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Abstract—The present study was aimed at the
development of a thermosensitive mucoadhesive in situ
gel for rectal delivery of pioglitazone hydrochloride as a
localized and sustained release alternative to oral
thiazolidinedione therapy for ulcerative colitis. Nine
thermosensitive mucoadhesive gels (F1-F9) were
prepared using cold method using Poloxamer 407 and
HPMC K4M. Poloxamer 407 at 16, 18 and 20% w/w was
mixed with HPMC K4M at 0.5, 1.0 and 1.5% w/w at a
fixed drug loading of 300 mg per 100 g. The prepared
gels were evaluated for appearance, gelation
temperature, gelation time, gel strength, pH, viscosity,
syringeability, spreadability, swelling index, drug
content, and in vitro release along with FTIR drug-
excipient compatibility and SEM morphology studies.
The gelation temperature of the nine batches ranged
from 32 to 49 °C and the gelation time from 120 to 480 s,
with both decreasing with increasing Poloxamer 407
concentration. The formulation F7 (20% w/v Poloxamer
407, 0.5% w/v HPMC K4M) was found to have a gelation
temperature of 36 + 1 °C, a gelation time of 120 s, the
highest drug content among the fast-gelling batches
(99.08%), favorable spreadability (12.26 cm), and gel
strength > 300 s and was selected as the optimized
formulation. In vitro drug release study usingaaaaaa
Franz diffusion cell showed that F7 exhibited a
cumulative release of 78.4% at 420 min, which followed
the Higuchi diffusion model (R> = 0.9888) with a
Korsmeyer—Peppas exponent n = 0.6625, indicating an
anomalous  (non-Fickian) transport mechanism
involving diffusion and polymer relaxation/erosion. The
optimized formulation F7 showed a more sustained drug
release (78.4% vs. 87.8% at 420 min) as compared to
plain (non-thermosensitive) mucoadhesive gel of
pioglitazone. To

summarize, pioglitazone
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thermosensitive mucoadhesive rectal in-situ gel is a
promising localized and sustained release platform for
ulcerative colitis management.

Index Terms—Pioglitazone, ulcerative colitis,
thermosensitive gel, mucoadhesive, rectal drug delivery,
poloxamer 407, cold method technique

I. INTRODUCTION

The chronic, relapsing-remitting inflammatory bowel
illness known as ulcerative colitis (UC) is
characterized by persistent mucosal and submucosal
inflammation that usually starts in the rectum and
moves proximally across the colon [1-3]. In contrast to
Crohn's disease, UC is characterized by a continuous
rather than discontinuous pattern of involvement and
is caused by a dysregulated mucosal immune response
that includes decreased epithelial barrier function and
elevated pro-inflammatory cytokines including TNF-
a, IL-6, and IL-13[4]. Clinically, patients exhibit
urgency, tenesmus, bloody diarrhea, and abdominal
pain. Prolonged illness is associated with a higher risk
of colorectal dysplasia [5]. Local, site-specific
medication administration to the rectum and distal
colon is a pharmacologically sound and clinically
significant therapy approach because these areas are
the main sites of inflammation in most UC cases,
especially proctitis and proctosigmoiditis.

Aminosalicylates, corticosteroids, and
immunomodulators are among the conventional oral
treatments for UC that are limited in this situation by
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extensive first-pass hepatic metabolism, systemic
absorption that results in off-target adverse effects,
delayed onset of action because of upper
gastrointestinal transit, and unpredictable release
influenced by luminal pH and gastric emptying [6, 7].
Rectal injection allows for greater local drug
concentrations at the inflammatory mucosa with less
systemic exposure because it avoids most of the upper
gastrointestinal tract [8]. However, early ejection, poor
mucosal retention, limited proximal spread, and low
patient compliance due to leakage and administration
discomfort limit the use of traditional rectal dose
forms, such as liquid enemas, suppositories, and foams
[9]. Due to these drawbacks, there is increasing
interest in innovative rectal delivery systems that can
increase patient tolerability while extending mucosal
contact time.

These restrictions are addressed by in situ gel-forming
systems, which are free-flowing liquids during
administration and undergo a sol-to-gel phase shift in
response to a physiological stimulus at the application
site, such as temperature, pH, or ionic strength [10].
Because they can be administered as a low-viscosity
solution that evenly covers the mucosal surface and
then changes into a viscoelastic gel upon contact with
the rectal mucosal temperature (~37°C) to prevent
premature expulsion, thermosensitive systems—
which gel in response to body temperature—are
especially well suited for rectal delivery [11-13].

