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Development and Investigation of Mucoadhesive Polymers
Based on Chitosan for Intravesical Therapy

Intravesical drug delivery (IDD) refers to the administration of therapeutic agents dire€thy, into the urinary
bladder through a catheter. Low permeability of the urinary bladder epithelium, poor‘retentionjof the thera-
peutic agents due to dilution and periodic urine voiding as well as frequent catheterizations (with potential
risk of infections) are the major limitations of IDD used in the treatment of bladder-related disorders, such as
bladder cancer. In this work, the mucoadhesive properties of polymeric materials based on chitosan, chitosan-
gellan gum, and chitosan-Carbopol™ 940 containing sodium fluorescein (Nakl) were investigated for their
potential application in intravesical drug delivery. The evaluation of mu€oadhesive properties was carried out
using an in vitro flow-through method with fluorescent detection that,sifiulates the interaction conditions of
polymers with the urinary bladder mucosa. Additionally, the releasg kifetics of NaFI from polymer composi-
tions under conditions mimicking the physiological environmentyof the*bladder was studied using a fluores-
cence spectrometry. The acquired data confirm the promisefofiusing, chitosan-based mucoadhesive polymers
in developing systems for intravesical drug delivery, Whichicouldbsignificantly enhance the efficacy of IDD
therapy to treat urinary bladder-related disorders.

Keywords: chitosan, gellan gum, Carbopol™ 9404in _situ gel, mucoadhesion, release, urinary bladder,
intravesical drug delivery.

Introduction

Mucoadhesion is a critical property offmaterials that determines their capacity for prolonged interaction
and adhesion to mucosal surfaces. This property holds a particular significance in the domain of
transmucosal drug delivery, whichsis,extensively utilized across various mucosal membranes, including ocu-
lar, nasal, rectal, and vaginal reutes. Transmucosal delivery offers numerous advantages, including rapid ab-
sorption of active phafmaceutical ingredients into the systemic circulation and reduced degradation of drugs
within the gastrointestinal tract, thereby presenting a promising strategy for a wide range of therapeutic ap-
plications [1-6]. In pastieular, mucoadhesive drug formulations can be especially beneficial for the local
treatment of posterior segment eye diseases [7, 8] neurological disorders [9, 10] and urogenital diseases [11].

Intravesical drug delivery (IDD) involves the direct administration of active pharmaceutical ingredients
into the bladder via a catheter through the urethra, proving to be highly effective for treating various condi-
tions such as bladder cancer and interstitial cystitis. However, the effectiveness of this method is limited by
several factors, including dilution and washout during periodic urination, which diminish the therapeutic ef-
ficacy and retention of the administered agents. Furthermore, the necessity for frequent catheterization poses
potential risks of irritation, inflammatory reactions, and infections, making this procedure quite uncomforta-
ble for patients [12—-14].

To enhance the efficacy of IDD, mucoadhesive materials can be employed, which are capable of pro-
longing the retention time of the drug within the bladder cavity, thereby ensuring a more sustained therapeu-
tic effect. These materials include hydrophilic polymers that are traditionally used as matrices in many for-
mulations for transmucosal drug delivery, such as chitosan, carbopol (a weakly cross-linked polyacrylic ac-
id), alginate, cellulose derivatives, etc. [15-17]. These macromolecules are able to interact with the
glycosylaminoglycans/mucin present on the surface of mucus membranes through non-covalent interactions
such as hydrogen bonding, electrostatic attractions, diffusion, and chain entanglement/interpenetration pro-
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moting increased contact time with the mucosal lining [18]. The mucoadhesive properties of these polymers
are mostly based on the mix of several mentioned mechanisms. Recent studies also indicate that thiolated
polymers exhibit enhanced mucoadhesive properties due to the formation of disulfide bonds with mucin, fur-
ther augmenting their ability to interact with mucosal surfaces [19-21]. Various strategies have also been
introduced to improve the mucoadhesive properties of hydrophilic polymers by chemically modifying them
with specific adhesive groups such as methacryloyl and maleimide moieties. These unsaturated functional
groups are able to establish covalent bonds with cysteine residues within mucin glycoproteins through
thiolene click Michael-type addition reactions to form strong mucoadhesive bonds [22—25].

