
drugs. The release of curcumin from hydrogel loaded with both drugs was super
case II at pH 1.2, 5.8 and 7.4. However, the release DOX was a super case II at
pH 7.4 and anomalous at pH 1.2 and 5.8 (Table 3). The (R?) values are shown in
Table 3, which indicate linearity.

Table 2 Percentage cumulative

. Drugs pH 1.2 pH 5.8 pH74
drug release data over a period
of 72h Doxorubicin 79 68 62
Curcumin 42 91 72
Doxorubicin from DoxCur 65 57 50
Curcumin from DoxCur 34 83 67
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Fig.2 a Drug release graphs of Higuchi. b Drug release graphs of zero order. ¢ Drug release graphs of
Hixson—Crowell. d Drug release graphs of Korsmeyer—Peppas

Characterization
FTIR

The relevant characteristic peaks of the hydrogel (loaded and unloaded with
drugs) were revealed by the FTIR spectra obtained. Inferences made from the
observed peaks are shown in Fig. 3a, b. The important peaks that were visible
in the hydrogels are shown in Table 4. These characteristic peaks for curcumin
and DOX are similar to those reported by Pawar et al. [34] and Maheskkuma

@ Springer



Polymer Bulletin (2019) 76:5011-5037 5023

CURCUMIN CURCUMIN (FROM DOXCUR)

—_
(2
~

K

£ soon
R T T P P

o

30 60 90 120 150 180 210 240 270 300 330 360 1440 28804320
Time (minutes)

30 60 S0 120 150 180 210 240 270 300 330 360 144028804320
Time (minutes)

Cube root cummulative % drug release

Cube root cummulative % drug release

12 eS8 wgld 12 w58 g7l

DOXORUBICIN DOXORUBICIN (FROM DOXCUR)

P

30 60 90 120 150 180 210 240 270 300 330 360 1440 2880 4320
Time (minutes)

>

\

e ¢ L
[T PRI PR PPN Y

30 60 90 120 150 180 210 240 270 300 330 360 1240 28804320
Time (minutes)

Cube root cummulative % drug release

=12 58 —g74

Cube root cummulative % drug release

=12 =58 g4

(d) CURCUMIN g CURCUMIN (FROM DOXCUR)
o 8
v 18 2 18
2, 2 16 |
o 9 1
2 1 S 12
< 08 ® g
® 06 208
> ® 06
5 o 2 oe |
E 02 g 02 |
E O - - 0 e —
3 1 15 2 25 3 35 4 ;. 1 15 2 25 3 35 4
® Log Time (minutes) = Log time (minutes)

——12 —9—58 —e—74 ——12 —9—58 —o—74

DOXORUBICIN DOXORUBICIN (FROM DOXCUR)

w

~

Log cummulative % drug release
e
o 0 =
Log cummulative % drug release
o &

n

2 25 3 35 4
Log time (minutes)

-
n

1 15 2 25 3 35 4
Log time (minutes)

——12 —9—58 —o—74 ——12 —9—58 —o—74

Fig.2 (continued)

et al. [35], respectively. Hydrogel loaded with curcumin exhibited peaks at 2980,
1600-1500, 1615 and 1100 cm™!, respectively, for C-H stretching, C=C aromatic
and C-O stretching, respectively. Hydrogel loaded with DOX.HCI showed sig-
nificant absorption peaks at 3300, 1729, 1600-1500 and 1010 cm™!, respectively.
FTIR spectrum for the hydrogel loaded with both drugs revealed characteristic
peaks at 3300, 1720, 1600-1500 and 1010 cm™!, confirming the successful load-
ing of both drugs into the hydrogels (Fig. 3).
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Fig.3 a, b FTIR spectra of the hydrogels

XRD

The changes in the morphological structure and crystallinity that occurred before
and after loading the hydrogel with the drug(s) were studied using XRD. Figure 4a,
b shows the significant changes in the diffraction pattern of the hydrogel loaded
with drug(s). The drugs showed characteristic crystalline peaks. Curcumin showed
major reflections, corresponding to Bragg’s angle 26 at 8°, 9°, 12°, 15°-19.5°, 21°
and 24°-29°, respectively, but strongest at 9° and 18°. Doxorubicin revealed major
reflections corresponding to Bragg’s angle at 4°, 8°, 10°, 11°, 13.5°, 15°, 17°, 18°,
19.5°, 21°, 24°, 25°, 26°, 30.5°, 31°, 33.5°, 34.5°, 35.5° and 36.5°, respectively,
but strongest at 4°, 17°, 18°, 19.5° and 21°, respectively. Broad peaks were seen at
12°-28°, 12°-19°, 22°-25° and 13°-28° for PDoxCur, PDox and PCur, respectively.
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Table 4 FTIR absorption peaks