One of the most popular thermogelling agents for this
purpose is Poloxamer 407, a polyoxyethylene—
polyoxypropylene—polyoxyethylene triblock
copolymer, because of its temperature-dependent
micellization behavior and adjustable gelation
temperature [14-17]. By encouraging sticky contacts
with the mucosal mucin layer, combining Poloxamer
407 with a mucoadhesive polymer like hydroxypropyl
methylcellulose (HPMC K4M) improves formulation
effectiveness and extends residence time beyond what
is possible with thermogelation alone [18].
Peroxisome proliferator-activated receptor-gamma
(PPAR-y), a receptor that is extensively expressed in
colonic epithelial cells [19], is selectively activated by
pioglitazone hydrochloride, a thiazolidinedione that is
typically employed as an insulin-sensitizing drug in
type 2 diabetes mellitus. In addition to its metabolic
function, PPAR-y activation has local anti-
inflammatory effects related to UC, including as NF-
kB signaling inhibition, pro-inflammatory cytokine
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downregulation, and epithelial barrier integrity repair.
Pioglitazone's anti-inflammatory potential can be
utilized locally while reducing systemic exposure by
formulating it into a rectally administered, mucosa-
retentive in situ gel [22, 23]. Delivering pioglitazone
systemically for this purpose would expose patients to
metabolic effects unrelated to its intended colonic
action.

The present study was therefore undertaken to design,
develop, and characterize thermosensitive
mucoadhesive rectal in situ gel formulations of
pioglitazone HCI, using Poloxamer 407 as the
thermogelling agent and HPMC K4M as the
mucoadhesive polymer, and to evaluate their gelation
behavior, mucoadhesive strength, in vitro drug release,
and release kinetics, with the aim of identifying an
optimized formulation for the localized management
of ulcerative colitis.

II. MATERIALS AND METHODS

2.1. Materials

Pioglitazone hydrochloride was procured from Prim
Drugs and Pharmaceuticals Pvt. Ltd. Poloxamer 407
was obtained from SM Pharma and Chemicals.
Polyethylene glycol 400 (PEG 400), used as a drug-
solubilizing co-solvent, was supplied by Mohini
Organics Pvt. Ltd. Hydroxypropyl methylcellulose
(HPMC K4M) and sodium chloride were obtained
from G.S. Scientific Services, Madurai. Distilled
water was used throughout as the vehicle. All other
chemicals and reagents used were of analytical grade.

2.2. Methodology

2.2.1. Pre-formulation studies

Pioglitazone hydrochloride was the subject of pre-
formulation research to verify the drug's identity and
describe its physicochemical behavior before
formulation. Through direct visual and sensory
analysis, organoleptic characteristics (color, odor,
taste, and appearance) were noted. In order to
determine solubility in distilled water, methanol,
ethanol, and acetic acid, an excess of drug was
equilibrated with 10 mL of each solvent at 25 + 2 °C
with constant mechanical shaking until equilibrium
was reached. This was followed by filtration, the
proper dilution, and spectrophotometric estimation at
269 nm (Amax of pioglitazone). A mutually saturated
biphasic system was used to calculate the n-
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octanol/water partition coefficient, and a capillary
melting-point device was used to estimate the melting
point, which was then compared to the value described
in the literature.

2.2.2. Preparation of calibration curve

A standard stock solution of pioglitazone
hydrochloride (1000 pg/mL) was prepared in 0.1 N
hydrochloric acid and serially diluted to obtain
working solutions of 10-50 pg/mL. Absorbance was
measured at 269 nm against 0.1 N hydrochloric acid
as blank using a Shimadzu UV-1700 (Japan)
spectrophotometer, and a calibration curve of
absorbance versus concentration was constructed.
2.2.3. Drug—excipient compatibility (FTIR)

Fourier Transform Infrared (FTIR) spectroscopy
(Shimadzu RXI, Japan) was performed on the pure
drug, PEG 400, Poloxamer 407, HPMC K4M, a
physical mixture of all components, and the final
thermosensitive gel formulation. Samples were
scanned over 4000400 cm™ to detect any shift,
disappearance or emergence of characteristic

absorption bands indicative of drug—excipient
interaction.
2.24. Preparation of  pioglitazone-loaded

thermosensitive mucoadhesive rectal in-situ gel
Nine formulations (F1-F9) were prepared by the cold
method [10,17], varying Poloxamer 407 at 16, 18 and

