
Thermo-responsive in situ hydrogel enables superior rectal administration 
and local efficacy of 5-ASA in inflammatory bowel disease

Elena Giuliano a,1, Angela Costagliola di Polidoro b,1, Agnese Gagliardi a, Domenico Sorrentino c,  
Emanuela Longo a, Sandra Albanese b, Francesco Napolitano c,d, Valeria Gaetano a,  
Antonella Zannetti b,*, Donato Cosco a,*

a Department of Health Sciences, University of Catanzaro “Magna Græcia”, Campus Universitario “S. Venuta”, I-88100, Catanzaro, Italy
b Institute of Biostructures and Bioimaging, National Research Council (IBB-CNR), Napoli, 80145, Italy
c CEINGE-Biotecnologie Avanzate Franco Salvatore, 80145, Napoli, Italy
d Department of Veterinary Medicine and Animal Production, University of Naples Federico II, 81037, Napoli, Italy

A R T I C L E  I N F O

Keywords:
5-ASA
IBD
Hydrogels
Poloxamer 407
Rectal administration

A B S T R A C T

Inflammatory bowel disease (IBD) is a chronic, relapsing inflammatory disorder of the gastrointestinal tract that 
severely compromises quality of life. First-line therapy with 5-aminosalicylic acid (5-ASA) is limited by poor 
aqueous solubility, rapid upper gastrointestinal absorption and suboptimal colonic bioavailability. Although 
rectal administration targets the inflamed mucosa directly, conventional suppositories and enemas often reduce 
adherence due to discomfort and low acceptability.

A thermo-sensitive in situ gelling hydrogel based on poloxamer 407 (P407) is designed to address these lim
itations. Exploiting its amphiphilic architecture and reversible sol–gel transition at physiological temperature, 
P407 enables efficient encapsulation of 5-ASA, enhances mucosal adhesion and sustains local drug release. The 
optimized formulation demonstrates an ideal gelation profile, high muco-adhesive strength, suitable mechanical 
resistance, excellent injectability and spreadability, preserving the antioxidant properties of 5-ASA. The drug 
release profile was prolonged, even under acidic pH conditions. In an inflamed intestinal co-culture model, P407- 
5-ASA hydrogels markedly reduce macrophage infiltration and TNF-α secretion. In a dextran sodium sulfate- 
induced murine colitis model, the formulation achieves higher colonic accumulation, prolonged residence 
time and significantly enhanced anti-inflammatory efficacy of 5-ASA.

These results underscore the potential of P407-based hydrogels as a high-performance, patient-friendly plat
form for localized treatment of IBD.

1. Introduction

Inflammatory Bowel Disease (IBD) comprises a group of chronic, 
multifactorial inflammatory conditions of the gastrointestinal tract 
(GIT), resulting from a complex interplay between genetic susceptibility, 
environmental factors, gut microbiota dysbiosis and dietary influences 
[1,2].

The two main forms of IBD are Crohn's disease (CD) and ulcerative 
colitis (UC). UC primarily affects the colon and rectum, whereas CD may 
involve any portion of the GIT and is typically characterized by a 
transmural pattern of inflammation and a discontinuous (patchy) dis
tribution [3].

Both disorders are associated with serious clinical manifestations, 
such as abdominal pain, diarrhea, and malnutrition, which not only 
strongly impact patients' quality of life but also represent significant 
challenges for the healthcare systems [4]. Additionally, IBD is recog
nized as a significant risk factor for the development of colorectal can
cer, which can subsequently require surgical interventions such as a 
colostomy [3].

Consequently, the therapeutic goals to be reached for the treatment 
of IBD focus on inducing and maintaining remission, promoting mucosal 
healing, preventing surgical interventions, and reducing the risk of 
cancer associated with chronic inflammation [4,5].

Current therapeutic options include the use of aminosalicylates, 
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corticosteroids, antibiotics, immunosuppressants and monoclonal anti
bodies. Among them, 5-aminosalicylic acid (5-ASA) is generally 
considered the first-line treatment, especially in cases of UC [1,6–9]. 5- 
ASA, also known as mesalamine or mesalazine, is an anti-inflammatory 
drug that inhibits the release of inflammatory mediators and reduces 
colonic mucosal inflammation by blocking the synthesis of prostaglan
dins and leukotrienes [10]. It also acts as a scavenger of reactive oxygen 
species, which are involved in the pathogenesis of IBD, neutrophil 
dysfunction, and the activity of cyclooxygenase and lipoxygenase en
zymes [11]. 5-ASA can be administered orally, rectally, or intrave
nously. However, its therapeutic efficacy is limited by poor water 
solubility, a low dissolution rate, and rapid absorption in the upper GIT. 
These factors limit its availability in the colon and may cause side effects 
such as nephrotic syndrome and hepatitis [12]. Therefore, improving its 
solubility by innovative formulations is crucial to enhance its efficacy, 
minimizing the potential adverse effects [13].

Rectal drug administration offers several advantages with respect to 
oral and parenteral routes as a consequence of the direct application of 
the bioactives to the site of inflammation and the rapid relief of adverse 
symptoms [14]. This route also bypasses the first-pass hepatic meta
bolism, thereby enhancing bioavailability and reducing the risk of sys
temic side effects [15]. Moreover, rectal administration is particularly 
beneficial for patients who are unable to swallow oral formulations, 
such as pediatric, geriatric, unconscious, or uncooperative individuals, 
and is generally less painful and more acceptable than injections 
[16–18]. Nevertheless, patient discomfort and low acceptance associ
ated with solid suppositories and liquid enemas often compromise 
treatment adherence [19].

These limitations can be addressed using hydrogel-based delivery 
systems, which are three-dimensional crosslinked polymeric networks 
characterized by high water content and tunable physicochemical 
properties [20]. Among them, in situ thermo-sensitive hydrogels, un
dergo a sol-gel transition at body temperature, ensuring improved 
mucosal adhesion, prolonged drug retention at the target site and 
greater patient comfort [14]. Upon rectal administration, the hydrogel 
rapidly interacts with the mucosal surface and it then gradually de
grades under the influence of intestinal mucus, enabling the sustained 
release of the encapsulated active compounds [21].

Poloxamer 407 (P407), commercially known as Pluronic® F127 and 
approved by both the U.S. Food and Drug Administration (FDA) and the 
European Medicines Agency (EMA) as an excipient for oral, ophthalmic, 
and topical formulations, has been widely employed in biomedical and 
pharmaceutical applications due to its excellent biocompatibility, 
thermo-responsive properties and remarkable capacity to encapsulate 
poorly water-soluble drugs [22,23].

P407 is a triblock copolymer made up of a hydrophobic poly
oxypropylene (POP) core flanked by two hydrophilic polyoxyethylene 
(POE) chains. One of the most significant features of this copolymer is its 
ability to undergo a reversible sol-gel transition in aqueous media. At 
low temperatures, P407 exists as a free-flowing liquid, whereas upon 
heating, it transforms into a gel-like structure [22].

Furthermore, thanks to its amphiphilic nature, P407 spontaneously 
forms micellar structures in aqueous solutions, allowing the encapsu
lation of poorly water-soluble compounds such as 5-ASA without the 
need of organic solvents [24–26].

Our research team recently demonstrated that the inclusion of rutin, 
a poorly water-soluble molecule known for its antioxidant and anti- 
inflammatory properties, into the copolymeric matrix significantly 
enhanced its wound healing efficacy, resulting in a substantial reduction 
in wound size compared to the drug administered in its free form [27]. 
This improved therapeutic effect is primarily attributed to the ability of 
the hydrophobic segments of P407 to efficiently encapsulate and retain 
the bioactive compound, combined with its intrinsic capacity to 
modulate the inflammatory response and stimulate growth factor 
expression, thereby actively supporting the wound healing process. 
Furthermore, its thermo-responsive behavior facilitates formulation 

handling and enables convenient and effective topical application 
[24,27].

The thermo-responsive behavior of P407, combined with its ability 
to improve the drug solubility, prolong mucosal retention of the bio
actives and modulate the inflammatory response, make it a conceivable 
material to be employed for the local delivery of 5-ASA.

The aim of this study was to develop a simple in situ gelling drug 
delivery system characterized by suitable mechanical strength and 
rheological properties for the local treatment of IBD. The formulations 
were prepared using the well-established cold method, which is 
straightforward, rapid, and does not require a specific equipment or 
complex techniques - an advantage that facilitates their potential in
dustrial scale-up [22,28].

The impact of increasing 5-ASA concentrations up to the maximum 
solubilization capacity of the 20% (w/w) P407-based matrix on its 
physico-chemical and rheological properties was thoroughly investi
gated. In detail, micro- and dynamic rheology and the drug release 
profiles were analyzed. Additional evaluations, including spreadability, 
gel strength, Fourier transform infrared spectroscopy (FT-IR) analysis 
and the DPPH assay were carried out.

