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Background & Objectives: This study aimed to create a controlled delivery system for Tapentadol
Hydrochloride by developing interpenetrating networks (IPNs) of Natrosol-Pectin copolymerized with
Acrylic Acid and Methylene bisacrylamide, and to analyze the effects of various ingredients on the phys-
ical and chemical characteristics of the IPNs.
Methods: Novel Tapentadol Hydrochloride-loaded Natrosol-Pectin based IPNs were formulated by using
the free radical polymerization technique. Co-polymerization of Acrylic Acid (AA) with Natrosol and
Pectin was performed by using Methylene bisacrylamide (MBA). Ammonium persulfate (APS) was used
as the initiator of crosslinking process. The impact of ingredients i.e. Natrosol, Pectin, MBA, and Acrylic
Acid on the gel fraction, porosity, swelling (%), drug loading, and drug release was investigated. FTIR,
DSC, TGA, SEM and EDX studies were conducted to confirm the grafting of polymers and to evaluate
the thermal stability and surface morphology of the developed IPNs.
Results: Swelling studies exhibited an increase in swelling percentage from 84.27 to 91.17% upon increas-
ing polymer (Natrosol and Pectin) contents. An increase in MBA contents resulted in a decrease in swel-
ling from 85 to 67.63%. Moreover, the swelling was also observed to increase with higher AA contents.
Significant drug release was noted at higher pH instead of gastric pH value. Oral toxicological studies
revealed the nontoxic and biocompatible nature of Natrosol-Pectin IPNs.
Interpretation & Conclusion: The developed IPNs were found to be an excellent system for the controlled
delivery of Tapentadol Hydrochloride.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Crosslinked nexus exhibits fascinating biocompatibility due to
which they find applications in pharmaceutical and biomedical
fields (Ijaz et al., 2022). These nexuses are three-dimensional archi-
tectures that can imbibe a remarkable amount of water while
retaining their mechanical attributes. These nexuses are known
as intelligent material/ smart materials as these nexuses respond
to external stimuli like ionic strength, pH and temperature which
in turn promote phase transition, augmented volume and pore size
of the matrix (Danish et al., 2021). Hydrophilic pendent moieties
(-SO3H, –OH, CONH2 and –CONH) aid in retaining media thereby
improving swelling which results in the formation of elastic, soft

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsps.2023.06.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jsps.2023.06.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nadiahzafar@uitm.edu.my
mailto:mbekhet@ksu.edu.sa     
mailto:Barbara.ernst@unistra.fr
https://doi.org/10.1016/j.jsps.2023.06.004
http://www.sciencedirect.com/science/journal/13190164
http://www.sciencedirect.com


N. Zafar, A. Mahmood, S. Ilyas et al. Saudi Pharmaceutical Journal 31 (2023) 101671
architecture whose biological, chemical and physical properties
can be manipulated as per desired response. A suitable section of
polymeric microstructure is crucial as per desired applications.
However, natural and semisynthetic polymers are more crucial
for biomedical applications due to their excellent biocompatibility
and biodegradability (Azam et al., 2021).

Pectin is a complex polysaccharide comprising of galacturonic
acid units which are joined together through 1, 4-ɑ-glucoside
bonds (Padmasri et al., 2020; Danish et al., 2021; Azam et al.,
2021). The literature survey supports the fact that Pectin has con-
trolled release attributes as well as gelation capability which is
attributed to the degree of esterification. Moreover, Pectin depicts
pH-responsive behavior which aids in colon targeting (Gupta et al.,
2002; Liu et al., 2007; Sundar et al., 2012; Grande et al., 2019; Naik
et al., 2020). Natrosol (hydroxyethyl cellulose) (HEC) is a synthetic
polymer; a polysaccharide derivative having thickening, gelling,
stabilizing, and water-retaining properties (El Fawal et al., 2018).
As Natrosol has 100 times the capacity to swell from its original
weight, it is abundantly employed in pharmaceuticals to enhance
the absorption of hydrophobic drugs (Torrest 1982). It has the
unique property of displaying higher viscosity at lower tempera-
tures and showing negligible gelation at higher temperatures
(Harsoor 2011; Singh et al., 2013).

Acrylic Acid (AA) was employed as a monomer. It has unsatu-
rated carboxylic groups with vinyl groups at each end. These car-
boxylic groups are responsible for their pH-responsive behavior.
It promotes swelling at a pH of 6.0–––8.5. Inter-molecular interac-
tions (H-bonding and electrostatic bonds) in IPNs are due to AA
(Vera et al., 2003; Zhang et al., 2014).

Pectin/HEC/AA react with cross-linker forming 3-D nexus which
serves as a matrix for controlled drug delivery. Some studies based
on HEC and Pectin depicted both polymers as excellent biomateri-
als for cartilage regeneration. Careful control of synthesis parame-
ters results in desired polymeric nexus with optimized attributes.
Crosslinking agents (MBA) in such applications are vital as they
allow bond formation between pendent groups of polymers (Pec-
tin/HEC) and monomer (AA). The most commonly employed
crosslinking agents are genipin, glutaraldehyde (GTA), and dextran.
However, the use of the above-mentioned crosslinking agents is
restricted due to cost and reported toxicity. In this work, we
offered an alternative route by using MBA to formulate a less costly
3-D polymeric nexus with tunable attributes. MBA aids in cross-
linking of one polymeric chain to another via covalent bonds. It
is a water-soluble, white crystalline powder. It increases the den-
sity of the gel and stabilizes it by forming inter-molecular linkages
between linear-polymeric chains (Pizzorusso et al., 2012).

Pectin/HEC/AA based nexus serves as a vehicle for controlled
delivery of Tapentadol Hydrochloride. Tapentadol hydrochloride
is a centrally-acting analgesic, having double action: noradrenaline
reuptake inhibitor and l-opioid receptor agonist. It has rapid oral
absorption after administration. It has a short half-life of 4 h. It
possesses poor protein binding of 20% and steady-state concentra-
tion is attained within 25 to 30 h following oral dosing after every
6 h. The recommended dose is 500–600 mg in divided doses after
every 4 to 6 h (Harsoor, 2011). Bioavailability is very low (32%) due
to extensive first-pass metabolic effects. It is metabolized by way
of conjugation into glucuronides and hydroxyl derivatives (Singh
et al., 2013). Low oral bioavailability and frequent dosing make it
an ideal candidate to be incorporated into a controlled-release
drug delivery system. The main advantages of employing Pectin/
HEC/AA scaffolds are the controlled release drug delivery, good
biodegradability, non-immunogenicity and excellent biocompati-
bility with negligible chances of dose dumping. Hence, the main
idea of this work was to contribute to the development of a low-
cost, biocompatible, and biodegradable carrier system that would
2

allow a reduction in the dosing frequency of Tapentadol
Hydrochloride while maintaining its excellent analgesic effect.
2. Material and Methods

2.1. Materials

Natrosol, Pectin, Acrylic Acid (AA) and Ethanol were procured
from Sigma Aldrich, Germany. Ammonium persulfate (APS),
methylene bis-acrylamide (MBA), hydrochloric acid (HCl) and
potassium phosphate were purchased from Merck, Germany.
Tapentadol Hydrochloride was graciously gifted by Jenner Pharma-
ceuticals, Lahore, Pakistan.
3. Methods

