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Abstract

Background: In order to deliver bioactive compounds with better thermal stability and delayed release character-
istics, nanogels can be placed inside a hydrogel network. The aim of the present study was to develop isolated soy
protein (ISP)-sodium alginate (SA) nanogel (NG) (0, 10, 15 and 20%)-based cress seed gum (CSG) hydrogel as a deliv-
ery system of curcumin (Cur). A systematic study was performed to describe the rheological, thermal, microstructural,
antioxidant activity properties, and release kinetic of NG-based hydrogels.

Results: Rheological studies showed participation of 10% NG resulted in more elastic, and compact composite with
stable diffusion properties. Complex modulus of 10% NG composite was 60.96 (Pa), which was higher than the other
hydrogels. The SEM images confirmed that 10% NG-hydrogel composite, can have better mechanical properties.
NG-based hydrogel were thermally more stable than hydrogel and nanogel. The presence of different percentage of
NG in composite significantly changed Cur release rate in intestinal condition. The Cur release in the intestine was well
described by the Peppas model and no release was observed in stomach medium.

Conclusions: The results highlight the advantage of using composite hydrogel as a promising strategy for improving
thermal stability and the successful delivery of bioactive materials.
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Introduction limitations, the development of new systems is needed

Hydrogels are polymeric networks with three-dimen-
sional cross-links which can absorb large amounts of
water when immersed in aqueous solution. Hydrogels
are solid in terms of shape, and liquid in terms of the
high amount of water and the ability of molecules diffu-
sion outside and inside of gel. According to the ability to
adjust the hydrogel properties in a wide range of param-
eters and the fact that various polymer compounds are
available, these soft materials are suitable for various
applications such as superabsorbent polymers, tissue
engineering, and bioactive compound delivery systems
[42].

Hydrogels also can load a large fraction of drugs due to
their high internal free volume, highly hydrated micro-
structures of hydrogels lead to slow rates of response
to environmental changes, rapid release of hydrophilic
drugs, and poor absorption of hydrophobic drugs, which
cause limitation in the types and rates of drug release
in hydrogel-based systems [43]. Many efforts have been
made to improve the mechanical properties of hydrogel
networks. One way to achieve fast-response hydrogels is
to make hydrogels with thinner and smaller pores such
as microgels or nanogels [10]. The high volume/surface
ratio in the microgel particles will cause a faster reaction
and release [19]. During the release applications of nano-
gels, the short diffusion path of a nanogel particle gen-
erally provides an undesirable release and is much faster
than a macroscopic hydrogel [57].

As mentioned above, because of their unique struc-
tures and properties, the macro-hydrogels and NPs
have shown a very high potential for medical thera-
peutic and diagnostic applications. However, some
inherent limitations of hydrogels and NGs inhibit their
widespread applications. In order to overcome these

to integrate the useful properties of nanogels and
hydrogels [10, 22]. One approach to solve this challenge
is to trap nano or/microgels within hydrogels [10]. The
main challenge associated with the small dimensions
of microgels can be solved through the development
of immobilized microgel matrices, in which individual
microgel particles are entrapped inside a hydrogel or
cross-linked to form a macroscopic network. Immobi-
lized microgel matrices can provide unique properties
and various applications relative to bulk hydrogels or
individual microgels [10]. Recent solution, in particu-
lar, allows the formation of composite gels that are
mechanically stronger due to the integration of support
mechanisms, as well as exhibit self-healing properties
[8]. Different studies were conducted to develop this
structure [2, 34, 44, 58].

The aims of this study were to formulate and charac-
terize curcumin-loaded composites by physical cross-
linking method with cress seed (Lepidium sativum L.)
gum (CSG) hydrogel and isolated soy protein/sodium
alginate nanogel. In terms of texture, CSG hydro-
gel has high elastic and cohesive properties, which is
resistant to heating, freezing and maintain their integ-
rity at low temperature [15, 27-29]. These properties
are very useful and facilitate the formulation of CSG as
a gelling agent in foods that are exposed to high tem-
peratures such as baking, pasteurization and steriliza-
tion [42].

Therefore, the objective of this study was to develop
soy protein/sodium alginate nanogel-based cress seed
gum hydrogel for oral delivery of curcumin. In this
study, the influence nanogel-to-hydrogel ratios on
hydrogel composite properties (viscoelastic proper-
ties, swelling features, differential scanning calorimetry
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(DSC), scanning electron microscope (SEM), in vitro
release and antioxidant properties) were investigated.

Materials and methods

Materials

Curcumin (C,;H,,Oq, 95% purity), CaCl,, 2,2-diphenyl-
1-picrylhydrazyl, dialysis bags and bile salts were pur-
chased from Sigma-Aldrich (USA). CSG powder was
prepared from Reyhan Gostar-e-Parsiyan Company.
ISP was purchased from Shandong Yuxin Bio-Tech Co.
(China). Pepsin and hydrochloride acid were provided
from Merck (Germany). Sodium alginate and pan-
creatin were prepared from Beckmann.Kenko GmbH
(Germany) and Wako (Japan), respectively. All the
chemicals were of analytical grade.

