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Nasal drug administration is an attractive option for systemic drug delivery, but it is often limited by inadequate
nasal drug absorption. In this study, we investigated novel mucoadhesive poly(N-(2-hydroxypropyl)meth-
acrylamide) (PHPMA)-based copolymers functionalised with maleimide moieties as formulations to enhance the
retention of dosage forms on the nasal mucosa. PHPMA and its maleimide derivatives were synthesised using
controlled radical polymerisation, resulting in polymers with well-defined structures, low dispersity, and variable

maleimide functionality. Functionalisation of PHPMA with maleimide groups substantially improved its
mucoadhesive properties. Importantly, copolymers with low maleimide content, which were nevertheless suf-
ficient for mucoadhesion, showed no significant cytotoxicity against HEK293 cells and no mucosal irritation in a
slug mucosal irritation assay. These PHPMA derivatives demonstrate excellent potential as mucoadhesive ma-
terials for developing dosage forms for nasal drug delivery.

1. Introduction

Nasal drug administration has been established as an alternative
route for systemic delivery of drugs, restricted to intravenous adminis-
tration, due to the large nasal surface area, porous endothelial mem-
brane, high total blood flow, the avoidance of first-pass metabolism, and
ease of delivery site accessibility [1]. However, drug absorption through
the nasal mucosa is generally affected by the physicochemical properties
of the drug [2], the nasal mucus layer and mucociliary clearance [3],
and the use of absorption enhancers [4]. A major limitation to wide-
spread adoption of nasal drug delivery is inadequate nasal drug
absorption.

Several drug delivery systems (DDS), such as microspheres [5-7],
liposomes [8-10] and gels [11,12] have demonstrated good bioadhesive
characteristics and are able to control the rate of drug clearance from the
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nasal cavity whilst concomitantly protecting the drug from enzymatic
degradation in nasal secretions.

Polymeric mucoadhesive DDS have also been investigated to in-
crease the residence of drug formulations in the nasal cavity, resulting in
improved nasal drug absorption. The mucoadhesive properties of poly-
mers can be further enhanced through chemical derivatisation by
introducing functional groups capable of rapidly forming covalent bonds
with mucins under physiological conditions. Examples of such groups
include thiols, which can form disulfide bonds with the thiol groups
naturally present in mucins [13,14], and various unsaturated moieties
such as acryloyl, methacryloyl, crotonoyl, maleoyl and itaconoyl groups,
which can undergo Michael-addition reactions with mucin thiols
resulting in covalent binding [15-17]. Further, maleimide groups have
been shown to have a significant positive effect on the mucoadhesion
performance of some hydrophilic polymers. For example, liposomes
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decorated with maleimide-functionalised PEG exhibited superior in vitro
retention on urinary bladder tissue, due to their ability to form covalent
bonds with thiols present on mucosal surface [18]; maleimide-
functionalised nanogels exhibited excellent mucoadhesive properties
on ex vivo conjunctival tissue when compared to the well-known
mucoadhesive polymer chitosan [19-21]; maleimide-functionalised
chitosan demonstrated superior mucoadhesive properties to the parent
chitosan [22]. More recently, Armengol et al [23] reported the synthesis
of Eudragit S100 modified with maleimide groups and demonstrated its
enhanced mucoadhesive properties, highlighting its potential applica-
tion as a denture base material.

(N-(2-hydroxylpropyl)methacrylamide)-based copolymers (PHPMA)
are hydrophilic biocompatible copolymers that have been widely
explored as carriers for chemotherapeutic agents, and at least six of
PHPMA-based therapeutics have progressed into phase I or phase II
clinical trials or compassionate clinical trials [24-26]. In addition,
PHPMA is a “mucus-inert” coating material that enhances mucus
permeation of nanoparticles [27]. Liu et al. [28] developed PHPMA-
coated trimethyl chitosan-based nanoparticles and demonstrated that
the PHPMA coating significantly improved the diffusion of these nano-
carriers through both human cervicovaginal mucus and the epithelial
layer. In contrast, non-coated trimethyl chitosan nanoparticles were
found to be less diffusive in both mucus and E12 cells. In another study
[29], Liu et al. investigated the effect of molar mass of PHPMA as a
“mucus-inert”’ material for overcoming the intestinal absorption barrier
and found that the trimethyl chitosan-based nanoparticles coated with
PHPMA of lower weight-average molar mass M,, (17 kDa) exhibited the
highest stability and excellent permeability across mucus while a
coating with high My, polymer (120 kDa) resulted in premature disso-
ciation of the PHPMA shell and hindrance in mucus. Liu et al. [30]
developed PHPMA-coated wheat germ agglutinin-modified lipid-poly-
mer hybrid nanoparticles, co-loaded with silibinin and cryptotan-
shinone, and showed that PHPMA enhanced nanoparticle mucus
penetration through the mucus in vitro. Lu et al. [31] modified the sur-
face of mesoporous carbon nanoparticles coated with chitosan and an
overlying PHPMA layer and concluded that the mucus-permeable
nanocarrier could effectively overcome multiple gastrointestinal ab-
sorption barriers; oral bioavailability of drug-loaded nanoparticles was
2.76-fold greater than that of a commercial preparation. Despite these
findings, research on the mucoadhesive properties of PHPMA and its
derivatives remains limited, with most studies focusing primarily on
mucus penetration. It is anticipated that PHPMA will exhibit poor
mucoadhesive properties due to its non-ionic nature and ability to
permeate through mucus. Although PHPMA is not inherently biode-
gradable under physiological conditions, it is suitable for nasal admin-
istration and will ultimately be eliminated through the gastrointestinal
tract.

Here, we employed a novel approach to enhance the mucoadhesive
properties of PHPMA by introducing maleimide groups into the poly-
mer’s side chains. Liquid formulations based on PHPMA and its mal-
eimide derivatives with sodium fluorescein as a model compound were
prepared and their retention on freshly excised sheep nasal mucosa were
evaluated using fluorescent microscopy. Additionally, tensile testing
was conducted to assess the mucoadhesive properties of these novel
materials. The toxicological properties of parent PHPMA and its mal-
eimide derivatives was studied in a HEK293 cell line and through a slug
mucosal irritation assay.