Furthermore, in this study, the P407-5-ASA formulation was char
acterized in cellular and murine models of IBD to evaluate its anti- 
inflammatory effects. To this end, we developed an optimized in vitro 
model of inflamed colon epithelium using co-cultures between polarized 
M1 macrophages and human colon adenocarcinoma Caco-2 cell line 
cells differentiated into enterocyte-like cells. These can form a polarized 
monolayer of cells that exhibit many of the morphological and func
tional characteristics of small intestine enterocytes, including the 
development of microvilli. In addition, the mucoadhesive properties and 
time-release capacity of P407-5-ASA, as well as its improved therapeutic 
efficacy, were tested in a mouse model of acute colitis induced by so
dium dextran sulfate (DSS).

2. Materials and methods

2.1. Materials

Mesalazine (5-aminosalicylic acid, 5-ASA), poloxamer 407 (P407, 
trademark Pluronic® F127, molecular weight: 12,600 Da), 1,1- 
diphenyl-2-picrylhydrazy (DPPH), and phosphate-buffered saline 
(PBS) tablets were obtained from Merck (Milan, Italy).

Cellulose membrane Spectra/Por (molecular weight cut-off 3500 
Da), used for the in vitro drug release experiments, were purchased from 
Spectrum Laboratories Inc. (Eindhoven, The Netherlands). All other 
materials and solvents used in this investigation were of analytical grade 
(Carlo Erba, Milan, Italy). Deionized double-distilled water was used 
throughout the study.

2.2. Development and characterization of an in situ gelling enema loaded 
with 5-ASA

2.2.1. Preparation of thermosensitive hydrogels
P407-based hydrogels were prepared following the “cold method” 

[28]. Briefly, P407 (20%, w/w) was dissolved in distilled water under 
constant stirring at 4 ◦C until a clear and homogeneous mixture was 
obtained. Successively, 5-ASA was added (0.1–0.5%, w/w), and the 
obtained formulations were kept overnight at the same temperature to 
ensure complete drug dispersion. The resulting systems were stored at 
4 ◦C.

2.2.2. Rheological analysis and in vitro mucoadhesion assessment
The microrheological properties of P407-based hydrogels were 

evaluated using a Rheolaser® Master (Formulaction, Toulouse, France) 
based on diffusing wave spectroscopy (DWS). This technique analyses 
the Brownian motion of particles, which is directly influenced by the 
viscoelastic structure of the sample [29]. For each measurement, 20 mL 
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of the liquid formulation containing 5-ASA was placed into the sample 
holder, preheated to 37 ◦C. The analysis was performed at the same 
temperature for 30 min to determine the mean square displacement 
(MSD) of the particles. The MSD curve provides insights into the ma
terial's microstructure: lower slopes indicate elastic behavior, while 
higher slopes correspond to viscous behavior. From the MSD data, key 
microrheological parameters, i.e. Elasticity Index (EI) and Solid-Liquid 
Balance (SLB), were calculated using Rheosoft Master 1.4.0 software 
[30,31].

Rheological measurements were performed using a Kinexus® Pro 
rotational rheometer (Malvern Panalytical Ltd., England) equipped with 
a cone-plate geometry (40 mm diameter, 2◦ angle) and a Peltier system 
for temperature control. A solvent trap was used to prevent evaporation. 
Each liquid sample was carefully applied to the lower plate using a 
spatula and allowed to equilibrate for 10 min before testing [24]. Data 
acquisition and analysis were managed with rSpace software.

Steady-state flow tests were performed at low temperature (10 ◦C) 
and physiological temperature (37 ◦C) to assess the shear-thinning 
behavior of the systems. Viscosity was measured as a function of shear 
rate, ranging from 0.1 to 100 s− 1.

An amplitude sweep test (0.1–100 Pa) was conducted to identify the 
linear viscoelastic region (LVR), characterized by a shear-independent 
plateau. Frequency sweep tests were then performed within this re
gion, applying a constant stress of 1 Pa, across a frequency range of 10 to 
0.1 Hz, to evaluate the storage modulus (G′), loss modulus (G″) and 
phase angle (δ) [28].

The sol-gel transition temperature (Tsol-gel) was determined using 
dynamic rheological measurements through a temperature sweep test 
performed from 10 to 40 ◦C, with a heating rate of 2 ◦C/min (1 Hz, 1 Pa). 
Tsol-gel was defined as the temperature at which the material transitioned 
from a predominantly viscous state (G″ > G′) to a predominantly elastic 
state (G′ > G″) [31].

For the mucoadhesive investigation, an appropriate amount of mucin 
powder (10% w/w) was dispersed in Milli-Q water or directly in the 
copolymeric “solutions”. Firstly, viscosity measurements were con
ducted at 37 ◦C using a rotational rheometer over a shear rate range of 
0.1 to 100 s− 1, as previously described. The apparent viscosity values 
recorded at selected shear rates (25, 50, 75, and 100 s− 1) were subse
quently used to calculate the Mucoadhesion Index (Δη), also referred to 
as “rheological synergism”, according to the following equation: 

Δη = ηmix −
(
ηhydrogel + ηmucin

)

where ηmix, ηhydrogel, and ηmucin represent the apparent viscosities (Pa⋅s) 
of the mixture of thermosensitive vehicles and mucin dispersion, the 
P407-based hydrogels, and the mucin dispersion, respectively [30,32].

For a mucoadhesive formulation, ηmix is higher than ηhydrogel + ηmucin 
due to the interaction occurring between the polymeric system and 
mucin, resulting in positive Δη values [33,34].

Additionally, a frequency sweep test on the mucin/hydrogel mix
tures was carried out in order to investigate the potential nature of the 
interactions between the P407-based formulations and the glycoprotein 
[32,35].

2.2.3. In vitro dissolution and drug release studies
The release profile of 5-ASA from the thermo-responsive systems was 

evaluated at pH 5.0 and 7.4 by both the dialysis method and a 
membrane-less procedure, investigating at the same time the dissolution 
rate of the formulations [36,37]. One gram of the copolymer solution 
was transferred into pre-weighed 3 mL glass vials and incubated at 37 ◦C 
until a clear gel was formed. Following complete gelation, 2 mL of 10 
mM PBS were carefully layered over each hydrogel. At predetermined 
time intervals, the release medium was removed, the vials were 
reweighed and fresh PBS was added. Gel dissolution was quantified by 
calculating the difference in vial weight before and after incubation, 
with results expressed as a percentage [36,37]. All samples were 

maintained at 37 ◦C throughout the duration of the study.
Release of the bioactive was obtained by analyzing aliquots of the 

release medium using a spectrophotometric method (PerkinElmer 
Lambda 35 UV–vis spectrophotometer, GmbH Uberlingen, Germany), as 
previously described [38].

The release of the bioactive was also investigated by the dialysis 
method. Specifically, 5 g of each formulation were placed into dialysis 
bags (cellulose acetate, molecular weight cut-off 3500 Da; Spectrum 
Laboratories Inc., Netherlands), sealed at both ends and immersed in 
100 mL of phosphate-buffered saline (PBS) under continuous stirring to 
maintain sink conditions. At predetermined time intervals, 1 mL of the 
release medium was withdrawn and replaced with an equal volume of 
fresh PBS. The collected samples were successively analyzed using a 
UV–vis spectrophotometer [24].

The release kinetics was investigated applying various mathematical 
models, including zero-order, first-order, Higuchi, Korsmeyer-Peppas 
and Hixson-Crowell. The model with the highest correlation coeffi
cient (R2) was considered the most suitable for accurately describing the 
mechanism of drug leakage [38,39].

2.2.4. Gelation time and gel strength
The gelation time at room temperature (25 ± 2 ◦C) was assessed 

using the test tube inversion method. [40] Briefly, the formulation in the 
liquid state was transferred into a vial and heated in a water bath. At 
predetermined time intervals, the vial was removed and inverted to 
check for gel formation. The time was recorded using a stopwatch, 
which was paused whenever the vial was taken out of the water bath. 
The gelation time was defined as the point when the sample no longer 
flowed upon inversion [41].

Gel strength was evaluated following the method described by Firoz 
and colleagues, by transferring the sample into a graduated cylinder and 
allowing it to gel at 37 ± 1 ◦C. [42] After gelation, weights were applied 
onto the gelled sample, and the time required for it to sink 5 cm into the 
formulation was recorded. If the apparatus required more than 300 s to 
descend, additional weights were incrementally added. Gel strength was 
determined based on the minimum weight necessary to displace the 
apparatus by 5 cm through the copolymeric matrix [42,43].

2.2.5. Injectability and spreadability tests
The injectability of the thermo-sensitive systems was assessed at 

room temperature. The formulation, containing 0.25% (w/w) 5-ASA, 
was loaded as liquid form into a needleless syringe fitted with a Luer 
slip tip (inner diameter: 4 mm) to simulate the cannula of a microenema 
and subsequently injected into PBS preheated to 37 ◦C [42].

To evaluate the spreadability of the hydrogels, a 0.1 g of sample was 
placed at the center of a glass plate and covered with a second glass plate 
of identical dimensions. A 50 g weight was gently applied on top to 
facilitate the spreading of the gel between the plates. After 5 min, the 
weight was removed, and the diameter (in cm) of the spread area was 
measured. The test was performed in triplicate [26,42].