Preparation of NG-based hydrogel composites
The NG-hydrogel preparation process consists of three
steps:

Step I. Cur-ISP/SA nanogels were prepared by Shah-
bazizadeh et al. [42] method. ISP/SA nanogel was pre-
pared with ISP, SA, and CaCl, at 1.6% (w/v), 0.069%
(w/v), and 0.008% (w/v) concentration, respectively.
The ISP dispersion was heated at 95 °C for 30 min and
immediately cooled. It was then centrifuged for 15 min
at 4000 rpm to remove residual insoluble particles. Eth-
anol-soluble curcumin 0.04% (w/v) was added dropwise
to heated ISP solution. Then, SA was added and the pH
of ISP/SA dispersion was adjusted to 5.8 for creation
of soluble complex. Cur-ISP/SA dispersion was heated
and CaCl, solution was then added dropwise to the
Cur-ISP/SA complex solution on stirrer at a constant
rate. The suspensions were sonicated at a pulse mode
for 60 s for creation nanogels.

Step II. Physically cross-linked CSG hydrogel was
prepared based on Shahbazizadeh et al. [42]. Briefly,
1.5% (w/v) of CSG solution and 0.2% (w/v) of calcium
chloride was used for preparation of CSG hydrogel
[42]. Part of CaCl, solution was stored for step III.

Step III. The composites were prepared by dropwise
addition of Cur-ISP/SA nanogel suspension into CSG
hydrogel and then CaCl, was added. Different ratios
of NGs to hydrogel 10:90, 15:85 and 20:80% (v/v) were
prepared and named 10% NG-hydrogel, 15% NG-
hydrogel, and 20% NG-hydrogel, respectively.

Scanning electron microscopy (SEM) studies

A LEO 1450vp SEM (20 kV, Germany) was used to
clarify the morphology of the freeze-dried NG-based
hydrogels. Before the analysis, the samples were coated
with gold under a vacuum.
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Frequency sweep test

The viscoelastic test of NG-based hydrogels was con-
ducted by Physica MCR302 controlled strain rheom-
eter (Anton Paar GmbH, Germany) that was equipped
with the cone plate system (4 angle, 0.206 mm gap, and
25 mm diameter). A strain sweep test (1-100%) was
first performed to identify the linear viscoelastic range
of each hydrogel composite. The frequency sweep test
was conducted at a frequency range of 0.01-10 Hz at
a constant strain of 0.5% (LVE region). All rheological
measurements were conducted at 20 °C [56]. MATLAB
2021 and Physica Rheometer Data Analysis software
(Rheoplus/32, version V3.40) were used to analyze stor-
age modules (GQ’), loss modules (G"), Complex viscos-
ity (#*), and loss tangent (tand) in linear viscoelastic
region.

Differential scanning calorimetric (DSC) measurements
The thermal properties of CSG composites were meas-
ured by DSC (IRSA DSC100, Iran). The samples were
heated from 10 to 250 °C at a rate of 10 °C/min [31].
According to DSC results, melting (T}), and onset (T()
temperatures and enthalpy values (AH) were reported.

Swelling degree

In order to evaluate the swelling degree of hydrogels,
the lyophilized pre-weighted samples were immersed in
100 ml of phosphate buffer solution with pH 6.8 (25 °C).
The swollen composites were weighted for 24 h. Based on
the results, the swelling degree (SD) was calculated by the
following equation [18, 47]:

_ W= Wa oo "

Wa

SD

where W, and W, are the weights of the dried sample
and swollen sample, respectively. The swelling degree of
gels reaches equilibrium described by SD. The samples
were prepared in triplicates.

In vitro curcumin release studied

In vitro release of curcumin from formulations was
determined at 37 °C in gastrointestinal medium. Gastric
phase fluid included 100 mL of simulated gastric fluid
(containing double distilled water, 0.3 (gr) pepsin and
0.2 (gr) NaCl) adjusted to pH 1.2. Intestinal phase fluid
was prepared by 100 ml of simulated intestinal fluid (con-
taining double distilled water, 0.1 (gr) pancreatin, and
0.85 (gr) NaCl and 0.3 (gr) bile salt in phosphate buffer
solution (pH 6.8, 5 mM) adjusted to pH 6.8 with NaOH
0.1 M [14]. HCI and NaOH 0.1 N were used to mimic the
main pH conditions of the stomach and small intestine,
respectively.
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Curcumin release from NG-based hydrogels was stud-
ied using a dialysis method. Dialysis bags (12—14 kDa),
Sigma Aldrich were soaked in distilled water at room
temperature for 12 h to remove the preservative materi-
als, followed by rinsing thoroughly in distilled water. Cur-
hydrogel was transferred to the dialysis bag. The dialysis
bag was closed at both ends and then immersed in the
gastrointestinal release medium on the shaker (100 rpm)
at a constant temperature (37 °C).

