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ABSTRACT

The study aims to formulate an oral in-situ gel for sustained paracetamol delivery, targeting pediatric and geriatric
patients. A blend of sodium alginate, chitosan, and Gelucires was used to create the gel. Characterization
techniques, such as rheology and in vivo bioavailability tests on rat models, were employed. The in-situ gel
transitioned into a gel-matrix system in 0.1N HCI, effectively controlling the release of paracetamol at different
pH levels (1.2, 5.4, and 6.8). Gels made solely of sodium alginate or sodium alginate-chitosan exhibited rapid drug
release at pH 6.8. The formulation containing paracetamol in a Gelucire (G33/01):3-3% sodium alginate - chitosan
ratio of 1:1:4 w/w showed an extended drug release time of over 8 hours. Bioavailability in rats revealed a higher
time to maximum concentration (Tmax) and lower peak concentration (Cmax) but comparable mean residence
time (MRT) and area under the curve (AUC0-x) to commercial formulations. The gel's synergistic blend of
chitosan, sodium alginate, and Gelucire G33/01 ensures a sustained release of paracetamol, making it a promising
drug delivery system for vulnerable populations like children and the elderly.
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INTRODUCTION

In-situ gelling systems are utilized for targeted drug
delivery and employ different mechanisms of gelation in
vivo. These mechanisms are designed to meet specific
requirements for drug release and anatomical targets [1-8].
These systems transform from a liquid sol-state to a gel upon
encountering specific environmental triggers, such as
temperature, enzymes, pH, or ions [9-13]. Temperature-
induced gelation involves polymers that undergo a transition
from a liquid state to a gel state at body temperature [14],
making them suitable for various applications where a
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minimally invasive approach is preferred. pH-induced
gelation refers to the process where polymers undergo sol-
to-gel transitions in response to pH variations [15], allowing
for precise drug release in regions characterized by distinct
pH levels. Enzyme-triggered gelation is a targeted approach
that responds to specific enzymes found in particular tissues
[16], enabling precise drug delivery in localized areas. lon-
induced gelation refers to the process in which polymers
undergo gelation when exposed to specific ions [17]. This
phenomenon has practical applications in various fields,
such as wound healing, where the concentration of ions at
the site of application fluctuates. Each mechanism provides
distinct benefits for precise and controlled drug
administration, influenced by the environmental factors of
the specific tissue and the interplay between the drug and
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polymer. Nonetheless, the intrinsic mechanical fragility of
the polymers involved often results in premature erosion,
prompting research into methods like polymer blending,
grafting, cross-linking, and mixed-matrix approaches to
enhance their structural integrity. Blending polymers is an
especially effective yet economical strategy to modulate the
physical properties of in-situ gels, making them highly
relevant for oral administration in populations with
dysphagia and those of pediatric or geriatric age.
Paracetamol (PA), commonly delivered through tablets or
liquids, offers an excellent model drug for these systems, as
its extended release has been successfully achieved via in-
situ gel formation using polymers of both natural and
synthetic origins [18-23]. This study introduces a novel
blend consisting of Gelucire® (G), a highly hydrophobic
lipid material, with a dual hydrophilic polymer matrix of
chitosan (CS) [24, 25] and sodium alginate (SA) [26]. This
blend is designed to form an in-situ gel matrix in the
stomach for sustained PA release, addressing the limitations
associated with the rapid diffusion of hydrophilic drugs
[27]. Both CS and SA are biocompatible polysaccharides
with unique ionic properties [28-37], while Gelucire®
serves as an amphiphilic lipid material with specific fat-
soluble or water-dispersible characteristics [38].
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MATERIALS AND METHODS

Sodium alginate was obtained as a gift from AL Tagaddom
Pharmaceutical Industries Co. (Protanal® LF 120M, Guluronic
acid: 35-45% and Mannuronic acid: 55-65%, Lot No.: S20653,
FMC BioPolymer A/S, Drammen, Norway). Chitosan was
obtained as a gift from the Jordanian Pharmaceutical
Manufacturing Co. LTD., JPM (250 KDa with 96% degree of
deacetylation, JBICHEM, Shanghai, China). Chitin was
obtained as a gift from JPM (200 Mm, JBICHEM, Shanghai,
China). Gelucire® (a saturated polyglycolysed glycerides;
Gelucire® grades 33/01, 39/01, and 43/01 were a gift from
Gattefosse, France). Paracetamol (Standard of PA, Water
Content; 0.1%, Potency: 99.2%) was kindly supplied from
Hikma, Jordan. Revanin® (250 mg/ 5 ml) is a commercially
available paracetamol suspension manufactured by the Arab
Pharmaceutical Manufacturing Co. LTD., APM, Salt, Jordan.
All other chemicals and reagents used were either of analytical
or pharmaceutical grades.

Preparation of Paracetamol Gel Formulations

Paracetamol: Alginate and Paracetamol: Alginate-
Chitosan Formulations:

Three formulations with SA alone were prepared at
concentrations of 3%, 4.5%, and 6% (D1, D2, D3) as
shown in Table 1.

Table 1 The composition of the in-situ gel formulations (D1, D2, D3, N1, N2, and N3) containing Paracetamol (PA),
Sodium Alginate (SA), and Chitosan (CS).

