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and superporous biocomposite
hydrogel of Salvia spinosa polysaccharide-co-
methacrylic acid for intelligent drug delivery

Arshad Ali,a Muhammad Tahir Haseeb,b Muhammad Ajaz Hussain, *c

Ume Ruqia Tulain,b Gulzar Muhammad,d Irfan Azhar,e Syed Zajif Hussain, f

Irshad Hussain f and Naveed Ahmadg

Herein, a drug delivery system (SSH-co-MAA) based on the mucilage from seeds of Salvia spinosa (SSH;

polymer) and methacrylic acid (MAA; monomer) is introduced for the controlled delivery of venlafaxine

HCl using a sustainable chemical approach. The optimized conditions for the designing of the ideal

formulation (M4) of SSH-co-MAA were found to be 2.5% (w/w) of SSH, 30.0% (w/w) of MAA, 0.4% (w/w)

of both N,N′-methylene-bis-acrylamide (MBA; cross-linker) and potassium persulfate (KPS; initiator). The

structure characterization of SSH-co-MAA by Fourier transform infrared and solid-state CP/MAS 13C-

NMR spectroscopy has confirmed the grafting of MAA onto SSH. The thermogravimetric analysis

revealed that SSH-co-MAA is a stable entity before and after loading of the venlafaxine HCl-loaded SSH-

co-MAA (VSSH-co-MAA). Scanning electron microscopy images of SSH-co-MAA after swelling then

freeze drying showed the superporous nature of the hydrogel. The gel fraction (%) of SSH-co-MAA

depended upon concentration of SSH, MAA, and MBA. The porosity (%) was increased with the increase

in the concentration of SSH and decreased with the decrease in the concentration of MAA and MBA. The

swelling indices, venlafaxine HCl loading, and release (24 h at the pH of the gastrointestinal tract) from

VSSH-co-MAA were found to be dependent on the pH of the swelling media and the concentration of

SSH, MAA, and MBA. The release of venlafaxine HCl followed non-Fickian diffusion mechanism.

Conclusively, SSH-co-MAA is a novel material for potential application in targeted drug delivery

applications.
1. Introduction

Over the last two decades, the use of naturally occurring poly-
saccharides in various drug delivery systems (DDSs) has revo-
lutionized the conventional dosage forms to novel and
advanced DDSs. These polysaccharides are mostly plant-derived
swellable biopolymers and are used as such in different DDSs or
aer chemical modications to impart desired properties and
increase the spectrum for biomedical applications.1–3 Addi-
tionally, these swellable polysaccharides are biocompatible,
biodegradable, non-immunogenic, non-toxic, cost-effective,
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and easily available.4,5 Such attributes of the newly developed
DDSs are very important to attain the sustainable development
goals, i.e., environmental, economic and social sustainability.
Recently, these swellable and naturally occurring
polysaccharide-based materials have shown stimuli-responsive
swelling and de-swelling properties under various biological
uids as well as sustained and targeted drug delivery.6,7 These
polysaccharide-based materials are nowadays being converted
into gra copolymeric hydrogels using various techniques for
tissue engineering, wound healing, sustained drug release, and
topical applications.8–10

Salvia spinosa is a plant in the Lamiaceae family and grows in
the Mediterranean and phytogeographic regions of Saharo-
Arabian.11,12 The plant as a whole is enriched with different
phytochemicals including avonoids, terpenoids, fatty acids,
coumarins, and phenolic acids.13 The seed production capacity
of each mature plant of S. spinosa is 1500 to 10 000.12 The S.
spinosa seeds have been utilized for the treatment of urinary
tract infections, gonorrhea, and internal inammation.14 The
mucilage, i.e., S. spinosa hydrogel (SSH) released from its seeds
is superporous, hemocompatible, non-toxic, thermally stable,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of venlafaxine HCl.
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chemically modiable, and has been utilized for the zero-order
drug delivery application.7,15,16

Methacrylic acid (MAA) has been extensively used in the
fabrication of pH-sensitive hydrogels. MAA is a pH-sensitive
material and demonstrates extreme variations in swelling
behavior when there is a change in pH and ionic strength. Its
pH-sensitive behavior makes it a very signicant material in
temporal or spatial delivery, sustained release DDSs, and using
diverse categories of drug moieties. By graing the natural
polysaccharides with synthetic monomers like MAA, properties
of both entities (natural polysaccharides and MAA) could be
achieved.17 Venlafaxine HCl is an antidepressant drug of third
generation. It is highly water-soluble with a short half-life of 4 h
and more than 90% can absorb aer oral administration.
Venlafaxine HCl (Fig. 1) has been utilized for the treatment of
depression, anxiety, and social phobia.

In the present research, we aimed to design a novel hydrogel
network (SSH-co-MAA) comprises of a naturally occurring
polysaccharide, i.e., SSH with the help of MAA through free
radical gra copolymerization. Aim is to characterize the SSH-
co-MAA using Fourier transform infrared (FTIR) and solid-state
NMR (CP/MAS 13C-NMR) spectroscopy. Interest is to study the
superporous nature of the SSH-co-MAA via SEM in order to
access the potential of water uptake by the gel. We are also
reporting on the evaluation of the effect of the concentration of
polymer, i.e., SSH; monomer, i.e., MAA; and cross-linker, i.e.,
MBA on the swelling properties of SSH-co-MAA, drug loading
onto SSH-co-MAA, and venlafaxine HCl release behavior from
venlafaxine HCl loaded SSH-co-MAA (VSSH-co-MAA) at different
pH of the gastrointestinal tract (GIT), i.e., pH 1.2, 4.5, 6.8 and
7.4.
Fig. 2 Images of the seeds of S. spinosa (a), water swollen S. spinosa se
dried SSH isolated from the seeds of S. spinosa (c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
2. Experimental
2.1. Materials

Seeds of S. spinosa were brought from the local market of Sar-
godha, Pakistan (in May–June) and their taxonomy was veried
by a botanist, Dr Hassan Sher from the Department of Botany,
University of Swat, Mingora, Pakistan. The methacrylic acid
(MAA, monomer; 99.0%), potassium persulfate (KPS, initiator;
99.0%), and N,N-methylenebisacrylamide (MBA, cross-linker;
99.5%) were purchased from Sigma-Aldrich, Germany. Potas-
sium dihydrogen phosphate (KH2PO4; 99.0%), NaOH (98.0%),
KCl (99.0%), ethanol (95.0%), and n-hexane (95.0%) were
acquired from Riedel-de Haen, Germany. Venlafaxine HCl
(United States Pharmacopeia (USP) standard) was used as
a model drug for in vitro drug release studies from the synthe-
sized hydrogel carrier. For swelling and drug release studies, the
buffers of pH 7.4, 6.8, 4.5, and 1.2 were prepared according to
the procedure given in USP. All other reagents and chemical
ingredients were of lab-grade. Deionized water (DW) was used
during the whole research work.

2.2. Extraction of mucilage

To isolate the mucilage from the seeds of S. spinosa, the seeds
(1 : 25 w/v, seed-water ratio) were soaked in DW for 2.5 h at 50 °
C. Mucilage released from swollen seeds of S. spinosa was iso-
lated by placing them between two layers of muslin cloth and
rubbing with a spatula. The isolated mucilage was washed with
DW and n-hexane in replicates to remove the impurities. The
obtained mucilage was centrifuged to get the sediment paste
and then dried in a vacuum oven at 50 °C. Dried hydrogel-able
material was milled to get a powder, passed through a sieve no.
60, and stored in a desiccator aer labeling as S. spinosa seeds
mucilage (SSH) for further use in the experimental work. The
images of the seeds, swollen seed in DW and dried milled SSH
are shown in Fig. 2.