The release medium was withdrawn (2 ml) for analysis
at different time intervals (0, 30, 60, 90, 120, 150, 180 and
240 min). Then, replaced with fresh medium (2 ml). The
released curcumin was evaluated spectrophotometrically
(420 nm). The test was done in triplicate.

Assessment of release kinetics
The release kinetic was studied based on zero-order, first-
order, Higuchi, and Peppas models [26]:

My—M;=ko-t, 2)

where M, M,, t, and k, are the initial concentrations of
curcumin in nanogels and the concentration of curcumin
in nanogels at time ¢, respectively. k; is the zero-order
release constant:

Ln(Mo/M¢) =k - t. 3)
k is the first-order release constant:

Q=knt'/?, @
where ki, is the Higuchi dissolution constant:

M¢/M_ = kpt", (5)

where Mi/M,, n, and k, are the fraction of curcumin
released at time t, diffusion exponent indicative, and
kinetic constant, respectively.

Antioxidant stability of entrapped curcumin

against heating

Curcumin-loaded nanoparticles—hydrogel composites
were heated for 15 min at 180 °C. DPPH (2,2-diphenyl-
1-picrylhydrazyl) radical scavenging activity was meas-
ured using the method of Tapal and Tiku [49]. Preheated
samples were firstly sonicated and 1 ml of each sample
was added to 1 ml DPPH (0.2 mM), and then vigorously
mixed. After incubation for 30 min, the resulting solution
was centrifuged at 8000 rpm for 10 min and the absorb-
ance was measured at 517 nm using a UV-spectropho-
tometer. The solution without any sample was considered
as the control. The antioxidant activity (%) was calculated
according to Eq. 6:
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A control — A sample
* 100,

(6)
where A blank is the absorbance of the DPPH solution
without the sample; and A sample is the absorbance of
the test solution [50].

Antioxidant activity (%) =

A control

Statistical analysis

Results were expressed by means+standard deviation.
A completely randomized design was used for statistical
analysis. The data were analyzed by analysis of variance
(ANOVA) and Duncan multiple range test (P <0.05).

Results and discussion

SEM studies

The microstructures of NG-based hydrogel are presented
in Fig. 1. All hydrogels exhibited the typical porous
cross-linked structure. Curcumin-loaded ISP/SA NGs
are clearly observed in composites SEM images. Also,
for all composites, typical wrinkled structure of CSG
was easily found in more amplification of SEM images.
NG-hydrogel composite structures are changed by vary-
ing NG:hydrocolloid ratios. The structure of 10% NG
composite was more cross-linked and porous. It might
be attributed to the potentiation of nanoparticle, which
increased and enhanced cross-linking sites. Moreover,
no obvious two-phase structure was observed in these
images, revealing that NGs were dispersed on the CSG
sheets on a large scale [55]. By increasing the NG partici-
pation to above 15% (v/v), pore size of hydrogel became
bigger. Since composites with denser and more regular
structure can be stronger, it can be concluded that com-
posites with lower NG content have better mechani-
cal properties. These results confirmed the results of
frequency sweeping test (Table 1). Pore size of 20% NG
composite was greater than other samples, indicating
that the addition of NG did not destroy the structure
of the hydrogel network. Pilevaran et al. [34] produced
whey protein—xanthan gum hydrogel by incorporation of
basil seed gum nanoparticles (BSG NPs). They reported
by adding BSG NPs to the hydrogel matrix, the number
of holes increased, but the size of holes reduced. Increas-
ing the percent of BSG NPs (from 1 to 3%) resulted in
bigger holes through the fibril connections in the matrix
[34].

Dynamic rheological properties

The viscoelastic properties of NG-based hydrogels,
including storage and loss modules and loss tangent (at
f=1Hz, t=0.1 Pa and 20 °C) are summarized in Table 1.
Three types of system can be recognized by frequency
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Fig. 1 SEM images of ISP-AL NGs-based CSG hydrogel as a function of NG: hydro ratios

Table 1 Dynamic rheological parameters of ISP/SA nanogel- ~sweep measurements: dilute solutions, concentrated
based CSG hydrogel composites and CSG hydrogel determined ~ solutions and gels. For gels, G’ is always greater than G”
by frequency sweep test at f=1 Hz, constant strain of 0.5% and  in applied frequency range. In dilute polysaccharide solu-

tions, G” modulus is greater than G’ that close to each

other at higher frequencies. For concentrated systems,
G’ value is smaller than G” at low frequency and cross-