Frequency (cm™) Indication (type of bond) Inference
Doxorubicin
3357-3560 O-H Hydroxy] stretching
2750-2980 N-H and O-H Amine and hydroxyl stretching
1730 C=0 Ketone stretching
1309 C-0-C Ether stretching
1120 C-0 Tertiary alcohol
1000 C-0 Secondary alcohol
590-899 C-0 Primary alcohol
Curcumin
3500 O-H Hydroxyl stretching
2938 C-H Alkane stretching
1590-1615 C=0 Ketone stretching
1500-1400 C=C Aromatic stretching
1402 C-0 Phenol stretching
1205-1290 Cc-0 Ethanol stretching
650-960 C-H Benzoate trans-C—H vibration
PEG
3300-3600 O-H Hydroxyl stretching
2980-3000 C-H Alkane stretching
1700-1600 C=0 Amide stretching
1392-1506 C-H Alkane scissoring/bending
972-1050 C-0 Alcohol stretching
435-560 Cc-C Vibration
SEM

An irregular topography of the surface of PEG, curcumin and doxorubicin is
shown in Fig. 5. These images are comparable to those obtained by Jayakumar
et al. [36] and Rachmawati et al. [37]. The PEG-based hydrogel appeared coarse
and irregular in shape, while curcumin exhibited block-shaped morphology and
doxorubicin was spherical in shape. However, there was a change in the mor-
phology of the hydrogel loaded with drug(s) (PDox, PCur and PDoxCur). These
changes as shown in Fig. 5 are the result of the incorporation and absorption of
the drugs by the polymer matrix of the hydrogel. The morphology of the hydro-
gel loaded with curcumin (PCur) was a combination of fibrous and irregular
morphology. The hydrogel loaded with DOX (PDox) displayed swollen topol-
ogy and folded morphology. Loading both drugs into the hydrogels resulted in
hydrogels with a combination of folded morphology, swollen topology with a
compact structure.
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Fig.4 a, b XRD graphs

TGA

Thermal analysis was carried out in order to study the thermal behavior of the
drug(s) and hydrogel loaded with the drugs. Figure 6 shows the various degra-
dation steps of the hydrogels and drugs. It was observed that the TGA curve of
the drugs had multiple degradation steps, while the neat hydrogel had a single
step. An initial weight loss as a result of the removal of water was observed in
all samples at different temperatures. The % initial weight loss in the hydrogel
loaded with curcumin was 9% at 202 °C followed by weight loss of 37% and 79%
at 360 °C and 564 °C, respectively. The % weight loss in the hydrogel loaded with
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Fig.5 a SEM images of curcumin, b SEM images of doxorubicin, ¢ SEM images of PEG—curcumin,
d SEM images of PEG—doxorubicin, e SEM images of PEG—doxorubicin—curcumin, f SEM images of
PEG

DOX was characterized by an initial weight loss of 7% at 200 °C followed by a
second and third weight loss of 38% and 77% at 372 °C and 557 °C, respectively.
The hydrogel loaded with both drugs exhibited a weight loss of 11% at 222 °C,
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(d)

Fig.5 (continued)

34% at 351 °C and 73% at 537 °C, respectively. The drug exhibited weight loss of
4% at 239 °C for curcumin, followed by weight loss of 54 and 98% at 422 °C and
547 °C, respectively. Dox weight loss was 3% at 204 °C, 49% at 518 °C and 99%
at 617 °C. The hydrogel without the drug exhibited 3% weight loss at 212 °C and
90% weight loss at 418 °C.
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In vitro cytotoxicity studies

The cytotoxic and anticancer properties of doxorubicin and curcumin on MCF-7
cells were evaluated (Fig. 7). These were achieved by treating MCF-7 cell lines with
hydrogel loaded with the individual drugs independently as well as in combination.
Results demonstrated that the incorporation of these drugs showed a greater efficacy
compared to the free drugs (unloaded drugs). However, in 24 h, the hydrogel loaded
with both drugs did not show a significant decrease in cell viability when compared
to other groups. However, as shown in Fig. 7, at 72 h, there was a significant reduc-
tion (p <0.05) of viability in the groups exposed to hydrogel drug(s). The cell via-
bility effects of the hydrogel loaded with the drug were time- and dose-dependent,
suggesting that the amount of drug needed to reduce the cell viability was released
from the hydrogel between 48 and 72 h. Increasing the amount of drug loaded into
the hydrogels also significantly reduced the cell viability. The % cell viability of the
hydrogel without the drug was 98%, which further revealed the non-toxic nature of
the hydrogel. Loading DOX and curcumin into the hydrogel resulted in significant
cell viability with decreased ICs, from 0.93 to 0.30 pug/mL over a period of 72 h,
revealing the synergistic inhibitory effect of doxorubicin and curcumin on the cell
growth of breast cancer cells (Table 5). At a concentration of 28 pg/mL, the cell
viability decreased significantly.