2.3. Synthesis of SSH-co-MAA

The free radical copolymerization reaction was used to synthe-
size novel composite hydrogel based on SSH and MAA. KPS was
used as an initiator to generate free radicals on SSH and MAA.
MBA was used to cross-link both precursors. An already
ed (red color is due to staining with permitted red food color) (b), and
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Table 1 Composition detail for the synthesis of SSH-co-MAA formulations

Formulation
code

SSH
(%, w/w)

MAA
(%, w/w)

MBA
(% mole ratio of monomer)

KPS
(% mole ratio of monomer)

M1 1.5 35.0 0.4 0.4
M2 2.0 35.0 0.4 0.4
M3 2.5 35.0 0.4 0.4
M4 2.5 30.0 0.4 0.4
M5 2.5 32.5 0.4 0.4
M6 2.5 37.5 0.4 0.4
M7 2.5 35.0 0.6 0.4
M8 2.5 35.0 0.8 0.4
M9 1.5 35.0 1.0 0.4
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reported method with slight modication was followed to
synthesize SSH-co-MAA.18 Briey, aer a number of trials (not
reported here), 1.5% (w/w) of SSH, 35.0% (w/w) of MAA, 0.4%
(w/w) of MBA, and 0.4% (w/w) of KPS was found preliminarily
ideal concentrations for the synthesis of SSH-co-MAA. Based on
these concentrations, nine different formulations of SSH-co-
MAA were synthesized by changing the concentrations of SSH,
MAA, and MBA. The composition of all formulations of SSH-co-
MAA is incorporated in Table 1.

As a typical example, the procedure to synthesize the
formulation M4 is reported. SSH (2.5%, w/w) was added in DW
and vigorously stirred for 30 min at 70 °C. To the obtained
mixture, KPS was added and the reaction was further continued
for 15 min to generate free radicals on SSH. Later, the mixture
was sonicated before cooling at room temperature and labeled
as mixture “A”. The solution “B” was prepared by dissolving
MBA (0.4%, w/w) inMAA (30.0%, w/w) at room temperature. The
mixture A and solution B were mixed and stirred for 30 min at
room temperature. The nal mixture was shied to a test tube
and heated at different temperatures for a specic time period,
i.e., for 1 h at 40 °C, 50 °C, 60 °C, and 70 °C, and then for 4 h at
80 °C in an electrical water bath to carry out copolymerization of
SSH and MAA. Hydrogel (SSH-co-MAA) formed inside the test
tube aer 8 h was separated by cooling it at room temperature
and then cut into discs of 4–6 mm size using a sharp blade. The
discs of SSH-co-MAA were initially washed with DW and then
with the mixture of DW and ethanol (70/30%, v/v) to eliminate
the unreactive MAA. Finally, the SSH-co-MAA discs were dried in
an oven at 60 °C and stored in an airtight vessel under a vacuum
for further experimentations. The formulation M4 was used
further for structural characterization.
2.4. Characterization

2.4.1. Spectroscopic characterization. SSH and SSH-co-
MAA were characterized by recording their Fourier-transform
infrared (FTIR) spectra on IR Prestige-21 spectrometer (Shi-
madzu, Japan) in the range of 4000–400 cm−1 using KBr pellet
method. Aer loading the venlafaxine HCl onto SSH-co-MAA,
the FTIR spectra of venlafaxine HCl and VSSH-co-MAA were also
recorded to check the compatibility between them. Moreover,
the solid-state CP/MAS 13C-NMR spectrum of SSH-co-MAA was
recorded on a Bruker DRX-400 machine at the ambient
temperature for the conrmation of graing of MAA onto SSH.
4934 | RSC Adv., 2023, 13, 4932–4948
2.4.2. PXRD analysis. The PXRD pattern of SSH-co-MAA,
venlafaxine HCl, and VSSH-co-MAA were recorded at the angle
ranged from 0–50° on Xpert pro-analytical instrument. The
scanning rate wasmaintained as 1° min−1 at 2q. From the PXRD
pattern, the physical changes corresponding to the uctuation
in the crystallinity pattern of the venlafaxine HCl were studied.

2.4.3. Thermal analysis. The thermogravimetric analysis of
SSH-co-MAA and VSSH-co-MAA (aer venlafaxine HCl loading)
was conducted. The thermograms (TG curves) were recorded
from ambient temperature to 800 °C under nitrogen ow (100
cm3 min−1) by maintaining the heating rate at 10 °C min−1 on
SDT Q600 thermal analyzer (TA Instruments, USA).

2.4.4. SEM analysis. SEM images of the SSH and SSH-co-
MAA were captured along transverse and longitudinal cross-
sections to study the changes in the surface morphology of
SSH aer copolymerization with MAA. The dried discs of SSH-
co-MAA were soaked in DW and allowed to swell. The swollen
discs of SSH-co-MAA were freeze-dried and cut to transverse and
longitudinal cross-sections with the help of a sharp blade. A
sputter coater (Denton, Desk V HP) was used to coat gold on the
cross-sections. The SEM images of the SSH and SSH-co-MAA
were then captured on Scanning Electron Microscope (SEM;
Nova, NanoSEM 450) at different magnications.
2.5. Swelling studies of the SSH-co-MAA

2.5.1. pH-responsive dynamic and equilibrium swelling. At
four different physiological pH of the GIT, i.e., pH 1.2, 4.5, 6.8,
and 7.4, the dynamic and equilibrium swelling responses of all
formulations of the SSH-co-MAA were studied using the gravi-
metric method.19 The pre-weighed discs of SSH-co-MAA were
immersed in separate beakers having buffers (100 mL) of
different pH at room temperature. The beakers were kept in
a shaking incubator (JSSI-100C, JS Research Inc. Republic of
Korea) and SSH-co-MAA discs were allowed to swell. Aer pre-
dened time intervals, the swollen SSH-co-MAA discs were
taken out from buffers, blotted with lter paper, accurately
weighed, and swelling indices in terms of Q were calculated
using eqn (1). For the determination of ES (eqn (2)), the SSH-co-
MAA were swelled completely (for 7 days) in the corresponding
buffers. The fully swollen SSH-co-MAA discs were then removed
from the swollen media and weighed. Experiments regarding Q
and ES were conducted in triplicate and the average of the
values are reported here.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Q ¼ Ws

Wd

(1)

ES ¼
�
Meq �Mo

�
Meq

(2)

where, Ws shows the mass (g) of swollen SSH-co-MAA at time t,
Wd is the mass (g) of dry SSH-co-MAA at t= 0,Meq represents the
mass (g) of swollen SSH-co-MAA at equilibrium and Mo is the
initial mass (g) of SSH-co-MAA in dry form.

2.5.2. Swelling kinetics. The swelling data calculated
according to eqn (1) was put into eqn (3) and (4) to measure the
values of normalized degree of swelling (Qt) and normalized
equilibrium degree of swelling (Qe), respectively. Later, the
values of Qt and Qe were fed into a second-order kinetic equa-
tion (eqn (5)) and the rate at which SSH-co-MAA swelled was
determined.

Qt ¼ Ws �Wd

Wd

¼ Wt

Wd

(3)

Qe ¼ WN �Wd

Wd

¼ We

Wd

(4)

t

Qt

¼ t

Qe

þ 1

kQe
2

(5)

where,Ws is the mass (g) of the SSH-co-MAA in the swollen form
at time t, Wd is the mass (g) of the SSH-co-MAA in dry form at
time t = 0, and Wt indicates the mass (g) of buffer retained into
the SSH-co-MAA at time t, WN represents the mass (g) of the
swollen SSH-co-MAA at time tN, andWe is the mass (g) of buffer
retained in the SSH-co-MAA at time t = N.

Graphs between the values of t/Qt vs. t were plotted for
swelling kinetic studies. From the obtained straight lines, the
values of slope (1/Qe), intercept (1/kQe

2), and regression coeffi-
cient (R2) were calculated.