20% w/w in combination with HPMC K4M at 0.5, 1.0
and 1.5% w/w, with the drug (300 mg), PEG 400 (10
mL) and sodium chloride (0.5 g) held constant and the
batch made up to 100 g with purified water (Table 1).
Pioglitazone was first dissolved in PEG 400 under
stirring at room temperature (warmed to a maximum
of 40 °C only if required for complete dissolution).
Separately, HPMC K4M was dispersed in hot purified
water (80-90 °C), cooled to room temperature, and
sodium chloride was dissolved into this solution.
Poloxamer 407 was hydrated in cold purified water
(4-5 °C) with gentle stirring on an ice bath and stored
overnight at 4 °C to achieve complete dissolution,
since warm water addition causes premature,
incomplete gelation. The HPMC—NaCl solution and
the drug-PEG 400 solution were then combined
sequentially with the poloxamer base under continued
ice-bath conditions, the volume was adjusted with cold
water, and the pH was corrected to 6.8—7.4 with 0.02
g sodium bicarbonate per 10 mL where required. The
finished gel was stored in amber glass vials at4 + 1 °C
and allowed to equilibrate for 24 h before evaluation.
Based on a total drug load of 300 mg per 100 g of gel,
each gram of gel contained 3 mg of pioglitazone
hydrochloride (0.3% w/w), corresponding to a 15 mg
dose per 5 mL unit.

Table 1. Composition of pioglitazone-loaded thermosensitive mucoadhesive rectal in-situ gel formulations (per 100

g
Formulation PlOgllt(é;Zl(;I)le HCI Poloxzzgl)er 407 HPM((gI)K4M NaCl (g) PFESI 5)00 Water
F1 300 16.0 0.5 0.5 10 q.s.
F2 300 16.0 1.0 0.5 10 q.s.
F3 300 16.0 1.5 0.5 10 q.s.
F4 300 18.0 0.5 0.5 10 q.s.
F5 300 18.0 1.0 0.5 10 q.s.
F6 300 18.0 1.5 0.5 10 q.s.
F7 300 20.0 0.5 0.5 10 q.s.
F8 300 20.0 1.0 0.5 10 q.s.

F9 300 20.0 1.5 0.5 10 q.s.
*HPMC K4M and sodium chloride were varied/added as indicated above; all other batch parameters were held
constant
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Fig .1 Plain gel

2.2.5. Physicochemical characterization

Appearance and clarity were assessed visually against
black and white backgrounds. Surface morphology of
the optimized formulation was examined by scanning
electron microscopy (ZEISS) after drying and gold-
sputter coating. Gelation temperature was determined
by immersing the sol-state sample in a water bath,
increasing the temperature at 1 °C/2 min and
identifying the temperature at which the sample no
longer flowed upon tube inversion. Gelation time was
recorded as the time for a sample immersed at 37 °C
to stop flowing on inversion. pH was measured in
triplicate with a calibrated digital pH meter, with pH
adjusted using sodium bicarbonate where necessary to
fall within 6.8—7.4. Viscosity was measured using a
Brookfield viscometer (AMETEK). Gel strength was
determined as the time (or minimum weight, up to 200
g) required for a weighted probe to sink 5 cm through
the gelled sample at 36 + 1 °C. Spreadability was
measured using the glass-slide slip method and
calculated as S =M x L / T, where M is the applied
weight, L the distance moved, and T the time taken.
Syringeability was tested by dispensing formulations
through 5 mL syringes fitted with 18-gauge needles.
Swelling index was determined in phosphate buffer
(pH 6.8) at 1, 2,4, 8, 12 and 24 h as (Wt — W0)/WO0 x
100. Drug content was determined by UV
spectrophotometric estimation at 269 nm after
appropriate dilution of the gel in phosphate buffer pH
6.8.
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Fig .2 Thermosensitive gel formulation (F1-F9)

2.2.6. In-vitro drug release and kinetic modelling
In-vitro release studies were conducted using a Franz
diffusion cell at 37 £ 1 °C and 100 rpm, with a 0.45
pm mixed cellulose ester membrane separating the
donor compartment from a receptor compartment
containing phosphate buffer pH 7.4. Samples were
withdrawn at 30, 60, 120, 180, 240, 300, 360 and 420
min, with immediate replacement of an equal volume
of fresh, pre-warmed buffer to maintain sink
conditions, and analyzed spectrophotometrically at
269 nm. The resulting release data for all nine batches
were fitted to zero-order, first-order, Higuchi,
Korsmeyer—Peppas and Hixson—Crowell
models,[24,30] and the correlation coefficient (R?) of
each model was compared to identify the best-fit
release model; the Korsmeyer—Peppas exponent (n)
was used to interpret the release mechanism (n < 0.45,
Fickian diffusion; 0.45 < n < 0.89, anomalous/non-
Fickian transport; n > 0.89, case-II/super case-II
transport) [25,26].

2.2.8. Data analysis

All measurements were performed in triplicate (n = 3)
and results are expressed as mean =+ standard
deviation. Data were analyzed using one-way analysis
of variance (ANOVA), with p < 0.05 considered
statistically significant.

