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Abstract
The purpose of the current research study was to formulate and evaluate a fenugreek 
(FG) and agarose (AG) base hydrogel exploiting pH-responsive attributes and colon 
targeting of 5-fluorouracil (5-FU). A novel 5-FU loaded fenugreek (FG) and aga-
rose (AG) base hydrogel was formulated via free radical polymerization by employ-
ing N’, N’methylene bisacrylamide (MBA) as a crosslinker and methacrylic acid as 
a monomer. The influence of substrate concentrations (FG, AG, MBA, and MAA) 
was studied on the swelling index, sol–gel fraction, and drug release rate (%). It was 
also evaluated  that as the concentration of fenugreek and agarose increases, drug 
release increases to 94.35 ± 0.34 (%) at pH 7.4 and 13.34 ± 0.34 (%) at pH 1.2. How-
ever, an  increase in MAA concentration further leads to an increase in swelling, 
95.87 ± 0.23 at pH 7.4 and 14.35 ± 0.74 at pH 1.2. Moreover, MBA concentration 
could significantly and directly influence the swelling of hydrogels owing to the var-
iation of crosslinking density. An increase in MBA concentration results in a signifi-
cant decrease in swelling. Fourier transform infrared spectroscopy (FTIR) depicted 
the grafting of polymers (FG and AG) and monomers (MAA). Thermal behavior 
showed that the formulated nexus protects the drug and substrate from degrada-
tion. The X-ray diffraction analysis (XRD) revealed that the entrapment of the drug 
within the nexus mimicked its crystalline behavior. The scanning electron micro-
scope (SEM) elucidates the porous, rough, irregular, and asymmetric nature of the 
nexus. Toxicity studies showed that the best-selected optimized formulated nexus 
(F9) is biocompatible, non-toxic, and promising for targeted delivery of 5-FU for 
curing colorectal cancer.
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Introduction

Among cancers, adenocarcinoma of the colon is the prevailing malignancy of 
the gastrointestinal tract (GIT), the  third most common cancer globally, and a 
major cause of mortality worldwide. 5-Fluorouracil (5-FU) is an anti-neoplastic 
agent that belongs to the BCS class III drug and is widely prescribed in the treat-
ment of colorectal cancer [1]. It acts by blocking the production of deoxy ribonu-
cleotides that are essential for DNA replication,  leading  to cell death. However, 
oral delivery of 5FU is not preferred because of its variable absorption and cellu-
lar toxicity [2]. Moreover, it has a short plasma half-life of 8–20 min, poor bioa-
vailability, and high toxicity [3]. To address these shortcomings, researchers have 
explored various approaches. Targeting chemotherapeutic agents aids in overcom-
ing the limitations associated with traditional chemotherapeutic agents, like poor 
solubility, absorption, low volume of distribution, and toxicity [4].  Moreover, 
conventional chemotherapeutic agents do not reach the target site in effective con-
centration, and an increase in drug dose leads to enormous toxicity [5]. Various 
other therapeutic and surgical approaches have been reported in the literature to 
treat colorectal cancer, but these approaches have limitations [6]. pH-responsive 
nexus is one of the promising approaches to overcome these limitations. How-
ever, many polymeric materials of natural origin have been extensively employed 
for formulating these pH-responsive nexuses, like xanthan gum, starch, alginate, 
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etc. The structure and composition of natural polymers amalgamate their biologi-
cal  as well as physical attributes, which play a vital role in new product devel-
opment [7]. The activity of natural polymers  is attributed to their composition, 
which includes carbohydrate backbone and pendent groups. Furthermore, they 
are biodegradable, biocompatible, and non-allergic. Among natural polymers, 
agar and fenugreek have been employed for biomedical purposes and are the most 
studied polysaccharides.

Trigonella foenum-graceum,  commonly called  Fenugreek,  is a biopoly-
mer  belonging to  the family  Leguminosae.  Fenugreek gum  is extracted from 
fenugreek seeds, which consist of D-galactopyranosyl and D-mannan groups [7]. 
It contains different useful substances (with variable applications) like mucilage 
(28%) and gums (23%), and is a rich source of galactomannan with fascinating 
diverse attributes like thickening, gelling, emulsifying, and suspending agents [8].

Agar is a hydrophilic, biodegradable polysaccharide with an enormous number 
of hydroxyl moiety that forms intermolecular and intramolecular H-bonds. It is a 
linear polysaccharide with an idealized structure consisting of repeating agarobiose 
and alternating β-D-galactopyranosyl and 3, 6-anhydro-α-L-galactopyranosyl units 
obtained from the cell walls of red algae and seaweed. Moreover, the backbone  is 
masked by substituent moieties like methyl ether and sulfate ether that upgrade its 
gelling attributes [8]. A literature survey supports that agar is biodegradable, non-
toxic, and offers excellent gelling properties. Agarose-based hydrogels have been 
prepared in the literature for controlled delivery of different therapeutic agents [9].

Methacrylic acid (MAA) is a polyanionic monomer with -COOH moiety and 
exhibits low swelling at a pH lower than pKa (4.26) [8]. As hydrogel enters the 
GIT, pH gradually increases (from the stomach (1.2) to the small intestine (7.4)), 
hydrogel swelling increases, which is related to electrostatic repulsion within ion-
ized pendent moieties, and stretching of the coiled network occurs, which results 
in drug release [9, 10].  Hydrogel formation  is attributed to the polymerization 
of MAA with a bifunctional crosslinker, N, N-methylene bis-acrylamide (MBA), 
and the initiator ammonium persulfate (APS) [11–13]. The structure of the poly-
mer-monomer crosslinker is shown in Fig. 1.

Fig. 1   Different Polymers, monomer and crosslinkers
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A literature survey supports the fact the fact that, up until now, no research work 
has been published on environmentally friendly and economical 5-FU-loaded FG/
AG-co-MAA-based hydrogel. So the current research study focuses on developing 
novel, pH-sensitive, bio-compatible FG/AG-co-MAA-based hydrogels for targeted 
delivery of 5-FU for treating adenocarcinoma of the colon.

Material and methods

Materials

5-FU, methacrylic acid (MAA), ammonium per sulfate (APS), and N, N, methylene 
bis-acrylamide (MBA) were purchased from Sigma-Aldrich. Potassium dihydrogen 
phosphate (K2H2PO4), sodium hydroxide (NaOH), hydrochloric acid (HCl), n-hex-
ane, and ethanol were procured from CCL Pharmaceuticals, Lahore, Pakistan. Fenu-
greek seeds were obtained from the local market in Lahore. All chemicals were of 
analytical grade.

Methods

Extraction of fenugreek polymer

Fenugreek seeds were weighed accurately on an electronic weighing balance. 100 g 
of weighed seeds were taken in a 1000 mL beaker. Then  these dipped seeds were 
placed in a microwave oven for at least 3 days at 40 °C. These seeds were allowed 
to swell, and the gel was extracted by using a muslin cloth. The extracted gel was 
washed with n-hexane for 15–20  min. Gel content was precipitated down, n-hex-
ane  was decanted, and  pure  gel  was obtained. Gel was transferred into these 
Petri dishes and placed in a microwave oven at 40–45 °C for 2 weeks until prop-
erly dried. This dried gel was removed from all petri dishes by using a spatula and 
transferred into a pestle and  motor, followed by grinding to obtain a fine powder 
(Fig. 2) [14].