20°C

Sample G'(Pa) G" tand Pas))*p Slope of y*.f
(Pa)

10% NG composite 6096 891 0.146 65.66 —1.029

15% NG composite 2045 386 0.189 1784 —1.026

20% NG composite 1187 269 0227 17.15 — 0.864

CSG hydrogel 3769 813 0216 3855 —1.116

over each other in middle of the frequency range. In all
hydrogel samples, the G' was higher than the G" (data
not shown), which shows gel-type viscoelastic behavior.
A higher storage modulus than a loss modulus indicates
the high ability of molecular chains to form a network.
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Existence of more molecular interactions in NG-hydro-
gel leads to enhancement of viscoelastic behavior. Clark
and Ross-Murphy [7] have chosen structural liquid term
for these fluids which represents an intertwined net-
work in these solutions structures even at high frequen-
cies. The storage modulus of CSG hydrogel and 10, 15
and 20% NG-based hydrogel was 37.69, 60.96, 20.45 and
11.87 (Pa), respectively. The loss modulus (G’) of CSG
hydrogel and 10, 15 and 20% NG composite was 8.13,
8.91, 3.86 and 2.69 (Pa), respectively. The NG:hydrogel
ratios played a pivotal role in the development of elas-
tic properties. Cheng et al. [5] also reported mechani-
cal properties of the composites can be controlled by
changing the NG:hydrogel ratio [5]. The highest amount
of storage and loss modulus was related to the 10% NG-
hydrogel, which indicated that the 10% NG composite
had stronger elastic properties than the CSG hydrogel
and other NG-hydrogel composites. 10% NG-hydrogel
had a more regular structure (Fig. 1), which may lead to a
better mechanical property. Cooperation of higher ratios
of NGs (15 and 20% NG) in hydrogel decreased the stor-
age and loss modulus of composites. These discrepancies
may be explained by the uniform distribution of ISP/SA
nanogel in the 10NG-hydrogel structure. ISP/SA NGs
can help to strengthen the physical connection points,
which is mainly due to the molecular interaction between
the CSG hydrogel sheet structure and SA chains in NGs
[55]. The SA chains of NGs can join with the CSG chains
by ionic and hydrogen interactions, which results in the
formation of a double network structure, resulting in
more elastic gel composite in 10NG-hydrogel.

Diminishing of cross-links was an important prop-
erty leading to decrease of storage and loss modulus at
15% and 20% NG composites [8, 53]. Higher amounts of
nanogels and less CSG hydrogels reduced the structural
integrity and showed lower G’ values. Pilevaran et al. [34]
reported the incorporation of basil seed gum nanopar-
ticles (BSG NPs) in whey protein concentrate—xanthan
(WPC-XG) hydrogel decreased gel strength noticeably,
which was related to the open microstructure of the
WPC-XG—-(BSG NPs) hydrogel composite [26].

The loss tangent is the ratio of the loss modulus to the
storage modulus [30]. Another way of quantifying the
gel strength and gelation is to look at the phase angle, §,
given by the relation tan §=G"/G’. The lower value of
8, the more elastic the material [13], where the loss tan-
gent value is less than 1, indicates the elastic (solid-like)
behavior is prominent, while the loss tangent greater than
1 corresponds the liquid-like gel behavior. The values of
loss tangent above 0.1 mean that the samples are not real
gels and have a structure between concentrated biopoly-
mer and real gel [26]. Loss tangent values obtained from
the hydrogels were between 0.15 and 0.23 (Table 1),
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which indicate their ability to form a weak gel. The com-
posite systems had a structure between a concentrated
biopolymer and a real gel. The lowest amount of loss tan-
gent was observed in the 10% NG-hydrogel (0.15), which
was associated with the formation of a stronger inter-
woven network, indicating its high elastic behavior. The
values of loss tangent increased with increasing the con-
centration of NG. Other researchers have reported solid
behavior of CSG gel. These gums produce "weak-gel" net-
works through weak communications between hard and
orderly molecular structures in solution [38]. Studies on
the loss tangent of polymer systems offer high numeri-
cal ranges (0.2-0.3) for amorphous polymers and low
numerical ranges (close to 0.01) for crystalline polymers
and gels.

The complex viscosity values (#*) of hydrogels
decreased with increasing frequency (Fig. 2). The com-
plex viscosity of the 10% NG-hydrogel (65.66 Pa.s) was
higher than the 15, 20% NG-hydrogel and CSG hydrogel
(17.84 and 17.15, 38.55 Pa.s, respectively) (Table 1). The
cross-linking between NG and CSG hydrogel created a
more uniform and packed structure in 10NG-hydrogel,
which improved #* (Carbinatto, de Castro, Evangelista, &
Cury, 2014).