2.5.3. Swelling and de-swelling (on-off switching) studies.
To determine the swelling and de-swelling properties of SSH-co-
MAA in basic (pH 7.4; swelling media) and acidic (pH 1.2; de-
swelling media) environments, three formulations, i.e., M3,
M4, and M7 were selected because of having maximum
swelling. The pre-weighed SSH-co-MAA discs of these three
formulations were rst swelled in the buffer of pH 7.4 for 72 h
and then transferred to a buffer of pH 1.2 for de-swelling study,
i.e., for 80 min. The weight of SSH-co-MAA (swelled and de-
swelled form) was determined accurately using eqn (1) during
the swelling and de-swelling phases. The results were graphi-
cally represented aer recording the four consecutive cycles of
swelling and de-swelling.
2.6. Determination of sol–gel fraction

The determination of the sol–gel fraction will provide infor-
mation about the extent of the degree of cross-linking between
the SSH and MAA. To determine sol–gel fraction the procedure
described in the literature was adopted with necessary modi-
cation.20 Briey, aer the synthesis of SSH-co-MAA, the dry and
un-washed SSH-co-MAA discs of every formulation were soaked
© 2023 The Author(s). Published by the Royal Society of Chemistry
in a mixture of DW and ethanol (70/30%, v/v) and placed on
a shaking incubator for 48 h at ambient temperature. Later, the
SSH-co-MAA discs were taken out from the soaking media,
cleaned with lter paper, dried in an oven at 50 °C, and weighed
to determine sol and gel fractions using eqn (6) and (7),
respectively.

% sol fraction ¼ Wi �Ws

Wi

� 100 (6)

% gel fraction = 100 − sol fraction (7)

where,Wi is the initial weight of SSH-co-MAA andWs is the dried
weight (g) of SSH-co-MAA aer soaking in a mixture of DW and
ethanol.
2.7. Porosity measurement

The solvent displacement method was used to determine the
porosity of SSH-co-MAA in percentage.21 Briey, the pre-washed
SSH-co-MAA discs were weighed, dipped in ethanol (100 mL) for
24 h, and then weighed again aer blotting surface ethanol with
lter paper. The porosity was measured using eqn (8).

% porosity ¼ M2 �M1

rV
� 100 (8)

where, M2 is the mass (g) of SSH-co-MAA aer soaking in
ethanol, M1 is the initial mass (g) of SSH-co-MAA in dry form, r
is the density (g cm−3) of absolute ethanol, and V is the volume
(cm3) of SSH-co-MAA aer soaking in the ethanol for 24 h.
2.8. Drug release studies from VSSH-co-MAA

2.8.1. Drug loading onto SSH-co-MAA. For drug loading,
fresh venlafaxine HCl solution (1%, w/v) was prepared in the
buffer of pH 7.4 and the weighed SSH-co-MAA discs were soaked
in this solution for 24 h. Aer that, venlafaxine HCl loaded SSH-
co-MAA, i.e., VSSH-co-MAA was blotted with lter paper to clean
its surface from surplus solution, put in an oven at 50 °C to dry
till constant weight, and weighed again.

The drug loading capacity of SSH-co-MAA was determined
using gravimetric and extraction methods.22 For the gravimetric
method, the amount of drug loading was determined using eqn
(9).

Amount of drug loaded = WD − Wd (9)

where, WD is the weight (mg) of dried VSSH-co-MAA and Wd is
the weight of dried SSH-co-MAA.

Secondly, a repeated extraction method was employed to
determine the amount of venlafaxine HCl loaded onto the SSH-
co-MAA. The dried discs of VSSH-co-MAA were immersed in
a freshly prepared buffer of pH 7.4 (100 mL) for 24 h at room
temperature. Then VSSH-co-MAA was removed from the buffer
and the remaining buffer was rst ltered to remove undesired
particles, sonicated for 30 min and the venlafaxine HCl
concentration was determined through UV-vis spectrophotom-
eter (UV-1600 Shimadzu Germany) at 274 nm. The VSSH-co-MAA
was re-immersed in the same freshly prepared buffer and the
RSC Adv., 2023, 13, 4932–4948 | 4935
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whole process was continued until all the contents of entrapped
venlafaxine HCl were removed from the VSSH-co-MAA discs.
The venlafaxine HCl loading was calculated using the calibra-
tion curve method.

2.8.2. In vitro drug release studies. A dissolution study was
conducted on USP Dissolution Apparatus II (Pharma Test,
Germany) at 37 ± 0.5 °C and 50 rpm to evaluate the in vitro
release of drug from VSSH-co-MAA. The drug release from VSSH-
co-MAA was observed in conditions that mimic the transit time
and pH of GIT using the pH-change method. Therefore, the
VSSH-co-MAA was placed at pH 1.2 for 2 h, at pH 4.5 for 3 h, at
pH 6.8 for 7 h, and at pH 7.4 for the next 12 h. Although, this
method is very useful to know the effect of pH on drug release,
however, the drug release kinetics and mechanism involved in
the release could not be determined by the pH change method.
Therefore, the drug release behavior from VSSH-co-MAA was
also studied in the buffers of pH 1.2, 4.5, 6.8, and 7.4 for 24 h.
For the dissolution study, the VSSH-co-MAA was dipped in the
vessel having respective dissolution media (900 mL). An aliquot
of the sample (10 mL) was pipetted out aer pre-dened time
intervals and the dissolution media was restored by adding the
same amount of freshly prepared buffers. The withdrawn
sample was ltered, sonicated, and necessary diluted before
analyzing through UV-vis spectrophotometer at 274 nm. The
cumulative venlafaxine HCl release was determined in
percentage using eqn (10).

% drug release ¼ Ft

Floaded

� 100 (10)

where, Ft is the amount of venlafaxine HCl released from VSSH-
co-MAA aer time t and Floaded is the net amount of venlafaxine
HCl loaded onto SSH-co-MAA.

2.8.3. Drug release kinetics and mechanism. The ven-
lafaxine HCl release data was put into the zero-order (eqn (11)),
rst-order (eqn (12)), Hixson-Crowell (eqn (13)), Higuchi (eqn
(14)), and Korsmeyer–Peppas (eqn (15)) kinetic models to
determine the kinetics and mechanism of venlafaxine HCl
release from VSSH-co-MAA.

Qt = K0t (11)

where, Qt shows the amount of venlafaxine HCl release aer any
time t and K0 is the zero-order rate constant.

log Q ¼ log Q0 �
�

K1t

2:303

�
(12)

where, Q0 is the amount of venlafaxine HCl loaded onto the
SSH-co-MAA, Q is the amount of venlafaxine HCl that have to be
released, K1 is the rst-order rate constant, and t is the time at
which aliquot is given out from dissolution media.23

Q0
1/3 − Qt

1/3 = −KHCt (13)

where, Q0 represents the amount of venlafaxine HCl to be
released from VSSH-co-MAA, Qt is the net amount of venlafaxine
HCl released aer time t, and KHC is the Hixson–Crowell rate
constant.24
4936 | RSC Adv., 2023, 13, 4932–4948
Qt = KH(t
1/2) (14)

where, Qt is the amount of venlafaxine HCl released from VSSH-
co-MAA aer time t and KH is the Higuchi model rate constant.25

Mt

MN

¼ kpt
n (15)

where, Mt/MN represents the amount of venlafaxine HCl that is
released aer time t, kp is the Korsmeyer–Peppas model rate
constant, and n indicates the diffusion exponent. The value of n
helps in determining the venlafaxine HCl release mechanism.
Its value may be less than 0.45, between 0.45–0.89, or greater
than 0.89 for Fickian diffusion, non-Fickian diffusion, and
super case-II transport, respectively.26,27

The Model Selection Criterion (MSC), i.e., a modied Akaike
information criterion was also applied to the venlafaxine HCl
release data and the information regarding appropriate release
kinetics models was acquired using eqn (16).28 MSC is consid-
ered independent of the scaling of data points. Moreover, the
kinetics model having the highest value of MSC is recognized as
the best t model.