Contents SA colloidal dispersion The Polymeric Phase

Formula | Ratio PA| 3% | 45% | 6% | SA-CS SA-CS SA-CS

Wi (9) | wiw wiw wiw | 3-3% | 4.5-45% w/w | 6-6%

(9) (@) (9) | wiw(g) (@) wiw (g)
D1 1:4 10 | 40 - - - - -
D2 1:4 10 - 40 - - - -
D3 1:4 10 - - 40 - - -
N1 1:4 10 - - - 40 - -
N2 1:4 10 - - - - 40 -
N3 1:4 10 - - - - - 40

Binary combinations of sodium alginate with chitosan
(SA-CS) were prepared at concentrations of 3-3%, 4.5-

4.5%, and 6-6% (N1, N2, N3). These combinations were
created by dissolving the respective polymers in de-
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ionized water, allowing overnight stabilization at 4°C, and
subsequently adding paracetamol. The mixtures were then
homogenized under specific conditions.

Paracetamol: Gelucire: Chitosan-Alginate

Formulations:
Formulations FO1-F18 were generated using various
Gelucires and SA-CS combinations, as shown in Table 2.

Table 2 The composition of gel formulations (FO1 — F18) containing Paracetamol (PA), Gelucire (G), Sodium
Alginate (SA), and Chitosan (CS).

PA : G : SA-CH Gel

(1:1:4)w/w Ratio

(1:1:8)w/w Ratio

Grade of Gelucire®

(SA-CS) % wiw

(SA-CS) ) % wiw

(3-3%) | (4.5-4.5%) | (6-6%) | (3-3%) | (4.5-4.5%) | (6-6%)
G 43/01 F1 F2 F3 F4 F5 F6
G 39/01 F7 F8 F9 F10 F11 F12
G 33/01 F13 F14 F15 F16 F17 F18

A lipidic phase was initially prepared by melting
Gelucire and incorporating PA. This phase was combined
with different polymeric phases (3-3%, 4.5-4.5%, or 6-6%
w/w CS-SA) using a mechanical stirrer (RZR 2041,
Heidolph, Germany) at 300 rpm.

Paracetamol: Gelucire: Alginate Formulations:

Three formulations, namely F19, F20, and F21, were
prepared without Chitosan, utilizing a 1:1 w/w lipidic
phase of PA: G43/01, PA: G39/01, or PA: G33/01 and a
3% SA colloidal dispersion. These were heated and
allowed to stabilize overnight at 4°C.

Paracetamol: Gelucire: Chitin-Alginate
Formulations:

Formulations F22, F23, and F24 were prepared by
replacing chitosan with chitin in a 3-3% w/w ratio,
precisely replicating formulations F1, F7, and F13. Each
formulation was prepared in triplicate to ensure
consistency and reliability.

Rheological Studies

Viscosity measurements were performed at 25 °C with
a cone and plate viscometer (Anton Paar Physica MCR
301, Graz-Austria, Type P-PTD 200-62). The viscometer
had a cone of 0.994° angle and 50.005 mm diameter. Each
gel formulation was tested in triplicate over a shear rate
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range of approximately 2-100 s™' with a gap width of 0.05
mm. Tested each gel in triplicates.

Measurement of in Vitro Drug Release

The release of PA from the gel formulations was
conducted using the USP paddle method (apparatus I1). An
appropriate amount of each formulation, equivalent to 250
mg of PA, was accurately weighed and introduced into the
dissolution medium using a tip-free disposable syringe.
The dissolution medium was maintained at 37+0.5°C with
an agitation rate of 50 rpm. To mimic the physiology of
the gastrointestinal tract, a gradient pH-dissolution media
of 1000 ml volume was employed, starting with 0.1N HCI
for 2 hours, changing to pH 5.4 for an additional 2 hours
by adding 16.9g trisodium phosphate salt, and finally
changing to pH 6.8 by adding 5.4g of the same salt until
the end of the test. At predetermined time intervals, 5 ml
samples were withdrawn and immediately replenished
with pre-warmed fresh medium. Subsequently, the PA
content in the samples was analyzed
spectrophotometrically at Amax 243 nm. The results,
obtained from six determinations, were expressed as the
percentage of PA released (USP 30-NF 25, 2007). Each
test was performed in triplicate to ensure accuracy and
reproducibility.
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Elucidation of the Release Mechanism

The drug release pattern was evaluated using four
model-dependent kinetic models: zero-order release
kinetics, Higuchi's square root of time equation [39],
Korsmeyer—Peppas power law equation, and Hixson—
Crowell's cube root of time equation [40, 41]. The
correlation coefficient, R2, values evaluated the goodness
of fit. The complete dataset of dissolution time was utilized
to analyze and elucidate the release mechanism.

Animal Experiments

Twelve male Sprague Dawley rats, weighing 250-315
g, were procured from Al-Yarmouk University Biological
Center (Irbid, Jordan) and housed in the Petra University
Animal Care Unit (Amman, Jordan) under standard
conditions of temperature (22+2°C) and humidity. The rats
were allowed to acclimate for a period of 10 days before
commencing the experiments. All animal procedures
adhered to the guidelines of FELASA (Federation of
European Laboratory Animal Science Associations), and
the study protocol was reviewed and approved by the
Animal Care Committee of the Scientific Research
Council of Petra University (approval number: 1223).

On the day of the experiment, the rats underwent a 24-
hour fasting period with free access to water. The rats were
randomly divided into two groups, with six rats in each
group. The first group was administered a 30 mg/kg oral
dose of the PA-gel preparation via a metal oral gavage
needle (Harvard Apparatus, UK). The second group
received a similar dose of a PA commercial suspension,
Revanin® (7.5 mg in 0.6 ml, equivalent to 30 mg/kg).