The structure of the bladder wall, composed of transitional epithelium, plays a crucial role in the per-
meability and efficacy of drug delivery. The urothelium, consisting of multiple cellular layers, serves im-
portant protective functions and facilitates interactions with therapeutic agents, which can significantly influ-
ence treatment outcomes [26].

In this study, polymeric formulations based on chitosan with Carbopol ™ 940 and gellan gum was devel-
oped. A comprehensive evaluation of their mucoadhesive properties was carried out, enabling an assessment
of their potential application in intravesical drug delivery. The results of this research aim to contribute to the
development of effective therapeutic strategies for the treatment of bladder diseases and to enhance the quali-
ty of life for patients.

Experimental

Materials

Chitosan (low molecular weight, Mw = 50-190 kDa), gellan gum,(Phytagel", Mw = 1000 kDa), sodi-
um fluorescein (NaFl), urea, uric acid, and creatinine were obtaipéd) from Sigma-Aldrich (Germany);
Carbopol™ 940 was sourced from Acros Organics (Belgium). All'other’chemicals were of analytical grade
and used without further purification.

Development of Mucoadhesive Drug Formulations

The development of mucoadhesive drug formulations involved the systematic preparation of polymers,
including chitosan, gellan gum, and Carbopol™ 940,\nixed in 1:1 volume ratio containing sodium fluoresce-
in (NaFI).

To prepare a 2 % chitosan solution, theqpolymer was dissolved in 100 mL of 0.1 M hydrochloric acid
(HCI) to improve its solubility after whigh™the Solution pH was adjusted to pH 5.50 with 1 M NaOH. A
0.5 % Carbopol™ 940 solution was prepared by dispersing it in 50 mL of deionized water. A 0.5 % gellan
gum solution was prepared by dissolvingiitn deionized water at 50—60 °C to ensure complete dissolution of
the polymer, and a sodium fluoresceist (NaFI) solution (concentration 0.1 mg/mL) was prepared in deionized
water as a model drug compound.

Following the preparation of the polymer solutions, chitosan-based mixtures were formulated in a vol-
umetric ratio of 50:50=cofbinihg chitosan with both gellan gum and Carbopol ™ 940. This combination was
found to balance optimalwiscosity, mucoadhesion, and controlled release properties of the resulting formula-
tions and to evaluate their gotential applications in IDD.

Ex vivo Experimental Studies on Retention in Sheep Bladder Mucosa

Preparation of Artificial Urine Solution:

The artificial urine solution was prepared according to the methodology described in the literature [27].
Briefly, to achieve a final volume of 2000 mL, the following components were dissolved in deionized water
at room temperature: urea (24.27 @), uric acid (0.34 g), creatinine (0.90 g), disodium citrate
(Na3CsHs0,x2H,0, 2.97 g), sodium chloride (NaCl, 6.34 g), potassium chloride (KCI, 4.50 g), ammonium
chloride (NH4CI, 1.61 g), calcium chloride dihydrate (CaCl,x2H,0, 0.89 g), magnesium sulfate heptahydrate
(MgSO4x7H,0, 1.00 g), sodium bicarbonate (NaHCOs, 0.34 g), sodium oxalate (Na,C,0O,4, 0.03 g), sodium
sulfate (Na,SO4, 2.58 g), disodium hydrogen phosphate (NaH,PO4xH,0, 1.00 g), sodium phosphate dibasic
(Na;HPQ,, 0.11 g).

The prepared artificial urine solution with pH 6.20 was maintained at 37 °C throughout the experiment.
This solution served as a physiological mimic to evaluate the retention and performance of the mucoadhesive
formulations under conditions that closely resemble those in the urinary bladder.
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Preparation of Sheep Bladder Mucosa:

The in vitro retention of chitosan and its polymeric mixtures with gellan gum and Carbopol™ 940 on
sheep bladder mucosa was assessed using a modified experimental method described in the literature
[24, 28]. Freshly collected samples of sheep bladder mucosa were obtained from the Zhetysu Abattoirs (Al-
maty, Kazakhstan). The collected biological tissues were transported to the laboratory in a frozen plastic con-
tainer to minimize structural changes. Upon arrival, the bladder was dissected, and the obtained mucosal tis-
sue sections were prepared for further experimental investigations.