Method of preparation of hydrogel

Hydrogel  was prepared by the free radical polymerization technique.  All the 
ingredients were properly weighed. Agarose was dissolved in 20 mL of distilled 
water on an electronic hot plate magnetic stirrer at 70 °C for at least 2 h until a 
uniform solution was formed. The beaker was removed from the hot plate stirrer 
to cool the mixture, and it was covered with aluminum foil (Polymer solution I). 
In another beaker containing fenugreek polymer, 20  mL of distilled water was 
added and subjected to a stirrer for 10  min until  the formation of a clear solu-
tion. The beaker was removed and covered with aluminum foil (polymer solution 
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II). Fenugreek solution was added dropwise into agarose solution on a hot plate 
magnetic stirrer, followed by the addition of APS solution; active sites were gen-
erated on polymer sites. After that, MAA was added to the above polymeric mix-
ture to saturate active sites. Finally,  MBA was added  to initiate cross-linking. 
The test tubes were taken, properly washed, and dried. The above solution was 
added to these test tubes and sonicated for 3 min so that any bubbles present in 
the solution could be removed.  Then  this  sonicated solution was added to cen-
trifugation tubes and subjected to centrifugation for 5 min at 450 rpm. The cen-
trifuged solution was placed in test tubes again; these tubes were covered with 
aluminum foil and placed in a water bath at 65 °C for 24 h. Upon the formation of 
hydrogels, test tubes were transferred into plastic bags individually, broken down 
by the wooden back of the test tube holder. The obtained hydrogels were washed 
to remove any surface glass. These hydrogels were transferred into 250 mL beak-
ers and washed with distilled water and ethanol (50:50). Washed hydrogels were 
transferred into petri dishes and dried in a hot air oven until they reached a con-
stant weight. Dried hydrogels were kept in a desiccator for further use [15, 16]. 
The presumptive diagram  is shown  in Fig.  3. Formulated hydrogel  is shown in 
Fig. 4.

Fig. 2   Fenugreek seeds (A), Swelled fenugreek seeds (B), Gel obtained from fenugreek seeds (C), Dry-
ing of fenugreek gel (D)
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Physical examination

All the developed formulations (F1-F12) were physically examined for appear-
ance, stickiness, fragility and color, etc.

Fig. 3   Presumptive Diagram

Fig. 4   Gel in glass vial (A), discs (B), and dried discs (C)
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Swelling studies

The dried hydrogel discs of each formulation were accurately weighed and immersed 
into solutions of pH 1.2 and 7.4 until they were completely swelled and there was no 
further increase in  weight.  Note the  weight of each dipped formulation after a half 
hour: 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 24, 30, and 36 h, respectively. The swell-
ing index was determined by using this formula [8].

where, Wo = weight of dried hydrogel disc and Wt = weight of wet or swelled hydro-
gel disc at time (t) (28).

On–off switching

pH responsiveness  was evaluated by on–off switching behavior. Formulation F9 
was allowed to swell at pH 7.4 after sometimes hydrogel disks were subjected to pH 
1.2, which undergoes deswelling. Such on–off switching patterns were observed for up 
to 3–4 cycles.

Sol–gel fraction (%)

To  determine the number of reactants polymerized in the preparation of hydrogels, 
the sol–gel fraction was determined. Prepared dried hydrogel discs were subjected to 
soxhlet extraction for 4 h at 100 °C. Unreactive contents were removed, and these gels 
were dried in hot air at 45 °C until a constant weight was achieved. The Sol–gel frac-
tion was calculated by following the equation [9].

where, Wa = weight of dried gel after extraction and Wo = weight of dried gel before 
extraction [17].

Drug loading (%)

Drug loading in the hydrogel  was done by the diffusion method. A 1%  solu-
tion was prepared by dissolving 1 g of 5-FU in 100 mL of phosphate buffer of pH 
7.4 along with  continuous stirring. The dried disc hydrogels were allowed to be 
immersed in a buffer solution for up to 48 h so that complete loading of the drug 
had  been done.  Drug-loaded hydrogel discs were removed  from the buffer  solu-
tion and washed with distilled water for 2 min to remove the adhered drug. These 

Swelling index =
Wt −Wo

Wo

x100

Sol fraction(%) =
Wa −Wo

Wa

x100

Gel fraction = 100 − Sol − fraction
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washed discs were placed in Petri dishes and transferred to the oven for complete 
drying at 40 °C for 5–6 days so that they could achieve a constant weight [3].

Mechanical strength

This test was performed to determine the tensile strength of developed hydro-
gels. 10 kN loaded chamber and TIRA software was attached with tensile tester. 
Optimized hydrogel formulations were placed in between static and mobile jaws 
of the tester. Now this machine was operated at 50–55 mm per min. Stress was 
developed (force per unit area) and strain that was any change in its length was 
compared with its initial length and final length of hydrogels. Formula was used 
to determined difference [10].

where, force that was exerted on hydrogels r = radius of sample.

lo = initial length of hydrogels l = final length of hydrogels [18].

FTIR spectroscopic evaluation

Fourier transform infrared spectroscopy (FTIR) (Bruker, Germany) analy-
sis was carried out on 5-FU, agarose, fenugreek, MBA, and an optimized hydro-
gel formulation. All the samples were crushed with a pestle and mortar. Samples 
were examined one by one at a scanning range of 4000–600  cm−1 by using the 
ATR (attenuated total reflectance) technique [8, 9].

Thermal analysis

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) (Perkin Elmer) was the  technique 
employed for analysis of the thermal behavior of individual ingredients and opti-
mized formulation. Each dried sample was accurately weighed and crushed in 
a mortar and pestle.  It was placed in an aluminum DSC pan in a hermetically 
sealed condition. Measurements were carried out in the range of 0–400 °C in an 
oven with a heating rate of 10 °C/min [15].

� =
F

�r2

� = l−lo∕lo� = strain
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Thermogravimetric analysis (TGA analysis)

TGA was performed on a thermogravimetric analyzer (Perkin Elmer). TGA stud-
ies  were  performed to identify physical and chemical changes in substrate and 
formulation with rising temperatures. All the samples were placed in a sample 
holder and analyzed under nitrogen purge, along with heating at 10–20  °C/min 
from 20 to 500 °C. Mass loss with respect to temperature was determined [16].

X‑ray diffractometer (XRD) studies

Powder forms of dried hydrogels, pure drugs, and polymers were taken. An XRD 
diffractogram was recorded via an x-ray diffractometer (Thermo Fisher Scientific). 
For the scanning level on the glass surface, a copper-ka source was used to analyze 
samples [9].

SEM (scanning‑electron microscopy)

To analyze the structural morphology of the dried hydrogel formulation properly, 
SEM (Thermo Fisher Scientific) was employed. Hydrogel was covered with a dou-
ble layer of aluminum-gold sputter under an argon atmosphere. Scanning of superfi-
cial morphology was done on the dried hydrogel formulation [9, 10].