The slope of #*-f is the other parameter, indicates the
resistance of the gel. The slope of #*-f of hydrogels were
0.864 to -1.116 (Table 1). Higher value of the slope in
this study confirms the presence of more elastic gels. The
slope of #*-f of 10%, 15% NG-hydrogel and CSG hydro-
gel were the same. In contrast, 20% NG—hydrogel showed
a small slope of #*-f, which was (-0.86). The 20%NG-
hydrogel provides a weak gel. The (#*-f) close to (-0.8)

@ 10%NG 15%NG

=&=20%NG

CSG hydrogel

10000

1000

100

complex viscosity(Pa.s)

10

1

0.01 0.1 1 10
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Fig. 2 Complex viscosity changes of 10%, 15%, 20% NG-hydrogel
composites, and CSG hydrogel vs. frequency
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Table 2 Thermal properties of CSG hydrogel, ISP/SA nanogel,
curcumin, ISP/SA" nanogel-CSG hydrogel, and Cur-ISP/SA
nanogel-CSG hydrogel

HU/g) A T (°0) T,(°C) Sample

10% NG composite free Cur

57.86 90.2 729 1st peak

39.81 3380 3183 2nd peak

15% NG composite free Cur

44,03 89.7 64.0 1st peak

37.01 336.5 3186 2nd peak

20% NG-hydrogel free Cur

38.75 874 68.8 1st peak

38.10 3322 3117 2nd peak

Cur-10% NG-hydrogel

23.05 90.1 577 1st peak

36.7 337.8 3317 2nd peak
Cur-15%NG-hydrogel

49.86 879 67.3 1th peak

53.08 336.1 317.0 2thpeak

Cur-20% NG-hydrogel

54.87 932 624 1st peak

49.52 336.1 315.7 2nd peak

CSG hydrogel

26.65 90.0 764 1st peak

7.65 3374 3257 2nd peak

ISP/SA nanogel

23.05 3122 2756 Peak

Cur-ISP/SA nanogel

46.66 69.8 542 1st peak

4497 3314 274.7 2nd peak

4436 208.5 178.0 Curcumin

indicated a weak polysaccharide gel obtained by entan-
glement and interference of random chains of polysac-
charides [23]. Therefore, it can be concluded that the NG
plays a major role in the elastic behavior of the hydrogel.

DSC studies

Table 2 shows the DSC thermogram of curcumin, CSG
hydrogel and curcumin-free/curcumin-loaded NG-
hydrogel composites. An endothermic peak at 208.05 °C
was observed, which indicates the melting temperature
of the pure curcumin. The onset temperature (T,) and
melting enthalpy (AH) of curcumin were 178.0 °C and
44.36 (J/g), respectively.

ISP/SA nanogel shows endothermic and exothermic
peaks. The onset temperature, melting temperature and
melting enthalpy (AH) of exothermic peak were 274.7 °C,
3314 °C, and 9744(]/g), respectively. In thermographs of
composites, all samples showed endothermic peaks below
100 oC, attributed to water evaporation (87.40, 89.70 and
90.20 °C for 20, 15 and 10% NG composites, respectively)
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[38]. AH of 20, 15 and 10% NG composites were 38.75, 44.03
and 57.86 (]/g), respectively (Table 2). When curcumin was
loaded in the composite network, endothermic peak had
no noticeable change. Cooperation of NGs increased AH of
NG-hydrogel when compared with CSG hydrogel.

The 20, 15 and 10% NG-hydrogels showed an exo-
thermic peak at 332.2, 336.5 and 338.3 °C due to sam-
ple destruction. AH of exothermic peak of 20, 15 and
10% NG-hydrogels were and were 38.75, 44.03 and
57.86(]/g)), respectively. After curcumin loading, degra-
dation temperature of the 20, 15 and 10% NG composites
were shifted to 336.1, 336.1 and 337.8 °C and AH were
49.52, 53.08 and 36.7 (]/g), respectively.

Severe endothermic peak specific for curcumin was not
observed in any of the composite formulations, which
confirms the molecular dispersion of curcumin in the
polymer matrix [25]. Displacement of exothermic peak
and AH values in the curcumin-loaded composites indi-
cated a successful interaction of the hydrogel and the
curcumin-loaded nanogel [24]. The presence of simi-
lar peaks with minor changes confirmed the interaction
between the active sites of the hydrogel and/curcumin-
loaded nanogels and molecular dispersion of curcumin-
loaded nanogels in the composite [39].

Other researchers have made similar observations in
their studies on drug release [20, 25]. Rao, Mallikarjuna
and coworkers synthesized poly 2-Hydroxyethylmeth-
acrylate-co-Acrylamidoglycolic acid-based (HEMA-co-
AGA) hydrogels for the controlled release of 5-fluorosyl.
DSC was performed to understand the crystalline nature
of the hydrogel and the drug after coating in the hydro-
gel. DSC results showed that 5-fluorosyl showed a sharp
peak at 285 °C due to polymorphism and melting, but
in the case of HEMA-co-AGA hydrogels loaded with
5-fluorosil, no characteristic peaks were observed at this
temperature which indicate 5-fluorosyl is molecularly
dispersed in the hydrogel network [36].