III. RESULTS AND DISCUSSION

3.1. Pre-formulation studies
Pioglitazone hydrochloride was obtained as a white,
odourless powder with a bitter taste, consistent with its

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 287



© October 2026 | IJIRT | Volume 13 Issue 5 | ISSN: 2349-6002

Certificate of Analysis. The drug was practically
insoluble in distilled water (0.047 mg/mL) but freely
soluble in methanol (83.65 mg/mL), soluble in acetic
acid (13.72 mg/mL) and slightly soluble in ethanol
(6.84 mg/mL) (Table 2), confirming its classification
as a poorly water-soluble (BCS Class II) drug and
supporting the use of PEG 400 as a solubilizing co-
solvent in the gel base. The n-octanol/water partition
coefficient was approximately 2.4, indicating a

diffusion across the rectal mucosa while retaining
sufficient aqueous-phase solubility for release from
the hydrophilic gel matrix. The Amax of pioglitazone
was confirmed at 269 nm, and the calibration curve
(10-50 pg/mL) showed excellent linearity (R* =
0.9979), confirming adherence to Beer’s law over the
working concentration range and validating the UV
method for subsequent drug content and release
estimations.

moderately lipophilic character favourable for
Table 2. Solubility profile of pioglitazone hydrochloride in different solvents.
Solvent Mean absorbance Solubility (mg/mL) USP description
Distilled water 0.052 0.047 Practically insoluble
Methanol 1.842 83.65 Freely soluble
Acetic acid 0.318 13.72 Soluble
Ethanol 0.241 6.84 Slightly soluble

3.2. Drug—excipient compatibility (FTIR)

The FTIR spectra of the physical mixture and
optimized formulation were analyzed to assess the
compatibility of pioglitazone HCl with the selected
excipients. The  physical mixture showed
characteristic peaks at 3368.07, 2872.45, 1663.30,
1455.03, 1348.96, 1251.58 and 1098.58 cm™,
corresponding to O-H/N-H, C-H, C=0, C-H/C-N
and C-O/C-O-C vibrations. The optimized
formulation exhibited peaks at 3365.17, 1639.20,

absorption bands may be attributed to hydrogen
bonding and interactions among the polymeric
components. no major new peaks or
disappearance of characteristic drug peaks was
observed, the FTIR
compatibility of pioglitazone HCI with Poloxamer
407, HPMC K4M, PEG 400 and sodium chloride,
indicating the absence of significant chemical
interaction and suitability of the selected excipients for
formulation development.

Since

results confirmed the

1350.89 and 1084.76 cm™. The slight shifts in the

N
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] ] 0 00
S

Fig.3 Physical mixture

3.3. Morphology (SEM)

Scanning electron microscopy of the optimized
formulation (F7) revealed a predominantly smooth,
continuous surface with no prominent cracks, pores or
large aggregates. This homogeneous morphology is
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Fig.4 Thermosensitive gel formukation

consistent with uniform interpenetration of Poloxamer
407 and HPMC within the gel matrix, in which
Poloxamer 407 forms the continuous thermogelling
network while HPMC contributes to matrix cohesion
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and viscosity, together supporting good physical
stability of the formulation

e

el o "EHT = 5.00 ‘Mag = 100 X
. WD = 10.2 mm Signal A = SE2
Fig.5 SEM image of best formulation
3.4.Preparation and physicochemical Gelation time fell from 480 s in F1 (16% P407, 0.5%
characterization of formulations F1-F9 HPMC) to 120-135 s in F7-F9 (20% P407), while
All nine formulations were translucent, white, gelation temperature fell from 49 °C in F1 to 32-36 °C
homogeneous sols at room temperature that in F7-F9. This trend reflects the greater number of
transformed into non-flowing gels upon warming, poloxamer micelles available to entangle into a three-
with no visible particulate matter or phase separation, dimensional gel network at higher P407 concentration,
indicating good homogeneity across the entire consistent with the known reverse thermal gelation
polymer concentration range studied. behaviour of Poloxamer 407 Among the nine batches,
Gelation time and gelation temperature F7-F9 showed gelation behaviour closest to the
Gelation time and gelation temperature were strongly physiologically ideal range for rectal in-situ gelling
influenced by Poloxamer 407 concentration, systems, avoiding both premature gelation before
decreasing progressively as the polymer level administration and excessive delay that would risk
increased from 16% to 20% w/w (Table 3, Fig. 1). drug leakage[14,15,17]

Table 3. Physicochemical characterization of pioglitazone thermosensitive mucoadhesive gel formulations (F1-F9).