2.2.6. FT-IR analysis and DPPH radical scavenging assay
The FT-IR spectra of freeze-dried hydrogels either as blank formu

lations or containing 5-ASA and the single components (P407, 5-ASA) 
were evaluated by a Nicolet iS5 spectrometer equipped with an iD7 
attenuated total reflectance accessory (Thermo Fisher Scientific Inc., 
Waltham, MA, USA), as previously reported [44].

Spectra data were processed using OMNIC software, version 
9.12.1019. The results presented are a representative analysis of three 
independent experiments.

The antioxidant capacity of the different components and formula
tions was assessed using the DPPH assay [45]. A 5-ASA (10, 25, and 50 
μg/mL) was solubilized in ethanol. Successively, 100 μL of an ethanol 
solution of DPPH (0.1 mM) were combined with 100 μL of the samples in 
a 96-well microplate and incubated for 30 min at room temperature in 
the dark. Following incubation, the absorbance was recorded at 517 nm 
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using a microplate reader (Varioskan LUX; Thermo Fisher Scientific, 
Milan, Italy).

The percentage of DPPH radical inhibition was determined using the 
following equation:

DPPH inhibition (%) =
(
1 − Asample

/
Acontrol

)
×100 

where Asample represents the absorbance of the test sample and 
Acontrol corresponds to the absorbance of the control (DPPH solution 
without sample). The solvent used as a blank was included in each 
measurement to correct for background absorbance [45].

2.3. Preclinical characterization in cell and murine IBD models of the 
anti-inflammatory properties of P407-5-ASA

2.3.1. Cell lines and culture conditions
The human colon epithelial cell line Caco-2 were gifted by Dr. Pal

umbo (Institute of Biostructures and Bioimaging, CNR), murine mac
rophages RAW 264.7 and human fibroblasts were purchased from the 
American Type Culture Collection (ATCC, Manassas, VA, USA). All cell 
lines were grown in Dulbecco's modified Eagle's medium (DMEM) sup
plemented with 10% Fetal Bovine Serum (FBS), 1% penicillin- 
streptomycin and 1% L-Glutamine in a humidified incubator at 37 ◦C 
and 5% CO2 [46].

2.3.2. Inflammation of RAW264.7 macrophages by lipopolysaccharide 
(LPS)

RAW264.7 macrophages were activated by the bacterial antigen 
lipopolysaccharide, LPS (lipopolysaccharide from E. coli, Sigma Aldrich, 
Merck Millipore, USA). In details, 3⋅105 cells were seeded in 6 well- 
plates and exposed to 200 ng/mL of LPS in serum-free culture medium 
for 24 h. Polarization to M1 pro-inflammatory phenotype was evaluated 
by morphological analysis of the development of foam-cells like 
phenotype using Eclipse Ti2 inverted microscope (Nikon Instruments 
Inc., Melville, NY, USA), and by western blot analysis of the expression 
levels of pro-inflammatory markers such as inducible nitric oxide syn
thase (iNOS), and p-ERK/ERK ratio. Western Blotting was performed as 
previously described [47]. Briefly, cells were lysed using a lysis buffer 
containing 40 mM HEPES (pH 7.5), 120 mM NaCl, 5 mM MgCl₂, 1 mM 
EGTA, 0.5 mM EDTA and 1% Triton X-100, supplemented with phos
phatase inhibitors (20 mM α-glycerol-3-phosphate and 2.5 mM sodium 
pyrophosphate) and protease inhibitors (Complete Tablets, EDTA-free, 
Roche). Following lysis, the cell lysates were centrifuged at 13,200 
RPM for 20 min at 4 ◦C. Protein concentrations were determined using 
the Bradford assay (Bio-Rad, Protein Assay). Equal amounts of protein 
were then separated on 4–12% SDS-PAGE gels and transferred to 
nitrocellulose membranes. Membranes were blocked for 1 h with 5% 
non-fat dry milk and subsequently incubated overnight with primary 
antibodies targeting: iNOS (A14031, ABclonal), ERK (CST 9102), 
phospho-ERK (CST 9101) and α-Tubulin (sc-528). After washing with 
PBS containing 0.1% Tween-20, membranes were incubated with 
appropriate secondary antibodies for 1 h and visualized using the 
enhanced chemiluminescence (ECL) detection system [48].

2.3.3. Evaluation of anti-inflammatory properties of P407 and P407-5- 
ASA on Caco-2 cells

Caco-2 cells (2⋅105, 12 well plate) were seeded in the basolateral 
compartment of a Boyden chamber (8 μm insert, previously coated with 
PBS-diluted Matrigel in a 1:5 Matrigel/PBS ratio) and treated with free 
5-ASA (5 mM), P407 and P407-5-ASA (5 mM of drug); P407 dose was 
the same for all treatments. The formation of a functional tight junction 
monolayer by Caco-2 cells was assessed by measuring transepithelial 
electrical resistance (TEER) using a Millicell ERS voltmeter [49,50]. 
Cells were cultured until a stable epithelial barrier was achieved, as 
indicated by TEER values exceeding 500 Ω⋅cm2 [49,50]. RAW 264.7 M1 
macrophages (105 cells, in serum free DMEM and in presence or absence 

of LPS 200 ng/mL) were seeded in the upper chamber and co-cultured 
with Caco-2 for 48 h. After co-culture, RAW 264.7 M1 macrophages 
were stained with crystal violet (30 min incubation at 4 ◦C). The excess 
staining solution was meticulously removed from the inserts by three 
thorough water washes. Following the removal of non-invading cells by 
means of a cotton-swab, the number of invading macrophages was 
evaluated in at least five different spots of the insert under a phase 
contrast microscope (Eclipse Ti2-Nikon inverted microscope, 10×
magnification) [51]. The inflammatory cytokine TNF-α released by RAW 
264.7 M1 macrophages in culture medium at the end of the co-culture 
procedure was evaluated by ELISA (Pro: Mouse TNF-α, 3511-1HP-1, 
Mabtech, Italy). The results are reported as the mean ± standard devi
ation of at least three independent experiments.

As a preliminary safety assessment, the cytotoxicity of the different 
formulations was evaluated after 24 h incubation with human fibro
blasts using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay [52]. The cells were employed as a representative 
non-transformed cell line in order to preliminarily assess the cyto
compatibility before proceeding with the in vitro experiments on Caco-2 
cells. Untreated cells were used as the control.

2.3.4. Caco-2 cell differentiation in intestinal enterocytes (iECs)
Caco-2 cells differentiation in intestinal enterocytes (iECs) was per

formed with an adapted protocol as previously described [53]. Briefly, 
iECs were obtained by seeding Caco-2 cells at a density of 3⋅104 cells/ 
cm2 and growing them in DMEM supplemented with 20% FBS, 1% 
penicillin-streptomycin and 1% L-Glutamine in a humidified incubator 
at 37 ◦C, 5% CO2 for 14–21 days, replacing the medium every other day. 
Cell differentiation was followed over time by live imaging (Nikon 
Eclipse Ti2 inverted microscope). Z-stack acquisitions (step-size 0.5 μm, 
up to 80 μm thickness) were performed to assess the presence of domes 
and the development of villi by 3D reconstruction using the NIS- 
elements AR software.

2.3.5. Inflammation of intestinal enterocytes (iECs) derived by Caco-2 cells
iECs obtained as above described were inflamed by exposure to LPS 

(200 ng/mL) or conditioned medium from LPS-inflamed RAW 264.7 for 
24 h. Differentiated monolayers were characterized for the character
istic inter-villi distance by ImageJ software (v.1.54 g) and its alteration 
in differently treated monolayers was used as quantitative indication of 
the pro-inflammatory treatment effects on the structural integrity of the 
monolayer.

2.3.6. Evaluation of anti-inflammatory effect of P407 and P407-5-ASA in 
an optimized in vitro model of intestinal inflammation

Co-culture of differentiated Caco-2 cells in iECs and LPS-inflamed 
RAW 264-7 macrophages was used as an optimized in vitro testing 
platform for further evaluation of the anti-inflammatory effect of the 
developed hydrogel formulation. The migration of M1 macrophages 
towards iECs treated with free 5-ASA (5 mM), P407 and P407-5-ASA (5 
mM of drug) was evaluated in Boyden chamber (3 μm insert, 6 well 
plate) where iECs stayed in the basolateral compartment while LPS- 
inflamed and Vivotrack 680 stained RAW 264.7 (3⋅105cells/insert) 
were seeded in the upper chamber [48]. After 24 h, fluorescent imaging 
of both the apical and the basolateral compartments of the chamber by 
Nikon Eclipse Ti2 inverted microscope allowed to visualize and quantify 
the infiltration of M1 macrophages in the epithelium.

2.3.7. Mucoadhesive properties and therapeutic efficacy of P407-5-ASA in 
an IBD murine model

All experimental procedures complied with the European Commu
nities Council directives (2010/63/EU) and the present study was 
approved by the Italian Ministry of Health (authorization number 1133/ 
2024-PR).