MSC ¼ ln

0
BB@
Pn
i¼1

w
i
�

�
Yobsi � Y obs

�2

Pn
i¼1

w
i
�ðYobsi � YcaliÞ2

1
CCA� 2p

n
(16)

where, Yobsi represents the observed value of ith data point, Ycali
is the calculated value of ith data point, �Yobs is the mean of
observed data points, wi is the optional weight factor, p is the
number of parameters and n is the number of data points.
3. Results and discussion
3.1. Synthesis of SSH-co-MAA and reaction mechanism

Using the free radical copolymerization method, SSH and MAA-
based novel composite hydrogel, i.e., SSH-co-MAA (nine
different formulations) was synthesized. Fig. 3 is showing the
involvement of a three-step mechanism, such as initiation,
propagation, and termination in the synthesis of SSH-co-MAA.
In the rst step, the peroxide bond (–O–O–) in the initiator (KPS)
was homolytically decomposed to sulfate anion free radicals
(SO4c

−) upon heating at 70 °C. These SO4c
− reacted with DW

and produce hydroxyl radicals (–OHc−) which intern generated
free radicals on SSH by removing protons of its hydroxyls and
designated as SSH–Oc−. Moreover, the SO4c

− homolytically
cleaved the pi-bond of vinyl linkage of MAA and converted it to
the free radicals, i.e., OH–CH2Cc

−(CH3)–COOH. In the propa-
gation step, the OH–CH2Cc

−(CH3)–COOH is self-polymerized to
produce poly(MAA) which is further graed onto SSH and
developed persulphate-saccharide redox system (macro-
biradical I). As the cross-linker (MBA) has two unsaturated
double bonds, therefore, it provided four reactive sites. There-
fore, MBA linked with macro-biradical I and converted it to
macro-biradical II. Lastly, in the termination step, macro-
biradical II coupled and produced SSH-co-MAA as illustrated
in Fig. 3.29
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Illustrated free radical reaction scheme for the synthesis of SSH-co-MAA.

Fig. 4 Overlay FTIR spectra of SSH, MAA, SSH-co-MAA, venlafaxine HCl, and VSSH-co-MAA. FTIR spectrum of venlafaxine HCl is reprinted from
(ref. 33) with permission from Elsevier.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 4932–4948 | 4937
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3.2. Characterization

3.2.1. FTIR analysis. Fig. 4 is showing the overlay FTIR
spectra of SSH, MAA, SSH-co-MAA, venlafaxine HCl, and VSSH-
co-MAA. A peak at 2987 cm−1 due to the vibration of H in CH2]

C(CH3)–COOH, and a strong and sharp peak corresponding to
C]O stretching at 1692 cm−1 appeared in the FTIR spectrum of
MAA. A signal at 944 cm−1 due to vinyl linkage (C]C–H) can
also be seen in its spectrum.30 Aer conversion, a broadband at
2987 cm−1 in the spectrum of MAA is not present in the spec-
trum of SSH-co-MAA, it is because of conversion of unsaturated
pi-bond of MAA to saturated sigma-bond aer the copolymeri-
zation. Likewise, the spectrum of MAA contains a peak at
944 cm−1 while the same peak in the spectrum of MAA became
weaker and slightly shied to a lower wavenumber, i.e.,
937 cm−1. A peak at 1722 cm−1 (CO) in the spectrum of SSH-co-
MAA also appeared. Besides, the peaks for glycosidic linkages
(COC) at 1188 cm−1 and CH in the methylene group at
1469 cm−1 were also observed in the spectrum of SSH-co-MAA.31

Therefore, all of this evidence supported the successful graing
of MAA onto the SSH backbone.

A peak at 1269 cm−1 in the spectrum of venlafaxine HCl
corresponds to the stretching vibrations of the methoxy group
(OCH3). The peak for CN can also be seen in the spectrum at
wavenumber ranging from 1197–1147 cm−1. Also, the peaks at
1469 and 3323 cm−1 indicate the presence of benzene ring and
OH, respectively in the venlafaxine HCl.32 The spectrum of
VSSH-co-MAA has all the vital bands of venlafaxine HCl and
Fig. 5 Solid-state CP/MAS 13C-NMR of SSH-co-MAA (a), overlay PXRD sp
TG curves of SSH-co-MAA, and VSSH-co-MAA (c). A figure portion ((b
permission from Elsevier.

4938 | RSC Adv., 2023, 13, 4932–4948
SSH-co-MAA as described earlier without any signicant alter-
ation in their band shiing or the appearance of new bands.
Hence, indicated that the venlafaxine HCl was successfully
loaded onto SSH-co-MAA without producing any chemical
change between them.

3.2.2. Solid-state CP/MAS 13C-NMR analysis. The solid-state
CP/MAS 13C-NMR spectrum of SSH-co-MAA is presented in Fig. 5a.
Aer copolymerization of SSH with MAA, the signals of C]O
appeared at 182.50 ppmwhereas the signals due to CH2 andCH of
MAA was observed at 45.28 ppm. The distinct signal of CH3 of
MAA in SSH-co-MAA appeared at 17.69 ppm. Aer copolymeriza-
tion, the major portion in SSH-co-MAA is MAA, therefore all
signals of the sugar region of SSH are generally difficult to observe
in the NMR spectrum of SSH-co-MAA. However, the long signals of
C2-6 are yet therein the spectrum of SSH-co-MAA and are detect-
able. For reference, the spectrum of SSH is given elsewhere.15

3.2.3. PXRD analysis. Powder X-ray diffraction analysis is
used to determine the crystallinity/amorphous nature of the
polymers. The PXRD diffractograms of SSH-co-MAA, venlafaxine
HCl, and VSSH-co-MAA are shown in Fig. 5b. The PXRD graph of
venlafaxine HCl showed sharp peaks at 20.5°, 21.3°, 21.9° and
25.2° due to its crystalline nature.33 Though, the diffractogram
of VSSH-co-MAA displayed subtle peaks instead of sharp peaks
indicating that the venlafaxine HCl was present in an amor-
phous form in the formulated VSSH-co-MAA.37 Moreover, the
diffused nature of the peaks of VSSH-co-MAA conrmed the
entrapment of the venlafaxine HCl in the chemically cross-
ectra of SSH-co-MAA, venlafaxine HCl, and VSSH-co-MAA (b), overlay
), PXRD spectrum of venlafaxine HCl) is reprinted from (ref. 33) with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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linked hydrogel network and the masking of the crystalline
form of venlafaxine HCl. Furthermore, the crystallinity of ven-
lafaxine HCl reduced subsequent its loading which is signal of
efficacious encapsulation and diffusion at molecular level in
hydrogel structure. As the amorphous form is more soluble
than the crystalline form, the solubility of the drug was
improved in synthesized hydrogel.

3.2.4. Thermal analysis. The overlay TG curves of SSH-co-
MAA before and aer drug (venlafaxine HCl) loading (VSSH-co-
MAA) are presented in Fig. 5c and the corresponding thermal
data calculated from the TG curve is presented in Table 2. The
values of thermal decomposition of SSH-co-MAA are high and it
degraded majorly in 350–500 °C range which is higher band
even than the precursor, SSH.15 Therefore, these ndings indi-
cated that the graing of MAA onto SSH yielded thermally stable
Table 2 Thermal decomposition data of SSH-co-MAA, and VSSH-co-
MAAa

Sample Step Tdi (°C) Tdm (°C) Tdf (°C) Char yield (wt%)

SSH-co-MAA I 205 249 290 15.37 at 600 °C
II 320 470 490

VSSH-co-MAA I 230 255 300 8.86 at 600 °C
II 330 482 505

a SSH-co-MAA: S. spinosa mucilage and methacrylic acid copolymer
hydrogel; VSSH-co-MAA: venlafaxine HCl loaded SSH-co-MAA.