Energy‑dispersive spectroscopy (EDX)

EDX studies  were performed  to identify the elemental composition of hydrogel 
formulations. The elements consist of atoms and emit x-rays, along with an accu-
rate amount of energy transfer. Energies that were emitted from x-rays were used to 
identify the element. An energy-dispersive x-ray was used to analyze the hydrogel to 
determine the presence of carbon, nitrogen, oxygen, and sodium. This test was also 
performed to identify the presence of the drug in the prepared hydrogel [19].

In‑vitro studies of 5‑fluorouracil

Release studies were done by using a dissolution apparatus (USP dissolution apparatus 
Type II) (Thermo Fisher Scientific). pH responsiveness and release of 5-FU from Fenu-
greek-Agarose-based hydrogels were calculated or determined at pH 1.2 and 7.4. Dried-
loaded hydrogel discs were dipped into the buffer at pH 1.2 and 7.4 in the dissolution 
apparatus for 24 h at 37  C at 50 rpm resolution speed. 5 ml of samples were withdrawn 
from the solution after every 1 to 2 h. Freshly prepared buffer was added to the dissolu-
tion media to maintain the pH level. After 24 h, discs were removed from the solution 
media, and samples were analyzed on a UV spectrophotometer [15].
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Analysis of the results

Model‑dependent approach

Kinetic analysis

Data obtained from the in-vitro drug release mechanism was processed using dif-
ferent kinetic models, like the zero-order, first-order, Higuchi model, and Kors-
meyer-Peppas model. The best-fit model was determined by using DD solver soft-
ware. To find out the best model, correlation coefficient (R2) values were used 
[16].

Qo = Initial amount of drug in hydrogel.
Qt = Amount of drug after time ‘t’.
Ko, K1 and KH are rate constants of the respective executed kinetic model.
Here, Mt/M∞ is the portion of drug released at time t, K is drug release rate 

constant and “n” is release exponent.

Model‑independent approach

Statistical analysis  Statistical analysis was performed for raw data of all parameters 
using ANOVA (one-way ANOVA) on the DD Solver add-in Excel program by taking 
a significance value less than 0.05. It is employed to assess the comparability between 
drug dissolution profiles [9].

Similarity and difference factors  The similarity index (f2) and difference (f1) index 
were determined by using the below equations (DD solver adds in Microsoft Excel 
program) [9]. The difference factor (f1) helps in calculating the percent difference 
in two curves per unit of time “t” and measures the relative error in the two curves.

Zero order = Qt = Qo − Ko

First order = LnQt = LnQo − K1t

Korsmeyer − Peppas model = Qt = Qo − Ko

Higuchi model = Qt = Qo − Ko [33]

f1 = {[

n
∑

t=1

Rt − Tt∕[

n
∑

t=1

Rt]} × 100
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The similarity factor (f2) is a logarithmic reciprocal square root transformation 
of the sum of squared error and is a measurement of the similarity in the percent-
age dissolution between the two curves.

Accelerated Stability Studies  Stability studies were conducted by keeping the opti-
mized formulation within the stability chamber to ensure effectiveness through-
out the product’s shelf life. The International Council for Harmonization (Anex-
10 ICH) guidelines were followed to conduct accelerated stability studies under 
accelerated conditions of humidity (75% RH) and temperature (40.2 ± 2 °C) for up 
to 6 months [20]. Hydrogels were evaluated physically (color, swelling, drug con-
tents, and percentage of drug release).

Toxicity studies  To perform this study on animals,  approval was obtained from 
the Institutional Research Ethical Committee (IREC-2020–44) at the University of 
Lahore. Six healthy adult male albino rabbits were used. They were placed in the 
animal house at the university. These rabbits weighed about 2–2.5 kg. Rabbits were 
housed in safe and ventilated cages. According to the Organization for Economic 
Co-operation and Development (OECD), a tolerated dose was given to rabbits. Rab-
bits were divided into 2 groups: one was a controlled group (dose was not given), 
and  another was a tested group (dose was given). Before giving the dose,  rabbits 
were kept fasting for 24 h. Animals were examined for general conditions like water 
and food intake, any increase or decrease in body weight, their response to stimuli, 
strength of grip, corneal reflex, hyperactivity, etc. Blood samples were taken 7 days 
after giving the dose. The  sample  was taken with a 5-mL syringe from the jugu-
lar vein of the ear. On the 14th day, rabbits were sacrificed, and vital organs were 
taken for histopathological examination. Ketamine 1.4  mL and xylazine 0.6  mL 
injections were used  as anesthesia; they were injected  into rabbits, and  after that, 
rabbits were sacrificed, and vital organs (kidney, liver, lungs, spleen, heart, brain, 
and small intestine) were removed. They were cleaned and preserved in an airtight 
container with a 10% formalin solution in them. Slides were prepared for observing 
these organs under an electron or optical microscope [19].

Results and discussion

Fenugreek-agarose-based hydrogels were formulated  via the free radical polym-
erization technique. For chemical cross-linking between reactants,  a chemical 
reaction was initiated  by  using N, N-methylene bisacrylamide (MBA) as a  cross-
linker and ammonium persulfate (APS) as the initiator. Four sets of formulations 
(F1–F12) were formulated as shown in Table 1.

f2 = 50 × log{1 + (1∕n)St = ln (Rt − Tt)2−0.5 × 100
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Physical appearance

All formulations were examined physically and exhibited a yellow color due to the 
presence of fenugreek, smooth, elastic, jelly-like consistency, and soft texture. The 
formulation in which the agarose concentration was significant has a white color, is 
translucid, jelly-like, and slightly hard in texture, as shown in Fig. 4.

Equilibrium swelling ratio

The absorption capacity of hydrogel (swelling behavior) directly influences drug 
loading and release. The swelling ratio of the formulated nexus was observed 
in different testing media (phosphate buffer) of variable pH,  i.e., 1.2 and 7.4, 
at 37 °C, as shown in Fig. 5. Hydrogel undergoes swelling between pH 1.2 and 
7.4, and the swelling rate varies over the  range of pH. The formulated nexus 
depicts significant swelling at pH 7.4 as compared to pH 1.2. Swelling is attrib-
uted to the protonation and deprotonation of -COOH moiety of the monomer. 
During protonation, -COOH moiety undergoes conjugation with counterions via 
H-bonding, as a result of which the charge density of the COOH group decreases 
and results in low swelling at pH 1.2. Moreover, at pH 7.4, the charge density 
of the COOH group increases, and the arboxylic acid group ionizes at pH 7.4. 
The carboxylic acid group ionizes to a carboxylate ion (COO-) and electrostatic 
repulsion results in macromolecular expansion,  thereby decreasing hydrogen 
bonding and  consequently  resulting in an increase in  swelling. Moreover, the 
hydroxyl moiety was ionized via water and resulted in augmented swelling. Sig-
nificantly higher values were also reported by Ijaz et  al. (2017 [11] and Azam 
et al. (2017) [21].