To minimize animal suffering all the experimental procedures 
described were performed under general anesthesia with 1.5% 
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isoflurane in 100% oxygen at 0.8 L/min. Mice were maintained on a diet 
with a purified, alfalfa-free rodent chow for 15 days before fluorescence 
imaging to minimize fluorescence in the gut.

The colitis model was established in CD1 female mice treated with 
3% low molecular weight dextran sodium sulfate salt (DSS, 42867, 
Sigma-Aldrich) in drinking water for 10 days and the disease progres
sion was evaluated daily by monitoring mice body weight, stool con
sistency and the presence of rectal bleeding. A score was associated with 
each of these parameters and their composition was used to quantita
tively estimate the pathology progression by the Disease Activity Index 
(DAI) [54].

The colon-adhesive in vivo property of P407-based formulation was 
evaluated in CD1 mice by molecular imaging using high-frequency ul
trasound-guided (HFSU, VEVO 2100, FUJIFILM VisualSonics, Inc., 
Toronto, 270 Ontario, Canada) [55], rectal administration of 50 μL of 
rhodamine-loaded hydrogel that allowed to precisely evaluate its 
deposition whereas its colon-retention over time was assessed by ex vivo 
fluorescent imaging of excised colons at 3 and 24 hour post adminis
tration (Vilber Newton 7.0 FT-500 system λex/em = 542/570 nm).

To evaluate the therapeutic efficacy of the anti-inflammatory 
thermo-sensitive formulations mice were divided into two groups: one 
group of healthy mice (n = 4) that drank water and one group of colitis- 
bearing mice receiving 3% DSS in drinking water (n = 12). On the 10th 
day of DSS treatment, colitis-bearing mice were randomized in four 
groups as follows: untreated (n = 3), ASAMAX (n = 3), P407 (n = 3), 
P470-ASA (n = 3) and treated daily for 5 days with treatments consisting 
of rectal administration of 50 μL of ASAMAX in Vaseline oil (16 mM of 5- 
ASA), P407 or P407-5ASA (16 mM of 5-ASA), respectively. At the end of 
the treatment, DAI was evaluated, and animals were euthanized. Colon 
and spleen length were measured by a ruler, and spleens were weighed 
to estimate inflammation [54].

2.4. Statistical analysis

Statistical analysis of the various experiments was performed by 
One-way ANOVA or Student's t-test with a p value <0.05 considered 
statistically significant.

3. Results and discussion

3.1. Preparation and characterization of 5-ASA-loaded P407 hydrogels

5-ASA is widely used as a first-line treatment for IBD, especially ul
cerative colitis, but its oral bioavailability is limited by poor water sol
ubility and enzymatic degradation in the upper GI tract; rectal 
administration using P407-based thermo-sensitive hydrogels offers a 
promising alternative by bypassing the upper GI tract, achieving high 
local drug concentrations and minimizing the potential systemic side 
effects. P407 concentrations between 15 and 25% w/w ensure a sol-gel 
transition close to 37 ◦C, enabling easy administration, in situ gelation, 
prolonged mucosal contact and sustained release of poorly water- 
soluble bioactives such as 5-ASA, without the need of organic solvents 
that could cause adverse effects, particularly on colonic mucosa already 
compromised by IBD.

In this work, P407-based hydrogels (20% w/w) containing various 
amounts of 5-ASA were developed in order to evaluate the saturation 

limit of the poloxamer system (Table 1). 5-ASA was incorporated as 
powder form at concentrations up to 0.25% w/w; increasing the amount 
of the active compound up to 0.5% w/w promoted a visible drug pre
cipitation (Fig. S1).

3.1.1. Rheological analysis
Rheological analysis is essential for the characterization of thermo- 

sensitive hydrogels proposed for rectal delivery of active compounds. 
Key parameters such as viscosity, gelation temperature and viscoelastic 
properties (G′ and G″) influence the injectability of a formulation at room 
temperature and its properties of gelling and be retained in a specific 
body compartment at body temperature. The refinement of these char
acteristics ensures effective mucosal adhesion, sustained drug release 
and patient comfort. Rheology also simulates administration conditions, 
helping to predict the in vivo fate of a system [56].

The thermo-sensitive behavior of P407 systems and the effect of 5- 
ASA were assessed using passive microrheology, which analyzes visco
elastic properties without external forces. Samples stored at 4 ◦C were 
transferred to a 37 ◦C environment to simulate physiological conditions. 
Initially, high MSD values indicated a fluid state characterized by a high 
mobility of particles (Fig. 1A). Over 30 min, MSD values decreased, 
reflecting the sol-gel transition and hydrogel network formation driven 
by temperature-induced micellization of P407 into packed micelles 
forming a physical gel [57].

MSD curves, serving as the viscoelastic fingerprint of the formula
tions, enabled the derivation of parameters such as SLB and EI (Fig. 1B 
and C). The results confirmed that the presence of the bioactive at the 
tested concentration did not affect the thermo-sensitive behavior of the 
P407-based systems. Initial SLB values above 0.5 indicated a liquid-like 
state, while values approaching 0 at 37 ◦C demonstrated a transition to a 
solid-like phase (Fig. 1B) [44].

Moreover, EI data show that the presence of 5-ASA leads to a slight, 
proportional increase in elasticity with increasing drug concentration 
(Fig. 1C).

This trend was further confirmed by dynamic rheology tests. All 
systems showed a Newtonian behavior with constant viscosity at low 
temperature (10 ◦C), and transitioned to a non-Newtonian, shear-thin
ning profile at 37 ◦C, where viscosity (η) decreased when the shear rate 
(γ) increased (Fig. 2A) [17]. 5-ASA induced a slight increase of viscosity 
compared to the drug-free hydrogel, without altering the peculiar shear- 
thinning behavior of the systems. This property is particularly advan
tageous for rectal administration because it facilitates the application, 
enhances patient compliance and promotes the potential retention rate 
of the formulation (Fig. 2A) [58,59].

Oscillatory tests were performed to evaluate the viscoelastic prop
erties of the hydrogels. [17] An amplitude sweep (0.1–100 Pa) 
confirmed a well-defined LVR, with both G′ and G″ remaining constant 
throughout the range (Fig. 2B). Based on these results, a shear stress of 1 
Pa was selected for the frequency and temperature sweep measurements 
[28].

The frequency sweep test is a crucial rheological analysis for 
hydrogels intended for rectal drug administration, as it provides insight 
into their viscoelastic behavior under physiological conditions. This test 
is useful to investigate the structural stability and mechanical strength of 
the system by evaluating the storage (G′) and loss (G″) moduli over a 
range of angular frequencies [60]. As shown in the Fig. 2C, G′ was 
significantly greater than G″ across the whole frequency range tested at 
37 ◦C, indicating that the elastic component is predominant and that the 
sample exhibited typical gel-like behavior, essential for an adequate 
retention at the site of application [59].

The Tsol-gel of the liquid suppositories was determined by monitoring 
changes in the elastic (G′) and viscous (G″) moduli over a temperature 
range of 10 to 40 ◦C. Tsol-gel was defined as the temperature at which G′ 
and G″ intersect, marking the transition from predominantly viscous 
behavior (G″ > G′) to predominantly elastic behavior (G′ > G″) (Fig. S2) 
[31]. As shown in Fig. 2D, the Tsol-gel value of the drug-free formulation 

Table 1 
Composition and gelation temperature of various in situ rectal gel formulations.

Formulation 5-ASA (% w/w) Tsol-gel (◦C)

Blank – 24.10
F1 0.10 24.04
F2 0.25 23.25
F3 0.30 Drug precipitation
F4 0.50 Drug precipitation
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was 24 ◦C, consistent with values typically reported for P407-based 
hydrogels prepared with 20% w/w of the copolymer, as also demon
strated by our research team [24,61].

The addition of 5-ASA slightly decreased the Tsol-gel of the formula
tion, from 24.10 ◦C to 23.25 ◦C at the highest concentration tested, while 
it remained almost constant when 0.1% w/w of drug was employed 
(Fig. 2D). This temperature shift, along with the slight increase in vis
cosity, suggests an enhanced intermicellar association, likely driven by 
hydrophobic interactions between 5-ASA and the POP residues of P407. 
These results are in agreement with other experimental formulations 
focused on the characterization of P407 containing poorly water-soluble 
drugs [26].