2. Materials and methods
2.1. Materials

The monomers N-(2-hydroxypropyl)methacrylamide (HPMA) and 3-
(3-methacrylamidopropanoyl)thiazolidine-2-thione (Ma-p-Ala-TT) were

prepared as described previously [32]. 2,2-Azobis(4-methoxy-2,4-
dimethylvaleronitrile) (V70) was obtained from FUJIFILM Wako Pure
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Chemical Corporation (Japan). (1-cyano-1-methyl-ethyl) benzene-
carbodithioate (CTA), tert-butyl alcohol, N,N-dimethylacetamide
(DMA), dimethyl sulfoxide (DMSO), azobisisobutyronitrile (AIBN) and
2-aminoethyl maleimide trifluoroacetate (AEMI) were from Merck
(Czech Republic). Acetone and diethyl ether were from Lach-Ner (Czech
Republic). N,N-diisopropylethylamine (DIPEA) was from Iris Biotech
GmbH (Germany). Deuterium oxide (D30), sodium fluorescein, glycol
chitosan, calcium chloride dihydrate, sodium chloride, potassium
chloride and benzalkonium chloride (BAC) were from Sigma-Aldrich
(UK). DMEM High Glucose was from Capricorn Scientific (Germany).
10 % fetal calf serum was from GE Healthcare Life Sciences (USA). 1 %
penicillin/streptomycin was from Nacalai Tesque Inc (Japan). CellTiter
96 aqueous MTS reagent powder was from Promega Corporation (USA).
Phenazine methosulfate was from Thermo Fisher Scientific (USA).
Phosphate buffered saline (PBS) tablets were purchased from Fisher
Scientific (UK).

2.2. Synthesis of PHPMA functionalised with maleimide groups (PHPMA-
Mi)

The copolymer poly(HPMA-co-Ma-f-Ala-TT) (PHPMA-TT) was syn-
thesised via reversible addition — fragmentation chain transfer (RAFT)
copolymerization of HPMA (2 g, 13.97 mmol, 87.5 mol.%) and Ma-
B-Ala-TT (515 mg, 2.0 mmol, 12.5 mol.%) using V70 (0.013 mmol, 4.1
mg) as an azo initiator and CTA (0.027 mmol, 5.9 mg) as a chain transfer
agent. The molar ratio of monomers/CTA/initiator was 1200:2:1. The
polymerisation mixture was dissolved in tert-butyl alcohol with 15 % of
DMA (22.8 mL, 0.7 M solution of monomers), transferred into a glass
ampule, purged with argon and sealed. After 16 h of reaction at 40 °C,
the product was diluted with DMSO and isolated by precipitation in
acetone/diethyl ether, then washed with diethyl ether and dried under
vacuum. To remove dithiobenzoate (DTB) w-end groups, the resulting
copolymer was reacted with AIBN (10 M excess) in DMSO (15 % w/w
solution of polymer) under bubbling with argon for 3 h at 70 °C in a
sealed ampule. The reaction mixture was then precipitated with
acetone/diethyl ether; the precipitate was washed with diethyl ether
and dried under vacuum to yield copolymer PHPMA-TT-1. The copol-
ymer PHPMA-TT-2 was synthesized similarly, but with 25 mol.% Ma-
B-Ala-TT and with the molar ratio of monomers/CTA/initiator 1600:2:1.

The obtained reactive polymer precursors (PHPMA-TT) were dis-
solved in DMA, and a 1.1 M excess of 2-aminoethyl maleimide tri-
fluoroacetate (AEMI) relative to the TT (thiazolidine-2-thione) groups
was added to the solution; while DIPEA (N,N-diisopropylethylamine)
was used as the base in a 1.1 M amount. The progress of the reaction was
monitored using HPLC and after removing all TT groups from the
polymer, the reaction mixture was precipitated in acetone/diethyl ether.
The precipitate was then washed with diethyl ether and dried under
vacuum to form PHPMA-Mi conjugates.

2.3. Characterization of polymers

2.3.1. Proton nuclear magnetic resonance (' g NMR)

'H NMR spectra of the polymers were recorded using a Bruker
spectrometer operating at 250 MHz using DMSO or D20 (15 mg/mL) as
the solvent. All chemical shifts are given in ppm. MestReNova software
was used for the analysis of spectra.

2.3.2. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Nicolet iS5 spectrometer equipped
with a diamond attenuated total reflection (ATR) accessory. After a
background scan was collected, samples were placed on the ATR crystal
and scanned from between 4000 and 600 cm ™! with a resolution of 4
em ! and an average of 64 scans. The OMNIC software was used for
spectral analysis.
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2.3.3. Size exclusion chromatography (SEC) and UV-vis

The molecular weights and polydispersity of polymers were
measured by size exclusion chromatography (SEC) on a HPLC system
(Shimadzu, Japan) equipped with UV, differential refractive index and
multi-angle light scattering detectors (Wyatt Technology Corp., USA)
using TSKgel G4000 SWXL, (Tosoh Bioscience, Japan) (80 % methanol,
20 % 0.3 M acetate buffer pH 6.5) at a flow rate of 0.5 mL/min. The
calculation of molecular weights from the light-scattering intensity was
based on the known injected mass, assuming 100 % mass recovery. The
content of the thiazolidine-2-thione (TT) groups was determined spec-
trophotometrically on a Helios Alpha UV-vis spectrophotometer
(Thermospectronic, UK) using the absorption coefficients in methanol
for TT (e305 = 10 300 L mol~! em™).

2.3.4. Calculation of the degree of PHPMA modification with maleimide
groups

The degree of polymer modification was calculated from 'H NMR
spectra of PHPMA-Mi in D50 based on the integrated areas (I) of -CH
signals of the HPMA monomer and the -CH—CH- signals of maleimide
moieties, as displayed in the following equations:

nicH — ok _ 1ick] &

2y x

Maleimide(%) = —— @

x+y

where Ijcy—cpy is the integrated area of -CH—CH- of maleimide moi-
eties, Ircyy is the integrated area of —-CH of HPMA moieties, x is the
number of repeating units of HPMA moieties, y is the number of
repeating units of maleimide moieties.