3.1. Development of Natrosol/Pectin-co-poly acrylate interpenetrating
network

Free radical polymerization technique was used. A pre-weighed
quantity of Natrosol was added slowly to already warmed (40 �C)
5 ml of distilled water. It was agitated until a transparent and
slightly viscous solution was formed. It was labeled as solution A.
A pre-weighed quantity of Pectin was added in already warmed
(40 �C) 5 ml distilled water in divided portions to obtain a clear
and slightly yellowish solution B. After that, the two solutions (A
and B) were agitated together under constant stirring at 40 �C, in
order to make a mixed polymeric solution, named solution C. Pre-
cisely weighed APS was dissolved in distilled water (5 ml) and
named solution D. Specific amount of cross-linker MBA was added
into a known quantity of AA under continuous stirring for 10–
15 min to get clear solution E and the temperature was maintained
at 40 �C. Next, solution D was carefully poured into polymeric solu-
tion C, and solution E was then added to this solution dropwise
continuously for 5–10 min. Then, this solution was sonicated for
3–5 min at about 5000 rpm. The solution was sonicated to enhance
mixing and remove any trapped or dissolved oxygen. The final
solution was placed in test tubes and sealed with aluminum foil.
A test tube stand was used to hold these test tubes in a water bath.
Primarily, the temperature of the water bath was kept at 45 �C for
about an hour. After an hour, the temperature was increased to
50 �C for two hours. Free-radical polymerization was completed
during this time interval, leading to the development of IPNs. Test
tubes were cooled at room temperature. IPNs were sliced into discs
of specific dimensions with the help of a sharp blade and washed
with a solution containing ethanol and water (30:70) respectively.
Discs were then transferred into Petri dishes. First, the drying discs
were done at room temperature and then dried in an oven at 45 �C
to remove all traces of water in them. Twelve different IPN formu-
lations (IPN1-IPN12) were developed by utilizing varying quanti-
ties of Pectin, MBA, Natrosol, and Acrylic Acid as mentioned in
Table 1. Dried IPNs discs were stored for further analysis.

3.2. Optimization of formulation

In optimization process Central Composite Statistical Design
was employed to optimize the nexus by using Design Expert� soft-
ware (version 13.0.5.0. Stat-Ease., Minneapolis, MN, USA). In this
design 4 factors and 2 levels of each variable (-1, 0 and + 1) was
employed to studied the impact of independent variable (ratio of
polymer, monomer and crosslinker) on dependent variable like
swelling and drug release. Observed response was recorded.
All experiment were conducted in triplicate and results were
presented as ± SD.



Table 1
Composition of Natrosol/Pectin co-poly acrylate IPNs (IPN1-IPN12).

Formulation Code Natrosol (g) Pectin (g) MBA (g) Acrylic Acid (g) APS (g)

IPN-1 0.1 0.1 0.1 6 0.2
IPN �2 0.1 0.1 0.2 6 0.2
IPN �3 0.1 0.1 0.3 6 0.2
IPN �4 0.1 0.15 0.2 6 0.2
IPN �5 0.1 0.2 0.2 6 0.2
IPN �6 0.1 0.25 0.2 6 0.2
IPN �7 0.15 0.1 0.2 6 0.2
IPN �8 0.2 0.1 0.2 6 0.2
IPN �9 0.25 0.1 0.2 6 0.2
IPN �10 0.1 0.1 0.2 8 0.2
IPN �11 0.1 0.1 0.2 10 0.2
IPN �12 0.1 0.1 0.2 12 0.2
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Following are the equations for optimization;
Linear

116 + 13*A-8*C + 4*D-6*B*C-5*B*D-3*C2—1*D 2

Curvilinear

112 + 8*A + 4*A*B + 1*A*D-1*B*C + 1*B*D-2*C*D-1*B 2
3.3. Sol-Gel fraction (%)

Dried interpenetrating network discs were cut or crushed into
small pieces and their weight (Wo) was noted by using a digital
weight balance. Weighed interpenetrating networks disc pieces
were placed into Soxhlet extractor at 100 �C with deionized water
for a period of 24 h. Then the gel pieces were taken out of the
extractor and were dried in an oven at 40oC. Dried IPN pieces were
reweighed (Wi) (Ranjha and Qureshi, 2014). Sol-Gel fraction (%)
was determined by using Eqs. (1) and (2):

Sol fraction %ð Þ ¼ Wo � Wi
Wo

x100 ð1Þ
Gel fraction ¼ 100� Sol fraction ð2Þ
3.4. Porosity testing

Dried and weighed IPN discs of all 12 formulations (IPN 1-IPN
12) were dipped in absolute ethanol for a period of 12 h separately.
Excess ethanol was removed from the discs by placing them in a
desiccator and weight of discs was noted again (Shin et al., 2002)
[20]. Porosity of IPN discs was calculated through Eq. (3):

Porosity ¼ M2�M1ð Þ
qV

� 100 ð3Þ

Where, M1 was the mass of IPN before dipping in ethanol, M2
was the mass of IPN after dipping into ethanol. q was density of
ethanol and V was volume of IPN disc.
3.5. Drug loading (%)

Drug can be loaded in IPNs by two approaches either by pre-
loading or by post-loading method. In current study, pre-loading
approach was used. Typically, a specified amount of drug
(�1.5 g) was dissolved in water and this mixture was poured into
polymerization solution and stirred for about 5 min. Then the mix-
ture was sonicated and poured in test tubes before its polymeriza-
tion in water bath.
3

3.6. Fourier transform infrared (FTIR)

FTIR analysis was performed to confirm, identify and to check
compatibility of formulation ingredients. Crushed sample was
mounted on a crystal-mark made of potassium bromide with the
aid of a spatula and some force was put in on sample for formation
of compact disc for FTIR testing. Infrared spectrums of formulated
Natrosol-Pectin interpenetrating network, Tapentadol Hydrochlo-
ride, Natrosol, Pectin, AA and MBA were recorded at 500–
4000 cm�1 by FTIR spectrophotometer [Bruker Tensor 27 series,
Germany] (Khanum et al., 2018).
3.7. Thermal analysis (DSC/TGA)

DSC was used to measure variation in heat capacity of the mate-
rials, to evaluate glass transition temperature (Tg) as well as to
know the crystalline or non-crystalline nature of samples at a
specific temperature range. DSC was done by utilizing TA instru-
ment SDT Q600 (West, Sussex, UK). The samples were grounded
into powder form to perform DSC. 10 mg of sample was sealed
in an aluminum pan. The samples were heated over 0-500oC at a
heating rate of 20 �C/minute having constant nitrogen flow
(20 ml/min) (Minhas et al., 2020).

TGA was used to determine the thermal stability of pure ingre-
dients as well as developed IPN. Thermogravimetric analysis was
performed by using TA instrument SDT Q600 (West, UK). The sam-
ples were grounded into powder form to perform TGA. 10 mg of
the sample was sealed in an aluminum pan. The samples were
heated over 0-700oC at a heating rate of 10 �C/minute by utilizing
nitrogen flow (20 ml/min) continuously (Minhas et al., 2020).
3.8. Powered X-ray diffraction (PXRD)

XRD analysis is used to confirm the crystalline or amorphous
nature of samples. XRD analysis was done by utilizing an X-ray
diffractometer (Siemens model D500, Cu K ɑ radiation). PXRD
was performed at room temperature under a voltage of 40 kV.
Samples were scanned at 2h angle ranging between 6o-80o at
the speed of 20/min (Wang et al., 2016).
3.9. Scanning electron microscopy (SEM)

SEM was used to determine the surface morphology of
Natrosol-Pectin IPN by using SEM (Hitachi, Tokyo, Japan, Quanta)
analysis. IPN disc was crushed into small pieces and then coated
with gold before scanning (Wong and Dodou, 2017).
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3.10. Energy dispersive X-ray (EDX) spectroscopy

The elemental composition of samples was determined with
Energy Dispersive X-ray (EDX) studies. Atoms present in elements
emit X-rays with specific energy amounts. This energy was used to
determine and identify elements within each sample. EDX peaks
were recorded by utilizing EDX analyzer (Model EX-400; Japan)
(Ichibouji et al., 2009).