Although a Tsol-gel of 30–35 ◦C is usually required for a thermo- 
sensitive system proposed for rectal administration [62], a slightly 
lower Tsol-gel can be advantageous for formulations designed to rapidly 
gel upon contact with body temperature. In this context, a Tsol-gel of 
~24 ◦C ensures immediate gel formation after rectal administration, 
thereby limiting formulation leakage and promoting early mucosal 
retention. It is well established that, in P407-based systems, the Tsol-gel is 
inversely related to copolymer concentration, with higher polymer 
contents leading to lower Tsol-gel values [18]. The use of a lower copol
ymer concentration to achieve higher transition temperature may result 
in a formulation with lower viscosity and weaker gel strength, which 
could compromise its suitability for rectal administration, whereas 
higher copolymer concentrations may promote a rapid gelation at room 
temperature, compromising the handling feasibility during formulation 
preparation and administration [22,43,57]. Therefore, the formulation 

design requires a careful balance between achieving sufficiently rapid in 
situ gelation after administration and avoiding premature gelation dur
ing handling or inadequate mechanical strength at lower copolymer 
concentrations. The selected P407 concentration therefore represents a 
suitable parameter, ensuring adequate mechanical strength and mucosal 
retention while preserving appropriate handling characteristics before 
the administration. To further address this aspect, a phase of charac
terization was focused on the evaluation of the gelation time of the 
formulation at room temperature, to be studied for a conceivable 
administration as a liquid form, with respect to that at body temperature 
(37 ◦C) (Section 3.1.3).

Mucoadhesion represents another critical parameter in the devel
opment of pharmaceutical formulations for rectal drug delivery. The 
term refers to the interaction between a system and the mucous layers 
[63,64]. An increase of adhesion to the mucosa prolongs the residence 
time of the drug in the rectum, promoting an enhanced overall 
bioavailability [22].

Rheological analysis is a widely used approach to assess the 
mucoadhesive potential of a pharmaceutical formulation. Typically, 
mucoadhesive systems demonstrate a rheological response in mucin- 
formulation mixtures that exceeds the sum of the individual responses, 
a phenomenon known as “rheological synergism” [32,34].

Fig. 2E shows the variation of the mucoadhesion index (Δη) with 
respect to shear rate. Positive Δη values were obtained at all tested shear 
rates, demonstrating the mucoadhesive properties of the P407 hydrogels 
containing mesalazine. The POE component contributes to these prop
erties through its capacity to form interactions with the oligosaccharide 

Fig. 1. Mean square displacement (MSD) curves (A), solid-liquid balance profiles (B) and elasticity index (C) of 5-ASA-loaded P407 hydrogels as a function of the 
drug concentration and decorrelation time.
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chains of mucin, supporting its application as a biomaterial for rectal 
drug delivery [65].

The presence of the drug caused a slight reduction in the mucoad
hesion index; however, the obtained values remained positive. This 
observation is consistent with previous reports indicating that the 
incorporation of additional polymers or active compounds can influence 
the bioadhesive and mucoadhesive properties of P407 [22]. The use of 
supplementary materials to enhance the mucoadhesiveness of 

poloxamer-based systems remains a topic under investigation and it of 
debate by the scientific community [66,67]. While such strategies may 
improve adhesion, excessive mucoadhesion can compromise rectal 
mucosa integrity, and the addition of bioadhesive agents to poloxamer- 
based liquid suppositories may increase the risk of tissue irritation [22]. 
The findings of this study further supported by the in vivo results (Section 
3.2.3) demonstrate that the formulation, even without additional poly
mers, is capable of extending the residence time of 5-ASA in the bowel 

Fig. 2. Shear rate viscosity of P407 (20%, w/w) hydrogels containing 5-ASA (A). Elastic modulus (G′), viscous modulus (G″) and phase angle (δ) of 5-ASA-loaded 
P407 hydrogels as a function of shear stress (B) and frequency (C). The analyses were performed at 37 ◦C. Sol-gel transition temperature (Tsol-gel) of the P407-based 
formulations (D). Mucoadhesion index values of 5-ASA (0–0.25% w/w)-loaded P407 hydrogels measured at 37 ◦C as a function of the shear rate (10, 25, 50, and 100 
s− 1) (E).
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compartment. This offers a promising approach that avoids unnecessary 
costs and minimizes the potential adverse effects exerted by additional 
components.

Oscillatory rheological tests were performed over a frequency range 
of 0.1–10 Hz to investigate the potential nature of the interactions be
tween P407 formulations and mucin. Depending on the interaction type, 
three mechanical behaviors may be observed: (i) G′ significantly greater 
than G″, demonstrating a chemical cross-linking; (ii) G′ slightly greater 
than G″, suggesting interactions via secondary bonds and (iii) G′ equal to 
or less than G″, typical of physical cross-linking [30]. The mechanical 
spectra of the various formulations showed a dominant storage modulus 
(G′ > G″), suggesting the establishment of chemical interactions between 
the copolymer and mucin (Figs. 2 and S3).

3.1.2. In vitro dissolution behavior and drug release kinetics
The dissolution and drug release behavior of P407-based hydrogels 

are key factors to be investigated during the characterization of a 
formulation proposed for rectal application because they directly in
fluence the retention rate of an active compound at the administration 
compartment and its availability at the site of inflammation. These 
properties are essential to ensure the therapeutic efficacy of a formula
tion proposed for the treatment of IBD and to improve the patient 
compliance [24,68].

The dissolution profiles of the developed formulations are shown in 
Fig. 3A. P407-based hydrogels showed a rapid and complete dissolution 
in aqueous media after 24 h, a behavior attributed to the high solubility 
in water of the copolymer and in agreement with other experimental 
investigations [69]. The presence of 5-ASA at the tested concentrations 

did not significantly affect the dissolution rate of the thermo-sensitive 
P407-based systems (Fig. 3A).

The in vitro release profile of the 5-ASA from P407-based hydrogels 
was evaluated under physiological conditions in PBS at 37 ◦C (Fig. 3B). 
Two complementary approaches were employed to better simulate 
different release conditions: the membraneless diffusion and the dialysis 
setup [40]. In the dialysis method, the hydrogel was physically sepa
rated from the release medium, thereby limiting copolymer dissolution 
and resulting in a release profile primarily governed by diffusion. On the 
contrary, the membraneless method allowed a direct contact between 
the gel and the surrounding medium, facilitating the dissolution of the 
polymeric matrix. As reported in the literature, drug release from 
hydrogels generally involves a combination of both diffusion and 
dissolution mechanisms [70,71].

As shown in Fig. 3B, using the membraneless method, the release of 
the anti-inflammatory drug from P407 hydrogels reached approximately 
40% and 60% after 24 h for formulations containing 0.1% w/w and 
0.25% w/w of 5-ASA, respectively. Conversely, with the dialysis 
method, the drug release was sustained over a 48-hour period for all 
tested formulations, with an initial burst release observed during the 
first 8 h, data consistent with those of dissolution previously described in 
Fig. 3A.

The release mechanism of 5-ASA from the thermo-sensitive system 
can be described in two phases: an initial burst release driven by 
hydrogel dissolution and the rapid release of unentrapped drug, fol
lowed by a sustained leakage of 5-ASA in which the active compound 
gradually diffuses from the P407 micellar network [72]. This behavior 
can be explained by considering the thermo-responsive micellization 

Fig. 3. Dissolution profiles of P407-based hydrogels at 37 ◦C in phosphate-buffered solution (pH 7.4) and at pH 5. Data were expressed as percentage of weight loss 
(% w/w) as a function of time (A). In vitro cumulative drug release of P407-based hydrogels at 37 ◦C in phosphate-buffered solution (pH 7.4) and at pH 5. Release 
studies were performed using the dialysis method (B) and the membraneless method (C).
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and gelation properties of P407. P407 is an amphiphilic triblock 
copolymer whose behavior is governed by its critical micellization 
concentration (CMC) and critical micellization temperature (CMT) [73]. 
At the copolymer concentration employed in this study and at physio
logical temperature, both the CMC and CMT are exceeded, promoting 
the spontaneous self-assembly of P407 molecules into micelles charac
terized by a hydrophobic POP core and a hydrophilic POE shell [24].

When the temperature increases, dehydration of the POE chains and 
enhanced hydrophobic interactions among POP blocks drive micelle 
formation and their close packing into a three-dimensional network, 
ultimately leading to the sol-gel transition. This micellar network pro
vides a suitable environment for the incorporation of poorly water- 
soluble compounds such as 5-ASA, which preferentially partition into 
the hydrophobic core of micelles, as confirmed by FT-IR analysis 
(Section 3.1.5) [24,27].

Accordingly, the initial burst release is mainly attributed to the rapid 
diffusion of drug molecules located at or close to the hydrogel surface or 
weakly associated with the polymeric matrix, as well as to early-stage 
hydrogel relaxation and partial dissolution. This phase is followed by 
a sustained release phase governed by the diffusion of 5-ASA from the 
micellar core through the hydrated gel network, together with the 
gradual dissolution of the P407 matrix over time.

The obtained results support the potential application of 5-ASA- 
loaded P407 hydrogels for rectal application because they can poten
tially enhance the therapeutic outcome of the active compound. 
Namely, the initial burst release can ensure a rapid achievement of 
therapeutic levels, while the micellar structure can promote a prolonged 
drug release over the time, decreasing the administration times.

As is well known, the gastrointestinal tract (GIT) possesses various 
pH across different regions. The stomach is characterized by an acidic 
environment, while the small intestine has a slightly acidic to neutral 
pH. The pH of colon and rectum typically ranges from 6.1 to 7.5 [74].