Table 1   Composition of hydrogel

Formulation Fenugreek (FG) 
(g/100gm of 
hydrogel)

Agarose 
(g/100gm of 
hydrogel)

Methacrylic acid 
(MAA) (g/100gm 
of hydrogel)

MBA 
(g/100gm of 
hydrogel)

APS (g/100gm 
of hydrogel)

F1 0.3 0.5 10 0.13 0.13
F2 0.6 0.5 10 0.13 0.13
F3 0.9 0.5 10 0.13 0.13
F4 0.9 1 15 0.15 0.15
F5 0.9 1.5 15 0.25 0.15
F6 0.9 2 15 0.25 0.15
F7 0.3 1 20 0.25 0.13
F8 0.3 1 25 0.25 0.13
F9 0.3 1 30 0.25 0.13
F10 0.3 1 20 0.25 0.15
F11 0.3 1 20 0.50 0.15
F12 0.3 1 20 0.75 0.15
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Hydrogel  was formulated  by varying concentrations of polymer/mono-
mer and  crosslinkers to investigate the influence of substrate on swelling ratio 
across multiple media. For swelling studies,  formulations  (F3, F6, F9, and 
F12) with significant concentrations of polymers, monomers, and  crosslink-
ers were selected,  and  equilibrium swelling studies  were conducted at pH 1.2 
and 7.4 (Fig. 5). Formulation F3 containing 0.9 g of fenugreek showed an ESR 
of 94.74 ± 0.87 in pH 7.4 and 10.74 ± 0.34 in pH 1.2. Batool et  al. (2021 pre-
pared a fenugreek-based intelligent polymeric nexus and showed similar facts 
[14]. Formulation F6, in which agarose content was increased to 2 g, depicted 
a swelling ratio of 96.35 ± 0.34 in pH 7.4 and 13.34 ± 0.34 in pH 1.2. Hu et al. 
(2021 fabricated flexible pH-sensitive agarose and succinoglycan hydrogels for 
controlled drug release and reported a similar fact [22]. The decreased ESR of 
F3 as compared to F6 is attributed to the fact that fenugreek-base hydrogel main-
tains real geometry in an aqueous environment due to its gummy nature. Moreo-
ver, the remarkable increment in swelling ratio and polymer chain expansion is 
attributed to the electrostatic force of repulsion,  which  may be  due to a nega-
tively charged polymeric moiety (agarose and fenugreek). However, formula-
tion F9 with a significant concentration of monomer (30 g) depicted a remark-
able increase in swelling  as  compared to formulations F3 and F6. F9 showed 
an ESR of 98.87 ± 0.23 at pH 7.4 and 9.35 ± 0.74 at pH 1.2.  In formulation, 
F9 methacrylic acid (MAA) content was significant and has resulted in a  sig-
nificant increment in equilibrium swelling,  which  is attributed to electrostatic 
repulsion between ionic species and disruption of hydrogen bonding within 
polymeric chains,  which  leads to the breaking of hydrogen bonding interac-
tions.  Due to electrostatic repulsion, the osmotic pressure inside the hydrogel 
network  was increased,  resulting in a higher uptake of hydrogen ions and an 
uptake of swelling media, resulting in higher swelling in the basic pH. Similar 
facts were observed by Ijaz et al. (2022) while working on a CS-co-P(AA)-based 

0 1 2 4 5 6 10 12 24 48 72 96
0

50

100

150

0 1.0 2.0 3.0 4.0 5.0 6.0

7.7 8.0 8.7 9.0

0

2.0

4.0

7.0 8.0 8.0

10
.0

10
.5

11
.0 12
.0

12
.5 14
.0

0

3.0 4.0 5.0

7.0 8.0 9.0 10
.0 11
.0 12
.0 13
.0

13
.0

0 1.0 2.0 2.5 3.0 3.5 4.0 4.7 6.0

8.0 8.5 10
.0

0

6.0

16
.0 19

.0

25
.0

29
.0

39
.0 40
.0

55
.0

65
.0

85
.0

10
0.0

0

5.0

14
.0

18
.0

23
.0 25

.0

35
.0 38

.0

50
.0

60
.0

80
.0

98
.0

0

4.0

13
.0

17
.0

22
.0 24

.0

34
.0 37

.0

46
.0

57
.0

76
.0

96
.0

0

3.0

12
.0

16
.0

20
.0 22

.0

30
.0 33

.0

45
.0

55
.0

74
.0

94
.0

Time (hr)

E
qu
ili
br
iu
m

Sw
el
lin

g
R
at
io

F3 (pH 7.4)

F6 (pH 7.4)

F9 (pH 7.4)

F12 (pH 7.4)

F3 (pH 1.2)

F6 (pH 1.2)

F9 (pH 1.2)

F12 (pH 1.2)

Fig. 5   ESR of formulation F3, F6, F9 and F12



	 Polymer Bulletin

perindopril erbumine loading nexus for targeted drug delivery [8]. Formula-
tion F12, containing 0.75  g MBA, showed reduced swelling,  which  is attrib-
uted to increasing cross-linking density; the  hydrogel swelling ratio  was 
decreased, and a number of available hydrophilic groups were occupied. Azam 
et al. (2019 formulated perindopril-erbumine-loaded AX-co-P(MAA) nexus and 
postulated the fact that an increase in crosslinker concentration led to a decrease 
in swelling [21].

On–off switching and pH reversibility

The optimized formulation exhibited reversible hydration (swelling) and dehy-
dration (shrinking) accompanied by volumetric transitions in response to exter-
nal media. Figure 6 shows the pulsatile/reversible on–off switching behavior of 
hydrogel (F9),  which  depicts controlled drug delivery from the nexus. pH sen-
sitivity  is attributed to the pendent group,  which  accepts and donates H-ions. 
With the increase in pH,  swelling increased remarkably. Moreover, a  partially 
hydrolyzed nexus contains a carboxylate moiety, which either accepts or releases 
H + ions in response to the surrounding environment. At pH 7.4, ionization of 
the carboxylate group occurs, and electrostatic repulsive forces between charged 
sites result in hydrogel swelling. However, at pH 1.2, protonation of carboxy-
late ions results in the elimination of anionic-anionic repulsion;  consequently, 
swelling is decreased, and a remarkable decrease in equilibrium swelling is 
observed (gel collapsing).  Moreover, hydrogel recovery in the swelling phase 
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is a slower process than in the de-swelling phase. Initially, hydrogel water content 
increases in the first several minutes. Afterwards, at pH 1.2, the swelling process 
undergoes deceleration. After 3–4 cycles, hydrogels remained intact and undam-
aged, which demonstrates the good mechanical strength of hydrogels. Reversible 
swelling de-swelling demonstrated excellent pH sensitivity and potential applica-
tion as a pH-responsive biomaterial. Ijaz et al. (2022 reported a similar fact [14].