The bladder tissues were placed in a specialized glass vessel designed to mimic the anatomical structure
of the bladder, oriented with the mucosal surface facing upward. Prior to the experimental procedures, the
tissues were rinsed with 3 mL of artificial urine solution (pH 6.20). All experiments were carried out in an
incubator maintained at 37 °C to ensure physiological conditions.

Aliquots of 5 mL from the mucoadhesive formulations containing either chitosan, chitosan-gellan gum,
or chitosan-Carbopol™ 940, all formulated with sodium fluorescein (NaFl), were aspirated and uniformly
applied to the mucosal surface of the bladder and subsequently irrigated at a constant flow rate of
2.0 mL/min using a syringe pump. This setup facilitated stable distribution of the tested materials over a pe-
riod of 250 min, allowing for comprehensive evaluation of their retention and mucoadhesive properties.

Fluorescent images of the bladder tissues were captured using an iPhone 13 Rro under ultraviolet light-
ing provided by a Winzwon UV Torch. At each time interval following rinsing*with artificial urine, the ob-
tained microscopic images were analyzed using Imagel® software for quantitatiVe as§esSment of pixel inten-
sity. The pixel intensity of control samples (bladder mucosa without fluares€ent material) was subtracted
from the measured values, allowing the data to be converted into objectiVve,quantitative metrics.

The experiment parameters, including the setup of the equipment and the conditions of the study, are il-
lustrated in Figure 1. The experimental apparatus comprised a mictos€ope, ultraviolet (UV) light source, and
bladder simulator, all securely positioned using laboratory stan@s. The distance between the microscope ob-
jective and the mucosal surface was standardized at 10 cm, With the UV light source also maintained at
10 cm from the mucosa. Additionally, the needle tip was‘positioned 10 cm away from the mucosal surface.
Artificial urine was administered to the mucosal surface’rom a distance of 20 cm at a constant flow rate of
2.0 mL/min. To ensure statistical significance and the reliability of the results, all experiments were carried
out in triplicate.

Incubator

at 37°C in dazk conditiens l
Artifigial urine

Fluorescent visualization

pH 6220 2
\ of samples in real time
for retention analysis.
n- ~45°

=3
Mucoadhesive material

with fluorescein

—__Sheep bladder mucosa

Figure 1. Experimental setup for investigating the retention of mucoadhesive formulations on the bladder mucosa

Release of the Model Drug Compound from Mucoadhesive Formulation

In vitro release of sodium fluorescein (NaFl) from polymeric materials was studied under controlled
conditions using the dialysis method described in the literature [23]. Polymeric formulations containing
NaFl, with a volume of 2 mL, were placed in a dialysis membrane and immersed in 30 mL of artificial urine
solution (pH 6.20). The process was carried out at a temperature of 37 °C with continuous stirring at 80 rpm
for 24 h.

At regular time intervals, aliquots of 5 mL were withdrawn from the dialysis solution and replaced with
fresh artificial urine to maintain a constant volume within the system. The concentration of released sodium
fluorescein (NaFl) was quantified using a fluorescence spectrometer (Varian Cary Eclipse fluorescence spec-
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trophotometer, UK) by exciting the sodium fluorescein at Aecitation = 460 Nm and detecting the emitted light
demission = 914 nm, which corresponds to the peak emission of sodium fluorescein. The concentration of NaFI
was determined based on the emitted signal at 514 nm, as it is directly related to the amount of fluorescein in
the sample. Figure 2 presents the standard curve used for the quantitative analysis of the release. All release
experiments were carried out with a minimum of three replicates to ensure statistical significance and the
reliability of the results obtained.