The endothermic peak temperature as well as the deg-
radation temperature in all free curcumin hydrogels
increased by reducing NG to hydrogel reducing, which
shows thermal resistance of the composites increased by
increasing the hydrogel concentration. It has been shown
that this NG-hydrogel structure leads to slow conduc-
tion of heat [12]. Its structure disintegrates only at high
temperatures, and these data show that the 10% NG
composite was thermally more stable than the other sam-
ples. Increasing the degradation temperature of free cur-
cumin formulations increased as the concentration of the
cross-linker agent increased, which was consistent with
the results reported by other researchers [12]. However,
Cur-NG-hydrogel did not follow this trend.
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Table 3 Swelling degree of ISP/SA nanogel, ISP/SA nanogel-
based CSG hydrogel composites, and CSG hydrogel

System Swelling degree
CSG hydrogel 105.96412.99°
10% NG-hydrogel composite 206.204+21.38°
159% NG-hydrogel composite 165.88+873%
20% NG-hydrogel composite 126.26426.94°
ISP/SA nanogel 65.28+0.38°

Different small letter superscripts in a column indicate significant differences at
p<0.05

Swelling degree

The swelling degree of composites was measured as
an indicator of water absorption capacity. Diffusion
of the medium into the polymeric network and subse-
quently to the core of the hydrogels, followed by the
polymer chains relaxation, causes the swelling process
[34]. 10, 15 and 20 NG-hydrogels had 206.20, 165.88
and 126.26% swelling degrees, respectively (Table 3).
All NG-hydrogels had more swelling value than CSG
hydrogel (105.96) (p<0.05). Increasing the amount of
NG lead to formation of NG aggregates and is associ-
ated with large pore size. These pores can cause more
water transferring to the hydrogel network, leading to
higher swelling [6].

Composites containing 10% NG had the highest swell-
ing degree (p<0.05). 15% and 20% NG-hydrogel had
no significant difference in terms of swelling degree
(p<0.05). The presence of CSG hydrogel increases the
number of hydrophilic groups, which results in more
hydration and swelling [51]. The presence of NG: HYD
ratio of 10:90, expands the composite network and
increases the porous matrix, and consequently the com-
posite absorbs more water [9]. Elhadi et al. investigated
the swelling properties of chitosan hydrogel based on
curcumin-silver nanocomposite. They found that the
swelling degrees of curcumin-silver/chitosan hydrogel
were higher than chitosan hydrogel at pH 4 and 7. This
may be due to the presence of curcumin-silver nanopar-
ticles in the hydrogel, which expands the formed hydro-
gel network [9]. But higher amounts of NGs and lower
amount of hydrogel (15:85 and 20:80) reduced the swell-
ing degree. May be, the ratio of NGs to CSG hydrogel was
not appropriate to improve the swelling properties. In
higher ratios of NGs to hydrogel, the number of carboxyl
groups reduced because of the linking of high number
of NGs and —COOH group of CSG polymers. There-
fore, the electrostatic repulsion between —COO- groups
becomes weak, and decreases the swelling ratio (%) of the
hydrogel [34]. In addition, Tansaz and colleagues (2018)
prepared hydrogel based on soy protein isolate by add-
ing different ratios of ISP and SA and investigated their
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physicochemical properties. In this study, they found that
water uptake decreased with increasing soy protein iso-
late concentration, which related to the higher hydrophi-
licity of SA compared to ISP [48].

In vitro release

The release profile of curcumin from composite hydrogel
formulations under simulated gastrointestinal conditions
is presented in Fig. 3. In stomach environment no release
of curcumin was observed after 120 min in all samples,
which indicates the integrity of the system was main-
tained in the stomach condition. The results showed that
the curcumin trapped by the hydrogel composite is well
protected against the pepsin. The release rate of the bio-
active compound from the composite matrix depends on
the interaction between the bioactive compound and the
polymer molecule, the solubility of the bioactive com-
pound and the swelling of the hydrogel in the aqueous
medium. CSG hydrogel can swell or shrink depending on
the pH and ionic strength dispersed in the environment
[15, 45]. At low pH, the carboxyl groups in the structure
of the hydrogel polysaccharide chain are protonated.
In the absence of repulsive forces, hydrogen bonds are
formed between CSG chainsy and shrinkage occurred
under acidic conditions [6]. Since the CSG chains are
anionic polysaccharide, the CSG hydrogel-based com-
posite shrunk in an acidic medium, reduced pore size
and, consequently, curcumin release did not occur in
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Fig.3 In vitro release of curcumin from ISP/SA nanogel-CSG
hydrogel composites
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the gastric environment. Also, due to the formation of
hydrogen bonds, CSG is converted to an insoluble acidic
compound, which controls the diffusion of water and
prevents the decomposition of the matrix. Presence of
cross-linker agent reduced the solubility of the polymer
matrix in acidic conditions, which can be an effective
approach to the sustainable release of nutraceuticals and
drugs [46]. This result was consistent with the reports of
other researchers [6, 21, 26]. The release of curcumin in
intestinal condition was faster than acidic condition. This
is due to the fact that the CSG is anionic gum [37] and
polymer networks swell in intestinal environment.