3.11. Swelling studies

The swelling behavior of IPNs was studied at both acidic pH 1.2
and basic pH 7.4. The weight of dried IPN discs was recorded and
then soaked in 200 ml of respective buffer solutions. Discs were
taken out from the buffer solution after the predefined time inter-
vals i.e. 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 7, 8, 9, 10, 12, 24, 36,
48, 60 and 72hr. Excessive buffer was absorbed by placing the discs
on filter paper and weight was measured until the weight became
constant. Equilibrium swelling (%) was determined by using Eq. (4)
as given below:

Equilibrium swelling %ð Þ ¼ Ws�Wi
Ws

x100 ð4Þ

Ws = Weight of swollen of disc at specific time interval
Wi = Initial dry weight of disc

3.12. Tapentadol Hydrochloride release studies

To study the release of Tapentadol Hydrochloride from
Natrosol-Pectin IPNs, dissolution studies were performed at differ-
ent pH (acidic 1.2, basic 7.4). Dissolution apparatus Type II (USP)
was operated at a speed of 50 rpm and temperature was main-
tained at 37oC. Pre-weighed IPN discs containing drug were placed
in 900 ml of the buffer solution. After fixed time intervals, samples
were removed (0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 12, 18, 24, 30, 36 and 48 h)
and analyzed. The drawn samples were scanned at 214 nm by
using UV-spectrophotometer (UV-1800, Japan) (Patil et al., 2012).

3.13. Release kinetic studies

The data obtained after dissolution process was used to deter-
mine the best fit kinetic model and mechanism of release of drug
from Natrosol-Pectin IPNs.

Zero order model indicates slow release of active pharmaceuti-
cal ingredient (drug) from drug-delivery systems and it can be
expressed by Eq. (5) (Dash et al., 2010):

Ft ¼ Fo � Ko t ð5Þ
1st order models are used not only to study the drug release

pattern but they also represent absorption & excretion profile of
drugs. It can be expressed by Eq. 6 (Dash et al., 2010):

ln 1� Fð Þ ¼ K1t ð6Þ
Higuchi was first scientist to describe drug release from a

matrix system with the help of a mathematical model. It can be
expressed by Eq. (7):

Ft ¼ KHt1=2 ð7Þ
Where, Ft = fraction of drug release in time t, Fo = total amount

of drug in hydrogel, Ko, K1 and KH are zero order, first order and
Higuchi models rate constants, respectively.

Hixson and Crowell proposed a mathematical model expressed
as Eq. (8):

Wo1
3

�Wt1
3

¼ k t ð8Þ
4

This model is used to study the drug release mechanism from a
polymeric drug delivery system. Eq. (9) can be used for calculation
of value of ‘‘n”.

Mt
M/ ¼ kkptn ð9Þ

Mt/M1 is the portion of Tapentadol Hydrochloride released at
time t, Kkp and n are the rate constant and release exponent,
respectively.

3.14. Oral toxicity experiment

According to OECD guidelines, oral toxicity testing was con-
ducted on healthy rabbits in order to examine the safety level of
prepared Natrosol-Pectin IPN carrier system. 12 male rabbits were
selected for this study having weight of 1.25–1.75 kg out of which,
6 rabbits were grouped together as control group while other 6
rabbits were grouped together as a test group. Healthy food as well
as water was provided to both animal groups on regular basis. A
specific dose of crushed IPN system was given to the test group
(2 g/kg). Physical activities, weight and appearance of rabbits were
checked on regular basis for consecutive 2 weeks. At 14th day,
blood samples were drawn from each group to perform biochem-
ical test, LFT, RFT and lipid profile. After that, the rabbits were scar-
ified on 14th day for histopathological examination to remove vital
organs including liver, heart, brain, spleen, lungs, stomach and
small intestine (Mahmood et al., 2019).

4. Results

4.1. Sol-gel fraction (%)

The influence of variable concentrations of Pectin, MBA, AA and
Natrosol on gel fraction was evaluated as shown in Fig. 1. The
results depicted that as the concentration of MBA, Pectin, Natrosol
and AA was increased, the gel fraction (%) was also increased and
sol fraction was decreased. Gel fraction was increased in the range
of 72–97% for all 12 developed IPN formulations. Fig. 1 showed that
as a concentration of MBA was increased (IPN1-IPN3) from 100 mg
to 300 mg, gel fraction also increased correspondingly from 72.86%
to 94.78% which is attributed to enhanced physical entanglements
and crosslinking in-between polymeric chains eventually enhanc-
ing gel formation. When the amount of Pectin was increased
(IPN4-IPN6) from 150 mg to 250 mg, the gel fraction also increased
from 92.86% to 96.75%. Moreover, by increasing the Acrylic Acid
contents (IPN10-IPN12), the gel fraction was also increased from
92.86% to 95.29% while sol fraction was reduced from 7.14 to
4.71%. Finally, when the amount of Natrosol was increased
(IPN7-IPN9.) from 150 to 250 mg, gel fraction (%) also increased
from 92.16% to 97.73% while sol fraction was reduced from 7.84%
to 2.27%. Gelling time was also considerably reduced from 2 h to
almost 1 h owing to the high gelling capacity of Natrosol in pres-
ence of a cross-linker.

4.2. Porosity testing

The results of porosity studies are presented in Fig. 2. It was
observed that increasing cross-linker (MBA) concentration (IPN1-
IPN3), decreased the percentage porosity from 64.23% to 49.56%,
due to the increased cross-linked density and resulting dense
cross-link nexus. On the other hand, increasing the amount of
Natrosol in IPN7-IPN9 increased the porosity percentage from
49.63% to 64.25%, owing to increased ethanol absorption. Similarly,
increasing the ratio of Pectin in the reaction mixture (IPN4-IPN6)
increased the porosity from 40.24% to 60.25%, due to an increase



Fig. 1. Results of Gel fraction (%) (IPN1 – IPN-12).

Fig. 2. Effect of formulation contents on Porosity (IPN1 – IPN-12).
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in viscosity. Finally, increasing the amount of Acrylic Acid in
IPN10-IPN12 caused a corresponding increase in porosity ranging
between 48.45% and 67.15%.