Formula P407 HPMC Gelation temp. | Gelation time pH Gel strength | Viscosity Drug content
(%) K4M (%) °C) (s) (s) (cps) (%)
Fl1 16 0.5 49 480 7.1 320 575 9548 +0.42
F2 16 1.0 45 460 7.3 300 675 93.86 +0.51
F3 16 1.5 42 400 7.2 315 750 97.21 £0.36
F4 18 0.5 40 200 6.7 320 775 94.75 £ 0.47
F5 18 1.0 39 190 7.1 325 850 98.13+0.29
Fo 18 1.5 38 180 6.9 330 950 96.54 +0.34
F7 20 0.5 36 120 6.9 335 1050 99.08 +0.25
F8 20 1.0 34 130 6.8 345 1120 99.94+0.18
F9 20 1.5 32 135 6.9 350 1175 97.82+0.31
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Fig. 6: Gelation time and temperature

Gelation temperature and gelation time of formulations F1-F9
50 o I Gelation temperature (°C) - =00
m Gelation time (s)
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F1l F2 F3 F4 F5 F6 F7 F8 F9

Fig. 7: Graphical representation of gelation time and temperature

pH of the formulations :
pH of the sol-state formulations ranged from 6.7 to 7.3,
close to the physiologically acceptable range for rectal
administration, minor formulation-to-formulation
variation was attributed to the concentration-
dependent influence of Poloxamer 407 on the
polymer—water microenvironment rather than any
intrinsic acidity of the non-ionic surfactant, and pH
was corrected with sodium bicarbonate where required
to ensure the target range of 6.8—7.4.

Fig .8 pH of the formulations

LJIRT 208993 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 290



© October 2026 | IJIRT | Volume 13 Issue 5 | ISSN: 2349-6002

Gel strength

Gel strength exceeded 300 s for every formulation,
well above the 15 s minimum generally considered
necessary for adequate retention and ease of insertion,
and increased slightly with rising polymer
concentration (320 s in F1 to 350 s in F9), consistent
with greater hydrogen bonding and cohesion between
Poloxamer 407 and HPMC at higher polymer loads.

Viscosity

Viscosity increased progressively and consistently
with increasing polymer concentration, from 575 cps
in F1 to 1175 cps in F9, reflecting greater micelle
formation by Poloxamer 407 and increased polymer
chain entanglement contributed by HPMC K4M, both
of which strengthen the three-dimensional gel network
and support sustained drug release. All nine
formulations passed the syringeability test through 18-
gauge needles, confirming ease of administration
despite the increase in viscosity at higher polymer
concentrations. [16, 17]

BROOKFIELD

| sorn! TR

Fig .9 Brookfield viscometer

Syringability

Based on the results of the syringe-ability test using
gauge 18 needles, all formulations (F1-F9) passed the
test, indicating that they could be easily extruded
through the needles and ease the administration of the
gel.
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Fig.10 syringibility

Swelling index

The swelling index of F1-F9 increased gradually with
time, indicating progressive hydration of the
polymeric matrix. The swelling behavior was mainly
influenced by the HPMC concentration, as HPMC
absorbs water and forms a hydrated gel
network.Formulations containing higher HPMC
concentrations generally showed greater swelling. At
24 h, the swelling index ranged from 61 + 3% to 86 +
4%, with F9 showing the highest swelling.[18] F7
showed 76 + 4% swelling, indicating controlled
swelling and good matrix hydration. This controlled
swelling may contribute to gel integrity, prolonged
residence, and sustained drug release at the rectal site.

Fig .11 Swelling index
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Drug content

Drug content across the nine formulations ranged from
93.86 £ 0.51% (F2) to 99.94 + 0.18% (F8), all within
the acceptable 90-110% range and indicating
satisfactory and uniform drug incorporation during the

cold-method preparation. Among the fast-gelling,
physiologically favourable batches (F7-F9), F7 and
F8 showed the highest drug content (99.08% and
99.94%, respectively).

Table 4. Spreadability and swelling index of formulations F1-F9.