Statistical Analysis

The obtained data were subjected to statistical analysis, including the calculation of means + standard
deviations. One-way analysis of variance (ANOVA) was employed, followed by Student’s t-test and post
hoc Bonferroni correction for multiple comparisons. All statistical calculations were performed using
GraphPad Prism software (version 7.0), with p < 0.05 set as the threshold for statistical significance.
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Figure 2. Standard curve used for the quantitative'detesmination of sodium fluorescein (NaFl)
released from polymeric material using a fluorescence spectrometer (Insert is an emission peak of NaFl)

Results.and Discussion

Intravesical Delivery of Mucoadhesive Palymeric Materials

The mucoadhesive properties gf*polyumeric materials based on chitosan, chitosan-gellan gum, and chi-
tosan-Carbopol™ 940, containing sadium fluorescein (NaFl), were investigated using an updated version of
in-house made in vitro flow-threugh method with fluorescent detection [28]. Sheep bladder mucosae were
rinsed with 500 mL of artificial®urine solution for 250 min period [24, 29]. The schematic of the experi-
mental approach is presented in'Figure 3.

In this study, gellan"gum and Carbopol™ 940 were selected to enhance the mucoadhesive properties of
chitosan. Chitosan is widely considered to be a “gold standard” mucoadhesive polymer due to its polyelec-
trolyte nature that usually exhibits superior mucoadhesive properties compared to non-ionic polymers [2,
15]. Gellan gum, a water-soluble anionic polysaccharide produced by the bacterium Sphingomonas elodea,
undergoes a sol-to-gel transition in response to ion presence (ions present in urine), forming viscoelastic gels
that enhance retention on mucosal surfaces. Carbopol™ 940, a weakly crosslinked synthetic polymer, pro-
vides a viscous gel environment, supporting drug retention on mucosal surfaces. Both polymers were chosen
for their ability to further improve mucoadhesiveness of chitosan and extend drug release duration [30, 31].
This minimizes wash-out effects, thereby resulting in improved patient compliance and reduced administra-
tion frequency which is beneficial in IDD systems [2, 13].

Freshly excised samples of bladder mucosa were positioned in a specialized vessel designed to replicate
the anatomical structure of the bladder and were rinsed with 3 mL of artificial urine solution. Subsequently, a
fluorescent image of the mucosal surface was captured after the application of the polymeric material sample
containing sodium fluorescein (NaFl), documenting the initial fluorescent image prior to rinsing. Throughout
the experiment, microscopic images were analyzed at each rinsing time interval using Imagel® software to
guantitatively assess pixel intensity.
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Figure 3. Stepwise process of the in vitro retention experiment o sheepbladder mucosa

The results of the fluorescent image analysis, illustrated in Figures# gdemonstrate the retention levels of
chitosan and its mixtures with gellan gum and Carbopol™ 940 on the“bldtder mucosa following exposure to
artificial urine. Analysis carried out using ImageJ® revealed that thelsetention of the chitosan-gellan gum and
chitosan-Carbopol™ 940 mixtures on the bladder mucosa was Statistically significantly higher compared to
pure chitosan (p < 0.05). The enhanced mucoadhesiveyproperties of the chitosan-gellan gum mixture can be
attributed to the formation of an in situ gel within the salie Solution. This phenomenon is further depicted in
Figure 5, which presents the retention values for chitesan/chitosan-gellan gum, chitosan-Carbopol™ 940, and

sodium fluorescein (NaFl) as the control.

Chitosan

o o e

NaFi

Chitosan-Carbopol™ 940

veecese
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0 100 200 300 400 500
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Figure 4. Fluorescent images illustrating the adhesion of polymeric materials
to sheep bladder mucosa washed with artificial urine solutions of varying volumes
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Figure 5. Retention of chitosan and its mixtures with gellan gum and Carbopol™ 940 on sheep bladder mucosa after
washing with artificial urine solutions of varying volumes. Data are presented as meam standard deviation (n = 3).
Statistically significant differences are indicated as follows: * — p < 0.054**% — p)x 0.001;
ns — no significant differences

The adhesive properties of these polymers are primarily attributed t6*their ability to interact with
glycosaminoglycans and mucins on mucosal surfaces through non-cévalent¥interactions, including hydrogen
bonding, electrostatic attraction, and conformational changes in thg palyamer chains. These interaction mech-

anisms are critical in determining the efficacy of mucoadheSivé"materials in the context of intravesical drug
delivery.