The different ratios of NG:HYD in composite formula-
tion changed significantly Cur release rate in intestinal
condition. As shown in Fig. 3, the release rates of cur-
cumin from ISP-AG nanogel and CSG hydrogel were
25.15 and 42.50, respectively. Contrary to our expecta-
tions, the release of curcumin increased with the incor-
poration of nanogels in the structure of the hydrogel
(NG-hydrogel composite) in comparison with nanogel
and CSG. The release of curcumin depends on the com-
position of the polymer matrix [51]. These results were
also consistent with observations of swelling degrees in
composites (Table. 3). The swelling rate of the compos-
ites affected the release kinetics of curcumin [51]. High
swelling degrees indicated the imminent collapse of the
system [11]. The participation of NGs in CSG hydrogel
structure increased water absorption, swelling and sub-
sequent degradability properties in phosphate buffer pH
6.8 compared to CSG hydrogel or NGs. The high swelling
ratio of the composite creates wider surface spaces for
curcumin release [3].

Curcumin release profiles from formulations con-
taining different nanogel ratios are shown in Fig. 3. The
maximum Cur release was observed in 15 and 20% NG
composites (97.29% and 78.16%, respectively) (p <0.05).
The Cur release from 10NG-hydrogel was 55.66%. The
first step towards elucidating the release mechanism is
to understand whether the difference in release profile of
these formulations is due to a change in the structure of
the hydrogel network or as a result of a structural change
in the nanogel [17]. The reason for this may be attrib-
uted to the increase in viscoelastic properties of 1I0NG—
hydrogel, which in turn increased the erosion and release
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resistance [40]. The Cur release from the composites was
strongly affected by their viscosity. Increment of hydrogel
content in the composite structure means increment of
hydrogel layer around the nanogel. NG:HYD volumetric
ratio in 10NG:90HYD increased the complex viscosity
and created a harder matrix gel structure [35]. In other
words, reinforcement of intermolecular forces between
CSG hydrogel and ISP/SA nanogels results in a dense
composite structure of 10NG composite that can delay
the release of curcumin [33]. These results were consist-
ent with SEM studies, dynamic rheology and complex
viscosity (Figs. 1 and 2 and, Table 1).

The delay in the release of curcumin in the 10% NG
composite, despite the higher swelling, was due to the
entrapment of curcumin molecules in swollen granules
with high tortuosity. The diffusion phenomenon depends
on the concentration of CSG and calcium chloride salt as
cross-linkers [17].

In a similar study, a gel structure was used to load the
Liz-Pro-Wall (KPV) in NGs for drug delivery in the gas-
trointestinal tract. Nanoparticles loaded with KPV pep-
tides were coated in hydrogel to form a nanoparticle—gel
formulation that was stable in gastric juice at pH 2 for
24 h. However, when exposed to intestinal juice at pH
values above 5, the hydrogel structure rapidly decom-
posed and the nanoparticles were transported to the
large intestine [11].

Kinetics of curcumin release

The release data were fitted with the zero-degree, first-
degree, Higuchi and Korsmeyer—Peppas models, and
the resulting parameters are summarized in Table 4.
The release rate of curcumin in the small intestine from
all composite formulations follows the Peppas kinetic
model. The correlation coefficient of Peppas model for
10, 15 and 20% NG-hydrogels were 0.99, 0.97 and 0.98,
respectively.

The n value of Korsmeyer—Peppas model shows the
release mechanism. In the case of a cylinder-shaped
hydrogel-drug delivery system, the release mechanism
follows a quasi-Fickian diffusion if n<0.45, and it fol-
lows Fickian diffusion if #=0.45. This indicated the drug
is smaller than the mesh size and can quickly diffuse

Table 4 Curcumin release kinetic from ISP/SA nanogel-based CSG hydrogel composites

NG incorporation Zero order First order Higuchi Peppas
(%)

Ky%min R? K, %min R? Ky, %min'/2 R? K, %min” n R?
10 0.25 0.91 0.62 091 3.28 0.88 0.84 0.77 0.94
15 033 0.96 1.57 0.96 4.27 0.78 0.60 0.88 0.97
20 0.32 097 0.89 097 483 0.78 0.17 0.96 0.98
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through the hydrogel mesh. On the other hand, if the
drug size is similar to the hydrogel mesh size, its diffusion
is slower. If #>0.89, the release mechanism follows Case
II transport and the release happens because of the swell-
ing of the system. If 0.45 <1 <0.89, the release mechanism
follows anomalous transport, which is a combination of
diffusion and swelling [52].