At predetermined time intervals, namely 0, 0.25, 0.5,
1, 2,3, 4,6, and 8 hours, blood samples were collected for
each group by pooling one blood drop obtained from the
tip of the tail (around 35 pl blood/drop) from each rat. The
pooled samples were collected in 0.5 ml EDTA blood
tubes and centrifuged at 3000 rpm for 5 minutes. The
plasma was then collected and stored at -20°C until
analysis. The experiment was repeated (n=6) to ensure the
reliability and consistency of the results.
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In situ Gelling Ability Examination

The animals underwent a 24-hour fasting period with
free access to drinking water prior to the administration of
the experimental formula using a metallic oral gavage
needle. The gel-forming capacity of the formula was
assessed by administering approximately 1.3 g and 0.33 g
of the formula into the stomachs of rats and mice (n=3 for
each group).

Paracetamol Assay

The plasma samples were assayed using HPLC
(Shimadzu LC-10A with a Shimadzu SPD-10A detector at
a wavelength of 254 nm) according to a previously
described method with minor modifications [42]. On the
day of analysis, the samples were vortexed for 1 minute,
from which 0.150 ml was withdrawn, and the volume was
completed with water to 0.5 ml. 50 ul of a 30% perchloric
acid solution was added to each tube to precipitate
proteins. The samples were vortexed for 1 minute and
centrifuged at 6000 rpm for 10 minutes. Finally, 20 pl of
the supernatant was injected into a column (150 mm x 4.6
mm i.d. and packed with Inertsil-ODS). Elution was
carried out using the KH2PO. (0.1M)-Isopropanol-
tetrahydrofuran system in a ratio of 100:1.5:0.1 v/v, and
the pH was adjusted to 3.7 using phosphoric acid.

Pharmacokinetic Analysis

The values of the maximum PA plasma concentration
(Cmax) and the time of its occurrence (Tmax) were
obtained directly from a concentration-time profile. For
other pharmacokinetic parameters, the concentration-time
data  were analyzed using computer-based
pharmacokinetic software, WinNonlin® version 5.2.1
(Pharsight Corporation, Mountain View, CA, USA). The
area under the plasma level-time curves (AUC) and
moment plasma level-time curves (AUMC) were
calculated by the trapezoidal method, and the ratio of AUC
and AUMC was used to estimate the mean residence time
(MRT) of the drug. The program used a minimum of three
data points to compute the terminal elimination rate
constant (Kel).
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Statistical Analysis

Unpaired t-tests, using Prism GraphPad, were carried
out to compare the pharmacokinetic parameters of the gel
formulation (test) and the commercial suspension
(reference). P values of <0.05 were considered significant.

RESULTS AND DISCUSSION
In Vitro Release Studies
In vitro release studies elucidate the efficacy and

limitations of various paracetamol (PA) gel formulations.
Formulations D1, D2, and D3, which solely incorporated
sodium alginate (SA), manifested soft alginic acid gels
upon interaction with 0.1 N HCI. However, these SA-only
systems showed suboptimal sustained drug release
properties, particularly at higher pH values. Figure 1
illustrates this rapid drug release and highlights the
suboptimal nature of SA as a sole vehicle for drug delivery.

120 -
0.1 N HCL pH 5.4 pH 6.8
100 - 1]
3 —1
| —a
@ ——
@ 60 1
.EE;_ —o—D01 —+—HN1
= 4{] -
—t— D02 ——N2
m -
——D3 —m—N3
0 T T T T ]
0 100 200 300 400 500
Time {min)

Figure 1 Drug release profiles of PA formulations D1, D2, and D3 with SA as the sole matrix. The data show
suboptimal sustained release at higher pH levels.

Such behavior is attributable to the pH-sensitive
disintegration of the SA gel in the basic intestinal phase,
posing a risk of dose dumping, especially in cases of rapid
gastric emptying [43]. To overcome these limitations, SA
was blended with chitosan (CS) in formulations N1, N2,
and N3. This binary polymeric system displayed
advantageous features from both polymers and mitigated
their individual drawbacks, thus offering a more effective
drug release transition from gastric to intestinal phases
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[44]. The hybrid SA-CS gel showcased pH-responsive
behavior, where the polycationic nature of CS allowed for
in-situ gelation in the stomach, prolonging gel structural
integrity upon reaching the intestine [45]. Figure 2 shows
that among these hybrid formulations, N3 exhibited the
most sustained drug release pattern, specifically, a
reduction of drug release from 68.48 + 5.47% to 44.84 +
1.39% at the end of the acidic stage (2h).
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Figure 2 Comparative dissolution profile of in-situ gel formulations containing Gelucire G 43/01 (F1, F2, and F3)
with those without Gelucire (N1, N2, and N3).

A novel approach was the inclusion of lipidic material
G (G33/01, G39/01, or G43/01) to SA-CS gels in
formulations F1-F18. This further reduced drug release,
ascribed to changes in matrix hydrophobicity and

incorporating PA:G at a 1:1:4 molar ratio (F1, F2, F3, F7,
F8, F9, F13, F14, and F15) demonstrated statistically
indistinguishable drug release Kinetics, as delineated in
Figures 3A, 3B, and 3C.

increased diffusion path length. Notably, formulations
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Figure 3 Comparative dissolution profiles of different in-situ gel formulations.
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Alterations in SA-CS polymeric concentration from an
initial 3%-3% to a subsequent 6%-6% did not induce
significant changes in these release parameters. In
contrast, formulations with an enhanced 1:1:8 SA-CS ratio
(F4, F10, F16) exhibited augmented drug release kinetics,
as corroborated by Figures 3A, 3B, and 3C. This increased

release is ostensibly attributable to the augmented
hydrophilic nature of the polymer matrix. The gel matrices
were promptly formed in vitro upon contact with acidic
dissolution media (pH 1.2) and also in the in-situ stomachs
of rats and mice, as illustrated in Figure 4.