4.3. FTIR analysis

IR Spectrum of Tapentadol Hydrochloride (Fig. 3A) depicted a
prominent peak at 3157 cm-1 which was due to –OH stretching
of the enol group (C = C-O–H) in phenols. One more characteristic
peak was observed at 1594 cm-1 indicating N–H stretching due to
hydrogen bonding with Cl. Sharp peaks were observed at 796 cm-
1, 2672 cm-1, 1252 cm-1, 1216 cm-1, and 947 cm-1 due to C-Cl
bonding, N–H, C-O, and C–C stretching respectively (Arjunan
et al., 2015). The IR spectrum of Natrosol (Fig. 3B) showed strong
5

peaks at 3306 cm-1, 1552 cm-1, 1409 cm-1, and 1017 cm-1
because of O–H, C–H stretching, and asymmetric stretching of C-
O-C (El-Sayed et al., 2020). The IR spectrum of Pectin (Fig. 3C) dis-
played prominent peaks at 3308 cm-1, 1657 cm-1,1626 cm-1 and
at 1230 cm-1 indicating –OH, >C = O, C = C, and C-O stretching,
respectively (Rehmani et al., 2017). The IR spectrum of Acrylic Acid
(Fig. 3D) displayed peaks at 1409 cm-1 and 1702 cm-1 due to C = C
and C-O vibrational movements, respectively (Feng et al., 2018). IR
of MBA (Fig. 3E) showed characteristics peaks at 3302 cm-1,
1656 cm-1,1625c, 1538 cm-1, 1409 cm-1, 1383 cm-1, 1304 cm,
and 1224 cm-1 because of the presence of N–H groups and C = O
bond (Ibrahim et al., 2019). FTIR spectrum of unloaded preparation
(Fig. 3F) of Natrosol-Pectin IPN represented characteristics peaks at
1154 cm-1, 1704 cm-1, and 2929 cm-1. All characteristic peaks of



Fig. 3. FTIR spectra of A) Tapentadol Hydrochloride B) Natrosol C) Pectin, D) Acrylic
Acid, E) MBA and F) Developed IPN.
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individual ingredients were found to be absent from formulated
IPNs which showed the formation of a new structure of interpene-
trating network.

4.4. Thermal analysis (DSC/TGA)

DSC/TGA studies were used to test the thermal stability of pure
ingredients, drug and developed interpenetrating networks. It was
performed at a range of 0–700 �C. Fig. 4A showed DSC/TGA ther-
mograms of Tapentadol Hydrochloride. Two sharp endothermic
peaks were observed at 210 �C and 300 �C corresponding to the
phase transition temperature of Tapentadol Hydrochloride. A small
exothermic peak was observed at 440 �C due to the complete com-
bustion of the pure drug. TGA thermogram depicted that weight
loss event started at above 250 �C and more than 90% weight loss
occurred at 305 �C.

DSC/TGA thermograms of Pectin were recorded as shown in
Fig. 4B. DSC thermogram presented an initial endothermic peak
near 100 �C due to loss of moisture contents. It was followed by
another endothermic peak at 190 �C. The exothermic event started
at 250 �C and continued up to 570 �C leading to the complete com-
bustion of the polymer. In TGA analysis weight loss started at
100 �C due to loss of moisture contents. 15% weight loss occurred
at 235 �C owing to the breakage of polymeric chains. 40 % weight
loss occurred at 275 �C. Above 280 �C a major weight loss phase
occurred leading to complete degradation at 570 �C.

DSC thermogram of Natrosol (Fig. 4 oC) exhibited exothermic
peaks between 275 �C and 330 �C representing thermal degrada-
tion of polymeric linkages. TGA thermogram of Natrosol displayed
6

one step degradation phase starting from 250 �C. Above 300 �C the
remaining intact mass was up to 30 %.

DSC thermogram of Natrosol-Pectin IPNs loaded with model
drug Tapentadol Hydrochloride (Fig. 4D) showed a broad
endothermic band between 200 and 300 �C followed by exother-
mic peaks between 375 and 575 �C. Two sharp exothermic peaks
were seen at 450 �C and 525 �C which were due to the complete
combustion of the developed network. TGA thermogram presented
an initial major weight loss event at 220 �C and the remaining 40 %
weight loss occurred at 350 �C which continued up to 500 �C where
only 10 % of mass remained intact. According to the above results,
it was concluded that formulated IPNs were much more stable
when compared with individual ingredients.

4.5. Powdered X-ray diffraction (PXRD)

X-ray diffractograms of Tapentadol hydrochloride, Natrosol,
Pectin, and Natrosol-Pectin-co-poly acrylate IPNs were recorded.
It was performed to determine the crystalline or amorphous nature
of test samples. Diffractogram of Tapentadol Hydrochloride dis-
played many evident and sharp peaks such as 17.08�, 18.32�,
21.72�, 25.48� and 34.4� and these peaks substantiated the crys-
tallinity of the drug. The Diffractogram of Natrosol exhibited only
two distinguished peaks at 8.04� and 20.84� (Tian et al., 2020).
The absence of sharp peaks confirmed the amorphous nature of
the polymer. Diffractogram of Pectin presented a number of sharp
and prominent peaks at 8.08�, 12.28�, 13.16�, 16.76�, 19.60�,
22.04�, 25.28�, 31.08� and 39.04� thus confirming its crystalline
nature (Tian et al., 2020). Diffractogram of Natrosol/Pectin-co-
poly acrylate IPNs showed that all the recorded peaks in diffrac-
tograms of individual ingredients have been transformed into
fused peaks thus confirming the conversion of crystalline nature
of drug into amorphous form within the developed IPN. Results
are shown in Fig. 5.

4.6. SEM analysis

SEM micrographs of Natrosol-Pectin IPNs are shown in Fig. 6.
SEM micrographs displayed wavy, rough, irregular and highly por-
ous structure of prepared network. Wavy structure was because of
overlapping of cross-linked polymeric chains which would have
happened during drying process. Porous structure depicted that
IPN would possess high swelling capability which aids in drug
loading and release.

4.7. Energy dispersive spectroscopy

EDX studies were performed in order to recognize the composi-
tion of Tapentadol Hydrochloride, IPN loaded with Tapentadol
Hydrochloride and unloaded IPN. Fig. 7A shows EDX spectrum of
Tapentadol Hydrochloride. Usually, EDX spectrum displays the
presence of a specific element as well as % the weight of each spec-
ified element found in that particular compound. Tapentadol
Hydrochloride contained 71.74 % carbon, 9.34 % oxygen and
18.93 % chlorine as shown in Table 2. EDX spectrum of unloaded
IPN formulation (Fig. 7B) was having 42.86 % carbon, 50.1 % Oxy-
gen and 7.04 % Sulphur. EDX spectrum of Tapentadol Hydrochlo-
ride loaded IPN is shown in Fig. 7C. It can be clearly seen that
chlorine is absent in unloaded IPN while it is present in Tapentadol
Hydrochloride loaded IPN. Moreover, it contained 68.18 % carbon,
9.19 % oxygen and 22.64 % chlorine (see Table 3).

4.8. Equilibrium swelling studies

Equilibrium swelling studies were carried out to investigate the
effect of two different pH environments i.e. 1.2 and 7.4 on the



Fig. 4. DSC/TGA thermograms of A) Tapentadol Hydrochloride, B) Pectin, C) Natrosol and D) Developed IPN.

Fig. 5. X-ray diffractograms of Tapentadol Hydrochloride, Natrosol, Pectin and
developed IPN.
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developed network as shown in Fig. 8. At pH 1.2, swelling was min-
imal as carboxyl groups responsible for chain relaxation were
unable to get ionized at pH 1.2. While at pH 7.4, pronounced swel-
ling was noticed due to ionization of carboxylic groups into car-
7

boxylate ions as a result they repelled each other thereby
promoting higher uptake of swelling media and subsequently dis-
playing higher swelling.