Sol–gel fraction (%)

Hydrogels are prepared via a polymerization reaction. When some components of 
the substrate  do not undergo polymerization  reactions, this is known as the “sol 
fraction” and is attributed to the high quantity of uncrosslinked formulation con-
stituents, whereas the crosslinked  fraction  is termed the “gel fraction." Moreover, 
sol fraction resulted when a sufficient quantity of substrates was involved in polym-
erization, and they remained uncrosslinked due to insufficient reactive sites in the 
polymerization reaction. Crosslinked and uncrosslinked proportions of the substrate 
can be evaluated via sol–gel analysis. The increase in gel fraction is directly related 
to the concentration of polymer, monomer, and crosslinker. As polymer and mon-
omer concentrations increase, the number of side chains implicated in crosslink-
ing also increases, and as crosslink concentrations increase, crosslink density also 
increases. Hence, the ratio of uncrosslinked reactants will be lower. We performed 
the Sol–gel fraction on all hydrogel formulations (F1–F12) to investigate the impact 
of polymers, monomers, and cross-linkers on the gel fraction. Dried hydrogel discs 
of each formulation were weighed and broken down into tiny pieces, then dipped 
in 250  mL of distilled water for at least 4  h at 100  °C. The sol fraction revealed 
the amount of unreactive monomer and cross-linker. The formulation, i.e., (F1-F3), 
containing a significant concentration of fenugreek, depicted a remarkable gel frac-
tion (83.55–89.53%),  as shown in Fig.  7. The maximum gel fraction  was seen in 
formulation F3, i.e., 89.53%, and the sol fraction was 11.58%. While the increase in 
agarose concentration in formulation F4-F6 increased, the gel fraction (%) increased 
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incrementally (84.33–89.93%). The literature review supports the fact that as pol-
ymer concentration increases, polymeric coils couple, and this  is accompanied by 
the coils surrounding the coiled nexus, resulting  in the formation of  interpenetrat-
ing, overlapping entanglements between the coils [17]. Formulation F9 containing 
a significant concentration of MAA showed a gel fraction of 95.34 ± 0.34% and a 
sol fraction of 5.73 ± 0.24%, which is attributed to the fact that as monomer (MAA) 
concentration increases, it leads to an increase in the availability of space, which 
increases swelling. Rana et  al. (2022) synthesized cellulose acetate-based grafted 
gel and observed an increase in gel fraction with an increase in monomer concen-
tration [23]. In formulations F10–F12, crosslinker (MBA) was increased, resulting 
in an increase in gel fraction, which is attributed to significant crosslinked density 
and the availability of more substrate, which increases gel fraction. Rahmani & Sho-
jaei (2022) developed a tough terpolymer hydrogel with outstanding swelling ability 
using hydrophobic association cross-linking and observed the analog effect of MBA 
on gel fraction [24].

Drug loading

5-FU (fluorouracil) was loaded in all prepared hydrogel formulations (F1–F12) 
via swelling and diffusion-controlled methods. Drug loading in hydrogels depends 
on the pore size of the hydrogel. The extent of loading (%) of 5-FU was observed 
by changing the concentrations of fenugreek (F1-F3), agarose (F4-F6), MAA (F7-
F9), and MBA (F10-F12), respectively. Drug loading follows the same pattern as 
that of ESR. 5-FU loading (%) was increased from 108 to 111% by increasing the 
concentration of  fenugreek,  as shown in Fig.  8. This increase in 5-FU loading 
was due to a rise in viscosity with an increment in fenugreek contents. Moreover, 
fenugreek has a hydrophilic nature, and developed hydrogels have resisted 5-FU 
leakage. In addition, as fenugreek contents rise, the availability of anionic sites 
in the form of hydroxyl ions increases, offering higher crosslinking and exposure 
to 5-FU. The agarose base formulation showed a similar pattern, and drug load-
ing increased from 111 to 116%. However, formulations F7 to F9 containing 20 
to 30 g of MAA showed drug loadings of 114 to 117%. The highest drug load-
ing was observed in formulation F9, which is attributed to carboxylic acid group 
deprotonation from the monomer (MAA) and -OH moiety of fenugreek and aga-
rose, which results in the generation of negatively charged moiety. Moreover, its 
hydrophilic nature, due to the increased absorbed water content of the polymeric 
network, contributes to the remarkable drug loading. Du et al. (2022) developed 
temperature- and pH-responsive carmofur-loaded nanogels and reported a similar 
finding [25].

Tensile strength

Mechanical strength was checked  to evaluate the toughness and stiffness of the 
formulation. This test  was performed  to  find out  the maximum force at which 
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formulated hydrogels undergo cracking. It was performed on a UTM (UTM) Uni-
versal Testing Machine). The three best 5-FU-loaded formulations (F6, F9, and 
F12) were selected, on which this test was performed. Table 2 and Fig. 9 showed 
mechanical attributes such as tensile strength, load on break, and total elongation, 
which are critical indicators when designing a drug delivery system. As MAA con-
centration increases, the gel’s mechanical strength decreases. The optimized formu-
lation F9 demonstrated a tensile strength of 43.617 N/mm2, a load at break of 4.712 
N, and a total elongation of 26.32% (at maximum force). Hydrogel swelling has an 
impact on drug loading and release. Moreover, the  optimized formulation should 
have sufficient mechanical strength so that the nexus retains its integrity after sig-
nificant swelling and drug release. Furthermore, too high crosslink density results 
in a mechanically strong hydrogel, which hinders swelling as well as drug loading. 
The significant crosslinker concentration in the F12 formulation led to the maximum 
force required to break the hydrogel, as an increase in crosslink density decreases 
permeation. Tang et al. (2017) investigated the influence of graphene oxide/polymer 
base nanocomposites and discovered that stiffness and hardness increase with an 
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Table 2   Tensile strength of Formulation F6, F9 and F12

Formulation codes Tensile 
strength (N/
mm2)

Load at break (N) Total elongation at 
maximum force %

Youngs 
modulus (N/
mm2)

Comments

F6 31.82 3.72 17.162 241.32 Breaked
F9
(Best Formulation)

43.617 4.712 26.324 364.74 Breaked

F12 49.111 4.5174 27.981 487.12 Breaked
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increase in MBA concentration [26]. Preferably, hydrogels for drug delivery should 
be critically evaluated for desired attributes by varying substrate ratios and evaluat-
ing their influence on swelling, drug loading, and release.

Fourier‑transform infrared spectroscopy (FTIR) evaluation

FTIR was carried out on the drug (5-FU), fenugreek (FG), agarose (AG), and for-
mulated hydrogel (FG-AG-co-PMAA). The FTIR spectrum of 5-FU revealed a band 
between 3250 and 3300 cm−1, attributed to NH stretching vibrations. Peaks within 
the  range of 2791.12–3200 cm−1 were confined  to N–H stretching vibration. The 
C = O stretching behavior was associated with the peaks at 1700 and 1635  cm−1. 
Bending and stretching movements of the C-N bond were noticed at 1504 cm−1 and 
1427 cm−1, respectively. Typical peaks of 5-FU were evident at wavenumbers, i.e., 
2991.11 cm−1, 1707 cm−1, and 1336 cm−1. Abdullah and his coworkers observed the 
same phenomenon while formulating PVA-based 5-FU-loaded hydrogels for colon 