Fig. 6 Scanning electron micrographs of SSH transverse (a) and longitud
cross-sections in swollen then freeze-dried form. Size distribution of ma
sections.

© 2023 The Author(s). Published by the Royal Society of Chemistry
copolymer which expected to have higher shelf life hence, such
materials can be stored over a long period of time. Furthermore,
the loading of venlafaxine HCl onto SSH-co-MAA did not alter
the stability of copolymer and vice versa.

3.2.5. SEM analysis. SEM images of the SSH (Fig. 6a and d)
and SSH-co-MAA (Fig. 6b, c, e and f) indicated the porous
surface and presence of interconnected channels in both the
materials. The appearance of these pore and interconnected
channels in SSH-co-MAA are might be due to the presence of the
ionic and hydrophilic nature of the fundamental constituents
including SSH and MAA. These constituents are responsible for
the penetration of the solvent into SSH-co-MAA and lead to an
increase in its hydrophilicity, swelling, and porosity. Hence,
these channels are also further responsible for swelling and de-
swelling properties of SSH-co-MAA, loading of venlafaxine HCl
onto SSH-co-MAA, and release of venlafaxine HCl from VSSH-co-
MAA. On comparing, it was observed that the pore size of the
SSH was greater than SSH-co-MAA which is evidenced by the
histograms (Fig. 6g for SSH and Fig. 6h for SSH-co-MAA) but
even the copolymer contains still a superporous nature.

3.3. Swelling studies of SSH-co-MAA

As the swelling properties of the hydrogel systems play a key role
in the development of immediate as well as sustained release
DDSs, therefore, it is important to evaluate the various factors
that affect the swelling properties of the SSH-co-MAA.
inal (d), and SSH-co-MAA transverse (b and c) and longitudinal (e and f)
cropores of SSH transverse (g) and SSH-co-MAA transverse (h) cross-

RSC Adv., 2023, 13, 4932–4948 | 4939
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Fig. 7 Swelling index (g g−1) and second-order swelling kinetics of SSH-co-MAA at pH 1.2 (a and e), pH 4.5 (b and f), pH 6.8 (c and g), and pH 7.4
(d and h).
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3.3.1. Effect of pH. The graphical representation of the
effect of different pH of GIT, such as pH 1.2, 4.5, 6.8, and 7.4 on
the dynamic swelling indices and equilibrium swelling of the
4940 | RSC Adv., 2023, 13, 4932–4948
SSH-co-MAA is depicted in Fig. 7 and 8, respectively. The SSH-co-
MAA showed maximum swelling at pH 7.4 (Fig. 7d) and least
swelling at pH 1.2 (Fig. 7a). The overall swelling order of all the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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formulations of SSH-co-MAA was found in the sequence of pH
7.4 > 6.8 > 4.5 > 1.2. The nearly off swelling of SSH-co-MAA at pH
1.2 is due to the protonation and association of the carboxylic
acid (COOH) group of SSH. In response to protonation, the
possible anion–anion (carboxylate–carboxylate) interactions are
eliminated, and hydrogen bonding becomes strengthened due
to which physical cross-linking between polymer chains may
develop. Therefore, a decrease in the swelling index was
observed at pH 1.2 (Fig. 7a).34 However, as the pH of the swelling
media was increased from pH 1.2 to pH 4.5 (Fig. 7b), 6.8
(Fig. 7c), and 7.4 (Fig. 7d), the COOH groups of SSH-co-MAA
ionized to carboxylate anion (COO−) by giving protons in the
basic environment (pH 7.4). Consequently, electrostatic (anion–
anion) repulsions between the polymer chains may develop
which leads to an increase in the swelling. At pH 4.5, less
swelling as compared to a buffer of pH 6.8 and 7.4 and more
swelling as compared to a buffer of pH 1.2 was observed. At pH
4.5, a fewer number of ionizable COOH groups are present as
compared to a buffer of pH 6.8 and 7.4 and a greater number of
ionizable COOH groups are present as compared to a buffer of
pH 1.2. Due to less number of ionizable COOH, penetration of
liquid may hinder at pH 4.5 and result in the decrease of
swelling.

For a better understanding of the pH-responsive swelling
behavior of SSH-co-MAA, the mean of the swelling of all the
formulations and corresponding swelling kinetic data was
plotted and presented in Fig. 8a and b, respectively. Such
studies revealed that SSH-co-MAA is a pH-responsive material
and could be a suitable candidate for the designing of sustained
and targeted DDSs.

3.3.2. Effect of polymer concentration. The concentration
of SSH was varied from 1.5 to 2.5% to evaluate the effect of
polymer concentration on the Q and ES of SSH-co-MAA at
a constant concentration of MAA (35.0%), MBA (0.4%), and KPS
(0.4%). The swelling of SSH-co-MAA was found directly related
to the concentration of SSH. The formulation (M3) of SSH-co-
MAA prepared using 2.5% SSH showed maximum swelling. In
comparison, the order of swelling was found asM1 <M2 <M3 in
all the swelling media (Fig. 7a–d for Q and Fig. 8c–e for ES). This
trend is attributed to the polyelectrolyte nature of SSH and due
to the presence of polar functional groups, like OH in SSH as
evident from the FTIR (Fig. 4) and solid-state CP/MAS 13C-NMR
spectrum (Fig. 5a). Such functionalities are responsible for the
increase in translational entropy of the counter ions and
hydrophilicity which in turn increases the swelling responses.
However, using more than 2.5% of SSH the swelling indices
tend to decrease which may be due to the increase in the
viscosity of the reaction mixture. Consequently, the viscosity of
the reaction mixture was increased followed by the increased
steric hindrance of ionic groups of SSH which restricted the free
rotation of water molecules. Hence, swelling of the SSH-co-MAA
tends to decrease. Therefore, the best formulation of SSH-co-
MAA can be prepared using 2.5% SSH.

3.3.3. Effect of monomer concentration. At an optimum
concentration of SSH (2.5%), MBA (0.4%), and KPS (0.4%), the
effect of monomer (MAA) concentration on the Q and ES of the
SSH-co-MAA was studied using 30.0 to 37.5% of MAA. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
obtained results are graphically presented in Fig. 7a–d for Q and
Fig. 8d for ES. It was revealed that with the increase in the
concentration of MAA, the swelling of SSH-co-MAA tends to
decrease abruptly up to its optimum concentration, i.e., 30.0%.
The order of swelling in buffers of pH 1.2, 4.5, 6.8, and 7.4 was
found to be M4 > M5 > M6. The MAA is a hydrophilic monomer
having ionize-able COOH groups, hence, increasing concen-
tration in the reaction mixture increases the number of COOH
groups in the hydrogel systems to be developed. Therefore, due
to the increase in the concentration of the MAA, the swelling of
the SSH-co-MAA should be increased. However, the presence of
electron donor acetyl group (CH3) in this monomer resulted in
steric hindrance which consequently retarded the SSH-co-MAA
to swell more. Therefore, a decrease in Q and ES of SSH-co-MAA
was noted with an increase in the concentration of MAA.18

Moreover, due to the increase in the concentration of MAA, the
reaction mixture may become viscous which resulted in a highly
cross-linked and less porous SSH-co-MAA. Due to less porosity,
the ability of swelling media to penetrate the SSH-co-MAA was
reduced.18 Consequently, the swelling of SSH-co-MAA was found
to be decreased at a higher concentration of MAA, i.e., greater
than 30.0%.