However, gastrointestinal pH can be altered in IBD, sometimes 
reaching pH 5, which can influence the efficacy of therapeutic formu
lations. These alterations result from several physiological and patho
logical processes, including mucosal bicarbonate secretion, microbial 
lactate production, impaired absorption of short-chain fatty acids, and 
changes in intestinal fluid volume, carbohydrate metabolism, and 
gastrointestinal transit time [74]. For this reason, drug dissolution and 
release tests were also performed at pH 5) in order to better mimic the 
altered physiological conditions associated with IBD.

Indeed, it is well-known that the behavior of P407-based hydrogels 
can be affected by the presence of drugs, polymers, salts or pH variation 
[18,22].

The release of 5-ASA at pH 5 was slightly faster than that obtained at 
pH 7.4 (Fig. 3), probably as a consequence of the presence of HCl able to 
decrease the strength of P407 hydrogels [75]. This phenomenon leads to 
a greater dissolution in aqueous media of the gel matrix and, conse
quently, to an increased drug release over time. However, the observed 
differences were minimal, confirming that the P407 hydrogel remains a 
suitable system for rectal administration of 5-ASA.

The release data were fitted according to zero-order, first-order, 
Higuchi, Korsmeyer-Peppas and Hixson-Crowell kinetic models 
(Tables S1 and S2).

The results demonstrate that the Higuchi model best describes the in 
vitro release profile of 5-ASA when the membraneless method is applied. 
This model reflects a diffusion-controlled release mechanism, in which 
the drug diffuses through channels within the hydrogel matrix. On the 
contrary, first-order kinetics were characteristics of the release behavior 
observed when the dialysis membrane method was employed, showing 
that the bioactive is dispersed inside the porous matrices and the rate of 
drug release was concentration-dependent over time [26,39,62].

3.1.3. Gelation time and gel strength determination
Liquid suppository systems are specifically designed to remain in a 

liquid state at room temperature and undergo gelation at body 

temperature [62]. For this reason, the Tsol-gel should ideally fall within 
the range of 33–37 ◦C to minimize complications related to 
manufacturing, storage, and potential post-administration leakage [76].

As previously reported, P407-based formulations containing 5-ASA 
(0.25% w/w) showed a Tsol-gel below 25 ◦C (Section 3.1.2), which 
could be an issue during the sample administration at room tempera
ture. Consequently, the next phase of the study focused on the evalua
tion of the gelation time of the proposed formulations. The system 
prepared with the highest concentration of 5-ASA was selected for the 
test. When placed in a 25 ± 2 ◦C water bath, the P407 solution transi
tioned into a gel status after approximately 6 min, remaining stationary 
at the bottom of the inverted vial (Fig. S4 and Video S1) [77]. This time 
frame is suitable for a suitable administration of a liquid suppository at 
room temperature.

Gel strength is another key parameter to be evaluated because it 
influences the ease of application of as suppository and it helps to pre
vent the anal leakage [78]. In fact, while high gel strength may hinder 
the administration, a low gel strength can result in rectal leakage, 
reducing the retention rate of the formulation and the therapeutic 
effectiveness [78]. Previous studies have shown that ideal in situ rectal 
gels should exhibit gel strength values in the range of 10–50 s [42,79].

In this context, Choi et al. developed mucoadhesive liquid supposi
tories based on poloxamers for rectal delivery of acetaminophen and 
investigated the relationship between formulation composition, gel 
strength and in vivo performance [80]. The formulations made up of 
P407, poloxamer P188 and various concentrations of the bioadhesive 
polymer polycarbophil were designed to achieve an in situ gelation at 
body temperature, enhancing the rectal retention and drug bioavail
ability. The authors demonstrated that formulations characterized by 
low gel strength (⁓9 s) were unable to remain in situ after rectal 
administration and they showed a marked leakage after their injection, 
as evidenced by the need to seal the anus during pharmacokinetic ex
periments. On the contrary, the formulations characterized by higher gel 
strength values (⁓34 s) formed strongly gelled and mucoadhesive sys
tems that remained localized within the rectum without leakage, pro
moting a sustained drug release, prolonged plasma exposure and an 
enhanced bioavailability of the active compound [80].

The formulation herein described was characterized by a gel strength 
exceeding 300 s, which is above the minimum range value required of 
10–15 s (Video S2 and Fig. S5) [42,79]. This result confirms that the 
formulation possesses a robust gel structure capable of maintaining the 
gel-like properties over time, as previously demonstrated through 
oscillatory rheological measurements (Section 3.1.1). Moreover, these in 
vitro findings were further validated by in vivo studies performed on 
mice, as described in the following sections (Section 3.2.3).

3.1.4. Injectability and spreadibility assessment
The ease of application of systems intended for rectal administration 

is a key factor influencing the patient acceptability [26]. In this study, 
we investigated this aspect by evaluating both the injectability and the 
spreadability index of the formulations.

The formulation prepared with the highest concentration of 5-ASA 
(0.25% w/w) was loaded as a liquid form into a needleless syringe 
equipped with a Luer slip tip (inner diameter: 4 mm), mimicking the 
cannula of a microenema, and injected into PBS preheated to 37 ◦C. As 
shown in Fig. S6 and Video S3, the formulation was easily extruded and 
rapidly transitioned into a gel upon contact with the warm medium. 
While the injectability of P407 systems had already been demonstrated 
through rheological analysis and their shear-thinning behavior (Section 
3.1.1), this practical test together with gelation time measurements 
further confirmed that the formulation can be easily administered as a 
liquid form at room temperature, gelling after in situ administration 
[42].

Moreover, the mean spreadibility index of the same formulation was 
20 ± 1 mm, confirming that it is easily spreadable under minimal shear, 
offering a more comfortable application experience (Fig. S6 and Video 
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S4) [26,42].

3.1.5. FT-IR analysis and evaluation of antioxidant activity
FT-IR spectroscopy confirmed the presence of characteristic func

tional groups of POE and POP in the samples containing P407 (Fig. 4A 
and B) [27]. On the contrary, the characteristic absorption bands of 5- 
ASA, i.e. 2500 cm− 1 (intramolecular hydrogen bonding with a 
carboxyl group), 1643 cm− 1 (N–H primary deformation), 1483–1447 
cm− 1 (C––C stretches in the aromatic ring), 1349 cm− 1 (C–N stretch
ing), 808–685 cm− 1 (aromatic C–H out of plane bending vibrations), 
were found to merge with the absorption bands of the copolymeric 
matrix after its incorporation in the P407 hydrogel, suggesting a 
conceivable interaction between the drug and the copolymer (Fig. 4A 
and B) [81–83]. The hydrophobic nature of 5-ASA likely facilitated its 
partitioning into the hydrophobic regions of the P407 polymer chains. 
The reorganization of P407 into micelles when the temperature 

increased probably promoted the solubilization of the active compound 
within the colloidal structure [31]. These results support the hypothesis 
that 5-ASA was not only dispersed in the hydrogel but it also interacted 
with the copolymeric matrix. [17] Similar results were reported by Yan 
et al., who developed a P407-based hydrogel containing Ramulus mori 
(Sangzhi) alkaloids, derived from mulberry twigs, and observed com
parable drug–polymer interactions. [17] Likewise, our research team 
has previously obtained consistent findings with P407 hydrogels con
taining rutin, a flavonoid with limited aqueous solubility [27].

5-ASA has been reported to possess effective oxygen free radical 
scavenging properties, giving it strong antioxidant potential [11]. To 
assess this activity, the antioxidant capacity of the 5-ASA-loaded P407 
hydrogel was evaluated using the DPPH assay, which measures the 
reduction of the DPPH radical [27]. As shown in Fig. 4C, the incorpo
ration of 5-ASA into the P407-based hydrogel did not significantly affect 
its radical-scavenging activity (RSA), showing only a slight reduction 

Fig. 4. (A) FT-IR spectra of pure P407, 5-ASA, empty P407 hydrogel (20% w/w), and 5-ASA-loaded P407 hydrogel. (B) Chemical structures of 5-ASA and P407 (a =
101 ethylene oxide units; b = 56 propylene oxide units). (C) Antioxidant activity of the various formulations assessed by the DPPH assay. Results are the average of 
three independent experiments ± standard deviation. (5-ASA: ethanolic solution; P407: 20% (w/w) P407 hydrogel; P407 + 5-ASA: 5-ASA-loaded 20% (w/w) 
P407 hydrogel).
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(~89–91%) compared to the free drug (~91–93%), with RSA values 
increasing proportionally with the drug concentration. This slight 
decrease may be attributed to interactions between the antioxidant 
compound and the polymeric matrix [27]. Notably, the empty P407- 
based system also exhibited moderate RSA (~13–16%), confirming 
the data previously reported [84].

The antioxidant properties of 5-ASA are important for the local 
treatment of IBD, as oxidative stress plays a key role in the pathogenesis 
and progression of intestinal inflammation [85]. Excessive production of 
reactive oxygen species (ROS) contributes to mucosal damage, disrup
tion of the epithelial barrier and the amplification of inflammatory re
sponses. 5-ASA can help to decrease the oxidative damage by its 
scavenging activity, promoting the mucosal healing and enhancing its 
overall anti-inflammatory effect [85].