Fig. 9   Tensile strength of formulation F6 (A), F9 (B) and F12 (C)
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targeting [27]. The FTIR  spectrum of fenugreek  was recorded to find  functional 
groups within the sample. The N–H stretching vibrations in fenugreek husk exhib-
ited a characteristic absorption band at 3365  cm−1. The band at 1542  cm−1 indi-
cates C = O stretching vibration. These results align with El-Bahy’s research from 
2005, which focused on FTIR and Raman spectroscopy of fenugreek polysaccha-
ride [28]. The agarose FTIR depicted stretching vibrations at 1190–700 cm−1, which 
were attributed to the presence of C–O–C and COOH moiety. However, peaks at 
900 cm−1 and 870 cm−1 regions were due to the presence of D-galactopyranose and 
β-D-mannopyranose units, respectively. Peaks within 1710–1600  cm−1 confirmed 
the presence of aldehydes, esters, ketones, and carboxylic acids. These peaks were 
also consistent with other research studies carried out by other researchers [14]. 
The FTIR spectrum of developed formulations was also recorded, and it was noticed 
that the FTIR spectrum of formulations showed new peaks, overlapped peaks, and 
the disappearance of a few peaks. Therefore, the  newly grafted nexus showed a 
minor difference as compared to individual ingredients, which is indicative of effi-
cient crosslinking as well as the entrapment of drugs within the nexus, as shown in 
Fig. 10.

differential scanning calorimetry (DSC)

DSC  was performed to analyze the melting points, phase, and glass transition of 
all substrates. The melting point of pure, untreated polymer agarose was 81.60 °C. 
The initial short endothermic peak at 55  °C was due to the loss of moisture, fol-
lowed by a wide endothermic band seen between 81.60 °C and 125.57 °C, which 

Fig. 10   FTIR spectra of drug, polymers and formulation
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corresponds to the melting point range of agarose. Complete burning was observed 
as an exothermic peak appeared at a temperature of 300 oC. H-bonding is account-
able for the transition between the H + of water and the OH- moiety of polymers. 
Rotjanasuworapong et  al. (2020) prepared biodegradable and biocompatible aga-
rose-based hydrogels using ibuprofen as a model drug and showed that degradation 
of polymers occurs at 30–240 °C. DSC of fenugreek showed an initial short endo-
thermic peak at 55 oC due to the loss of moisture, followed by a wide endothermic 
band seen at 99.04  oC–123.49  °C. Our results are in line with previous research 
studies [29]. Similar peaks were reported by Batool et al., 2021 [14]. An initial short 
endothermic peak of 5-FU appeared at 55 °C, attributed to the moisture loss, fol-
lowed by a wide endothermic band at 284.03 °C–287.23 °C. Corresponding to the 
melting point range of 5-FU, complete burning was observed as an exothermic peak 
appeared near 300 °C. Pal et al. (2018) observe similar peaks while formulating a 
5-FU-loaded sesbania gum-based hydrogel [30]. The formulated nexus showed a 
peak at high temperatures, which showed the formulated nexus remained stable at 
high temperatures. In other words, the formulated nexus protects the drug from deg-
radation, thereby retaining its stability. All thermograms are shown in Fig. 11.

PXRD (powder X‑ray diffraction) studies

XRD was conducted for all components and the fabricated hydrogel. The XRD dif-
fractogram of 5-FU depicted sharp and evident peaks at different angles, i.e., 16.15°, 
17.55°, 18.25°, 21.23°, 22.55°, 24.66°, 28.75°, 31.21°, 32.45°, 34.15°, and 37.55°. 
These peaks endorse the crystalline nature of pure 5-FU, as shown in Fig. 12. Simi-
lar results  were reported  previously while formulating a pH-responsive nexus 
for controlled delivery of cytarabine [14]. XRD studies of fenugreek gum  were 

Fig. 11   DSC thermograms of Agarose (A), Fenugreek (B), 5-FU (C) and Final formulation (D)
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conducted, and scanning was done between 11 and 79° at a rate of 55 degree/ min. 
The recorded diffractogram of Fenugreek is shown in Fig. 12. It is evident from the 
diffractogram that fenugreek has an intense peak within the region of 10.50–20.11° 
due to the presence of hydroxyl groups within its structure. These peaks indicate the 
crystalline nature of the fenugreek polymer. These findings are also evident from 
the research work of Pathak et al. (2014 while studying the physicochemical charac-
terization and evaluation of anionic polymer-based nanoparticulated systems [31]. It 
was evident from the diffractogram that agarose has significant peaks at 2θ = 14.11o, 
19.85o, and 27.17o. Peak near 19.34o was comparatively more intense. The preva-
lence of such peaks has also confirmed the semi-crystalline nature of agarose. Yan 
et al., 2020, developed a chitosan/agarose porous composite hydrogel and observed 
similar peaks with minor variations [18]. However, the drug and polymer peaks dis-
appear in the final formulation (F9), whose XRD depicts dump, diffused peaks that 
confirm the amorphous nature and the molecular dispersal of the drug in the poly-
mer matrix. A similar fact was observed by Ijaz et al., 2022 [8].

Energy‑dispersive X‑ray Spectrum (EDX) spectroscopy

EDX was performed to find out the elemental composition of 5-FU (fluorouracil), 
unloaded hydrogels, and 5-FU-loaded hydrogels. The results of EDX are summa-
rized  in Fig.  13. However, the  EDX spectrum displays not only the existence of 
an element but also  the weight of every element in a compound. Figure 13 shows 
that the EDX spectra of 5-FU contain carbon (39.60%), oxygen (24.82%), fluorine 

Fig. 12   XRD of 5-FU, fenugreek (FG), agarose (AG) and drug loaded nexus
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(13.98%), uranium (0.29%), and nitrogen (21.30%), respectively. Similar elements 
were reported by Yusefi et al. (2021) while working on 5-FU-loaded magnetic cellu-
lose nanocomposites for treating colorectal cancer [32]. The unloaded nexus shows 
the presence of carbon, sulfur, and aluminum. However, the drug-loading nexus 
showed all elements of the drug as well as the unloaded nexus, which indicates effi-
cient entrapment of the drug within the nexus. Mahmood et al. (2023) also reported 
changes in peaks of carbon and oxygen in the drug-loaded hydrogel, and the promi-
nent appearance of peaks depicts successful grafting as well as drug loading into the 
polymeric network [19].

Scanning electron microscopy

Surface topological and morphological features of developed polymeric systems were 
evaluated via SEM, as shown in Fig. 14. SEM micrographs were recorded for opti-
mized formulation (F9), demonstrating a heterogeneous framework with micro and 
macro pores  consisting  of interlinked polymeric chains. Moreover, SEM micro-
graphs also depicted cracked, rough, wavy, irregular, interconnected, tangled, porous 

Fig. 13   EDX spectrum of 5-FU (5-fluorouracil) (A), EDX spectrum of unloaded hydrogel (B), EDX 
spectrum of 5-FU loaded hydrogel (C)
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interstitial channels  that facilitate the diffusion of physiological fluids, resulting 
in augmented swelling and drug release. Kim & Chu (2000) synthesized the dex-
tran-methacrylate nexus and reported analogous findings [33]. Mukhopadhyay  et 
al. (2014) formulated a pH-dependent N-succinyl chitosan-grafted polyacrylamide 
nexus and showed a rough, porous, and irregular nature of the nexus [34].