Then the equation (2) was modified to:

I[CH = CH]

(0 —
Maleimide(%) 2*I[CH] +I[CH — CH]

x 100 3

2.4. In vitro nasal mucoadhesion studies

2.4.1. Preparation of polymer/fluorescein sodium mixtures and artificial
nasal fluid

Sodium fluorescein solutions (0.05 mg/ml) were prepared in
deionised water into which polymer samples were dissolved; 10 mg of
either PHPMA, PHPMA-Mi, or glycol chitosan were dispersed in 10 mL
of the sodium fluorescein solution and pH was adjusted to 5.70. The
mixtures were stirred at room temperature for 24 h until complete
dissolution, and were covered with aluminum foil to protect from the
light.

Artificial nasal fluid (ANF) was prepared according to the established
protocol [33,34] by dissolving 7.45 g NaCl, 1.29 g KCl and 0.32 g
CaCly-2H50 in 1000 mL of deionised water. The solution was left stirring
overnight at room temperature. The artificial nasal fluid was kept at
37 °C in a water bath throughout the experiments.

2.4.2. Fluorescence retention studies on nasal mucosa

Sheep heads were obtained from P.C. Turner Abattoir (Farnborough,
UK) and transported to the laboratory in a cold box (3—-4 °C). The nasal
septum tissue with mucosal lining (1.5 x 1 cm) was carefully dissected
and extracted from each head with scissors, washed with 1 mL of ANF
and placed on a microscope slide. All tissues were used within 24 h of
animal slaughter.

All experiments assessing retention of formulations on nasal mucosa
were conducted at 37 °C in an incubator. Images of mucosal surfaces
were taken using a fluorescence stereo microscope (MZ10F, Leica
Microsystems, UK), equipped with an GFP filter and a Zeiss Imager A1/
AxioCam MRm camera. All images were at 0.8 x magnification with a
211 ms exposure time. Initially, fluorescence images of mucosal tissues
were recorded for each sample to collect background fluorescence
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intensity. Then, 20 pL solution of 1 mg/mL either PHPMA, PHPMA-Mi or
glycol chitosan containing 0.05 mg/mL sodium fluorescein was placed
on the mucosal surface and fluorescence images were recorded. After 3
min of dosing, the mucosal tissues were transferred to the incubator and
irrigated with ANF using a syringe pump at 0.43 mL/min. Fluorescence
images of the mucosal tissue were collected periodically and analyzed
using ImageJ software to measure pixel intensity after each wash. Re-
sults are presented as fluorescence intensity versus the time of irrigation
after subtracting the background fluorescence from each wash image.
Sodium fluorescein solution (0.05 mg/mL) in deionised water was used
as a negative control and glycol chitosan solution (1 mg/mL) was used as
a positive mucoadhesive control. The experiments were conducted in
triplicate.

2.4.3. Mucoadhesive properties studied using tensile testing

Tensile testing was performed on a TA.XT plus texture analyser
(Stable Mirco Systems, UK) where nasal tissue (4 cm?) was incubated to
37 °C before being placed on a platform (24 mm opening) that was
surrounded by water at 37 °C to maintain the tissue temperature during
the test. Each sample was prepared by soaking a filter paper (@ 15 mm)
in polymer solution (3 mg/mL) using ANF as the solvent for 30 s before
drying in a vacuum oven at 25 °C for 20 mins to obtain a dry polymer
coated filter paper, which was then attached to the probe via a carbon
tab (12 mm). The contact time between the probe and the tissue was 30 s
with 0.98 N (100 g) of force before pulling apart with a removal speed of
1 mm/s. All samples were tested in triplicate. T.A. Exponent software
was used to record the area under the force versus distance curves (work
of adhesion) as well as the force of adhesion/adhesive strength which is
the maximum force needed to detach tissue from the polymer coated
filter paper.

2.5. Biocompatibility studies

2.5.1. Cytotoxicity studies

HEK293 was cultured in DMEM High Glucose supplemented with 10
% fetal calf serum and 1 % penicillin/streptomycin. The cells were
incubated at 37 °C in a humidified atmosphere of 5 % COs. Cell viability
was assessed using CellTiter 96 AQueous Non-Radioactive Cell Prolif-
eration Assay (MTS assay). Cells were seeded in 96-well plates at 3 x 10°
cells/well and incubated overnight at 37 °C in 5 % CO2 with humidified
air for cell attachment. The cells were then treated with various con-
centrations of the polymers (25, 50, 75, 100, 125 and 150 pg/mL) for 72
h. The negative control group consisted of untreated cells and was
considered as 100 % viable cells. After 72 h, treatment media were
replaced with new growth media and 20 uL. MTS solution (prepared in
phosphate buffered saline) containing 2 mg/mL of CellTiter 96 Aqueous
MTS reagent powder and 0.92 mg/mL of phenazine methosulfate. The
cells were incubated for a further 4 h before absorbance (Abs) was
measured at 490 nm using an Infinite 200 PRO microplate reader (Tecan
Group Ltd, Switzerland). The results are expressed as percentage of cell
viability compared to the negative control group using the following
equation:

(AbSTreatment - AbsBlank)

Cell viability(%) = (ADSconsor — AbSmamc) x 100 4)

2.5.2. Slug mucosal irritation assay

The slug mucosal irritation (SMI) assay was performed according to
our previously published reports [35,36]. Arion lusitanicus slugs were
collected locally in the Harris Garden (Reading, UK) and were housed in
plastic containers and fed with lettuce, cabbage, and cucumber. Each
slug’s body lining was carefully inspected and only slugs showing no
evidence of macroscopic injuries with clear tubercles and foot surface
were used for testing purposes. Slugs weighing between 6 and 20 g were
isolated from the colony and placed individually in 1 L glass beakers
lined with a paper towel moistened with 20 mL of phosphate buffered
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Fig. 1. Synthesis of PHPMA-Mi conjugates.

saline (PBS, pH 7.40). They were kept at room temperature for 48 h
before the start of an experiment. All beakers were covered with cling
film pierced with small holes to allow air exchange. Each slug was
individually weighed before the experiment and then placed in 90 mm
plastic Petri dishes lined with Whatman filter paper moistened with
either positive/negative controls (2 mL of 1 % BAC prepared in PBS and
2 mL of PBS solution, respectively) or 2 mL of each test materials
(PHPMA, PHPMA-Mi) prepared in PBS at 1, 2 or 3 mg/mL. After a 60-
min contact period, slugs were taken out, rinsed with 10 mL of PBS,
gently wiped with a paper towel, and then reweighed. The mucus pro-
duction (MP) was estimated as a slug body weight loss and calculated
using the following equation:

(mb - ma)

MP = x 100% 5)

my

where my, and m, are the weights of a slug before and after experiment,
respectively. Each experiment was repeated 5 times using different slugs
and the results are presented as mean + standard deviation.