Formula Spreadability SI-1h SI-2h SI—-4h SI-8h SI-12h SI-24h
(cm) (7o) (7o) (%) (%) (%) (%)
Fl1 521+0.12 42+2 48 +2 53+3 57+3 59+3 61+3
F2 5.54+0.15 46 +2 53+2 59+3 64+3 67+3 70+3
F3 479+ 0.18 50+£2 58+3 65+3 71+3 74+3 78+4
F4 6.08 +0.14 46 £2 5242 57+3 61+3 63+3 65+3
F5 6.26+0.17 50+2 57+3 63+3 68+3 71+£3 74 +£3
F6 542 +0.16 54+3 62+3 69+3 75+3 78 +£4 82+4
F7 12.26 £0.15 55+3 63+3 68+3 72+3 74+3 76 +4
F8 12.11+0.18 53+3 61+3 67+3 72+£3 75+£3 78 £4
F9 10.85+0.15 58+3 66+3 73+£3 79 £4 82+4 86 +4

Spreadability ranged from 4.79 + 0.18 cm (F3) to
12.26 + 0.15 cm (F7), with F7-F9 showing markedly
higher spreadability than F1-F6, favouring uniform
distribution over the rectal mucosal surface on
administration. The swelling index increased
progressively with time for all formulations and was
3.5. In-vitro drug release

In vitro release from all nine formulations, evaluated
over 420 min using a Franz diffusion cell, showed a
mild initial burst (14.8-20.5% at 30 min) followed by
a sustained release phase (Table 5, Fig. 2). Cumulative
release at 420 min ranged from 71.6% (F9) to 89.5%
(F1), with an inverse relationship generally observed
between polymer concentration and the extent of

release, reflecting the greater diffusional resistance

strongly influenced by HPMC K4M concentration,
with 24 h values ranging from 61 + 3% (F1) to 86 +
4% (F9); F7 showed a controlled 24 h swelling of 76
+ 4%, suggesting adequate matrix hydration without
excessive erosion, consistent with sustained gel
integrity and prolonged rectal retention.

imposed by denser gel networks at higher Poloxamer
407 and HPMC K4M Among the
physiologically favourable fast-gelling batches (F7—
F9), F7 (20% P407, 0.5% HPMC) gave the highest
cumulative release (78.4% at 420 min), combining
rapid, physiologically appropriate gelation with a
comparatively open, less densely cross-linked matrix
that still provided controlled, sustained drug liberation

content.

rather than a rapid burst

Table 5. In-vitro cumulative % drug release of pioglitazone from thermosensitive mucoadhesive gel formulations

(F1-F9).
Time
. F1 F2 F3 F4 F5 F6 F7 F8 F9
(min)
0 0 0 0 0 0 0 0 0 0
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Time Fl F2 F3 F4 F5 F6 F7 F8 F9
(min)
30 20.5 19.2 17.8 18.8 17.5 16.3 17.2 16.0 14.8
60 34.8 32.7 30.5 32.1 30.0 27.8 293 27.2 25.1
120 52.6 49.8 46.7 48.9 459 42.8 447 419 39.0
180 66.4 63.1 59.5 61.8 58.1 543 56.7 53.4 49.8
240 76.8 73.3 69.5 71.9 67.8 63.6 66.0 62.2 58.3
300 83.2 79.8 75.9 78.3 74.1 69.9 72.4 68.5 64.3
360 87.0 83.7 80.0 82.1 77.9 73.8 76.2 72.4 68.3
420 89.5 86.2 82.7 84.8 81.0 75.0 78.4 75.5 71.6
In-vitro drug release of Pioglitazone from thermosensitive
100 mucoadhesive in-situ gel formulations (F1-F9)
80
[«8)
2
&£
= 60 -
a
R
[5)
= 40 A
S
£
3
20 1
—e— F1 —a— F4 F7
F2 —e— F5 —e— F8
—e— F3 —e— F6 F9
0 : . . . :
0 100 200 300 400

Time (minutes)

Fig. 12. In-vitro cumulative % drug release of pioglitazone from formulations F1-F9 (Franz diffusion cell,
phosphate buffer pH 7.4,37 + 1 °C).

3.6. Release kinetics modelling

Across all nine batches, the Higuchi model
consistently gave the highest correlation coefficients
(R? = 0.9985-0.9998), indicating that drug release
from the polymeric gel matrix was predominantly
diffusion-controlled, as expected for a hydrophilic
thermosensitive gel system [24, 27]. The Korsmeyer—
Peppas diffusional exponent (n) ranged from 0.663 to
0.725 across formulations, falling within the 0.45 <n
< 0.89 range characteristic of anomalous (non-
Fickian) transport [25, 26, 28], in which drug release
proceeds through a combination of diffusion through
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the swollen gel matrix and polymer chain
relaxation/erosion.

For the optimized formulation F7, release increased
progressively from 17.2% at 30 min to 78.4% at 420
min. The Higuchi model gave the best fit (R? =
0.9888), closely followed by the Korsmeyer—Peppas
model (R* = 0.9887, n = 0.6625), confirming
diffusion-controlled release with an anomalous
transport mechanism combining diffusion and
polymer relaxation[29,30] (Table 6).
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Table 6. Release kinetics modelling parameters for the optimized formulation F7.