Fig. 14   SEM micrographs of prepared hydrogels
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In vitro release of 5‑FU (fluorouracil) from fenugreek‑agarose‑based hydrogels

Drug release from dehydrated hydrogel implicates successive events like swell-
ing-induced permeability, imbibition of media into the polymeric nexus, dis-
solution, and release of an entrapped moiety. The osmotic pressure gradi-
ent allows surrounding media to penetrate the polymeric nexus; the  hydrogel 
swells in response to the diffusion of water; and interconnected channels allow 
drug release. In formulation, the  F1-F3 effect of fenugreek on the percentage 
release of 5-FU was studied. The results are shown in Fig.  15. By increasing 
the amount of fenugreek (0.3–0.9 g), there was a significant increase in the per-
centage release of 5-FU because it relates to the swelling of hydrogels. Batool 
et  al. (2021) synthesized and evaluated a 5-FU-loaded fenugreek base nexus 
and observed a similar fact. In formulations F4-F6, the influence of agarose on 
drug release showed an increment in the percentage release of 5FU,  as  shown 
in Fig.  16.  By increasing the agarose concentration (1–2  g), drug release was 
increased (78–86%) in an alkaline solution (pH 7.4). On the other hand, at pH 
1.2, the cumulative release was 6–6.4%. Drug release was increased by increasing 
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the concentration of agarose because of the presence of water-loving groups such 
as hydroxyl and carbonyl groups. These groups will bind with the hydroxyl group 
of water, so they increased the diffusion of 5-FU into the dissolution medium. 
These results are also evident from the previous research work of Nihat and her 
co-workers, who formulated a cytarabine-loaded nexus [14]. By increasing the 
concentration of monomer (MAA) from 20 to 30 g, cumulative drug release was 
increased from 80 to 88% at pH 7.4 and from 6.5% to 6.9% at pH 1.2, as shown 
in Fig.  17. As MAA concentration increased in formulations F7 to F9, cumu-
lative drug release  increased because methacrylic acid contains carboxylic acid 
groups, which become protonated, due to which there was the least drug release 
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at an acidic pH. Significant drug release was observed at 7.4 pH because, at this 
pH,  carboxylic acid groups in methacrylic acid were converted into carboxylic 
anions, which led to the opening of polymeric channels. Moreover, the literature 
survey also reports the fact that electrostatic repulsive forces lead to the opening 
of the channel through which drug release occurs. Similar results were reported 
by Ijaz et  al. (2021) while formulating a PE-loaded AX-co-MAA-based nexus 
[21]. The effect of increasing the concentration (0.25–0.75 g) of MBA on drug 
release (89.3–79.7%) is shown  in Fig.  18.  In formulation, the F10-F12 5-FU 

Fig. 20   RSM graph and contour plot from formulation (F7 to F12)

Fig. 21   Desirable and predicted drug release from formulation F1 to F12
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release percentage decreased (89–79%) because it depends on swelling and drug 
loading on hydrogels. A reduction in swelling is attributed to cross-linking den-
sity.  While an increase in the number of  crosslinkers  causes a  reduction in the 
free spaces present in polymeric networks, a dense and rigid structure is formed 
in which water or buffer solution cannot penetrate,  which  influences the drug 
release from hydrogels. Malik et al. (2020) prepared xanthan gum/chitosan-based 
hydrogels as a potential carrier for acyclovir and depicted that as the concentra-
tion of MBA increased in formulations F3 and F4, a decrease in acyclovir release 
(91.02–83.97%) was observed [20]. Similar findings were observed in our results. 
RSM and contour plots are shown in Figs. 19 and 20. Desirability and predicted 
drug release from formulations F1 to F12 are shown in Fig. 21.

Stability Studies

The effectiveness  of the optimized batch was checked via stability stud-
ies, which were carried out as per ICH guidelines. The influence of relative humidity 
and temperature was checked. Stability studies showed that all formulations remain 
stable for up to 6 months (Fig. 22).

Evaluation of 5‑FU (fluorouracil) release data through kinetic modeling

Release data of (F1–F12) formulations obtained via the DD solver was subjected to 
kinetic modeling. Different models, like zero order, first order, the Higuchi model, 
and the Korsmeyer Peppas model, were applied to get the value of R2 of all pre-
pared formulations, as shown in Table 3. From the obtained results, it was clear that 
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formulation F9 followed the Higuchi model, i.e., drug release at a constant rate. The 
value of n is 0.288, which  shows drug release occurs via fickian diffusion.  Data 
was analyzed statistically via ANOVA (one-way ANOVA), which shows p = 0.034 
(P ≤ 0.05), which showed a significant difference between formulations. The result 
was analyzed via similarity and difference factor, which showed F9 showed a close 
resemblance to F3 as the similarity factor (f1) is 8.56 and the difference factor (f2) 
is 75.65.

Toxicity Studies

For acute oral toxicity studies, different parameters were studied, like clinical find-
ings, blood analysis, and biochemical and histopathological findings. Clinical mani-
festations show no appropriate changes or effects after food intake and no change in 
body weight. No signs of dermal or ocular toxicity or mortality were observed, as 

Table 3   Kinetic modeling of data release

Formulation code Zero order First order Higuchi model Korsmeyer peppas

Parameters R2 R2 R2 R2 n value

F1 0.9044 0.7338 0.9737 0.9711 0.374
F2 0.9092 0.7439 0.9763 0.9783 0.352
F3 0.9021 0.7127 0.9728 0.9784 0.324
F4 0.9489 0.7293 0.9805 0.9603 0.535
F5 0.9488 0.7124 0.9805 0.9573 0.586
F6 0.9501 0.7354 0.9818 0.9537 0.645
F7 0.9025 0.6773 0.9732 0.9762 0.339
F8 0.9021 0.6480 0.9730 0.9804 0.311
F9 (Best Formulation) 0.9005 0.6315 0.9716 0.9812 0.288
F10 0.9753 0.6634 0.9988 0.9912 0.355
F11 0.9760 0.7279 0.9987 0.9932 0.389
F12 0.9742 0.7969 0.9984 0.9955 0.426

Table 4   Clinical observations of both controlled and treated rabbits (Treated with formulation F9)

Observations Group (I) controlled Group (II) treated

Sign of illness Nil Nil
Weight (kg) Day 1 Day 7 Day 14 2.08 2.05 2.08 2.07 2.08 2.05 2.08 2.07
Water intake Day 1 Day 7 Day 14 150 130 135 140 130 120
Food (g) Day 1 Day 7 Day 14 70 65 60 70 65 60
Dermal toxicity Nil Nil
Ocular toxicity Nil Nil
Mortality Nil Nil
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shown in Table 4. Mahmood et  al. (2023) formulated a diloxanide furoate-loaded 
intelligent nexus and reported similar facts [19]. Hematological studies give infor-
mation about the pathological and physical state of animals. This study includes the 
results of both the control group (untreated) and the tested group (treated with drug-
loaded hydrogel). Results were evaluated in terms of CBC (complete blood count), 
Hb (hemoglobin rate), WBCs (white blood cell count), RBCs (red blood cell count), 
HCT, MVC, MCH, MCHC, platelets, neutrophils, and lymphocytes in both con-
trolled and treated groups. Results are given in Table 5. Values were within the nor-
mal range; no clinical toxicity was observed. Hb for the controlled group is 4.3, and 
for the treated group, it is 10.4 g/dL. WBCs for the controlled group are 1.5 × 103 
and for the treated group are 1.7 × 103 /µL. HCT is 12% for the controlled group and 
31.2% for the treated group. Platelets for the controlled group are 41 × 103/L, and 
for the treated group, they are 106 × 103/L. Lymphocytes are 63.1% in the control 
group and 55.3% in the treated group. Our results are in line with previous research 
studies [19]. Biochemical findings were given so that to investigate any toxic effects, 
RFTs (renal function tests) in which amounts of urea, uric acid, and creatinine were 
observed, LFTs (liver function tests) in which ALT and AST were observed, and 
metabolic biomarkers in which  cholesterol and triglyceride were included  were 