2.6. Statistical analysis

All experiments were conducted at least in triplicate and data
expressed as mean + standard deviation with the probability of p < 0.05
considered as significant. GraphPad Prism statistical analysis software
(version 7.0) was used to analyze data using one-way analysis of vari-
ance ANOVA and paired t-tests.
3. Results and discussion

3.1. Synthesis and characterisation of PHPMA-Mi conjugates

PHPMA-Mi conjugates were synthesised by a two-step procedure.

First, RAFT copolymerisation of HPMA with Ma-f-Ala-TT was per-
formed to prepare PHPMA-TT copolymers. Ma-B-Ala-TT was selected as
a comonomer because it contains a thiazolidine-2-thione group, which
acts as an efficient reactive handle for post-polymerisation modification.
This allows for facile and quantitative substitution of the thiazolidine-2-
thione groups with nucleophilic compounds such as AEMI to introduce
maleimide functionalities in the second step (Fig. 1). Moreover, the main
chain end terminating CTA were removed by the reaction with AIBN to
avoid any side reaction both in the following synthetic steps or polymer
evaluation. The removal of the CTA had no effect on the molecular
weight and dispersity. Both polymer precursors were characterized by
SEC and 'H NMR in DMSO due to insolubility of the polymer precursors
with high amount of TT groups in water. The resultant PHPMA-Mi co-
polymers were characterised using "H NMR, FTIR and SEC.

The 'H NMR spectrum of PHPMA showed signals which were in
agreement with the published literature [37]: § (ppm) 3.82 (peak d, CH
of PHPMA side chain), 3.19-2.90 (peak ¢, CHy of PHPMA side chain),
1.99-1.51 (peak a, CH; of PHPMA backbone), 1.17-0.74 (peak b, CHs of
PHPMA backbone and CH3 of PHPMA side chain). Following the
introduction of maleimide groups, new signals appeared at § (ppm)
3.70-3.18 (peak e and g), 2.30 (peak f) and 6.81 (peak h) corresponding
to —CHj, attached to amines, -CH> attached to the carbonyl groups, and
~CH—CH- of maleimide moieties, respectively. The signal at § (ppm)
7.56 (peak i) was attributed to the NH group in the copolymer side chain
(Fig. 2). This signal was too weak to be discerned in the PHPMA spec-
trum, likely due to the lower number of NH groups in the PHPMA ho-
mopolymer compared to the PHPMA-Mi copolymers. The ‘H NMR
spectra of PHPMA-Mi also confirmed the absence of TT group signals,
indicating complete substitution of TT groups by maleimide groups,
which were further analysed by HPLC equipped with UV detection
(Fig. S1).

The degree of functionalisation of the polymers with maleimide
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Table 1
Characterisation of polymers.
Products M%kDa  M,/M3  Content of TT’/maleimide’ groups (mol.%)
PHPMA 69.2 1.08 0
PHPMA-TT;, 67.4 1.06 11.5"
PHPMA-TTys  65.6 1.08 25.2"
PHPMA-Miy; 67.6 1.10 11°
PHPMA-Miys 63.2 1.14 25°

#Molecular weights and polydispersity were determined using SEC with RI and
LS detection.

b TT groups content was determined by UV-vis spectrophotometer.

© Maleimide content was determined using 'H NMR.

groups was evaluated from 'H NMR spectra of PHPMA-Mi in Dy0 based
on the integral values (I) of —CH signals of HPMA monomer and
—CH—CH- signals from the maleimide moieties, as detailed in Table 1.
The maleimide substitution levels were found to be 11 % and 25 %
following the reaction with the reactive polymer precursors PHPMA-TT-
1 and PHPMA-TT-2, respectively. For clarity, the maleimide-
functionalised PHPMA samples are annotated according to their Mi
content (i.e., PHPMA-Mij; contains 11 % maleimide groups and was
synthesised from PHPMA-TT;1). The polymers have low dispersity (1.10
for PHPMA-Mi; and 1.14 for PHPMA-Miys) as demonstrated by SEC
(Fig. $2).

The FTIR spectrum of PHPMA shows the following peaks: 3337 cm ™!
(N-H and O-H stretch); 2970 and 2923 em ™! (alkyl C-H stretch); 1640
cm~! (amide C=0 stretch); 1528 cm! (N-H bend); 1443 cm !
(alkane); and 1200 cm ! (C-O stretch). The successful modification of
PHPMA with maleimide groups to form PHPMA-Mi is evidenced not
only by the enhanced N-H and C-H stretch but also by strong features
appearing at 1705 em™ ! (C=C stretch), 831 c¢m ™! (=C-H bend) and
696 cm ™! (—C-H bend), and the signals were significantly strengthened
with the higher content of maleimide groups (Fig. 3).
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3.2. In vitro nasal mucoadhesion studies

The mucoadhesive properties of PHPMA, PHPMA-Mi;; and PHPMA-
Miys solutions containing sodium fluorescein were studied on freshly
excised sheep nasal mucosa, irrigated with ANF. In these experiments,
sodium fluoresceine was used as a fluorescent model drug to assess the
ability of the polymers to enhance its retention on the nasal mucosa.
Glycol chitosan was included as a mucoadhesive positive control, while
sodium fluorescein alone served as the negative control. Fig. 4 shows the
retention of sodium fluorescein mediated with glycol chitosan, PHPMA,
PHPMA-Mi;; and PHPMA-Miss on sheep nasal mucosa. Numerical
values from these experiments are summarised in Table S1.