3.3.4. Effect of cross-linker concentration. The effect of
increasing the concentration of the MBA on the Q and ES of
SSH-co-MAA was also evaluated at 2.5% SSH, 35.0% MAA, and
0.4% KPS. The obtained results have revealed that by increasing
the concentration of MBA from 0.4 to 1.0%, the Q and ES of the
SSH-co-MAA decreased (Fig. 7a–d for Q and Fig. 8e for ES). This
trend is because, on increasing the concentration of the MBA,
the cross-linking density of the SSH-co-MAA may be increased
which imparted more compactness, rigidity, and stability to the
SSH-co-MAA. Therefore, SSH-co-MAA absorbs a small quantity
of the swelling media, i.e., buffers of pH 1.2, 4.5, 6.8, and 7.4
and less swelling of SSH-co-MAA was observed.35 Moreover, due
to the presence of the high amount of the MBA, the physical
entanglement between the polymeric chains of SSH-co-MAA
may increase due to which the SSH-co-MAA become more and
more cross-linked as well as least acidic. Hence, the COOH
groups of SSH-co-MAA get covered which did not allow the
polymeric chains of SSH-co-MAA to move freely by imparting
hydrophobicity to SSH-co-MAA and by slowing down the ioni-
zation process.35 Hence, 0.4% of MBA appeared ideal amount of
MBA for the synthesis of SSH-co-MAA.

3.3.5. Swelling kinetics. The swelling data obtained aer
swelling of all formulations of SSH-co-MAA at pH 1.2, 4.5, 6.8,
and 7.4 was put in a second-order swelling kinetics model and
depicted in Fig. 7e–h. Second-order swelling kinetics explained
the swelling capacity of the polymer in terms of the rate of
swelling in un-hydrated and hydrated form. Moreover, second-
order swelling kinetics also established that the rate of swelling
of a polymer or rate of absorbency of swelling media by the
polymer is directly proportional to the polymer's capacity to
convert into a hydrated or swollen form at a specic time.36

Therefore, by considering the value of regression coefficient,
i.e., (R2) approaching “1” is considered the best tted kinetic
equation or followed the second-order swelling kinetics.
RSC Adv., 2023, 13, 4932–4948 | 4941
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Fig. 8 Cumulative swelling index (g g−1) (a) and swelling kinetics (b) of all formulations of SSH-co-MAA at pH 1.2, 4.5, 6.8, and 7.4, the effect of
concentration of polymer (c), monomer (d), and cross-linker (e) on equilibrium swelling (g g−1) of SSH-co-MAA at pH 1.2, 4.5, 6.8, and 7.4,
swelling and de-swelling responses of formulations M3, M4, and M7 at pH 7.4 and 1.2 (f), and photographs of the swollen SSH-co-MAA at pH 1.2,
4.5, 6.8, and 7.4 captured after 72 h (g).
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3.3.6. Swelling and de-swelling (on-off switching) studies
of SSH-co-MAA. Three formulations, i.e., M3, M4, and M7 were
selected based on their high swelling indices to study the pH-
4942 | RSC Adv., 2023, 13, 4932–4948
responsive swelling and de-swelling properties of SSH-co-MAA
in the buffer of basic pH (pH 7.4; swelling media) and acidic pH
(pH 1.2; de-swelling media) at ambient temperature mimicking
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the pH of the intestine and stomach, respectively. The rate of
swelling of SSH-co-MAA discs was slow at pH 7.4, therefore, the
SSH-co-MAA discs were kept in the swelling media for 72 h to
swell completely. The fully swollen SSH-co-MAA discs were then
transferred to the acidic buffer and rapid de-swelling was
observed. This process of swelling and de-swelling of SSH-co-
MAA was repeated four times and showed the pH-
responsiveness of SSH-co-MAA as well as the reproducibility of
the results (Fig. 8f). It was also observed that aer each cycle of
swelling and de-swelling, the swelling capacity of SSH-co-MAA
decreased slightly. Before the start of the second swelling and
de-swelling cycle, some portion of the de-swelling media (buffer
of pH 1.2) remained in the swollen SSH-co-MAA which created
a hindrance in the entrance of swelling media (buffer of pH 7.4)
as well as the swelling of SSH-co-MAA up to the level of the rst
swelling cycle. Moreover, the swelling and de-swelling are due to
the switching of the SSH-co-MAA between ionized (COO−) and
Fig. 9 Sol–gel fractions (%) (a) and porosity (%) (b) of SSH-co-MAA form
captured during swelling at pH 7.4 for 72 h (c), and photograph of M4 fo

© 2023 The Author(s). Published by the Royal Society of Chemistry
unionized (COOH) states of carboxylic groups.37 Hence, the
ndings of pH-responsive swelling and de-swelling of SSH-co-
MAA indicated that SSH-co-MAA could be an ideal material for
developing a pH-responsive sustained release DDSs. The images
of optimized formulation (M4) captured during swelling at pH
7.4 (Fig. 9c) and aer complete swelling (aer 72 h) at pH 1.2,
4.5, 6.8, and 7.4 (Fig. 8g) indicated the pH-dependent swelling
of SSH-co-MAA.

3.4. Determination of sol–gel fraction

To determine the amount of uncross-linked soluble and cross-
linked insoluble components in the gel structure of SSH-co-
MAA, the fractions of sol and gel were determined. A direct
relationship between gel-fraction and the concentration of SSH,
MAA, and MBA in SSH-co-MAA was observed, i.e., by increasing
the concentration of these components in the reaction mixture,
the SSH-co-MAA has a high percentage of gel (Fig. 9a). This is
ulations, photographs of optimized formulation of SSH-co-MAA (M4)
rmulation captured after synthesis (d).
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because the high concentration of SSH and MAA produced
a greater number of free radicals in the reaction mixture and
favor in rapid co-polymerization of SSH and MAA.30 The
increase in gel-fraction with the increase in the concentration of
MBA was due to the formation of highly cross-linked SSH-co-
MAA with high cross-linking density.20 However, upon
increasing the concentration of SSH, MAA, and MBA, the sol-
fraction tends to decrease (Fig. 9a) which is due to the inverse
relationship between gel-fraction and sol-fraction.38
3.5. Porosity measurement

Porosity measurement of any hydrogel system is used to study
the inuence of the concentration of polymer, monomer, and
cross-linker on the size of the pores. In general, the larger the
value of pore size of the hydrogel, the greater will be its water
absorption potential of swelling media, and hence swelling
increases. As a result, more drug will be loaded onto hydrogel
and released from the hydrogel. Porosity measurement is
considered an important characteristic of the hydrogel for its
selection as sustained release DDSs.29 Therefore, to evaluate the
effect of SSH, MAA, and MBA on the pore size of the SSH-co-
MAA, porosity was measured, and obtained results are pre-
sented in Fig. 9b. It was inferred that the percent porosity of
SSH-co-MAA increased on increasing the concentration of SSH
and decreased on increasing the concentration of MAA and
MBA during the synthesis process. The increase in the
concentration of SSH resulted in the increased number of OH
groups in SSH-co-MAA due to which the hydrogen bonding
became stronger. Consequently, the interconnected channels
were produced and increased the porosity. However, by
increasing the concentration of MAA and MBA, the porosity was
decreased which may be due to the increase in the physical
interaction between SSH and MAA, and the development of
highly cross-linked material.18
3.6. Drug loading onto SSH-co-MAA

Venlafaxine HCl loading onto SSH-co-MAA was calculated
through gravimetric and extraction methods and found the
values in the range between 65.11 to 92.15 and 66.88 to
93.09 mg, respectively (Table 3).
Table 3 Results of the loading of venlafaxine HCl onto SSH-co-MAA by
buffer of pH 1.2, 4.5, 6.8, and 7.4