Kinetic model X-axis Y-axis Slope R?
Zero-order Time (min) Cumulative % drug release 0.2293 0.7823
First-order Time (min) Log % drug remaining 0.00446 0.9805

Higuchi VTime (min) Cumulative % drug release 4.0354 0.9888
Hixson—Crowell Time (min) W03 — Wittes 0.00122 0.9473
Korsmeyer—Peppas (n = 0.6625) Log time Log cumulative drug release 3.8276 0.9887
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3.8. Selection of the optimized formulation

Considered together, gelation temperature and time
closest to the physiological range, gel strength above
300 s, high and uniform drug content, favourable
spreadability, controlled swelling, and the highest
cumulative in-vitro release among the fast-gelling
batches identified F7 (20% w/v Poloxamer 407, 0.5%
w/v HPMC K4M) as the optimized pioglitazone

IV. CONCLUSION

A thermosensitive mucoadhesive rectal in-situ gel of
pioglitazone  hydrochloride =~ was  successfully
developed using Poloxamer 407 and HPMC K4M by
the cold method, and FTIR studies confirmed the
absence of major drug—excipient incompatibility.
Across nine formulations (F1-F9), increasing
Poloxamer 407 concentration progressively lowered
gelation temperature and gelation time while
increasing viscosity and gel strength, and formulation
F7 (20% w/v Poloxamer 407, 0.5% w/v HPMC K4M)
emerged as the optimized batch on the basis of
gelation behaviour, gel strength, drug content,
spreadability and in-vitro release performance. In-
vitro release from F7 followed the Higuchi diffusion
model with a Korsmeyer—Peppas exponent of 0.6625,
indicating anomalous (non-Fickian) transport, and F7
sustained drug release more effectively than a plain
mucoadhesive gel lacking the thermogelling polymer.
Overall, this thermosensitive mucoadhesive in situ gel
of pioglitazone offers a patient-compliant, localized,
and sustained-release rectal delivery platform with
promise as an alternative, steroid-sparing local
therapeutic approach for ulcerative colitis, warranting
further ex vivo permeation, mucoadhesive strength,
and in vivo evaluation.

Declaration of competing interest

The authors declare no conflict of interest.

Data availability

The datasets used and/or analyzed during the current
study are available from the corresponding author
upon reasonable request.

ACKNOWLEDGMENT

The authors are grateful to Dean, Madurai Medical
College, Principal, College of Pharmacy, for the

1JIRT 208993

thermosensitive mucoadhesive rectal in-situ gel
formulation. Its release profile, best described by the
Higuchi model with a Korsmeyer—Peppas exponent
indicative of anomalous (non-Fickian) transport, and
its markedly slower release relative to a plain
mucoadhesive gel, together support its suitability as a
sustained, localized rectal delivery system for
pioglitazone in the management of ulcerative colitis.
technical and facilitation support provided during this
work

REFERENCES

[1] Ordas I, Eckmann L, Talamini M, Baumgart DC,
Sandborn  WJ. Ulcerative colitis. Lancet.
2012;380(9853):1606-19.

[2] Ungaro R, Mehandru S, Allen PB, Peyrin-
Biroulet L, Colombel JF. Ulcerative colitis.
Lancet. 2017;389(10080):1756-70.

[3] Ng SC, Shi HY, Hamidi N, et al. Worldwide
incidence and prevalence of inflammatory bowel
disease in the 21st century: a systematic review of
population-based studies. Lancet.
2017;390(10114):2769-78.

[4] Neurath MF. Cytokines in inflammatory bowel
disease. Nat Rev Immunol. 2014;14(5):329-42.

[5] Eaden JA, Abrams KR, Mayberry JF. The risk of
colorectal cancer in ulcerative colitis: a meta-
analysis. Gut. 2001;48(4):526-35.

[6] Rubin DT, Ananthakrishnan AN, Siegel CA,
Sauer BG, Long MD. ACG clinical guideline:
ulcerative colitis in adults. Am J Gastroenterol.
2019;114(3):384-413.

[7] Lamb CA, Kennedy NA, Raine T, et al. British
Society of Gastroenterology consensus guidelines
on the management of inflammatory bowel
disease in adults. Gut. 2019;68(Suppl 3):s1-106.

[8] Regueiro M, Loftus EV, Steinhart AH, Cohen
RD. Medical management of left-sided ulcerative
colitis and ulcerative proctitis: critical evaluation
of therapeutic trials. Inflamm Bowel Dis.
2006;12(10):979-94.

[9] Purohit TJ, Hanning SM, Wu Z. Advances in
rectal drug delivery systems. Pharm Dev Technol.
2018;23(3):942-52.