As expected, parent PHPMA exhibited relatively poor mucoadhesive
properties as only ~7.1 % of fluorescence remained on nasal mucosa
after 60 min washing which was similar to that for sodium fluorescein
(Fig. 4b). PHPMA conjugates with the greater amount of maleimide
groups resulted in better retention after each wash. For example, the
retention values of PHPMA, PHPMA-Mi;; and PHPMA-Miys after 5 min
washing were approximately 20.5 %, 34.6 % and 42.2 %, respectively,
calculated based on the fluorescence intensity. No significant difference
in fluorescence retention was observed between PHPMA-Miys and glycol
chitosan, indicating the excellent mucoadhesive performance of
PHPMA-Miys. Additionally, PHPMA-Mi;; demonstrated significantly
better mucoadhesive properties compared to the parent PHPMA at all
time points (p < 0.005). The superior mucoadhesive properties of
PHPMA-Mi are likely due to the high reactivity of maleimide groups
towards thiol groups present in cysteine residues on the mucosal
membrane and the formation of covalent bonds via Michael-type addi-
tion reactions [22,38]. Consequently, the polymers with higher mal-
eimide content (PHPMA-Miss) were anticipated to show greater
adhesion compared to the polymers with a lower maleimide content
(PHPMA-Miyq).

A comparison of these retention data with previously reported results
for similarly designed formulations shows broad agreement. For
instance, Porfiryeva et al [34] investigated the retention of sodium
fluorescein formulated with cationic Eudragit EPO and its acryloylated
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Fig. 3. FTIR spectra of PHPMA and PHPMA-Mi.
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Fig. 4. (a) Fluorescence images showing retention of 1 mg/mL glycol chitosan, PHPMA, PHPMA-Miys, PHPMA-Mi;; solutions containing 0.05 mg/mL sodium
fluorescein, and pure 0.05 mg/mL sodium fluorescein solution on sheep nasal mucosa and washed with ANF. Scale bar is 2 mm. (b) Retention of 1 mg/mL glycol
chitosan, PHPMA, PHPMA-Mi; ;, PHPMA-Mi,s solutions containing 0.05 mg/mL sodium fluorescein and pure 0.05 mg/mL sodium fluorescein solution on sheep nasal
mucosa as washed with different volumes of ANF (pH = 5.7, n = 3, mean + SD, “*” represents p < 0.05).

derivatives, using a comparable fluorescence-based flow-through
method on ex vivo sheep nasal mucosa. The retention profiles of for-
mulations incorporating maleimide-functionalised PHPMA were similar
to those observed for formulations containing acryloylated Eudragit
EPO.

Tensile testing was also used to investigate the mucoadhesive
properties of polymer samples. The force of detachment or adhesive
strength indicates the force required to overcome the adhesive bonds
formed between the sample and nasal mucosa, while the work of
adhesion is the area under the force-distance curves. Dextran was used
as a negative control due to its poor mucoadhesive properties [39]. The
work of adhesion values showed that PHPMA-Miys was statistically
more mucoadhesive than PHPMA (p < 0.05) and PHPMA-Miy; (p <
0.05) (Fig. 5b), albeit PHPMA-Mi;; and PHPMA-Miys displayed similar
force of detachment (Fig. 5a). Overall, the adhesive strength of the
polymers correlated well with their work of adhesion as MasPHPMA
exhibited greater force of detachment and work of adhesion relative to
the parent PHPMA. This is in good agreement with the fluorescence
retention studies on nasal mucosa.

3.3. Toxicological studies

The HEK293 cell growth inhibitory effect of the copolymers was
studied over 72 h (Fig. 6). Cytotoxicity was expressed as mean values
and are summarised in Table S2. Previously, the toxicity of PHPMA has

been tested in other cell lines such as HeLa, L-cells and WI-38, and none
of the tested cell lines showed any cytotoxic effects [40]. Similarly, in
this study, PHPMA had no cytotoxic effect on the viability of HEK293
cells even at high concentrations (>100 pg/mL). It could be seen that 11
mol.% maleimide-functionalised copolymer (PHPMA-Mi;;) showed no
significant toxicity even at high concentrations (150 pg/mL). In
contrast, 25 mol.% maleimide-functionalised copolymer (PHPMA-Miys)
was more toxic compared to parent PHPMA, probably due to the mal-
eimide groups acting as a reactive oxygen species (ROS)-scavenging
inhibitor. The maleimide groups are able to deactivate intracellular
glutathione and cysteine, thus increasing cytotoxicity [41,42]. Never-
theless, cell viability remained above 70 % when exposed to PHPMA-
Miys, meeting the threshold set by the International Organisation for
Standardisation (2009), which considers viability above this level to be
non-toxic. It should also be noted that when these formulations are
applied in vivo these will not remain in contact with the nasal mucosa for
extended times such as the 72 h exposure used in these studies, hence
mitigating potential toxic effects.

The mucosal irritancy of PHPMA and PHPMA-Mi conjugates was
tested in Arion lusitanicus slugs. Fig. 7 presents the results of mucus
production by slugs exposed to a filter paper soaked in solutions of
PHPMA and PHPMA-Mi conjugates prepared in PBS as well as the pos-
itive and negative controls. In experiments with 1 % solution of BAC in
PBS (pH 7.35), used as a positive control, slugs experienced a severe
irritation, producing approximately 36 + 5 % of yellow mucus, whereas
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Fig. 5. (a) Force of detachment and (b) work of adhesion of dextran, PHPMA, PHPMA-Mi;; and PHPMA-Mi,s to sheep nasal mucosa measured using tensile testing

(n = 3, mean =+ SD, “*” represents p < 0.05).

slugs exposed to PBS (used as a negative control, pH 7.40) provided a
low level of mucus production of 4 + 1 % (Fig. S3 in Supporting in-
formation for the images of slugs exposed to various test materials). A
significant variability of the data observed in these experiments with the
positive control is explained by slugs’ increased activity and tendency to
escape contact with an irritant chemical. In all experiments with nega-
tive control and PHPMA-based biomaterials, slugs secreted colourless
mucus, indicating a lack of irritant properties of the materials.