Formulation
code

Drug loading (mg per disc) D

Gravimetric method Extraction method p

M1 81.89 � 2.1 80.11 � 1.6 6
M2 85.88 � 1.77 83.90 � 2.1 7
M3 89.9 � 1.45 90.13 � 1.76 8
M4 92.15 � 2.3 93.09 � 2.15 9
M5 80.12 � 3.5 81.31 � 2.18 5
M6 77.21 � 1.1 76.89 � 0.97 5
M7 72.17 � 2.21 74.13 � 2.3 4
M8 68.92 � 3.1 67.56 � 0.63 4
M9 65.11 � 1.12 66.88 � 2.33 4

4944 | RSC Adv., 2023, 13, 4932–4948
A statistically non-signicant difference between the
amounts of venlafaxine HCl loading by both methods was
found. A direct relationship between the amount of venlafaxine
HCl loading onto SSH-co-MAA and its swelling indices was
noted. Owing to high swelling, the cross-linking density and
elasticity of polymeric structure decreased, hence the ability of
SSH-co-MAA to capture the venlafaxine HCl increased. Whereas,
due to lower swelling, both the cross-linking density and elas-
ticity of polymeric structure increased resulting in decreasing
the penetration ability of venlafaxine HCl to the SSH-co-MAA.22

Moreover, the loading of venlafaxine HCl onto SSH-co-MAA was
noted to be dependent on the concentration of SSH, MAA, and
MBA in the formulation, i.e., with the increase in the concen-
tration of SSH, the amount of venlafaxine HCl loading was
found to be increased. The same is true for MAA and MBA. The
overall order of venlafaxine HCl loading was found to be M4 >
M3 > M2 > M1 > M5 > M6 > M7 > M8 > M9.
3.7. In vitro drug release

The studies regarding in vitro venlafaxine HCl release from all
formulations of VSSH-co-MAA were conducted in the buffers of
pH 1.2, 4.5, 6.8, and 7.4 at 37 °C for 24 h. The obtained results
are shown in Table 3 and Fig. 10. The venlafaxine HCl released
from VSSH-co-MAA was found to be purely based on the swelling
indices of SSH-co-MAA, pH of the dissolution media, and
concentrations of the SSH, MAA, and MBA.18 A negligible ven-
lafaxine HCl release, i.e., #9.67% was observed in the buffer of
pH 1.2 aer 24 h. However, upon changing the pH of the
dissolution media to 4.5 (20.25%), 6.8 (74.76%), and 7.4
(89.11%), a signicant amount of venlafaxine HCl release was
noted aer 24 h as mentioned in the parenthesis. The overall
trend of cumulative venlafaxine HCl release (%) was observed as
pH 1.2 < pH 4.5 < pH 6.8 < pH 7.4 (Table 3). It means that the
maximum venlafaxine HCl was released at pH 7.4 for all
formulations of VSSH-co-MAA because having maximum
swelling of SSH-co-MAA at pH 7.4 and minimum release at pH
1.2 was due to negligible swelling of SSH-co-MAA at pH 1.2. Such
pH-responsive drug release behavior could be benecial for oral
administration of different therapeutic agents, especially anti-
biotics, insulin, etc., to release at intestinal pH aer bypassing
the stomach acidic environment.39–41
gravimetric and extraction methods and venlafaxine HCl release in the

rug release (%) aer 24 h

H 1.2 pH 4.5 pH 6.8 pH 7.4

.11 � 0.75 15.34 � 0.84 51.77 � 2.34 75.2 � 3.31

.99 � 0.61 17.55 � 0.31 58.31 � 1.14 79.7 � 2.67

.67 � 0.0.25 19.98 � 0.57 67.23 � 1.07 83.78 � 1.99

.67 � 0.0.17 20.25 � 1.45 74.76 � 3.56 89.11 � 2.11

.88 � 0.79 13.92 � 1.01 49.78 � 1.56 73.23 � 2.45

.09 � 0.13 12.51 � 0.11 44.78 � 2.08 68.69 � 2.09

.99 � 0.08 11.45 � 0.98 43.11 � 1.75 65.31 � 2.17

.78 � 0.10 9.75 � 0.56 39.55 � 1.15 62.09 � 3.09

.65 � 0.55 9.26 � 0.78 35.54 � 2.76 57.75 � 2.15

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 In vitro release of venlafaxine HCl from VSSH-co-MAA at different concentrations of SSH (a) MAA (c) MBA (e) in the buffer of pH 7.4 and
venlafaxine HCl release study performed at the pH and transit time mimicking the conditions of the GIT from VSSH-co-MAA at different
concentration of SSH (b), MAA (d), and MBA (f).
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Upon increasing the concentration of SSH from 1.5 to 2.5%
the venlafaxine HCl released was found to increase from 6.11 to
8.67% at pH 1.2, 15.34 to 19.9% at pH 4.5, 51.77 to 67.23% at pH
6.8, and 75.2 to 83.7% at pH 7.4 aer 24 h (Fig. 10a and Table 3).
Such behavior is because the SSH is a stimuli-responsive swel-
lable hydrophilic material and has been utilized in the devel-
opment of intelligent DDSs. Due to the hydrophilic nature of
SSH, its presence in the materials increased the swelling of
hydrogels.14 Therefore, upon increasing the concentration of
SSH in the SSH-co-MAA the venlafaxine HCl release was found to
increase from it.

Moreover, the release of venlafaxine HCl was found to
decrease from 9.67 to 5.09% at pH 1.2, 20.25 to 12.51% at pH
4.5, 74.76 to 44.7% at pH 6.8, and 89.11 to 68.69% at pH 7.4
aer 24 h once the concentration of MAA was increased from
© 2023 The Author(s). Published by the Royal Society of Chemistry
30.0 to 37.5% (Fig. 10c and Table 3). The results showed that the
venlafaxine HCl release behavior was consistent with the
swelling indices. The formulation with the lowest concentration
of MAA showed the maximum swelling. A possible explanation
of this behavior might be that increasing the monomer
concentration caused an increase in the cross-linking mass of
the polymeric network and lead to the reduced exibility of the
polymeric chains. pH dependent drug release can be related to
the restricted swelling of polymeric networks at low pH leading
to limited diffusion of drug molecules whereas at high pH drug
molecules were released at a faster rate owing to higher swelling
ratios. Above behavior was due to the presence of hydrophilic
groups and COOH group in MAA is responsible for its pH-
sensitive behavior because COOH group of MAA ionizes at
higher pH and employs repulsive forces in polymeric chains.18
RSC Adv., 2023, 13, 4932–4948 | 4945
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Similarly, with the increase in the concentration of MBA
from 0.6 to 1.0%, the venlafaxine HCl release was decreased
from 4.99 to 4.65% at pH 1.2, 11.45 to 9.26% at pH 4.5, 43.11 to
35.54% at pH 6.8, and 65.31 to 57.75% at pH 7.4 (Fig. 10e and
Table 3). By increasing the concentration of cross-linker over all
swelling was reduced due to the growing cross-linking density
of the polymer chain so venlafaxine HCl release was also
decreased. It was evident that by escalating the MBA concen-
tration, there was a decline in venlafaxine HCl release at all pH
values owing to lessen in the mesh size of hydrogels, which
hindered spreading out of the network and chain relaxation.