[10]Choi HG, Jung JH, Ryu JM, Yoon SJ, Oh YK,
Kim CK. Development of in situ-gelling and

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 295



© October 2026 | IJIRT | Volume 13 Issue 5 | ISSN: 2349-6002

mucoadhesive acetaminophen liquid suppository.
Int J Pharm. 1998;165(1):33-44.

[11]Ryu JM, Chung SJ, Lee MH, Kim CK, Shim CK.
Increased bioavailability of propranolol in rats by
retaining thermally gelling liquid suppositories in
the rectum. J Control Release. 1999;59(2):163-72.

[12]Miyazaki S, Suisha F, Kawasaki N, Shirakawa M,
Yamatoya K, Attwood D. Thermally reversible
xyloglucan gels as vehicles for rectal drug
delivery. J Control Release. 1998;56(1-3):75-83.

[13]Barakat NS. In vitro and in vivo characteristics of
a thermogelling rectal delivery system of
etodolac. AAPS PharmSciTech. 2009;10(3):724-
31

[14] Dumortier G, Grossiord JL, Agnely F, Chaumeil
JC. A review of poloxamer 407 pharmaceutical
and pharmacological characteristics. Pharm Res.
2006;23(12):2709-28.

[15]Escobar-Chavez JJ, Lopez-Cervantes M, Naik A,
Kalia YN, Quintanar-Guerrero D, Ganem-
Quintanar A. Applications of thermo-reversible
Pluronic F-127 gels in pharmaceutical
formulations. J Pharm Pharm Sci. 2006;9(3):339-
S8.

[16] Giuliano E, Paolino D, Fresta M, Cosco D.
Mucosal applications of poloxamer 407-based
hydrogels: an  overview. Pharmaceutics.
2018;10(3):159.

[17]Yong CS, Choi JS, Quan QZ, et al. Effect of
sodium chloride on the gelation temperature, gel
strength and bioadhesive force of poloxamer gels
containing diclofenac sodium. Int J Pharm.
2001;226(1-2):195-205.

[18] Smart JD. The basics and underlying mechanisms
of mucoadhesion. Advanced Drug Delivery Rev.
2005;57(11):1556-68.

[19]Dubuquoy L, Jansson EA, Deeb S, et al. Impaired
expression of peroxisome proliferator-activated
receptor gamma in  ulcerative  colitis.
Gastroenterology. 2003;124(5):1265-76.

[20]Su CG, Wen X, Bailey ST, et al. A novel therapy
for colitis utilizing PPAR-y ligands to inhibit the
epithelial inflammatory response. J Clin Invest.
1999;104(4):383-9.

[21]Rousseaux C, Lefebvre B, Dubuquoy L, et al.
Intestinal  antiinflammatory  effect of 5-
aminosalicylic acid is dependent on peroxisome
proliferator-activated receptor-y. J Exp Med.
2005;201(8):1205-15.

1JIRT 208993

[22]1Lewis JD, Lichtenstein GR, Deren JJ, et al.
Rosiglitazone for active ulcerative colitis: a
randomized placebo-controlled trial.
Gastroenterology. 2008;134(3):688-95.

[23]Pedersen G, Brynskov J. Topical rosiglitazone
treatment improves ulcerative colitis by restoring
peroxisome proliferator-activated  receptor-y
activity. Am J Gastroenterol. 2010;105(7):1595-
603.

[24]Higuchi T. Mechanism of sustained-action
medication: theoretical analysis of rate of release
of solid drugs dispersed in solid matrices. J Pharm
Sci. 1963;52(12):1145-9.

[25]Korsmeyer RW, Gurny R, Doelker E, Buri P,
Peppas NA. Mechanisms of solute release from
porous hydrophilic polymers. Int J Pharm.
1983;15(1):25-35.

[26]Peppas NA, Sahlin JJ. A simple equation for the
description of solute release. III. Coupling of
diffusion and relaxation. Int J Pharm.
1989;57(2):169-72.

[27]Siepmann J, Peppas NA. Higuchi equation:
derivation, applications, use and misuse. Int J
Pharm. 2011;418(1):6-12.

[28]Costa P, Sousa Lobo JM. Modeling and
comparison of dissolution profiles. Eur J Pharm
Sci. 2001;13(2):123-33.

[29]1Dash S, Murthy PN, Nath L, Chowdhury P.
Kinetic modeling on drug release from controlled
drug delivery systems. Acta Pol Pharm.
2010;67(3):217-23.

[30]Hixson AW, Crowell JH. Dependence of reaction
velocity upon surface and agitation: 1. Theoretical
consideration. Ind Eng Chem. 1931;23(8):923-31.

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 296