4. Conclusions

In this study, we have successfully synthesised and tested maleimide-
functionalised PHPMA copolymers as potential mucoadhesive excipi-
ents. In vitro nasal mucoadhesion studies revealed that PHPMA-Mi co-
polymers exhibited superior mucoadhesive properties on nasal mucosa

tissue compared to the parent PHPMA due to the binding of maleimide
groups to thiols present on mucosal surfaces. Cytotoxicity studies and
slug mucosal irritation assay further demonstrated non-toxic nature of
these polymers. The results indicate that highly biocompatible polymer
systems based on PHPMA functionalised with maleimide groups hold
promise as materials for advanced nasal delivery applications in the
future. In addition to nasal administration, these materials may also be
of interest for other routes of mucosal delivery, such as ocular, buccal, or
vaginal applications.

CRediT authorship contribution statement
Xiaoning Shan: Writing — original draft, Methodology, Investiga-

tion, Formal analysis. Robert Pola: Validation, Methodology, Investi-
gation, Formal analysis, Data curation. Daulet B. Kaldybekov:



X. Shan et al.

European Polymer Journal 237 (2025) 114193

Cell viability (%)

0 25 50 75

O JOROROS wek ke
—

H rurMA

B riPMA-Mi,,
B rHPMA-Mi,,

100 125 150

Concentration (pg/mL)

Fig. 6. Viability of HEK 293 cells determined after treatment with the polymers at different concentrations (25, 50, 75, 100, 125 and 150 pg/mL) for 72 h. The
untreated cells served as the control. Values were expressed as means + SD (n = 3), “*” represents p < 0.05, “**” represents p < 0.005, “***” represents p < 0.001.

100 -
~ 90
X
N’ 80 4
=
L 70 skokok ok
E 6] | T T T T T T T T T 1
<= ns
S 501  — T | p— T | — 1
= 40 *
32 30 '
=
S 20
10 -
0.
D
& F Ty vy vy N
& & &
5 S & & ) ) % A %
] N N S & & & S &
R AW s s e b b
T & & DT BT BT BT ST W
LI S S RSN R\ SRR\

e? zs S L Q
< < Q‘z‘ Q‘z‘ Q‘z‘ Q‘z‘

Fig. 7. Mucus production by Arion lusitanicus slugs in response to 60 min
exposure to PHPMA, PHPMA-Mi;; and PHPMA-Miys as well as positive and
negative controls. Statistically significant differences are given as: “****” rep-
resents p < 0.0001; “*” represents p < 0.05; “ns” represents no significance.

Visualization, Validation, Investigation, Formal analysis, Data curation.
Sam Aspinall: Methodology, Investigation, Formal analysis, Data
curation. Fhataheya Buang: Methodology, Investigation, Formal anal-
ysis, Data curation. Adrian C. Williams: Writing — review & editing,
Supervision. Tomas Etrych: Writing — review & editing, Resources,
Methodology. Vitaliy V. Khutoryanskiy: Writing — review & editing,
Supervision, Resources, Project administration, Funding acquisition,
Conceptualization.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors are grateful to the University of Reading and the China
Scholarship Council (201707040071) for funding the PhD studentship
of Xiaoning Shan. The authors are grateful to the Czech Science Foun-
dation for funding (grant number 22-12483S) experiments on the syn-
thesis and characterisation of these polymers. The authors would also
like to thank Ms. Amnani Aminuddin for her technical help with cell
culture experiments and Faculty of Pharmacy UKM for providing the cell
culture research facilities. V.V.K. acknowledges the financial support
provided by the Royal Society for his Industry Fellowship (IF/R2/
222031).

Author contributions

The manuscript was written through contributions of all authors. All
authors have given approval to the final version of the manuscript.

Appendix A. Supplementary data

HPLC traces and UV-Vis spectra of PHPMA and its derivatives, SEC
profiles of polymers, retention on nasal mucosa values, values of
viability of HEK 293 cells, images of slugs exposed to solutions of
polymers. Supplementary data to this article can be found online at
https://doi.org/10.1016/j.eurpolym;.2025.114193.

Data availability

All raw data supporting the findings of this study are available in the
Supplementary Information or from the corresponding author upon
reasonable request.

References

[1] S. Tiirker, E. Onur, Y. Ozer, Nasal route and drug delivery systems, Pharm. World
Sci. 26 (2004) 137-142.

[2] A.N. Fisher, K. Brown, S.S. Davis, G.D. Parr, D.A. Smith, The effect of molecular
size on the nasal absorption of water-soluble compounds in the albino rat,
J. Pharm. Pharmacol. 39 (1987) 357-362.


https://doi.org/10.1016/j.eurpolymj.2025.114193
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0005
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0005
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0010
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0010
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0010

X. Shan et al.

[3]
[4]

[5]
[6]

[7]
[8]

[91

[10]

[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

S. Ngm, V. Je, M. Hm, The nasal mucociliary clearance: relevance to nasal drug
delivery, Pharm. Res. 8 (1991) 807-814.

C.R. Behl, H.K. Pimplaskar, A.P. Sileno, W.J. Xia, W.J. Gries, J.C. deMeireles, V.
D. Romeo, Optimization of systemic nasal drug delivery with pharmaceutical
excipients, Adv. Drug Deliv. Rev. 29 (1998) 117-133.

E. Bjork, P. Edman, Characterization of degradable starch microspheres as a nasal
delivery system for drugs, Int. J. Pharm. 62 (1990) 187-192.

L. Illum, H. Jgrgensen, H. Bisgaard, O. Krogsgaard, N. Rossing, Bioadhesive
microspheres as a potential nasal drug delivery system, Int. J. Pharm. 39 (1987)
189-199.

L. Pereswetoff-Morath, Microspheres as nasal drug delivery systems, Adv. Drug
Deliv. Rev. 29 (1998) 185-194.

K. Iwanaga, S. Matsumoto, K. Morimoto, M. Kakemi, S. Yamashita, T. Kimura,
Usefulness of liposomes as an intranasal dosage formulation for topical drug
application, Biol. Pharm. Bull. 23 (2000) 323-326.

S.L. Law, K.J. Huang, H.Y. Chou, Preparation of desmopressin-containing
liposomes for intranasal delivery, J. Controlled Release 70 (2001) 375-382.

K. Muramatsu, Y. Maitani, K. Takayama, T. Nagai, The relationship between the
rigidity of the liposomal membrane and the absorption of insulin after nasal
administration of liposomes modified with an enhancer containing insulin in
rabbits, Drug Dev. Ind. Pharm. 25 (1999) 1099-1105.