Figure 4 Photographs of the PA: G33/01: CH — AL (1: 1: 4 ratio) gel: (A) before and (B) after addition to the acid
media and (C) in-situ rat (1) and mouse (I1) stomach 30 min after administration

In vivo studies performed on rats confirmed the rapid
in vitro gel formation at acidic pH (pH 1.2). Formulations
F1, F7, and F13, which displayed optimal sustained
release, were further benchmarked against a commercial

PA product (Revanin®, APM), which exhibited complete
immediate drug release within 5 minutes, as shown in
Figure 5.
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Figure 5 Paracetamol release profiles from Formulas F01, FO7, F13 and the commercial PA immediate release
suspension (Revanin®, APM)
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Figure 6 Plasma concentrations of paracetamol in rats after oral administration of commercial suspension and gel
formulation (F16). Each value represents the mean + S.E. of six independent experiments (n=6).

Analysis of the Release Pattern

Table 3 presents the regression parameters obtained after

fitting various release kinetic models to the in vitro dissolution
data of formulations F1, F4, F7, F10, F13, and F16.

Table 3 Statistical parameters of the various in-situ gel formulations after fitting drug release data into various
release kinetic models

Model Fo1 Fo7 F13 Fo4 F10 F16
r’ | 0.8762 | 0.8728 | 0.8585 | 0.7185 | 0.7729 | 0.7603
Zero-order
Ko | 0.0012 | 0.0011 | 0.0011 | 0.0012 | 0.0011 | 0.0011
. r’ | 0.9581 | 0.9506 | 0.9376 | 0.8804 | 0.9168 | 0.8999
First-order
Ki | -0.0022 | -0.0021 | -0.0021 | -0.0035 | -0.0034 | -0.0034
Higuchi r2 | 09771 | 0.978 | 0.9713 | 0.8849 | 0.9217 | 0.9138
g Ku | 0.0315 | 0.0311 | 0.0310 | 0.0333 | 0.0316 | 0.0322
r2 | 0.9854 | 0.9938 | 0.991 | 0.9822 | 0.9897 | 0.9913
Peppas equation | N | 0.5077 | 0.4838 | 0.4998 | 0.4595 | 0.3647 | 0.3861
Kp | -1.4731 | -1.4119 | -1.4496 | -1.1225 | -0.9551 | -0.9987
. r2 | 0.9349 | 0.9276 | 0.9139 | 0.8292 | 0.8728 | 0.8571
Hixson-Crowell
Kc | -0.0006 | -0.0006 | -0.0006 | -0.0008 | -0.0008 | -0.0008
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The goodness of fit using different models was ranked
in the following order: Korsmeyer-Peppas > Higuchi >
first order > Hixson-Crowell cube root law > Zero order.
By employing the Korsmeyer-Peppas model, the obtained
"n" values for all tested formulations ranged from 0.45 to
0.50. These "n" values indicate that both drug diffusion
and polymer relaxation (swelling/erosion) mechanisms are
involved in the drug release process.

Viscosity Study

The rheological profiles of the formulated gels have
significant implications for their oral administration efficacy.
Figure 7 elucidates the shear-dependent viscosity
characteristics, revealing a direct correlation between
increased viscosity and the melting points of incorporated G
constituents.

250 -
200 -
— —e—FO01
2}
& 150 - —8—F04
E Fo7
€ 100 - ——F10
g —»—F13
—e—F16
0 : : , ==
0 20 40 60 80 100
Shear Rate [1/s]

Figure 7 The effect of Shear rate [1/s] dependency of the viscosities of Formulas F01, F04, F06, F10, F13 and F16.

Figure 8 further corroborates the pseudoplastic
behavior of the formulations, as evidenced by decreasing

apparent  viscosities upon incremental shear rate
alterations.
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Figure 8 The Flow Curve of Formulas F01, F04, F07, F10, F13 and F16.
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Quantitatively, the yield stress values for formulations
F16, F13, F10, F4, F7, and F1 ranged from 265 to 750
Pascal-seconds. A pivotal observation was that a two-fold
augmentation in the SA-CS polymer ratio resulted in a
commensurate decrease in viscosity. In this context,
formulations F10, F13, and F16 emerged as favorable
candidates for oral administration, attributed to their lower
viscosity profiles. Crucially, formulation F16 was
subjected to subsequent in vivo evaluations.

In Vivo Study

The release of PA from formulation F16 following oral
administration was monitored by determining plasma drug
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levels. The gelation of this formulation was confirmed by
visual observation of the stomach contents, which showed
the presence of a distinct matrix mass (as seen in Fig. 4).
Figure 6 compares PA levels from the gel with those
following oral administration of the commercial
suspension. The formed gel was capable of releasing the
drug in a sustained manner, providing a relatively
consistent plasma concentration profile. The obtained
AUCO—0, MRT, Cmax, Tmax, and t1/2 are summarized in
Table 4 along with those published using the same drug
and animal models.