3.2. Characterization of P407-5-ASA anti-inflammatory effect in cellular 
and murine model of IBDs

3.2.1. Anti-inflammatory properties of P407-5-ASA in LPS activated M1 
phenotype macrophages

Reliable in vitro assessment of anti-inflammatory formulations for 
treating IBDs requires incorporation of multiple cellular components to 
reflect the complex, multifactorial nature of intestinal inflammation 
[86]. To this end, we tested the developed anti-inflammatory formula
tions in a co-culture system comprising activated macrophages 
RAW264.7 and Caco-2 cells as a model of immune activation during 
epithelial inflammation. First, RAW264.7 monocytes were polarized to 
the M1 pro-inflammatory phenotype by treatment with the bacterial 
antigen lipopolysaccharide (LPS, 200 ng/mL for 24 h). As expected, the 
macrophages developed a foam-like morphology (Fig. 5A) and displayed 
increased expression levels of the M1 marker such as inducible nitric 
oxide synthase (iNOS) and p-ERK [54] (Fig. 5B). LPS-activated macro
phages were then co-cultured with Caco-2 cells in Boyden chamber and 
their ability to invade Matrigel, as model the extracellular matrix, was 

Fig. 5. P407 and mesalazine-loaded P407 hydrogel (P407-5-ASA) treatment of Caco-2 cells strongly decreased invasiveness and ameliorated the inflammation of 
activated RAW 264.7 macrophages in co-culture. LPS induced the polarization of RAW 264.7 macrophages at M1 phenotype determining (A) altered cellular 
morphology and (B) increased expression levels of iNOS and p-ERK, as from western blotting; α-tubulin was used as loading control. (C) Invasion assay of RAW 264.7 
towards Caco-2 cells in Boyden chambers (pore size 8 μm), pre-coated with matrigel, for 48 h. Representative images are showed. Images were acquired with an 
inverted light microscope at 10× magnification. (D) After invasion, invading cells were counted, and their number was reported as fold of invading non-activated 
macrophages. (E) After co-culture TNF-α levels in RAW 264.7 culture medium was quantified by ELISA (Mouse TNF-alpha ELISA PRO) and reported as fold of TNF-α 
released by non- activated macrophages. (* Statistics with respect to non-activated RAW 264.7 * p < 0.05, ** p < 0.005, *** p < 0.0005; # Statistics with respect to 
activated RAW 264.7 # p < 0.05, # p < 0.005, ### p < 0.0005).
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evaluated. As shown in Fig. 5C, the activated macrophages displayed 
significantly higher invasion potential than the M0 macrophages. 
Interestingly, the treatment of Caco-2 cells with the anti-inflammatory 
formulation P407-5-ASA significantly reduced this effect to a greater 
extent than the free drug at the same concentration (Fig. 5D). It is worth 
noting that the P407 hydrogel formulation could also reduce macro
phage infiltration to a certain extent, possibly thanks to the well-known 
anti-inflammatory properties of poloxamer.

Furthermore, co-culturing LPS-activated macrophages with Caco-2 
cells resulted in a significant increase in the release of the pro- 
inflammatory cytokine TNF-α in the basolateral compartment of the 
Boyden chamber, as expected from inflammation induction by activated 
macrophages (Fig. 5E). TNF-α levels were significantly reduced in the 
presence of anti-inflammatory treatment. Notably, this reduction was 
more pronounced in P407 and P407-5-ASA-treated cells than in cells 
treated with the free drug at the same concentration, thus proving the 
greater anti-inflammatory potential of the developed P407-based for
mulations compared to the free form of active compound.

Moreover, the cytocompatibility of both P407 and P407-5-ASA was 
confirmed in human fibroblasts, used as a representative non- 
transformed cell line, as evaluated by MTT assay (Fig. S8).

3.2.2. Anti-inflammatory properties of P407-5-ASA in an optimized in vitro 
model of inflamed colon epithelium

Increasing attention has been committed to experimental models of 
intestinal microenvironment, including immune-epithelial interactions 
and dynamic inflammatory signaling, which are essential to predict the 
therapeutic efficacy of the experimental formulations in complex dis
eases such as IBD [87].

In this contest, Caco-2 cells, thanks to their stability in culture and 
ability to spontaneously polarize into intestinal enterocytes (iECs), are a 
convenient and widely available model of the intestinal epithelium [49]. 
In this study, we established a prolonged culture of Caco-2 cells (14–21 
days) that enabled intestinal enterocyte differentiation, providing an 
optimized platform for testing anti-inflammatory treatments. Z-stack 
acquisitions and 3D volume reconstruction confirmed the development 
of domes and microvilli, which are hallmarks of differentiated iECs 
(Fig. S9A and B) [86].

In an initial investigation of the anti-inflammatory potential of P407- 
based formulations on differentiated Caco-2 cells, the monolayers were 
exposed to LPS as an inflammation-triggering agent. Prolonged exposure 
of the monolayers to LPS (72 h) caused their complete disruption 
(Fig. S10). 5-ASA was unable to prevent this effect, whereas both P407 

Fig. 6. P407 and P407-5-ASA treatment significantly reduced macrophage infiltration in an in vitro model of inflamed small-intestine by co-culture of differentiated 
Caco-2 in iECs and LPS-activated RAW 264.7 macrophages. Caco-2 cells were differentiated in iECs by prolonged culture (14–21 days) and (A) z-stack images 
confirmed villi development after 21 days of culture. Inter-villi distance in untreated differentiated Caco-2 monolayer was evaluated by ImageJ software and 
compared with the same distance measured in presence of LPS (200 ng/mL, 24 h) or the conditioned medium (CM) from LPS-activated RAW 264.7 macrophages to 
confirm inflammation. The model was established in Boyden chamber (pore size 3 μm) as sketched in (A). Activated RAW 264.7 were stained with Vivotrack 680 to 
follow their infiltration in iECs treated or not with free 5-ASA, P407 gel or P407-5-ASA (5mM drug) over time. (B) Live images of infiltrating cells after 24 hour of co- 
culture were acquired with an inverted fluorescent microscope (Ti2 Eclipse, Nikon) at 10× magnification and representative images are reported. (C) Number of 
infiltrating macrophages was quantified by ImageJ software and reported as fold of infiltrating RAW 264.7 in untreated differentiated iECs. * Statistics with respect to 
untreated differentiated Caco-2 monolayer ** p < 0.005, *** p < 0.0005; # Statistics with respect to LPS-treated differentiated Caco-2 monolayer ## p < 0.005.

E. Giuliano et al.                                                                                                                                                                                                                                Biomaterials Advances 183 (2026) 214762 

12 



and P407-5-ASA preserved monolayer integrity (Fig. S10). Next, we 
tested the anti-inflammatory potential of P407-5-ASA in an optimized 
co-culture of LPS-activated macrophages and differentiated Caco-2 cells 
in iECs. When iECs were exposed to LPS or conditioned medium (CM) 
from LPS-activated RAW 264.7 cells for 24 hour morphological alter
ations of the monolayers were observed. In particular, inflammation 
induced villi damage as demonstrated by a significant increase of the 
inter-villi distance (Fig. 6A). Notably, this effect was strongly exacer
bated by CM from LPS-activated RAW 264.7 cells, as evidenced by the 
markedly increased inter-villi distance compared to LPS-treated mono
layers and the formation of distinct regions of disrupted barrier. Thus, 
we demonstrated the ability of LPS-activated macrophages to propagate 
inflammation to differentiated epithelium and we established the co- 
culture of LPS-activated RAW 264.7 and differentiated Caco-2 in iECs 
(Fig. 6B) as an optimized model of intestinal inflammation. RAW 264.7 
macrophages were labeled with Vivotrack-680 for tracking their 
migration across the trans-well insert and infiltration into differentiated 
colon epithelium cellular model over time. As shown in Fig. 6C, anti- 

inflammatory treatment with P407-5-ASA caused the most drastic 
reduction in the number of infiltrating macrophages compared to P407 
and 5-ASA used as single components, as demonstrated by the increase 
in the number of macrophages in the upper chamber and the reduction 
in the number of fluorescent spots in the differentiated iECs. These re
sults confirmed the superior anti-inflammatory properties of P407-5- 
ASA in vitro with respect to the free form of the active compound, that 
can be attributed to the sustained drug release, as well as to the mild 
inflammatory nature of the poloxamer [27,88,89].