C. Witschi, R.J. Mrsny, In vitro evaluation of microparticles and polymer gels for
use as nasal platforms for protein delivery, Pharm. Res. 16 (1999) 382-390.

M. Zhou, M.D. Donovan, Intranasal mucociliary clearance of putative bioadhesive
polymer gels, Int. J. Pharm. 135 (1996) 115-125.

A. Bernkop-Schniirch, Thiomers: a new generation of mucoadhesive polymers,
Adv. Drug Deliv. Reviews 57 (2005) 1569-1582.

N. Hock, G.F. Racaniello, S. Aspinall, V.V. Khutoryanskiy, A. Bernkop-Schniirch,
Thiolated nanoparticles for biomedical applications: mimicking the workhorses of
our body, Adv. Sci. 9 (2021) 2102451.

Y. Shitrit, H. Bianco-Peled, Acrylated chitosan for mucoadhesive drug delivery
systems, Int. J. Pharm. 517 (2017) 247-255.

E.S. Armengol, B. Grassiri, A.M. Piras, Y. Zambito, A. Fabiano, F. Laffleur, Ocular
antibacterial chitosan-maleic acid hydrogels: In vitro and in vivo studies for a
promising approach with enhanced mucoadhesion, Int. J. Biol. Macromol. 254
(2024) 127939.

E.O. Shatabayeva, D.B. Kaldybekov, L. Ulmanova, B.A. Zhaisanbayeva, E.A. Mun,
Z.A. Kenessova, S.E. Kudaibergenov, V.V. Khutoryanskiy, Enhancing
Mucoadhesive properties of gelatin through chemical modification with
unsaturated anhydrides, Biomacromolecules 25 (2024) 1612-1628.

D.B. Kaldybekov, P. Tonglairoum, P. Opanasopit, V.V. Khutoryanskiy,
Mucoadhesive maleimide-functionalised liposomes for drug delivery to urinary
bladder, Eur. J. Pharm. Sci. 111 (2018) 83-90.

T.M. Ways, W. Lau, V. Khutoryanskiy, Chitosan and its derivatives for application
in mucoadhesive drug delivery systems, Polymers 10 (2018) 267.

I.A. Sogias, A.C. Williams, V.V. Khutoryanskiy, Why is chitosan mucoadhesive?
Biomacromolecules 9 (2008) 1837-1842.

P. Tonglairoum, R.P. Brannigan, P. Opanasopit, V.V. Khutoryanskiy, Maleimide-
bearing nanogels as novel mucoadhesive materials for drug delivery, J. Mater.
Chem. B 4 (2016) 6581-6587.

N. Sahatsapan, T. Rojanarata, T. Ngawhirunpat, P. Opanasopit, P. Tonglairoum, 6-
Maleimidohexanoic acid-grafted chitosan: a new generation mucoadhesive
polymer, Carbohydr. Polym. 202 (2018) 258-264.

E.S. Armengol, L.A.S. Soler, F. Laffleur, Eudragit-maleimide as total denture base
material: Proof of concept for a promising mucoadhesive strategy, J. Drug Deliv.
Sci. Technol. 100 (2024) 106002.

D. Bissett, J. Cassidy, J.S. de Bono, F. Muirhead, M. Main, L. Robson, D. Fraier, M.
L. Magne, M.G. Porro, R. Spinelli, W. Speed, C. Twelves, Phase I and
pharmacokinetic (PK) study of MAG-CPT (PNU 166148): a polymeric derivative of
camptothecin (CPT), Br. J. Cancer 91 (2004) 50-55.

L.W. Seymour, D.R. Ferry, D.J. Kerr, D. Rea, M. Whitlock, R. Poyner, C. Boivin,
S. Hesslewood, C. Twelves, R. Blackie, A. Schatzlein, D. Jodrell, D. Bissett,

10

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

European Polymer Journal 237 (2025) 114193

H. Calvert, M. Lind, A. Robbins, S. Burtles, R. Duncan, J. Cassidy, Phase II studies of
polymer-doxorubicin (PK1, FCE28068) in the treatment of breast, lung, and
colorectal cancer, Int. J. Oncol. 34 (2009) 1629-1636.

H. Dozono, S. Yanazume, H. Nakamura, T. Etrych, P. Chytil, K. Ulbrich, J. Fang,
T. Arimura, T. Douchi, H. Kobayashi, M. Ikoma, H. Maeda, HPMA copolymer-
conjugated pirarubicin in multimodal treatment of a patient with stage IV prostate
cancer and extensive lung and bone metastases, Target. Oncol. 11 (2016) 101-106.
W. Shan, X. Zhu, M. Liu, L. Li, J. Zhong, W. Sun, Z. Zhang, Y. Huang, Overcoming
the diffusion barrier of mucus and absorption barrier of epithelium by self-
assembled nanoparticles for oral delivery of insulin, ACS Nano 9 (2015)
2345-2356.

M. Liu, J. Zhang, X. Zhu, W. Shan, L. Li, J. Zhong, Z. Zhang, Y. Huang, Efficient
mucus permeation and tight junction opening by dissociable “mucus-inert” agent
coated trimethyl chitosan nanoparticles for oral insulin delivery, J. Control.
Release 222 (2016) 67-77.

M. Liu, L. Wu, X. Zhu, W. Shan, L. Li, Y. Cui, Y. Huang, Core-shell stability of
nanoparticles plays an important role for overcoming the intestinal mucus and
epithelium barrier, J. Mater. Chem. B 4 (2016) 5831-5841.

Y. Liu, X. Xie, X. Hou, J. Shen, J. Shi, H. Chen, Y. He, Z. Wang, N. Feng, Functional
oral nanoparticles for delivering silibinin and cryptotanshinone against breast
cancer lung metastasis, J. Nanobiotechnol. 18 (2020) 83.

H. Lu, G. Yang, F. Ran, T. Gao, C. Sun, Q. Zhao, S. Wang, Polymer-functionalized
mesoporous carbon nanoparticles on overcoming multiple barriers and improving
oral bioavailability of probucol, Carbohydr. Polym. 229 (2020) 115508.