Table 4 Comparison of bioavailability parameters of paracetamol administered from the commercial suspension,
gel formed in situ in rat stomach (F16)

dosage form Crmax

Tmax AUC MRT ti2

Gel formulation (F16)

41.0+05|050+0.08 | 177.71£264 | 5.4+0.7 | 45+1.2

Commercial suspension | 74.8+1.2 | 0.25+0.09 | 164.3+44.6

48+09 | 44+09

Significantly higher peak time, tmax (0.50 £ 0.09 vs. 0.25 + 0.08, P<0.003), and lower values of peak concentration, Cmax
(41.0£0.50 vs 74.0+1.2, P<0.001) were exhibited by the test gel versus the commercial suspension. The area under the curve
up to infinite time, AUCo. (177.1£26.4 vs 164.3+44.5, P<0.05) for the gel and suspension were not significantly different,
indicating the similar extent of absorption of the sustained test gel to the reference commercial suspension. The obtained
values compare well with those reported earlier (refer to Table 4) in the same animal model.

It is interesting to note the similarity in mean residence
times (MRT) between the gel and the commercial
suspension. The sustained release effect of the gel
formulation results from the gel structure’s resistance to the
drug's diffusion, whereas that of the suspension arises from
the reservoir effect of the suspended particles as they
slowly dissolve in the intestine. This result aligns with
previous findings [3].

CONCLUSIONS

One of the most commonly used methods to achieve an
in-situ gel in the stomach involves combining an anionic
polysaccharide with a source of cations, typically calcium.
However, excessive calcium intake can be harmful to
hypercalcemic patients, and calcium ions may interact

unfavorably with certain drugs. This study presents an
alternative approach by using a combination of CS and SA
without calcium. There is a potential synergistic effect
between these two polysaccharides that enhances gel
consistency. The mechanism of in-situ gelation relies on
the formation of a crosslinked network between the
polymers. The addition of hydrophobic Gelucires further
enhances gel consistency. These formulations form a gel
matrix system immediately upon contact with 0.1N HCI
and in the rat stomach in situ. Such a matrix can sustain the
release of PA throughout the gastrointestinal tract (65%
release after 8 hours). Gelucire® types with similar HLB
values and melting points ranging from 33 to 43°C showed
no significant differences (p < 0.05), likely due to their
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similar hydrophobicity. This preparation offers a system
with suitable viscosity, easy swellability, prolonged drug
action time, and reduced drug administration frequency.

Statements and Declarations

Conflicts of interest: There are no conflicts to declare.

Funding statement: This research received no
specific grant from any funding agency in the public,
commercial, or not-for-profit sectors.

Authors’ contributions

Al-Sayed Sallam: Conceptualization and Formal analysis.
Inam Al-Naji, Ruaa Al-Ajeeli: Methodology and Formal
analysis. Nidal A. Qinna: Methodology and Resources. Faisal
Al-Akayleh, Mayyas Al-remawi, Mai Khanfar: Formal
analysis and Writing - Original Draft. Ahmed S.A. Ali Agha:

REFERENCES

1. Abdallah Marwa H., Abdelnabi Dina M., and Elghamry
Hanaa A. Response Surface Methodology for Optimization
of Buspirone Hydrochloride-Loaded In Situ Gel for
Pediatric Anxiety. Gels. 2022; 8(7):395.
https://doi.org/10.3390/gels8070395

2. Abdullah Samaa, El Hadad Sahar, and Aldahlawi Alia. The
development of a novel oral 5-Fluorouracil in-situ gelling
nanosuspension to potentiate the anticancer activity against
colorectal cancer cells. Int J Pharm. 2022; 613:121406.
https://doi.org/10.1016/j.ijpharm.2021.121406

3. Belhadji Linda, HadjSadok Abdelkader, and Moulai-
Mostefa Nadji. Design and characterization of calcium-free
in-situ gel formulation based on sodium alginate and
chitosan. Drug Devel Ind Pharm. 2018; 44(4):662-669.
https://doi.org/10.1080/03639045.2017.1408640

4. Kim Jong Hee, Song Seung Hyun, Joo Sang Hoon, Park
Gyu Hwan, Weon Kwon-Yeon. Formulation of a
Gastroretentive In Situ Oral Gel Containing Metformin
HCl Based on DoE. Pharmaceut. 2022; 14(9):1777.
https://doi.org/10.3390/pharmaceutics14091777

-302 -

Validation, Software, and Visualization.

Conflict of Interest: The authors declare no conflict of
interest.

Statement of Human and Animal Rights

The animal studies were performed after receiving
approval of the Institutional Animal Care and Use
Committee (IACUC) in the University of Petra (IACUC
approval No. A1/9/2021).

Availability of data and materials: Available upon
request

Competing interests: The authors declare that none of
them have a competing interest.

Funding: This project was funded by the University of
Petra (Fund number 4/8/2022)

5. Reed Kenneth, Li Amy, Wilson Britney, Assamoi Tetchi.
Enhancement of Ocular In Situ Gelling Properties of Low
Acyl Gellan Gum by Use of lon Exchange. J Ocul
Pharmacol Ther. 2016; 32(9):574-582.
https://doi.org/10.1089/jop.2016.0084

6. Sharma Suraj, Sarkar Gunjan, Srestha Bhupendra,
Chattopadhyay Dipankar, Bhowmik Manas. In-situ fast
gelling formulation for oral sustained drug delivery of
paracetamol to dysphagic patients. Int J Biol Macromol.
2019; 134:864-868.
https://doi.org/10.1016/j.ijbiomac.2019.05.092

7. Khalil, E. A., Majid, S. A., Suaifan, G. A., Al-Akayleh, F.
T., & Sallam, A. S. A. Physicochemical characterization of
emulgel formulated with SepineoP 600, SepineoSE 68 and
cosolvent mixtures. Pharm. dev. technol. 2016; 21(5):519-
527.