Release of the Model Drug Compound

In vitro studies on the release of sodium fluoresceini(NaFI) from polymeric formulations were carried
out using a dialysis method in artificial urine solution‘at<87 °C. The cumulative release profiles are presented
in Figure 6. Chitosan demonstrated rapid releaseyof NaFl, reaching saturation levels within 4 h. In contrast,
the chitosan-Carbopol™ 940 and chitosan-gellamsgum mixtures provided prolonged release, achieving ap-
proximately 95 % release within 1012 h, respectively. The extended release of NaFl from the chitosan-
gellan gum polymeric mixture can be‘attribated to the formation of an in situ gel in artificial urine, which
enhances the release efficiency and maintains therapeutically significant concentrations of the drug within
the bladder following intravesical administration. Moreover, the sustained release of NaFI from the polymer-
ic formulations may contribute t@ improved retention of the model drug compound within the bladder.
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-@-Chitosan
©-Chitosan-Carbopol™ 940
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Figure 6. Cumulative release profile of sodium fluorescein from polymeric formulations.
Data are presented as mean + standard deviation (n = 3)
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Conclusions

In the present study, the mucoadhesive properties of chitosan-based polymeric materials, as well as its
mixtures with gellan gum and Carbopol™ 940 containing sodium fluorescein (NaFl), were analyzed. Experi-
ments carried out using an in vitro flow-through method demonstrated that these polymers effectively inter-
act with sheep bladder mucosa.

Fluorescent images confirmed that the retention of the chitosan-gellan gum and chitosan-Carbopol™
940 mixtures on the mucosal surface significantly exceeds that of pure chitosan (p < 0.05). This indicates
that the incorporation of gellan gum and Carbopol™ 940 enhances the mucoadhesive characteristics of chi-
tosan, which may be attributed to the formation of an in situ gel in the saline solution.

The key factor that makes the polymer complexes (chitosan-gellan gum and chitosan-Carbopol”™ 940)
more effective than chitosan alone is the synergistic enhancement of mucoadhesive properties. While chi-
tosan contributes to the initial adhesion through electrostatic and hydrogen bonding interactions with mucins,
the addition of gellan gum and Carbopol™ 940 enhances both the physical retention (through gel formation)
and the sustained release of the drug, which collectively lead to prolonged therapeutic effects in IDD.

The release profiles for sodium fluorescein (NaFl) indicated that chitosan enables a rapid release of the
active compound, attaining saturation levels within 4 h. In contrast, the chitosan-Carbopol™ 940 and chi-
tosan-gellan gum formulations demonstrated a markedly prolonged release, with“nearly 100 % of the drug
released within 10 h. This extended release behavior is primarily attributed toheyformation of a physically
entrapped gel matrix, which significantly enhances the efficiency of drug delivery while simultaneously fa-
cilitating the maintenance of therapeutically relevant concentrations of NaFlin the bladder cavity over an
extended period.

The formation of this gel structure not only creates a reservoif effect"that supports sustained drug re-
lease but also mitigates the risk of concentration fluctuations, optimizing the therapeutic efficacy of the
treatment. Such characteristics are particularly advantageous¢forsintravesical drug delivery systems, where
the maintenance of effective drug levels is crucial for the management of bladder-related pathologies. These
findings highlight the potential of chitosan-based polymeéric formulations, particularly in combination with
gellan gum and Carbopol™ 940, to enhance therapeutic ‘outGomes in clinical applications targeting bladder
conditions.

Consequently, the findings of this investigation substantiate that the incorporation of chitosan mixtures
with gellan gum and Carbopol™ 940 markedly, improves mucoadhesive properties and facilitates the con-
trolled release of therapeutic agents. This@dvancement presents novel opportunities for the development of
effective mucoadhesive drug delivery Systemswithin the field of urology.
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