R. Pola, J. Parnica, K. Zuska, E. Bbhmovd, M. Filipova, M. Pechar, J. Pankrac,

J. Mucksova, J. Kalina, P. Trefil, L. Sefc, D. Vétvicka, P. Pouckovd, J. Boucek,

0. Janouskovd, T. Etrych, Oligopeptide-targeted polymer nanoprobes for
fluorescence-guided endoscopic surgery, Multifunct. Mater. 2 (2019) 024004.
S.M.D.A. Barbi, F.C. Carvalho, C.P. Kiill, S.H.D.A. Barud, S.H. Santagneli, S.

J. Ribeiro, M.P. Gremiao, Preparation and characterization of chitosan
nanoparticles for zidovudine nasal delivery, J. Nanosci. Nanotechnol. 15 (2015)
865-874.

N.N. Porfiryeva, S.F. Nasibullin, S.G. Abdullina, I.K. Tukhbatullina, R.

1. Moustafine, V.V. Khutoryanskiy, Acrylated Eudragit(R) E PO as a novel
polymeric excipient with enhanced mucoadhesive properties for application in
nasal drug delivery, Int. J. Pharm. 562 (2019) 241-248.

D.B. Kaldybekov, S.K. Filippov, A. Radulescu, V.V. Khutoryanskiy, Maleimide-
functionalised PLGA-PEG nanoparticles as mucoadhesive carriers for intravesical
drug delivery, Eur. J. Pharm. Biopharm. 143 (2019) 24-34.

0.V. Khutoryanskaya, P.W. Morrison, S.K. Seilkhanov, M.N. Mussin, E.

K. Ozhmukhametova, T.K. Rakhypbekov, V.V. Khutoryanskiy, Hydrogen-bonded
complexes and blends of poly(acrylic acid) and methylcellulose: nanoparticles and
mucoadhesive films for ocular delivery of riboflavin, Macromol. Biosci. 14 (2014)
225-234.

P.G. Georgiou, A.N. Baker, S.J. Richards, A. Laezza, M. Walker, M.I. Gibson, Tuning
aggregative versus non-aggregative lectin binding with glycosylated nanoparticles
by the nature of the polymer ligand, J. Mater. Chem. B 8 (2020) 136-145.

A.B. Lowe, Thiol-Ene “Click’” reactions and recent applications in polymer and
materials synthesis, Polym. Chem. 1 (2010) 17-36.

O.M. Kolawole, W.M. Lau, V.V. Khutoryanskiy, Chitosan/beta-glycerophosphate in
situ gelling mucoadhesive systems for intravesical delivery of mitomycin-C, Int. J.
Pharm.: X 1 (2019) 100007.

P. Bojarova, M.R. Tavares, D. Laaf, L. Bumba, L. Petraskova, R. Konefal,

M. Blahova, H. Pelantova, L. Elling, T. Etrych, P. Chytil, V. Kren, Biocompatible
glyconanomaterials based on HPMA-copolymer for specific targeting of galectin-3,
J. Nanobiotechnology 16 (2018) 73.

B. Ali, L.D. Kanda Kupa, C.S. Heluany, C.C. Drewes, S.N.S. Vasconcelos, S.H.

P. Farsky, H.A. Stefani, Cytotoxic effects of a novel maleimide derivative on
epithelial and tumor cells, Bioorg. Chem. 72 (2017) 199-207.

X. Guo, L. Wang, S. Wang, Y. Li, F. Zhang, B. Song, W. Zhao, Syntheses of new
chlorin derivatives containing maleimide functional group and their photodynamic
activity evaluation, Bioorg. Med. Chem. Lett. 25 (2015) 4078-4081.


http://refhub.elsevier.com/S0014-3057(25)00481-1/h0015
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0015
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0020
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0020
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0020
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0025
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0025
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0030
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0030
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0030
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0035
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0035
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0040
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0040
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0040
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0045
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0045
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0050
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0050
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0050
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0050
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0055
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0055
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0060
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0060
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0065
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0065
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0070
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0070
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0070
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0075
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0075
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0080
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0080
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0080
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0080
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0085
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0085
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0085
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0085
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0090
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0090
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0090
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0095
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0095
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0100
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0100
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0105
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0105
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0105
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0110
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0110
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0110
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0115
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0115
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0115
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0120
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0120
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0120
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0120
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0125
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0125
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0125
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0125
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0125
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0130
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0130
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0130
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0130
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0135
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0135
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0135
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0135
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0140
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0140
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0140
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0140
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0145
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0145
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0145
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0150
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0150
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0150
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0155
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0155
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0155
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0160
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0160
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0160
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0160
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0165
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0165
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0165
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0165
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0170
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0170
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0170
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0170
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0175
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0175
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0175
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0180
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0180
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0180
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0180
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0180
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0185
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0185
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0185
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0190
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0190
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0195
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0195
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0195
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0200
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0200
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0200
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0200
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0205
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0205
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0205
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0210
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0210
http://refhub.elsevier.com/S0014-3057(25)00481-1/h0210

	Development of maleimide-modified poly(N-(2-hydroxylpropyl)methacrylamide) as a novel mucoadhesive polymer for nasal drug d ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Synthesis of PHPMA functionalised with maleimide groups (PHPMA-Mi)
	2.3 Characterization of polymers
	2.3.1 Proton nuclear magnetic resonance (1H NMR)
	2.3.2 Fourier transform infrared (FTIR) spectroscopy
	2.3.3 Size exclusion chromatography (SEC) and UV–vis
	2.3.4 Calculation of the degree of PHPMA modification with maleimide groups

	2.4 In vitro nasal mucoadhesion studies
	2.4.1 Preparation of polymer/fluorescein sodium mixtures and artificial nasal fluid
	2.4.2 Fluorescence retention studies on nasal mucosa
	2.4.3 Mucoadhesive properties studied using tensile testing

	2.5 Biocompatibility studies
	2.5.1 Cytotoxicity studies
	2.5.2 Slug mucosal irritation assay

	2.6 Statistical analysis

	3 Results and discussion
	3.1 Synthesis and characterisation of PHPMA-Mi conjugates
	3.2 In vitro nasal mucoadhesion studies
	3.3 Toxicological studies

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Author contributions
	Appendix A Supplementary data
	Data availability
	References