8. Srichan, T. and Phaechamud, T. Designing Solvent
Exchange-Induced In Situ Forming Gel from Aqueous
Insoluble Polymers as Matrix Base for Periodontitis
Treatment. AAPS PharmSciTech. 2017; 18(1):194-201.
https://doi.org/10.1208/s12249-016-0507-1



https://doi.org/10.3390/gels8070395
https://doi.org/10.1016/j.ijpharm.2021.121406
https://doi.org/10.1080/03639045.2017.1408640
https://doi.org/10.3390/pharmaceutics14091777
https://doi.org/10.1089/jop.2016.0084
https://doi.org/10.1016/j.ijbiomac.2019.05.092
https://doi.org/10.1208/s12249-016-0507-1

Chitosan/ Alginate/ Gelucire

10.

11.

12.

13.

14.

15.

Itoh Kunihiko, Yahaba Masayuki, Takahashi Akie,
Tsuruya Reina, Miyazaki Shozo, Dairaku Masatake,
Togashi Mitsuo, Mikami Ryozo, and Attwood David. In
situ gelling xyloglucan/pectin  formulations for oral
sustained drug delivery. Int J Pharm. 2008; 356(1):95-101.
https://doi.org/10.1016/j.ijpharm.2007.12.049

Phan V. H. Giang, Thambi Thavasyappan, Gil Moon Soo,
and Lee Doo Sung. Temperature and pH-sensitive
injectable hydrogels poly(sulfamethazine
carbonate urethane) for sustained delivery of cationic
proteins. Polym. 2017; 109:38-48.
https://doi.org/10.1016/j.polymer.2016.12.039

Kubo Wataru, Itoh Kunihiko, Miyazaki Shozo, and
Attwood David. Oral Sustained Delivery of Theophylline
and Cimetidine from In Situ Gelling Pectin Formulations in
Rabbits. Drug Devel Ind Pharm. 2005; 31(8):819-825.
https://doi.org/10.1080/03639040500271902

Kubo Wataru,
Togashi Mitsuo, Mikami Ryozo, and Attwood David. Oral
sustained delivery of ambroxol from in situ-gelling pectin
formulations. Int J Pharm. 2004; 271(1):233-240.
https://doi.org/10.1016/j.ijpharm.2003.11.027

Twal, S., Jaber, N., Al-Remawi, M., Hamad, I., Al-
Akayleh, F., and Alshaer, W. Dual stimuli-responsive
polymeric nanoparticles combining soluplus and chitosan
for enhanced breast cancer targeting. RSC advances, 2024;
14(5):3070-3084. DOI: 10.1039/D3RA08074A

Cao Dinglingge, Chen Xi, Cao Feng, Guo Wen, Tang
Jingyu, Cai Caiyun, Cui Shuquan, Yang Xiaowei, Yu Lin,
and Su Yong. An intelligent transdermal formulation of

based on

Miyazaki Shozo, Dairaku Masatake,

ALA-loaded copolymer thermogel with spontaneous
asymmetry by using temperature-induced sol—gel transition
and gel-sol (suspension) transition on different sides. Adv
Funct Mater. 2021; 31(22):2100349.

Kurniawansyah Insan Sunan, Rusdiana Taofik, Sopyan
lyan, Desy Arya Insi Farisa, Wahab Habibah A, and
Nurzanah Dela. Comparative Study of In Situ Gel
Formulation Based on the Physico-Chemical Aspect:
Systematic Review. Gels. 2023; 9(8):645.

- 303 -

16.

17.

18.

19.

20.

21.

22.

Inam Al-Naji et al.

Cheng Cheng, Sun Qingyun, Wang Xiuping, He Bingfang,
and Jiang Tianyue. Enzyme-manipulated hydrogelation of

small molecules for biomedical applications. Acta
Biomater. 2022; 151:88-105.
Hu Chuhuan, Lu Wei, Mata Analucia, Nishinari

Katsuyoshi, and Fang Yapeng. lons-induced gelation of
alginate: Mechanisms and applications. Int J Biol
Macromol. 2021; 177:578-588.

Raffa Robert B., Pergolizzi Jr Joseph V., Taylor Jr Robert,
Decker John F., and Patrick Jeffrey T. Acetaminophen
(Paracetamol) Oral Absorption and Clinical Influences.
Pain Pract. 2014; 14(7):668-677.
https://doi.org/10.1111/papr.12130

Endo Hisashi, Watanabe Yoshiteru, Matsumoto Mitsuo,

and Shirotake Shoichi. Preparation and Evaluation of Heat-
sensitive Melting Gel Acetaminophen Gel. JJ Hosp Pharm.
2000; 26(3):250-258.
https://doi.org/10.5649/jjphcs1975.26.250

Kubo Wataru, Miyazaki Shozo, and Attwood David. Oral
sustained delivery of paracetamol from in situ-gelling

gellan and sodium alginate formulations. Int J Pharm.
2003;  258(1):55-64.  https://doi.org/10.1016/S0378-
5173(03)00163-7

Miyazaki Shozo, Endo Kumiko, Kawasaki Naoko, Kubo
Wataru, Watanabe Hideki, and Attwood David. Oral
Sustained Delivery of Paracetamol from In Situ Gelling
Xyloglucan Formulations. Drug Devel Ind Pharm. 2003;
29(2):113-119.

https://doi.org/10.1081/DDC-120016718

Itoh Kunihiko, Tsuruya Reina, Shimoyama Tetsuya,

Watanabe Hideki, Miyazaki Shozo, D'Emanuele Antony,
and Attwood David. In situ gelling xyloglucan/alginate
liquid formulation for oral sustained drug delivery to
dysphagic patients. Ind Pharm. 2010;
36(4):449-455.
https://doi.org/10.3109/03639040903244480

Drug Devel



https://doi.org/10.1016/j.ijpharm.2007.12.049
https://doi.org/10.1016/j.polymer.2016.12.039
https://doi.org/10.1080/03639040500271902
https://doi.org/10.1016/j.ijpharm.2003.11.027
https://doi.org/10.1111/papr.12130
https://doi.org/10.5649/jjphcs1975.26.250
https://doi.org/10.1016/S0378-5173(03)00163-7
https://doi.org/10.1016/S0378-5173(03)00163-7
https://doi.org/10.1081/DDC-120016718
https://doi.org/10.3109/03639040903244480

Jordan Journal of Pharmaceutical Sciences, Volume 17, No. 2, 2024

23.