The power of (n) in Peppas model for 10, 15 and 20%
NG composites were 0.77, 0.88 and 0.96, respectively.
The 10 and 15NG-hydrogel composites followed anoma-
lous transport, which is a combination of diffusion and
swelling. In the case of release by swelling, drug size is
larger than mesh size; hence the drug is entrapped in
the hydrogel and can only be released by deformation or
degradation of the latter. The release mechanism of 20%
NG composite followed Case II transport and the release
happens because of the swelling of the system. In the 20%
NG composite, the continuous release of about 97.26%
was observed. Hence, the release of curcumin encapsu-
lated in the particles and in the hydrogel suggests that
during the first phase, physically entrapped nanoparticles
are quickly released upon polymer swelling, resulting in
a fast release of curcumin in the first phase, followed by
a second phase of release of the particles that are chemi-
cally bound to the hydrogel [41].

This difference can be due to a decrease in the concen-
tration of Ca®" ions. It seems that with decreasing CaCl,
concentration, the formation of structured barrier matrix
is reduced, which can enhance the penetration of water
into the matrix and outflow of curcumin into the aque-
ous medium. This may explain the change of the release
mechanism in 20NG-hydrogel when the Ca™ concen-
trations decreased [1].

Evaluation of DPPH scavenging activity

The antioxidant activity of curcumin plays a major role
in its therapeutic effect. The results of the antioxidant
activity are summarized in Table 5. All samples had
antioxidant properties. But, there was a significant
difference between the three formulations in terms

Table 5 Effect of heat treatment on antioxidant activity of Cur-
ISP/SA nanogel-based CSG hydrogel composites

Sample DPPH scavenging DPPH scavenging
activity (%) before activity (%) after
heating heating

Cur-10% NG hydrogel 37.1845.63% 35.78 4£1.38

Cur-15% NG hydrogel 43.0840.63% 41584169

Cur-20% NG hydrogel  69.5841.03% 57.9840.50%

Different small letter superscripts in a column indicate significant differences at
p<0.05

Different capital letter superscripts in a row indicate significant differences at
p<0.05
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of DPPH scavenging activity. The lowest antioxidant
activity was observed in the 10% NGs—hydrogel com-
posite (37.18%), which was statistically different from
the other two composites (p“0.05). With increasing the
amount of NG containing curcumin from 10 to 20% in
the formulation, the amount of DPPH free radical scav-
enging activity increased to 69.58%. These results were
consistent with the observations of other researchers
[50].

The results showed heat treatment had no significant
effect on the antioxidant activity of 10 and 15% NG
composites (p“0.05). By reducing the contribution of
hydrogel from 90 to 80%, the antioxidant activity was
significantly reduced after heating. This effect is prob-
ably due to the higher protective effect of the hydrogel
polymer matrix. CSG hydrogel layer surrounded the
curcumin-loaded nanogels and protected curcumin
[32]. Xiong et al. [54] investigated the antioxidant
properties of nanocomposite hydrogel based on poly-
dopamine containing poly (N-isopropyl acrylamide)
nanoparticles. They reported nanocomposite gels had
high antioxidant properties. The inhibitory activity
of nanocomposite hydrogels increased markedly with
increasing polydopamine content [54].

Conclusion

In this study, a hydrogel composite system consisting of
different ratios of ISP/SA nanogel in CSG hydrogel was
investigated. The mechanical properties of the composite
could be controlled by varying the CSG hydrogel:ISP/SA
nanogel ratio. According to the result 10% NG-hydrogel
shows the highest G’ Similar results were observed in the
loss modulus. At first, the loss modulus of 10% NG com-
posite (8.91 Pa) was increased compared to the hydrogel
(8.13 Pa). However, the loss modulus of 15 and 20% NG
composites decreased to 3.86 and 2.69 Pa, respectively,
compared to hydrogel. The lowest amount of tan § was
observed in the 10% NG composite (0.14), which was
associated with the formation of a stronger cross-linked
network. This parameter has effects on swelling and rhe-
ological behavior of composites while maintaining their
sustained release. The dynamic mechanical properties of
composites and SEM images showed more homogeneous
and stable cross-linked inner structure of 10% NG com-
posite. Finally, the results of in vitro drug release profile
indicated that the composite could control drug release
or bind drug inside depending on the NG ratio of for-
mula. 10% NG composite can be a promising solution
that can release active compounds with a suitable kinet-
ics, and this study provided a simple approach to design
and fabricate functional system for curcumin delivery.
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