3.2.3. Therapeutic efficacy of P407-5-ASA in IBD murine model
To evaluate the colon-adhesive in vivo property of P407-based 

formulation, high frequency ultrasound-guided (HFSU) rectal adminis
tration of rhodamine-loaded gel was performed in CD1 mice. This 
allowed us to precisely evaluate hydrogel deposition and its colon- 
retention over time [90]. HFSU image showed the localization of the 
gel into the colon-rectum upon administration where it appeared as a 
hyperechoic region (red arrow in Fig. S11A) and this was confirmed by 

Fig. 7. P407-5-ASA reduced the inflammation in a murine model of IBD. A) Treatment schedule for the establishment of DSS-induced UC in CD1 mice as well as for 
the anti-inflammatory treatment; B) DSS-induced reduction of mice body weight over the treatment time frame; C) Representative images of length of excised colons 
(n = 3 for each treatment) from euthanized mice at the end of treatment; D) Quantification of the effect of DSS and the different treatments on colon length; D) 
Representative images of spleen from different treatment groups at the end of the treatment and their relative weight and length. * Statistics with respect to healthy 
untreated mice, ** p < 0.005, *** p < 0.0005; # Statistics with respect to UC-bearing mice # p < 0.05, ### p < 0.0005. DSS 3%: mice treated with 3% low molecular 
weight dextran sodium sulfate salt in drinking water (Section 2.3.7).

E. Giuliano et al.                                                                                                                                                                                                                                Biomaterials Advances 183 (2026) 214762 

13 



fluorescent in vivo imaging (Fig. S11B). After 3 h administration, mice 
were euthanized and the hydrogel was still identified in the final tract of 
the colon by ex vivo fluorescent imaging, despite a reduced fluorescent 
signal being detected (Fig. S12A). This confirmed the ability of the 
hydrogel to be retained over time and the progressive release of its cargo 
(i.e. rhodamine). Ex vivo images of colon 24 h after administration 
showed that the gel was completely cleared (Fig. S12B).

The in vivo therapeutic potential of the anti-inflammatory P407- 
based formulations was evaluated in a DSS-induced ulcerative colitis 
murine model. Low molecular weight DSS is a widely recognized 
chemical inducer of ulcerative colitis in pre-clinical animal model 
[13,54]. UC was induced in CD1 mice by dissolving DSS 3% w/v in 
drinking water that was administered according to the schedule in 
Fig. 7A. To follow disease establishment and progression, animals were 
weighed to check for weight loss and monitored for stool consistency as 
well as onset of rectal bleeding, daily. The evaluation of these parame
ters allowed the estimation of the Disease Activity Index (DAI) which 
was scored as reported in Table S3. After 7 days of treatment, DSS- 
treated mice lost about 12% of their body weight whereas untreated 
animals gained weight, as expected from normal growth (Fig. 7B). On 
day 10 DAI reached the highest score (Table S4) and for this reason was 
selected as the starting point for anti-inflammatory treatment adminis
tration. UC-bearing mice were randomized in four groups as follows: 
untreated (n = 3), and treated with ASAMAX (n = 3), P407 (n = 3), 
P407-5-ASA (n = 3). Treatments were administered rectally, daily, and 
for five days by the injection of 50 μL of ASAMAX in Vaseline oil or P407 
or P407-5-ASA. DSS 3% w/v caused a significant reduction in colon 
length compared to the control (Fig. 7C), as well as poor stool retention, 
thus confirming disease establishment [91]. Treatment of mice with 
P407-5-ASA caused a significant recovery of colon length, higher than 
ASAMAX alone at the same concentration (16 mM) as shown in Fig. 7C. 
The treatment of mice with P407 alone caused a partial but not signif
icant recovery of colon length (Fig. 7C). Moreover, spleen from different 
groups were collected, weighted and their length measured being spleen 
enlargement a sign of systemic inflammation commonly observed 
following DSS treatment [54,92]. Results in Fig. 7D showed, as ex
pected, a significant increase in spleen length and weight in DSS treated 
mice with respect to healthy control. This effect was restored by all the 
anti-inflammatory treatments. Overall, these findings demonstrate that 
the superiority of the thermosensitive formulation is more evident at the 
local colon compartment rather than at the systemic level, probably as a 
consequence of the prolonged tissue residence time and sustained drug 
release.

Moreover, at the end of the treatment, P407-5-ASA and ASAMAX 
strongly reduced the DAI that was only ameliorated by P407 (Table S4). 
These results confirmed the in vitro observations regarding the signifi
cant therapeutic efficacy of P407-5-ASA, attributable to its greater 
accumulation and retention in the inflamed colon tissue thanks to its 
mucoadhesive properties and gradual release of the drug over time.

Despite these promising therapeutic outcomes, further investigations 
are required to assess the local safety profile of the proposed formulation 
after multiple rectal administrations. P407 is a well-known and 
biocompatible excipient, and several previous experimental studies 
have shown its safety when employed as component of thermosensitive 
rectal or mucosal delivery systems; for example, histological evaluations 
demonstrated the absence of significant mucosal damage or irritation, as 
well as the preservation of rectal tissue integrity following intrarectal 
administration in animal models, thereby supporting its suitability for 
local drug delivery applications [43,72,93,94].

Liu and co-workers developed a thermosensitive in situ gel based on 
poloxamer combined with mucoadhesive polymers for the rectal de
livery of ibuprofen, demonstrating improved pharmacokinetic profiles 
together with the absence of significant mucosal irritation, as confirmed 
by histopathological analyses following rectal administration in rabbits, 
thereby supporting the feasibility and local safety of poloxamer-based 
rectal gels [43]. Similarly, studies on poloxamer gels containing 

diclofenac sodium have demonstrated that their rectal administration 
can promote a faster drug absorption, maintaining a safety profile 
comparable to that of conventional semi-solid suppositories, with no 
morphological alterations observed in rectal tissues of treated animals 
[93].

Nevertheless, considering the inflamed and ulcerated conditions 
characteristic of IBD, future studies including histopathological analyses 
of colorectal tissues will be essential to further corroborate the local 
tolerability of the proposed formulations and to strengthen the trans
lational relevance of the P407-5-ASA system.

4. Conclusion

This study demonstrated the potential of P407-based hydrogels as 
useful formulations for the rectal administration for 5-ASA for the 
treatment of IBD.

The liquid suppository developed in this study met the key re
quirements for an ideal rectal formulation, including appropriate gela
tion temperature and time, muco-adhesive properties, adequate gel 
strength, good injectability and spreadability. Additionally, the formu
lation did not compromise the antioxidant activity of 5-ASA, which is 
considered crucial for IBD therapy. In vitro release studies showed pro
longed drug retention and sustained release of 5-ASA even under acidic 
pH conditions, which may occur during active phases of IBD.

In preclinical models of IBD, both in the optimized co-culture cell 
model and in DSS-induced acute colitis in mice, P407-5-ASA showed 
improved and superior therapeutic efficacy compared to the free form of 
the drug. It was demonstrated by its ability to reduce M1 macrophage 
infiltration into the inflamed epithelium and TNF-α release. These re
sults were validated by in vivo studies that demonstrated greater accu
mulation, retention and therapeutic effect of P407-5-ASA in inflamed 
colon tissue due to its mucoadhesive properties and gradual release of 
the drug over time.

Overall, these results suggest that the P407 hydrogel containing 5- 
ASA is a promising formulation to be employed for the management 
of IBD.

However, additional preclinical studies are needed to confirm the 
safety, efficacy and targeted release of the drug before moving onto the 
clinical phase. In fact, despite the obtained promising results, some 
limitations and criticisms need to be addressed. First of all, the proposed 
system relies on a simple single-polymer P407-based hydrogel in com
parison with more complex delivery systems used for the rectal 
administration of 5-ASA, such as multi-component formulations 
[95–98], While this simplicity represents a clear advantage in terms of 
formulation reproducibility, solvent-free preparation, scalability and 
translational potential, as well as the absence of specialized or complex 
manufacturing equipment, it also highlights the need of additional in
vestigations of specific aspects relevant to clinical application.

From a biological standpoint, the in vitro inflammatory model was 
designed to provide a robust and reproducible macrophage-mediated 
inflammatory stimulus for downstream epithelial studies. Accordingly, 
TNF-α was selected as a representative and well-established pro-in
flammatory cytokine. Nevertheless, a more comprehensive character
ization of macrophage polarization, including the assessment of 
additional pro-inflammatory cytokines (e.g., IL-6 and IL-1β), phenotypic 
markers of M1/M2 activation (such as CD80 and CD206) and intracel
lular oxidative stress (ROS levels) would further strengthen the mech
anistic understanding of the anti-inflammatory effects observed.

In addition, although P407 is generally recognized as safe and widely 
used for topical, mucosal and injectable formulations, the local tolera
bility of multiple rectal administrations of the formulation at relatively 
high polymer concentrations, especially in the presence of inflamed or 
ulcerated colonic mucosa, needs to be evaluated. Future preclinical 
studies should therefore include systematic safety assessments, such as 
histopathological analysis of colorectal tissue following repeated ad
ministrations, in order to demonstrate the absence of local irritation or 
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mucosal damage and to fully support the translational potential of this 
P407-based hydrogel system. Last but not least, the present in vivo 
investigation was carried out as an initial proof-of-concept using a 
limited number of animals per group, in accordance with the 3Rs prin
ciples. Even though the observed therapeutic trends were consistent, 
future studies involving larger animal cohorts will be necessary to 
strengthen statistical power and further validate the efficacy and safety 
of the proposed formulation.
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