Discussion

The swelling capacity of the hydrogel was pH-dependent, and it was characterized
by reduced swelling at acidic pH of 1.2 and 5.8, as well as enhanced swelling at
the pH 7.4 (Fig. 1a, b). The low swelling capacity of the hydrogel at acidic pH is
attributed to the COOH groups present in the network, which remained non-ionized
at acidic pH. The strong hydrogen bonding interactions between carboxylic groups
of acrylic acid and hydroxyl groups of gum acacia and PEG resulted in a network
that did not permit a significant amount of movement of polymeric segments within
the hydrogel, thereby hindering the water uptake. However, at pH 7.4, there was
ionization of -COOH groups, resulting from repulsion of similarly charged -COOH
groups in the macromolecular chains. The ionization also resulted in an increase in
ion osmotic pressure. Similar findings were reported by other researchers [38—41].
The swelling capacity of the hydrogel was also influenced by the temperature. At
37 °C, the swelling of the hydrogel was significant compared to its swelling at

Table 5 ICs, data of the Incubation  ICs values (ug/mL)

hydrogels time (h)
Cur PCur Dox PDox DoxCur PDoxCur
24 0.72  0.51 1.00 0.64 0.59 0.93
48 0.68 0.48 0.80 0.50 0.53 0.42
72 0.60 041 0.74 047 0.50 0.31
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room temperature (Fig. 1b). At a higher temperature, there is a reduced interaction
between the polymer chains, thereby allowing more water uptake into the matrix
of the gel. The destruction of hydrogen bonding between polymer molecules at a
higher temperature increased the chain mobility, thereby facilitating the network
expansion. Several researchers reported similar findings in which hydrogel water
uptake was enhanced at a higher temperature, revealing their potential application
as drug delivery system [42-44]. High temperature also increased the segmental
mobility of the hydrogel chains, thereby generating voids for enhanced penetration
of water molecule, resulting in the increased swelling ratio [45]. The diffusion coef-
ficient of the hydrogels at room temperature was highest at pH 7.4 when compared
to pH 5.8 and 1.2, suggesting that the matrix network of the hydrogels was more
relaxed at pH 7.4 than at pH 1.2, resulting in faster diffusion. At 37 °C, the diffusion
coefficient was highest at pH 7.4 and lowest at pH 1.2 and 5.8 (Table 1). Similar
findings were reported by some researchers [46, 47]. The swelling mechanism of the
hydrogel at room temperature was Fickian at pH 1.2 and non-Fickian (anomalous) in
the buffers of pH 5.8 and 7.4. At 37 °C, the swelling mechanism of the hydrogel was
pseudo-Fickian at pH 1.2, 5.8 and anomalous at pH 7.4.

The entrapment efficiency of the drug into the hydrogel was over 90%. The release
of the DOX.HCI was significant at pH 1.2 when compared to pH 7.4, suggesting that
at low pH, the hydrophilicity and solubility of DOX are enhanced by increasing pro-
tonated amine groups on DOX, thereby resulting in its enhanced release from the
hydrogel (Fig. 2). The electrostatic interactions between amine groups of DOX and
carboxylic groups in the hydrogel also attributed to the enhanced release of DOX
from the hydrogel at low pH. At pH 7.4, the existence of significant electrostatic
attraction between the positively charged molecules of DOX and the negatively
charged carboxyl groups hindered the release of DOX from the hydrogel. A similar
release profile of DOX was reported by other researchers to be significant at low pH
[48-50]. The significant release of DOX at pH 1.2 is useful because reports have
shown that the extracellular pH of tumor tissue is significantly lower than the extra-
cellular pH of normal tissue and the intracellular pH of tumor and normal tissues
is similar [49, 51]. The low intra-tumoral pH influences how the tumors respond to
treatments. Low pH increases the cellular uptake of weak acidic drugs such as cis-
platin, thereby increasing the overall therapeutic effect of the drugs, while low pH
reduces the uptake of weakly basic drug and reduce their effects such as DOX [49,
51, 52].