In GIT mimicking conditions, the results of in vitro ven-
lafaxine HCl release from all formulations of VSSH-co-MAA are
shown in Fig. 10. It was observed that at pH 1.2, the venlafaxine
HCl release was 2.99% from formulation M1, 3.65% from
formulation M2, and 3.78% from formulation M3 (Fig. 10b).
Moreover, the release of venlafaxine HCl was found to increase
up to 9.11, 9.88, and 10.34% at pH 4.5 (aer 5 h), 31.0, 34.9, and
37.77% at pH 6.8 (aer 12 h), and 65.0, 69.0, and 73.0% at pH
7.4 (aer 24 h), respectively, from formulations M1, M2, andM3
(Fig. 10b). The results presented in the Fig. 10d indicated the
effect of increasing concentration of MAA in the prepared
hydrogel on drug release. It was observed that on increasing the
concentration of MAA from 30.0 to 37.5%, the venlafaxine HCl
release was decreased, i.e., 4.10, 4.07, and 3.97% at pH 1.2 from
formulation M4, M5, andM6, respectively aer 2 h. Similarly, at
pH 4.5, 11.55, 8.76, and 7.92% venlafaxine HCl was released
aer 5 h, at pH 6.8, the percentage of venlafaxine HCl released
was noted as 37.67, 29.13, and 25.99% aer 12 h, and at pH 7.4,
the venlafaxine HCl release was observed as 75.02, 63.0, and
58.0% aer 24 h from formulations M4, M5, and M6,
respectively.

Moreover, with the increase in the concentration of MBA
from 0.6 to 1.0%, the venlafaxine HCl release was found to be
decreased due to a decrease in the swelling as shown in Fig. 5.
Therefore, aer 2 h, 3.71, 3.41, and 3.11% venlafaxine HCl was
Table 4 The kinetics data of venlafaxine HCl release from all formulatio

Release models

Formulation code

M1 M2 M3

Zero-order R2 0.8884 0.8120 0.7774
K0 3.647 4.031 4.308
MSC 2.0259 1.5048 1.3357

First-order R2 0.9916 0.9850 0.9866
K1 0.062 0.077 0.089
MSC 4.6078 4.0333 4.1483

Higuchi R2 0.9541 0.96048 0.8281
KH 14.469 16.203 6.999
MSC 2.9156 3.1813 1.5944

Korsmeyer–Peppas R2 0.9907 0.9811 0.9890
KKP 9.731 12.753 14.430
n 0.654 0.594 0.573
MSC 4.3487 3.6350 3.3839

Hixson–Crowell R2 0.9743 0.9560 0.9559
KHC 0.018 0.021 0.024
MSC 3.4945 2.9569 2.9547

4946 | RSC Adv., 2023, 13, 4932–4948
released from formulations M7, M8, and M9, respectively
(Fig. 10f). However, aer 5 h at pH 4.5, 7.0, 6.86, and 6.12%;
aer 12 h at pH 6.8, 24.80, 23.11, and 22.17%, and aer 24 h at
pH 7.4, 55.0, 52.0, and 47.0% venlafaxine HCl was released from
formulation M7, M8, and M9, respectively.

Conclusively, the formulation M4 has shown a better
swelling behavior as well as sustained drug releases prole as
compared with other formulations.
3.8. Drug release kinetics and mechanism

The kinetics and mechanism of venlafaxine HCl release from
VSSH-co-MAA were studied by tting venlafaxine HCl release
data to different kinetics models using DDSolver soware. The
results of kinetics data are presented in Table 4. The values of
correlation coefficient (R2) approaching “1” provided the best t
of the kinetic model to the release data. The value of n helps in
determining the mechanism of venlafaxine HCl release. Based
upon the value of R2, the best t model is rst order indicating
that the venlafaxine HCl release from a porous system is
a concentration-dependent phenomenon. The value of n
appears in the range from 0.553 to 0.817 determined through
the Korsmeyer–Peppas model indicating that the venlafaxine
HCl release followed the non-Fickian diffusion.30,31

SSH-co-MAA hydrogels are composed of polymeric back-
bones with ionic pendant groups (COOH group in MAA). In
aqueous media of pertinent pH, the pendant groups ionize and
produce xed charges on the polymer network, creating elec-
trostatic repulsive forces responsible for pH-dependent swelling
thereby controlling the drug release. The existence of solvent in
a glassy polymer causes the expansion of stresses that are
lodged by an increase in the radius of gyration and end-to-end
distance of polymer molecules, which is seen macroscopically
as swelling. The movement of solvent molecules into the dry
(glassy) polymer matrix takes place with a well-dened velocity
front and a simultaneous increase in the thickness of the
swollen (rubbery) region with time in the opposite direction.
ns of VSSH-co-MAA in the buffer of pH 7.4

M4 M5 M6 M7 M8 M9

0.7504 0.8852 0.9229 0.9244 0.9681 0.9723
4.582 3.544 3.257 3.109 2.869 2.652
1.2211 1.9980 2.3958 2.4161 3.2787 3.4183
0.9881 0.9889 0.9945 0.9931 0.9984 0.9972
0.102 0.059 0.051 0.047 0.041 0.037
4.2624 4.3365 5.0285 4.8142 6.2495 5.7110
0.8560 0.7851 0.7559 0.7545 0.6900 0.6784
8.064 6.031 5.465 5.213 4.675 4.300
1.7716 1.3707 1.2434 1.2376 1.0045 0.9679
0.9883 0.9957 0.9930 0.9931 0.9967 0.9962

16.049 9.548 7.708 7.313 5.097 4.473
0.557 0.651 0.697 0.699 0.798 0.817
3.3372 4.3338 4.6282 4.6475 4.5689 4.4570
0.9593 0.9701 0.9808 0.9801 0.9952 0.9944
0.028 0.017 0.015 0.014 0.012 0.011
3.0352 3.3442 3.8422 3.7502 5.1699 5.0252

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Illustrated mechanism for the release of venlafaxine HCl from VSSH-co-MAA formulations.
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Such swelling and diffusion do not generally follow a Fickian
diffusion mechanism. The existence of a slow macromolecular
relaxational process in the swollen region is believed to be
responsible for the observed non-Fickian behavior both in
swelling and drug release mechanism. Moreover, the high value
of MSC for the rst order model also supported the most
appropriate model explaining the venlafaxine HCl release
kinetics. The Fig. 11 is clearly evoked the mechanism of ven-
lafaxine HCl release from VSSH-co-MAA formulations.
4. Conclusion

In this study, pH-sensitive hydrogel (SSH-co-MAA) based on
mucilage from S. spinosa andMAA was synthesized through free
radical copolymerization using different ratios of SSH, MAA,
and the MBA. The structure, stability, and compatibility of the
venlafaxine HCl with SSH-co-MAA were veried through the
FTIR, solid-state CP/MAS 13C NMR, PXRD, TGA-DSC, and SEM
analyses. It was found that SSH-co-MAA is a supersorbent and
thermally stable material. The swelling of properties of the SSH-
co-MAA was pH-dependent as it offered higher swelling at pH
7.4, and lower swelling at pH 1.2. SSH-co-MAA showed pH-
responsive swelling and de-swelling behavior. Furthermore, it
was observed that the swelling behavior of SSH-co-MAA, drug
loading onto SSH-co-MAA, and drug release from SSH-co-MAA
were found to be increased by increasing the concentration of
SSH and decreased by increasing the concentration of MAA and
MBA. Sol–gel analysis indicated that gel-fraction has a direct
relation with the concentration of SSH, MAA, andMBA. Porosity
measurements revealed that the porosity has a direct relation-
ship with the concentration of SSH and MAA and an inverse
relationship with MBA. Hence, it can be concluded that SSH-co-
MAA has the potential to sustain the release of drug for 24 h at
the pH of small intestine. Due to inability of drug release from
SSH-co-MAA at pH 1.2 make this novel drug delivery system an
ideal candidate for site specic drug delivery and protection of
the acid labile drug from degradation in harsh environment of
stomach. Moreover, the stimuli-responsive swelling and desw-
elling behavior of SSH-co-MAA can be used for developing
stimuli responsive drug delivery system. The highly porous
© 2023 The Author(s). Published by the Royal Society of Chemistry
nature of SSH-co-MAA can be exploited in tissue engineering, as
a scaffold for bone regeneration and other biomedical appli-
cations, as well.
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F. A. López-Dellamary, A. Mart́ınez-Richa, K. A. Barrera-
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