4.9. Effect of cross-linker concentration on swelling

It was noted that by increasing the concentration of MBA,
(IPN1-IPN3) swelling decreased from 85 � 67.63 % (pH 7.4) as
shown in Fig. 9. Higher quantity of cross-linker resulted in the
development of extremely firm network and masked the car-
boxylic groups due to which the electrostatic repulsion for chain
elongation was decreased and thus, high crosslinking density justi-
fied low swelling behavior. No significant change in swelling was
observed at pH 1.2.

4.10. Effect of pectin contents on swelling

By increasing the concentration of Pectin (IPN4-IPN6), no signif-
icant swelling change was seen at pH 1.2. However, at pH 7.4, we
observed that when a greater concentration of Pectin was used, the
swelling was increased simultaneously from 84.27 to 90.12 %. This
was mainly contributed by two main reasons: primarily, Pectin
comprises of carboxymethyl groups (–COOCH3) which ionize
greatly at basic pH 7.4 and remain non-ionized at acidic pH 1.2.
When carboxymethyl (–COOCH3) groups get ionized, electrostatic
repulsions are enhanced. Such repulsions among polymeric chains
of polymer result in the expansion of IPN. Secondly, increased
porosity was observed by increasing the concentration of Pectin



Fig. 6. SEM photomicrographs of IPN at different magnification powers A) 250x, B) 500x and C) 1000x.

Fig. 7. EDX spectrum of A) Tapentadol Hydrochloride, B) Unloaded IPN, and C) Drug
loaded IPN.

Table 2
Elemental composition of Tapentadol Hydrochloride, unloaded Natrosol-Pectin IPN
and loaded Natrosol-Pectin IPN.

Types of material Elements % Weight % Atomic

Tapentadol Hydrochloride C
O
Cl

71.74
9.34
18.93

84.24
8.23
7.53

Unloaded Natrosol-Pectin IPN C
O
S

42.86
50.1
7.04

51.58
45.25
3.17

Loaded Natrosol-Pectin IPN C
O
Cl

68.18
9.19
22.64

82.4
8.33
9.27
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in the simulated intestinal fluid (basic pH 7.4). Owing to this
increase in porosity, an increase in solvent flux occurred into IPN
formulations which in turn resulted in higher swelling. Sarioglu
et al., (2019) developed Theophylline loaded Pectin base hydrogels.
In their findings swelling was promoted parallel to Pectin contents
at basic pH (Sarioglu et al., 2019).

4.11. Effect of natrosol contents on swelling

By increasing the concentration of Natrosol (IPN7- IPN9), no sig-
nificant swelling was observed at pH 1.2 due to other components
used for the formation of IPNs which retard its swelling at acidic
pH. Furthermore, Natrosol contains numerous carboxylic acid
groups (COOH) which are converted to carboxylate ions at basic
pH. Results showed that when a higher concentration of Natrosol
was used, the swelling was increased accordingly from 84.27 to
91.17 % at basic pH. Increased swelling was mainly due to the
extremely hydrophilic nature of the polymer which justified suffi-
cient imbibition of swelling media for better-swelling characteris-
tics of IPNs.
4.12. Effect of acrylic acid contents on swelling

By increasing the concentration of Acrylic Acid (IPN10- IPN12),
no significant swelling was shown at pH 1.2, however, swelling
increased gradually at pH 7.4. The swelling percentage ranged
between 78.24 and –92.5 %. The swelling was observed to be
increased in simulated intestinal fluid (basic pH 7.4). Acrylic Acid
comprises of carboxylic groups which ionize at alkaline pH and
give rise to the expansion of IPNs. Therefore, by enhancing Acrylic
Acid contents, the availability of carboxylic groups and their con-
version into carboxylate ions was increased thereby leading to
higher swelling.

Fig. 10 shows a three-dimensional RSM and contour plot of the
response against the HEC/Pectin/AA and MBA concentration. Swel-
ling with rising trend was observed with decrease in mole fraction
of MBA. Additionally, maximum points on response curve were
observed with increasing amounts of HEC/Pectin.
4.13. In-vitro release studies

Drug-loaded IPN discs were weighed and dipped into 900 ml
buffer solutions of simulated gastric fluid (pH 1.2) as well as sim-
ulated intestinal fluid (pH 7.4) separately and samples were taken
at predefined time intervals i.e. 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 18
and 24 h, and scanned at 214 nm wavelength for absorbance val-
ues. The impact of feed contents was evaluated. In general, drug



Table 3
Results of kinetic modeling (IPN1 – IPN12).

Formulation code Zero order
R2

First order
R2

Higuchi model
R2

Korsemeyer-Peppas

R2 n

IPN1 0.9989 0.9597 0.9015 0.9867 0.828
IPN2 0.9989 0.9643 0.8688 0.9949 0.948
IPN3 0.9989 0.9951 0.8230 0.9993 1.101
IPN4 0.9898 0.9399 0.8097 0.9999 1.205
IPN5 0.9957 0.9509 0.8477 0.9972 1.075
IPN6 0.9840 0.9460 0.8837 0.9857 0.928
IPN7 0.9974 0.957 0.8549 0.9952 1.047
IPN8 0.9976 0.9616 0.8920 0.9898 0.907
IPN9 0.9962 0.9535 0.9202 0.9828 0.916
IPN10 0.9981 0.9356 0.8129 0.9956 0.993
IPN11 0.9986 0.9426 0.8431 0.9943 0.913
IPN12 0.9983 0.9367 0.8661 0.9904 0.851

Fig. 8. Equilibrium swelling at pH 1.2 and pH 7.4.

Fig. 9. Effect of formulation ingredie

N. Zafar, A. Mahmood, S. Ilyas et al. Saudi Pharmaceutical Journal 31 (2023) 101671

9

release was more significant at basic pH of 7.4 as compared to
acidic pH of 1.2. Results indicated (Fig. 11) that when the quantity
of MBA was enhanced from 0.1 g to 0.3 g (IPN1-IPN3), drug release
decreased from 83.55 % to 74.22 %. Enhanced quantity of cross-
linker resulted in more physical entanglements leading to a denser
IPN structure with reduced pore size. The drug release from the
polymeric network was hindered as a result of poor penetration
of dissolution media. Varaprasad et al., (2014) developed car-
boxymethyl cellulose and polyacrylamide-based hydrogels. They
revealed similar results that upon increasing MBA concentration
from 0.032 to 0.081 mM, swelling ratio and drug release were
decreased (Varaprasad et al., 2014).

Drug release increased from 78.14% to 89.37%, as the quantity of
Pectin increased (IPN4-IPN6) as shown in Fig. 11. This behavior
nts on equilibrium swelling (%).



Fig. 10. RSM graphs indicating effect of ingredients on swelling and AA.
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was mainly due to the increase in the number of carboxy-methyl
groups with an increase in Pectin concentration. A weak barrier
for drug release was formed resulting in enhanced drug diffusion
10
from the interpenetrating network. Jaya et al., (2009) developed
microcapsules based on Pectin/alginate and studied the effect of
alginate and Pectin on drug release properties. Their results also



Fig. 11. Results of Release studies at pH 1.2 and pH 7.4.
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supported the fact that an increased quantity of Pectin promotes
drug release (Jaya et al., 2009).