The release of curcumin at pH of 5.8 was enhanced when compared to pH 1.2 and
7.4 (Fig. 2). This finding revealed that curcumin can be released at the tumor cells
because the pH value of the tumor cells is lower than the pH of the normal tissue.
A similar observation was reported by Zeighamian et al. [53]. However, combin-
ing both drugs resulted in a reduced amount of individual drug release. The amount
of curcumin and DOX released was enhanced at pH 1.2 and 5.8, respectively. This
finding further revealed that this system is suitable for the release of drugs to the
tumor cells. A similar finding was reported by other researchers [54, 55]. From the
drug release models shown in Table 2, the release mechanism of the drugs from
the hydrogel was a combination of diffusion-controlled, erosion-controlled, polymer
relaxation-controlled and pH-dependent, respectively.
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FTIR spectrum of the hydrogel loaded with both drugs revealed characteristic
peaks at 3300, 1720, 1600-1500 and 1010 cm™!, confirming the successful loading
of the drugs into the hydrogels (Fig. 3a, b). These peaks suggested the absence of
interaction between the drug and the hydrogel network. The XRD diffraction pat-
tern of the hydrogel was characterized by broad peaks, indicating the amorphous
nature of the hydrogels. This result is similar to the report obtained by Qiao et al.
[56]. The XRD pattern of the hydrogel loaded with drug(s) (PDox, PCur and PDox-
Cur) showed that the crystalline peaks of the drug(s) disappeared, thus confirming
the incorporation of the drug(s) (Fig. 4a, b). This can be compared to the report by
Anitha et al. [57]. However, broad peaks were visible at 12°-28°, 12°-19°, 22°-25°
and 13°-28° for PDoxCur, PDox and PCur, respectively [58, 59]. Furthermore, the
intensity of the peaks for both drugs was decreased in the hydrogel loaded with
the drug(s). Also, there was no crystallinity observed in the hydrogel loaded with
drug(s) resulting from the dispersion of the drug at the molecular level of the poly-
mer matrix. Similar observations were reported by Chavis et al. [60]. Generally, it
is necessary for the hydrogel to have less structural stability for ease of degrada-
tion. The low crystallinity of the hydrogel indicates less structural stability of the
hydrogels.

The morphology of the hydrogel loaded with both drugs was compact, suggesting
a strong aggregation of the hydrogel and drug(s) via non-covalent forces mediated
by the drug(s) (Fig. 5). This was similarly reported by She et al. [61]. Hydrogel
loaded with a single drug was characterized by fibrous and irregular morphology for
curcumin and swollen topology with folded morphology for DOX. The morphology
of the PEG hydrogel was irregular and coarse. A similar finding was reported by Xu
et al. [62]. Furthermore, the thermal stability of the drug was improved when incor-
porated into the carriers (Fig. 6). A similar finding was reported by Thakur et al.
[63]. The moisture content of the hydrogel was low in the range of 7-11%, which is
acceptable, indicating the good stability of the hydrogel on storage.

The cell viability effects of the hydrogel loaded with the drug were time- and
dose-dependent (Fig. 7). Reduced cell viability was significant between 48 and 72 h,
which confirmed that the amount of drug release between 48 and 72 h was high
when compared to 24 h. The cell viability effect of the drug-loaded hydrogel was
significant in hydrogel loaded with a high amount of drug. The hydrogel without the
drug revealed cell viability effects which were not significant, indicating the non-
toxic nature of the hydrogels. Similar findings were reported by some researchers in
which the % cell viability effects from drug-loaded hydrogels were time- and dose-
dependent [64-66]. These observations are similar to that which were reported by
Barui et al. [27]. In the report by Zhang et al. [29], the conjugation of DOX and cur-
cumin into nanoparticles did not result in any enhanced synergistic effects because
of quick internalization and removal of free DOX and Cur through passive diffusion
by cancer cells, resulting in short antitumor effects of the formulation. Curcumin is
reported to be a modulator that can enhance DOX-induced antitumor activity and
also reduce adverse effects by suppressing lipid peroxidation in normal tissue. Cur-
cumin enhances DOX antitumor activity via main caspase-independent cell death
[67, 68]. These results suggest that PEG-based hydrogel is a potential system for the
delivery of anticancer drugs for the treatment of breast cancer. The good features of
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the hydrogel suggest that it is a potential delivery system for enhanced efficacy of
drugs with poor bioavailability, for targeted delivery and for combination therapy.

Conclusion

PEG-based hydrogel was prepared via free radical polymerization followed by load-
ing of curcumin and DOX into the hydrogel. The hydrogel was characterized using
different characterization techniques, and the results showed that the drugs were suc-
cessfully incorporated into the hydrogel. The study showed that the release of indi-
vidual drug from the hydrogel loaded with both drugs was influenced by the inter-
action of the drugs. The in vitro cytotoxicity assay further confirmed an enhanced
anticancer effect of the drug(s)-loaded hydrogel on treated cell lines when compared
to the free drugs. This suggests that the PEG-based hydrogel has the potential to
serve as a drug delivery vehicle for anticancer drugs. However, it is advised that fur-
ther in vivo studies be carried out.
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