24.

25.

26.

27.

28.

29.

30.

Kubo Wataru, Konno Yasuhiro, Miyazaki Shozo,
and Attwood David. In Situ Gelling Pectin
Formulations for Oral Sustained Delivery of
Paracetamol. Drug Devel Ind Pharm. 2004;
30(6):593-599. https://doi.org/10.1081/DDC-
120037490

Alwahsh Wasan, Jaber Mai, Al Muhaissen Suha, Al-
Khalidi Bashar A, Sahudin Shariza, and AlKhatib Hatim S.
Effect of Surface Modification with Na Lauryl Sulfate on
The Water-Uptake and Release Properties of Na
Tripolyphosphate-Cross Linked Chitosan Beads. Jordan
Journal of Pharmaceutical Sciences. 2023; 16(2):484-484.
https://doi.org/10.35516/jjps.v16i2.1543

Kothiya Daxaben and Vaghani Subhash. Fabrication of
Interpenetrating Polymer Network-Based Hydrogel for
Colon-Targeted Release of Nateglinide. Jordan Journal of
Pharmaceutical ~ Sciences.  2023;  16(4):753-769.
https://doi.org/10.35516/jjps.v16i4.775

Almasri Rasha, Swed Amin, and Alali Haifaa. Preparation
and Characterization of Hydrogel Beads for Controlled

Release of Amoxicillin. Jordan Journal of Pharmaceutical
Sciences. 2022; 15(4):523-535.
https://doi.org/10.35516/jjps.v15i4.675

Al-Akayleh Faisal, Al Remawi Mayyas, Rashid lyad, and

Badwan Adnan. Formulation and In vitro assessment of
sustained release terbutaline sulfate tablet made from
binary hydrophilic polymer mixtures. Pharm Dev Technol.
2013; 18(5):1204-1212.
https://doi.org/10.3109/10837450.2011.620968

Jadach Barbara, Swietlik Weronika, and Froelich Anna.
Sodium Alginate as a Pharmaceutical Excipient: Novel
Applications of a Well-known Polymer. J Pharm Sci. 2022;
111(5):1250-1261.
https://doi.org/10.1016/].xphs.2021.12.024

Stephen Alistair M., and Phillips Glyn O. Food
polysaccharides and their applications: CRC press2016.
Tennesen H. H., and Karlsen J. Alginate in drug delivery
systems. Drug Dev Ind Pharm. 2002; 28(6):621-630.
https://doi.org/10.1081/ddc-120003853

- 304 -

3L

32.

33.

34.

35.

36.

37.

Rinaudo Marguerite. Characterization and Properties of
Some Polysaccharides Used as Biomaterials. Macromol
Symp. 2006; 245-246(1):549-557.
https://doi.org/10.1002/masy.200651379

Dash M., Chiellini F., Ottenbrite R. M., and Chiellini E.
Chitosan—A  versatile  semi-synthetic polymer in
biomedical applications. Prog. 2011; 36(8):981-1014.
https://doi.org/10.1016/j.progpolymsci.2011.02.001

Jaber Nisrein, Al-Remawi Mayyas, Al-Akayleh Faisal, Al-
Muhtaseb Najah, Al-Adham Ibrahim S. L., and Collier
Phillip J. A review of the antiviral activity of Chitosan,
including patented applications and its potential use against
COVID-19. J Appl Microbiol. 2022; 132(1):41-58.
https://doi.org/10.1111/jam.15202

Jaber Nisrein, Al-Akayleh Faisal, Abdel-Rahem Rami A.,
and Al-Remawi Mayyas. Characterization ex vivo skin
permeation and pharmacological studies of ibuprofen
lysinate-chitosan-gold nanoparticles. J Drug Deliv Sci
Technol. 2021; 62:102399.
https://doi.org/10.1016/j.jddst.2021.102399

Al Remawia Mayyas, Al-Akayleh Faisal, Salem Mutaz, Al
Shami Munther, and Badwan Adnan. Application of

Excipient Made from Chitosan - Xanthan as a Single
Component for the Controlled Release of Ambroxol Tablet.
J Excip Food Chem. 2013; 2: 48-57%V 44.