When the concentration of Natrosol was increased (IPN7-IPN9),
release increased to 88.72 % at the simulated intestinal fluid (SIF))
pH 7.4, because of the greater swellability and hydrophilic nature
of polymer at 7.4 pH (Fig. 11). With the rise in Natrosol concentra-
tion, hydroxyl groups increased. –OH groups increase leads to
absorption and retention of more dissolution media ultimately
leading to higher drug release at basic pH. At pH 1.2 up to 8.3%
Tapentadol Hydrochloride release was observed. Kajjari et al.,
(2011) developed hydrogel microspheres containing gelatin and
Natrosol (HEC). They used Theophylline as a model drug and
exhibited similar findings that upon increasing Natrosol concentra-
tion swelling and drug release was increased at alkaline pH (Kajjari
et al., 2011).

Percentage drug release was also increased when Acrylic Acid
quantity was enhanced (IPN10-IPN12) at basic pH 7.4 due to the
carboxylic groups present in acrylic acid getting ionized at higher
pH (greater than4.5). This resulted in more osmotic pressure
within IPNs leading to enhanced ionization and drug release at
pH 7.4.

Release results were predicted via RSM graph and contour plot
as shown in Fig. 12. Central Composite design was employed to
investigate the release profile. Release was evaluated by using
two independent variables (pH 1.2 and 7.4). The response surface
was evaluated via Design Expert software by using coded values
of factor values. The regression model was remarkable, and signif-
icantly valid for a considered response as indicated by P values
(P < 0.05), R1 and coefficient of variation. These types of plots are
used to employ the influence of two factors on the response at
one time, while the third factor was kept constant. In formulation
IPN1-IPN3 linear relationship was observed and swelling
decreased with increase in MBA concentration. However, non-
linear and curvilinear relationship of factor X with factor Y was
11
observed for formulation IPN4-IPN6 (Varying Natrosol concentra-
tion) and IPN7-IPN9 (varying Pectin concentration). Linear rela-
tionship was observed for formulation IPN10-IPN12 which
showed increase in drug release with increase in AA content in
pH 7.4.

4.14. Evaluation of Tapentadol Hydrochloride release kinetics

Kinetic modeling was applied on Tapentadol Hydrochloride
release data by using DDS solver software in order to find out
release pattern from Natrosol-Pectin IPN formulations and best
fit model. Models such as First order, Zero order, Korsemeyer-
Peppas and Higuchi model were applied for obtaining R2 values
of all developed formulations. It was clearly evident from R2 values
that Tapentadol Hydrochloride release from HEC-Pectin IPNs fol-
lowed Zero order kinetics. While the Korsemeyer-Peppas model
revealed mechanism of drug release to be Super case type II trans-
port as value of ‘n’ was greater than 0.89.

4.15. Oral toxicological evaluation

Oral toxicity and biocompatibility assessments were performed
on Natrosol-Pectin IPNs, according to the OECD guidelines. 12 male
albino rabbits having a weight ranging between 1500 and 1800 g
were selected for this purpose. They were grouped into two sub-
groups categorized as a control group and a test group (n = 6).
We observed when the prepared IPNs were administered to the
test group rabbits, no significant ailments such as ocular and der-
mal toxicity as well as no mortality was seen for 14 days. No note-
worthy physical changes were seen in test and control group
animals during this observation period. Blood samples were taken
from both rabbit groups in order to perform CBC, LFT, RFT and uric
acid profiles. Both sets of rabbits (test and control) were sacrificed
on the 14th day and their vital organs were removed and sent for



Fig. 12. RSM graphs indicating effect of ingredients on drug release.

Table 4
Clinical monitoring during oral toxicity studies.

Clinical Monitoring Control Animal
Group (CG)

Tested Animal
group (TG)

Any illness signs Nil Nil
Body Weight (g)
Before treatment

On 1st Day
On 7th Day
On 14th Day

1643.68 ± 0.4
1641.53 ± 0.6
1641.49 ± 0.5
1640.74 ± 0.2

1748.82 ± 0.4
1745.44 ± 0.6
1743.47 ± 0.4
1743.45 ± 0.5

Food consumption (g)
Before treatment

On 1st Day
On 7th Day
On 14th Day

73.85 ± 3.145
71.48 ± 2.283
75.47 ± 4.284
67.97 ± 3.779

73.48 ± 2.77
75.83 ± 1.05
68.25 ± 3.03
71.18 ± 3.88

Water intake (ml)
Before treatment

On 1st Day
On 7th Day
On 14th Day

202.51 ± 2.35
191.44 ± 4.31
196.83 ± 3.38
202.22 ± 2.39

183.61 ± 2.87
189.598 ± 1.65
201.94 ± 3.14
197.66 ± 2.44

Dermal allergy Nil Nil
Ocular toxicity Nil Nil
Mortality Nil Nil

Table 5
Hematological and biochemical analysis of Rabbits blood sample.

Finding parameters Controlled
animal
group (A)

Tested
animal
group (B)

White blood cells (*103/ll)
Red blood cells (*106/ ll)
Hemoglobin (g/dL)
Platelets (*103/ ll)
Lymphocytes %
Monocytes %
Mean corpuscular volume (fL)
Mean corpuscular hemoglobin (pg)
Mean corpuscular hemoglobin
concentration (g/dL)

4.3 ± 0.24
3.78 ± 0.39
11.43 ± 0.66
42.53 ± 0.77
62.1 ± 0.48
3.12 ± 0.25
61.9 ± 2.09
19.09 ± 0.5
35.18 ± 1.1

5.12 ± 0.28
4.26 ± 0.61
12.46 ± 0.59
44.52 ± 0.37
66.78 ± 0.71
3.09 ± 0.21
62.41 ± 2.32
20.93 ± 0.15
34.9 ± 1.4
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histopathological testing. Table 4 shows the body weight, water
and food consumption of rabbits during this time period. The
hematological examination is shown in Table 5 and Table 6. Both
hematological and histopathological examination signified that



Table 6
Liver and Renal profile of rabbit blood sample.

Finding parameters Controlled animal
group (A)

Tested animal
group (B)

ALT(U/L)
AST(U/L)
ALP(U/L)
ALB(g/L)
Creatinine(mg/dL)
Uric acid(mg/dL)
Urea(mg/dL)

51.45 ± 1.325
121 ± 2.344
134.5 ± 1.467
5.09 ± 0.405
0.76 ± 0.114
2.04 ± 0.15
16.82 ± 0.25

54.28 ± 1.547
135.1 ± 2.845
146.2 ± 1.63
4.84 ± 0.821
0.7 ± 0.128
2.07 ± 0.24
13.7 ± 0.08
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Natrosol-Pectin IPNs were non-toxic as no specific significant
change was observed in the control and test group of animals.