Table 5   Hematological 
observations of controlled and 
treated rabbits (Treated with 
formulation F9)

Parameters Controlled Treated

Hb (10–15) g/dL 4.3 10.4
WBCs × 103/µL 1.5 1.7
RBCs × 106/µL 2.16 5.35
HCT (%) 12.0 31.2
MCV (fL) 55.6 58.3
MCH pg/cell 19.9 19.4
MCHC g/dL 35.8 33.3
Platelets × 103/µL 42 106
Lymphocytes (%) 63.1 55.3
Neutrophils (%) 49 33.1

Table 6   Biochemical 
investigations of both control 
and treated rabbits (Treated with 
formulation F9)

Biochemical analysis Group (I) control Group 
(II) 
treated

ALT (IU/I) 54 84
AST (IU/I) 125 217
Uric acid (mg/dl) 0.1 0.5
ALP (IU/I) 30 43
UREA mmol/L 5.21 105
ALB (IU/I) 106 4.97
BUN (mg /dL) 50 49
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also observed. Shown in Table 6. ALT for the controlled group is 54 (IU/L),  and 
for the treated group, it is 84 (IU/L). AST for the controlled group is 125 (IU/L), 
and AST for the treated group is 217 (IU/L). Uric acid for the controlled group is 
0.1 mg/dl, and for the treated group, it is 0.5 mg/dL. Shabir et al. (2022) performed 
a biochemical analysis of a black seed-based polysaccharide-grafted acrylic acid 
copolymer for oral delivery of insulin and reported that there is no significant differ-
ence in biochemical parameters between the controlled and treated groups [13]. In 
histopathological studies or investigations, any damage to vital organs and change in 
weight of tested rabbits were observed and compared with controlled rabbit organs. 
Vital organs include the brain, heart, liver, kidney, small intestine, and spleen. Part I 
was marked for controlled rabbits, and Part II was for tested rabbits. Results revealed 
that there was no toxic effect from loaded hydrogels. There was no change in organ 
attributes, as shown in Fig. 23 and Table 7. Malatani et al. (2023) formulated pH-
sensitive mucin/chitosan-based Tofacitinib-loaded hydrogel microparticles and 
reported the fact that formulated hydrogels undergo no significant damage to vital 
organ-treated groups [35] (Table 8).

Fig. 23   Histopathological slides of the vital organs
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Table 7   Histopathological findings related to vital organs

Sr. No Tissue Comment

1 Heart (control) Normal cardiomyocytes, no hypertrophy. Normal presence of col-
lagenous material

2 Liver (control) Evidence of liver damage characterized by bridging fibrosis (10%), 
many hepatocytes have double nuclei. High mitotic activity 
(hyperplasia is observed) around the blood vessels in the hepatic 
triad

3 Lung (control) Clear alveoli, no fibrosis, no cumulation of inflammatory cells
4 Spleen (control) Normal
5 Kidney (control) No sign of nephritis or tubular disease
6 Liver (Treated) Some necrotic areas are present, extensive collagen deposition 

around the portal triads. Bridging fibrosis is evident in the liver 
tissue

7 Heart (Treated) Normal cardiomyocytes. Intact bl vessels. Normal heart
8 Kidney (Treated) Normal glomeruli with filtered plasma and eosinic fluid. No sign 

of tubular necrosis or disease
9 Spleen (Treated) Normal
10 Lungs (Treated) Clear alveoli, no fibrosis, no cumulation of inflammatory cells

Table 8   Comparison between current and previous research

Sr No Research Reference

1 Bio-compatible, thermally stable and colonically degradable pectin-
grafted-poly methacrylic acid nexus was formulated for delivery of 
5-fuorouracil (5-FU) by employing Ethylene glycol dimethacrylate 
(EGDMA) as crosslinker. Methacrylic acid (MAA) serve as pH sensi-
tive crosslinker. After 12 h, 90% drug release in pH 7.4

Minhas et al. [36]

2 Pectin-HPMC-co-AA based hydrogel was formulated for controlled 
delivery of Galantamine hydrobromide. HPMC and pactin was 
employed as polymer, acrylic acid as monomer and MBA as 
crosslinker. In pH 7.4 drug release was 75.36 to 87.62%

Bashir et al. [37]

3 pH responsive metformin loaded nexus was developed for sustained 
drug delivery. Acrylic acid and pectin loaded nexus was formulated by 
employing ethylene glycol dimethacrylate (EGDMA) as crosslinker. 
Formulated nexus showed 95.45% inpH 7.4 and 8.65% drug release 
in pH 1.2

Ali et al. [38]

4 Modified pectin grafted acrylic acid based nexus was formulated and 
drug release occur up to three days

Firyal and Hameed 
[39]

5 In current research work, 5-fluorouracil (5-FU) loaded fenugreek 
(FG), agarose (AG) and methacrylic acid (MAA) base hydrogel was 
formulated by employing N’, N’methylene bisacrylamide (MBA) as 
a crosslinker. F9 showed significant swelling, drug loading as well as 
release. Formulated nexus F9 serve as promising nexus for delivery 
of 5-FU

Current Research 
work
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Conclusions

pH-sensitive, controlled-release fenugreek and agarose-based hydrogels were pre-
pared by free radical polymerization. The reaction was initiated by ammonium per-
sulfate,  and  MBA  was used  as a  cross-linker  and MAA as a monomer. Swelling 
studies suggested their implication as a smart pH-sensitive drug delivery carrier as 
they showed high swelling percentages, drug loading, and subsequent release at a 
higher pH, i.e., 7.4. Fabricated hydrogels depict pH-dependent swelling and release 
for controlled delivery of 5-FU. Swelling and release kinetics were dependent on the 
amount of fenugreek, agarose, MAA, and MBA in fabricated hydrogels. By enhanc-
ing  MAA,  it was observed  that swelling and release percentages  were increased. 
Based on swelling and release data, F9 was selected as the optimized formulation. 
Mechanical strength studies revealed that hydrogels were of high tensile strength and 
capable of holding environmental stress.  5-FU loading into hydrogels was proven 
by EDX studies. The toxicity evaluation confirmed that the prepared hydrogel net-
work was safe and non-toxic to living tissues.  As fabricated hydrogels appear  to 
be smart, they can therefore be employed for controlled delivery of 5-FU wherever 
pH-dependent delivery is required.
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