Al-Akayleh Faisal, Jaber Nisrein, Al-Remawi Mayyas, Al
Odwan Ghazi, and Qinna Nidal. Chitosan-biotin topical
film: preparation and evaluation of burn wound healing
activity. Pharm Dev Technol. 2022; 27(4):479-489.
https://doi.org/10.1080/10837450.2022.2079132
Al-Akayleh Faisal, Jaber Nisrein, and Al-Remawi Mayyas.
Designing, Preparation, and Evaluation of Orodispersible
Chitosan Anionic Salt Tablets. J Pharm Innov. 2022;
17(1):129-141. https://doi.org/10.1007/s12247-020-09497-
3



https://doi.org/10.1081/DDC-120037490
https://doi.org/10.1081/DDC-120037490
https://doi.org/10.35516/jjps.v16i2.1543
https://doi.org/10.35516/jjps.v16i4.775
https://doi.org/10.35516/jjps.v15i4.675
https://doi.org/10.3109/10837450.2011.620968
https://doi.org/10.1016/j.xphs.2021.12.024
https://doi.org/10.1081/ddc-120003853
https://doi.org/10.1002/masy.200651379
https://doi.org/10.1016/j.progpolymsci.2011.02.001
https://doi.org/10.1111/jam.15202
https://doi.org/10.1016/j.jddst.2021.102399
https://doi.org/10.1080/10837450.2022.2079132
https://doi.org/10.1007/s12247-020-09497-3
https://doi.org/10.1007/s12247-020-09497-3

Chitosan/ Alginate/ Gelucire

38.

39.

40.

41.

42.

Panigrahi Kahnu Charan, Patra Ch Niranjan, Jena Goutam
Kumar, Ghose Debashish, Jena Jayashree, Panda Santosh
Kumar, and Sahu Manoranjan. Gelucire: A versatile
polymer for modified release drug delivery system. Future
J Pharm Sci. 2018; 4(1):102-108.
https://doi.org/10.1016/j.fjps.2017.11.001

Siepmann Juergen and Peppas Nicholas A. Higuchi

equation: Derivation, applications, use and misuse. Int J
Pharm. 2011; 418(1):6-12.
https://doi.org/10.1016/j.ijpharm.2011.03.051

Hixson A. W., and Crowell J. H. Dependence of
Reaction Velocity upon surface and Agitation. Ind
Eng Chem. 1931; 23(8):923-931.
https://doi.org/10.1021/ie50260a018

Peppas NA. Analysis of Fickian and non-Fickian drug
release from polymers. Pharm Acta Helv. 1985; 60(4):110-
111.

Jensen L. S., Valentine J., Milne R. W., and Evans A. M.
The quantification of paracetamol, paracetamol
glucuronide and paracetamol sulphate in plasma and urine
using a single high-performance liquid chromatography
assay. J Pharm Biomed Anal. 2004; 34(3):585-593.
https://doi.org/10.1016/S0731-7085(03)00573-9

43.

44,

45.

- 305 -

Inam Al-Naji et al.

Dentini Mariella, Rinaldi Gianluca, Barbetta Andrea,
Risica Daniela, and Skjak-Breek Gudmund. Acid gel
formation in (pseudo) alginates with and without G blocks
produced by epimerising mannuronan with C5 epimerases.

Carbohydr Polym. 2006; 63(4):519-526.
https://doi.org/10.1016/j.carbpol.2005.10.017
George Meera, Abraham T. Emilia. Polyionic

hydrocolloids for the intestinal delivery of protein drugs:
Alginate and chitosan — a review. J Control Release. 2006;
114(1):1-14.

https://doi.org/10.1016/j.jconrel.2006.04.017

Tapia Cristian, Escobar Zunilda, Costa Edda, Sapag-Hagar
Jaime, Valenzuela Fernando, Basualto Carlos, Nella Gai
Maria, and Yazdani-Pedram Mehrdad. Comparative
studies on polyelectrolyte complexes and mixtures of
chitosan—alginate and chitosan—carrageenan as prolonged
diltiazem clorhydrate release systems. Eur J Pharm
Biopharm. 2004; 57(1):65-75.
https://doi.org/10.1016/S0939-6411(03)00153-X



https://doi.org/10.1016/j.fjps.2017.11.001
https://doi.org/10.1016/j.ijpharm.2011.03.051
https://doi.org/10.1021/ie50260a018
https://doi.org/10.1016/S0731-7085(03)00573-9
https://doi.org/10.1016/j.carbpol.2005.10.017
https://doi.org/10.1016/j.jconrel.2006.04.017
https://doi.org/10.1016/S0939-6411(03)00153-X

Jordan Journal of Pharmaceutical Sciences, Volume 17, No. 2, 2024

! J salinlll adl) Gush o alaiwdll Juasill sashia/ Cuidaadl/ ol slsll a8 gal) ddlail) ol
) & dgra (e Ggilan Gl

P siia o gplas sl ulsa Ll Juai  liall (5 P ALY i L alil ala]
1S ) FET o (Glllse s tasf

N coles ol drals cilanall 4!

OV ) A1 Lagli€illy o glell dasls cdlaneal) 4
O cOlas ¢dia V) daalad) cdlasal) 3060

Y sl cdlsall cile liall ) 45,4

gadla
Liagaall Cila)al Lgunped Ao Baxall Jals da 05855 o) Byha (o (axd Sl gk ) Al Caags
O e Jlaind) 5805 Spuaaal) djanll il lagioss (Jgabisablll pltics Juagi iads saaal) 3 dllal
Caag ¢ Lalill (gall andll Jie @l aladiul LSl Caagll &5 . jaesbag ()il cagsall liall
Glaha (e At Sligine b eloall (D) 3 Jeill 2l o 5508 aUaill gl LAng3llls ¢ elyanll cuat Aed)
Ao gl il e by Caaliall aUaill Hlasl . cule b 811 gl (DUa) iy i jglal la il Juadl LA geal)
SAanslsnll Gl

Al ] s eufpal) ilfall”
a.sallam@tgpharma.com
.2024/1/3 dll algad &Ut:j 2023/10/18 Gaal) (J:w\ é__ul:‘

- 306 -