In the histopathological assessment, shown in Fig. 13, the his-
tology slide of each vital organ of both tests and control rabbit
were prepared and then their photo-micrographs were docu-
mented by single-blind evaluation method. No significant change
was seen in test group animals when compared to controlled group
animals and hence, Natrosol-Pectin IPNs were found to be non-
toxic in nature and were safe to be administered in living tissues.
Brain section histopathological examination showed brain cells
to be normal and neurons were visible having smooth myelin
sheath covering them. Histopathological examination of cardiac
tissues of both control and test animals showed normal cardiomy-
ocytes without any signs of hypertrophy and inflammation. Lung
cross-section illustrated that alveoli were clearly devoid of any
specific sign of inflammation as well as cellular damage. No accu-
mulation of cells was found. Photomicrographs of small intestine
histopathological cross-sections also represented normal results
in both controls as well as test group animals. Histopathological
examination of the liver section of both control and test group ani-
mals did not show any specific signs of inflammation and mortifi-
cation in hepatic cells. Lastly, the kidney cross-section revealed
that kidneys were normal in both groups of animals. No cellular
Fig. 13. Histopathological examination of vital organs of Control (C) a
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accumulation of inflammatory cells was seen and the absence of
cellular damage was observed.
5. Discussion

The present study aimed to create an interpenetrating network
(IPN) for the controlled delivery of Tapentadol Hydrochloride. This
was achieved by developing IPNs of Natrosol-Pectin copolymerized
with Acrylic Acid and Methylene bisacrylamide, and analyzing the
effects of these ingredients on the physical and chemical character-
istics of the IPNs. The findings of this study are significant for the
design and optimization of hydrogels for various applications, as
different concentrations of Pectin, MBA, AA, and Natrosol can be
utilized to develop hydrogel formulations with specific gelation
properties that can be tailored to meet specific requirements for
targeted applications.
5.1. Sol-gel fraction (%)

The increase in gel fraction with an increase in MBA concentra-
tion can be attributed to enhanced physical entanglements and
crosslinking in-between polymeric chains, eventually enhancing
gel formation. This is consistent with the findings of Ranjha et al.
(2011) who developed hydrogels based on Pectin and Acrylic Acid
for the controlled delivery of Verapamil and also reported an
increase in gel fraction with an increase in MBA concentration.
The increase in gel fraction with an increase in Pectin concentra-
tion is consistent with the reported greater gelling capability of
Pectin. This is supported by the findings of Ali et al. (2020) who
also reported an increase in gelation with an increase in Pectin
concentration. The increase in gel fraction with an increase in AA
concentration can be attributed to the increased availability of
carboxylic groups, which can participate in crosslinking. This is
consistent with the findings of Ali et al. (2020). The increase in
gel fraction with an increase in Natrosol concentration can be
nd Test (T) Rabbits after administration of Natrosol-Pectin IPNs.
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attributed to the high gelling capacity of Natrosol in the presence
of a cross-linker. This is consistent with the findings of Fekete
et al. (2017), who reported an increase in gel fraction with an
increase in Natrosol concentration.

5.2. Porosity testing

The results of this study are consistent with previous studies
that have investigated the effect of cross-linker concentration,
Natrosol content, Pectin ratio, and Acrylic Acid amount on the
porosity of hydrogels. For instance, Yoshinobu et al. (1992) found
that increasing the cross-linker content in cellulosic hydrogels
decreased the porosity percentage, similar to our findings.
Bignotti et al. (2017) also observed that an increase in Natrosol
content increased the porosity of HEC and polyacrylamide-based
hydrogels, supporting our results. Likewise, Bashir et al. (2020)
reported that increasing the amount of Pectin and Acrylic Acid in
HPMC-Pectin-Acrylic Acid co-polymerized hydrogels increased
the porosity proportionally, consistent with our observations.

5.3. Thermal analysis (DSC/TGA)

The DSC/TGA results indicate the thermal stability of pure
ingredients, drugs, and developed interpenetrating networks. The
endothermic peaks observed in the DSC thermogram of Tapentadol
Hydrochloride indicate phase transitions of the drug. The weight
loss observed in the TGA thermogram indicates the degradation
of the drug. The endothermic peaks observed in the DSC thermo-
gram of Pectin indicate the loss of moisture contents and the
breakage of polymeric chains. The exothermic event observed in
the DSC thermogram indicates the complete combustion of the
polymer. The weight loss observed in the TGA thermogram indi-
cates the degradation of the polymer. The exothermic peaks
observed in the DSC thermogram of Natrosol indicate the thermal
degradation of polymeric linkages. The weight loss observed in the
TGA thermogram indicates the degradation of the polymer. The
broad endothermic band observed in the DSC thermogram of
Natrosol-Pectin IPNs loaded with model drug Tapentadol
Hydrochloride indicates the phase transition of the developed net-
work. The exothermic peaks observed in the DSC thermogram indi-
cate the complete combustion of the developed network. The DSC/
TGA studies were useful in determining the thermal stability of the
pure ingredients, drug, and developed interpenetrating networks.
The thermograms of Tapentadol Hydrochloride indicated the phase
transition temperature of the drug and the temperature at which it
completely combusted. The thermograms of Pectin and Natrosol
showed the temperatures at which these polymers degraded and
combusted. The DSC and TGA thermograms of Natrosol-Pectin IPNs
loaded with Tapentadol Hydrochloride were compared to those of
the individual ingredients. It was found that the formulated IPNs
were more stable than the individual ingredients, which indicated
the formation of a new interpenetrating network structure.

5.4. Powdered X-ray diffraction (PXRD)

The X-ray diffractograms of Tapentadol hydrochloride, Natrosol,
Pectin, and Natrosol/Pectin-co-poly acrylate IPNs were recorded to
determine the crystalline or amorphous nature of the test samples
(Tian et al., 2020). The diffractogram of Tapentadol hydrochloride
showed several evident and sharp peaks at 17.08�, 18.32�, 21.72�,
25.48� and 34.4�, indicating its crystalline nature. The diffrac-
togram of Natrosol exhibited only two prominent peaks at 8.04�
and 20.84�, confirming its amorphous nature (Tian et al., 2020).
The diffractogram of Pectin presented several sharp peaks at
8.08�, 12.28�, 13.16�, 16.76�, 19.60�, 22.04�, 25.28�, 31.08� and
39.04�, indicating its crystalline nature (Tian et al., 2020). The
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diffractogram of Natrosol/Pectin-co-poly acrylate IPNs showed
fused peaks, indicating the conversion of the crystalline nature of
the drug into an amorphous form within the developed IPN (Tian
et al., 2020). These results provide valuable insights into the nature
of the test samples and can aid in the development of drug delivery
systems and other pharmaceutical formulations.
5.5. Energy dispersive spectroscopy

The EDX studies provided valuable information about the com-
position of the test samples. The absence of chlorine in the
unloaded IPN and its presence in the Tapentadol Hydrochloride
loaded IPN suggests the successful incorporation of the drug into
the IPN. This can be useful in the development of drug delivery sys-
tems and other pharmaceutical formulations.

The absence of chlorine in the unloaded IPN and its presence in
the Tapentadol Hydrochloride loaded IPN is particularly important
as it confirms successful incorporation of the drug into the IPN. The
chlorine atoms in the drug molecule provide a distinct signal in the
EDX spectrum, allowing for easy detection and quantification of
the drug in the IPN. This information can be useful in determining
the drug loading efficiency and release kinetics of the formulated
IPN. In addition, the presence of sulfur in the unloaded IPN may
suggest the use of a sulfur-containing crosslinker or polymer in
the formulation. This information can be relevant in understanding
the physicochemical properties and stability of the IPN.
5.6. Equilibrium swelling studies

The equilibrium swelling studies revealed that the swelling
behavior of the IPN is pH-dependent. This can be attributed to
the presence of carboxyl groups in the polymer matrix, which
can undergo ionization in different pH environments. At pH 1.2,
these carboxyl groups were unable to ionize, resulting in minimal
swelling. However, at pH 7.4, the carboxylic groups became ion-
ized, causing the polymer chains to repel each other and allowing
for greater uptake of the swelling media. This behavior is consis-
tent with previous reports on pH-responsive polymers (Zhang
et al., 2014) and highlights the potential of the developed IPN for
targeted drug delivery applications.
5.7. Effect of cross-linker concentration on swelling

The results of the swelling studies indicate that the concentra-
tion of MBA plays a significant role in determining the swelling
behavior of the IPN. Increasing the concentration of MBA resulted
in decreased swelling due to the development of a more rigid net-
work, which limited the ability of the chains to elongate and
expand. This observation is consistent with previous reports by
Ibrahim et al. (2019), who also observed a similar effect of MBA
content on swelling behavior.

The reduced swelling behavior of the IPN at higher MBA con-
centrations can be attributed to the high crosslinking density of
the network, which masks the carboxylic groups and reduces the
electrostatic repulsion for chain elongation. This effect is more pro-
nounced at pH 7.4, where the carboxylic groups are ionized into
carboxylate ions, promoting higher uptake of the swelling media
and subsequently displaying higher swelling. At pH 1.2, the car-
boxyl groups are unable to get ionized, resulting in minimal swel-
ling. Overall, these results suggest that the swelling behavior of the
IPN can be modulated by varying the concentration of MBA, which
can be useful in designing drug delivery systems with desired
release profiles.
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5.8. Effect of pectin contents on swelling

The results showed that increasing the concentration of Pectin
had a significant effect on the swelling behavior of IPN at pH 7.4
but not at pH 1.2. The ionization of carboxymethyl groups in Pectin
at basic pH 7.4 led to enhanced electrostatic repulsions and subse-
quently increased swelling. Additionally, the increased porosity of
IPN by increasing the concentration of Pectin at simulated intesti-
nal fluid (basic pH 7.4) led to a higher solvent flux into the IPN for-
mulations, resulting in higher swelling. These findings are
consistent with the results reported by Sarioglu et al. (2019) in
their study on Theophylline-loaded Pectin-based hydrogels, where
the swelling was promoted parallel to Pectin contents at basic pH
(Sarioglu et al., 2019).

5.9. Effect of Natrosol contents on swelling

The results indicate that Natrosol is highly hydrophilic, which is
consistent with its ability to imbibe swelling media, resulting in
better swelling characteristics of the IPNs. The carboxylic acid
groups present in Natrosol are converted to carboxylate ions at
basic pH, which contributes to the increased swelling observed in
IPNs with higher concentrations of Natrosol at pH 7.4. The lack of
significant swelling at acidic pH can be attributed to the other
components used in the IPN formulation, which retard swelling
at low pH values. These findings are in line with the results
reported by Ijaz et al. (2018), who developed IPNs containing
Natrosol and Acrylic Acid for controlled delivery of Perindopril
Erbumine and observed similar results. Ijaz and Tulain, (2019)
observed similar findings that when the percentage of HEC was
increased from 2 to 4%, swelling was also promoted from 53.76
to 55.41% at alkaline pH.

5.10. Effect of acrylic acid contents on swelling

The authors note that the observed increase in swelling at pH
7.4 was likely due to the ionization of carboxylic groups in Acrylic
Acid, which promotes the expansion of IPNs. By increasing the
availability of carboxylic groups and their conversion into carboxy-
late ions, higher swelling was observed. The lack of significant
swelling change at pH 1.2 was not discussed in detail. Jalil et al.,
(2017) fabricated highly porous co-polymeric hydrogel composites
of sodium alginate and Acrylic Acid by utilizing free radical poly-
merization technique for controlled delivery of Diclofenac potas-
sium. Their findings showed that increase in pH and Acrylic Acid
contents caused a simultaneous increase in swelling proportion
of developed hydrogels (Jalil et al., 2017).

5.11. In-vitro release studies

In the present study, drug release from drug-loaded IPN discs
was evaluated in buffer solutions of simulated gastric fluid (pH
1.2) and simulated intestinal fluid (pH 7.4) separately. Results indi-
cated that drug release was more significant at the basic pH of 7.4
compared to the acidic pH of 1.2. This behavior can be attributed to
the swelling behavior of IPNs in different pH conditions. At a basic
pH, IPNs swell more due to the presence of more hydrophilic func-
tional groups, resulting in increased drug release (Varaprasad et al.,
2014). The effect of feed contents on drug release was also investi-
gated. It was observed that when the quantity of MBA was
increased, drug release decreased. This was due to the formation
of a denser IPN structure with reduced pore size, which hindered
the drug release by reducing the penetration of dissolution media.
Similarly, Varaprasad et al. (2014) reported that increasing the
MBA concentration resulted in a decrease in swelling ratio and
drug release. On the other hand, an increase in Pectin concentra-
15
tion resulted in enhanced drug release due to the formation of a
weak barrier for drug release. The carboxy-methyl groups in Pectin
increased with an increase in Pectin concentration, leading to
increased drug diffusion from the interpenetrating network. This
finding is consistent with the study conducted by Jaya et al.
(2009), who reported that an increased quantity of Pectin pro-
motes drug release. The effect of Natrosol concentration on drug
release was also investigated. It was observed that drug release
increased as the concentration of Natrosol increased, especially at
a basic pH of 7.4. This behavior can be attributed to the greater
swellability and hydrophilic nature of the polymer at a basic pH,
leading to increased absorption and retention of more dissolution
media and ultimately resulting in higher drug release. This finding
is consistent with the study conducted by Kajjari et al. (2011), who
reported that increasing Natrosol concentration resulted in
increased swelling and drug release at alkaline pH. Lastly, an
increase in the quantity of acrylic acid also resulted in increased
drug release at a basic pH of 7.4 due to the ionization of carboxylic
groups present in acrylic acid at higher pH. This behavior resulted
in more osmotic pressure within IPNs, leading to enhanced ioniza-
tion and drug release at pH 7.4.

5.12. Oral toxicological evaluation

The histopathological assessment is a crucial step in evaluating
the safety of any new drug or material. In this study, the authors
conducted a histopathological assessment of vital organs (brain,
heart, lung, small intestine, liver, and kidney) to determine the tox-
icity of Natrosol-Pectin IPNs. The results of the histopathological
assessment showed that there were no significant changes in the
test group animals when compared to the control group animals,
indicating that the Natrosol-Pectin IPNs were non-toxic and safe
to be administered in living tissues. These results are consistent
with previous studies that have investigated the safety of IPNs.
For example, Wang et al. (2012) conducted a histopathological
examination of IPNs based on gelatin and chitosan and found them
to be non-toxic and safe for in vivo applications. Similarly, Fan et al.
(2019) evaluated the toxicity of IPNs based on polyvinyl alcohol
and sodium alginate and found them to be non-toxic and safe for
use in biomedical applications. Overall, the results of this
histopathological assessment suggest that Natrosol-Pectin IPNs
are safe for use in living tissues and may have potential biomedical
applications.
6. Conclusion

Natrosol-Pectin IPNs were successfully fabricated by means of
chemical cross-linking method i.e. free radical polymerization
method. Except MBA, incremental rise in Natrosol, pectin and
acrylic acid contents promoted percent swelling of IPNs and
Tapentadol Hydrochloride release. FTIR, SEM, DSC, TGA and XRD
tests substantiated the complex formation of IPNs, which was hav-
ing enhanced thermal stability as compared to individual compo-
nents of IPN. Gelling percentage was also directly proportional to
reactants. Acute oral toxicity studies validated safety and biocom-
patibility of the fabricated IPNs towards living tissues. So, fabri-
cated IPNs presented pH responsive character that can be
effectively employed in the management of pain using opioid anal-
gesics such as for controlled delivery of Tapentadol hydrochloride.
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