Open Access Article. Published on 30 September 2025. Downloaded on 4/4/2026 12:26:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Polysulfone—chitosan hybrids via imine chemistry:
a versatile strategy for functional
bioactive materials

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 8167

Oana Dumbrava,* Daniela Ailincai, Alexandru Anisiei, Irina Rosca, Daniela Rusu,
Andrei Dascalu, luliana Stoica, Anca Filimon and Luminita Marin @2 *

The paper aimed to develop a new approach to improve the hydrophilicity and bioactivity of poly-
sulfone-based materials through covalent bonding with chitosan via imine or amine linkages. To achieve
this, different synthetic strategies were employed, including the chloromethylation and etherification of
polysulfone to introduce formyl functionalities along the polymer backbone. These formyl groups
subsequently participated in condensation reactions with the amino groups of the chitosan chains,
either on the surface or within the bulk. Additionally, reductive amination was applied to convert imine
bonds into more stable amine linkages. A comprehensive characterization by ATR-FTIR, WXRD, UV-Vis,
TGA, and SEM analyses confirmed the successful formation of the targeted hybrid materials, with a
semicrystalline structure favoured by deep polymer blending through covalent bonding, high thermal
stability and a porous morphology. Water uptake, contact angle and permeability assessments,
conducted using dynamic vapor sorption and cup test methods, revealed significantly enhanced
hydrophilicity, with water absorption levels reaching up to 45% and moderate wettability, with a water
contact angle in the 60-90° range, swelling capacities of up to 2 g g~%, and enzymatic degradation in
lysozyme solutions reaching 45% mass loss over 21 days, depending on the chitosan content. Moreover,
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antioxidant activity evaluated via DPPH assays demonstrated a free radical scavenging capacity of
approximately 20%, while antibacterial tests indicated the ability to inhibit bacterial growth by more than
30%, placing these materials in the bacteriostatic range. Overall, these findings support the modification
of polysulfone with chitosan via imine bonds as an effective strategy for the design of advanced bioma-
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rsc.li/materials-advances terials and filtration technologies.

resistant to various sterilization methods,® which is why they
are used in the biomedical field such as haemodialysis
membranes.'®'" However, their hydrophobic nature promotes

1. Introduction

Membrane technology has experienced a great expansion in

recent decades, being used in a multitude of fields such as
chemical recovery, medical applications, wastewater recovery
and water treatment.'” The most commonly involved separa-
tion technology is ultrafiltration, the main features of which are
simplicity, cost-effectiveness, low energy consumption, mini-
mal or no chemical use, moderate operating temperatures and
high-quality treatment results.®” The membranes used in this
process must exhibit hydrophilicity and a porous structure, as
well as chemical stability in the presence of the feed solution.®
Polysulfone (PSF) and polysulfone-based materials are exten-
sively used as separation membranes due to their outstanding
properties such as chemical and thermal stability, mechanical
strength, as well as film-forming capacity.'” Moreover, they are
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the adsorption of humic substances, proteins and polysacchar-
ides on the membrane surface, affecting the membrane perme-
ability, efficiency and feasibility of the separation process, as
well as its biocompatibility."*** In order to overcome these
considerable limitations and to enhance the hydrophilicity and
antifouling properties, researchers have investigated various
polysulfone structure modification techniques, such as bulk
functionalization of the polymer structure, blending polysul-
fone with hydrophilic polymers, oligomers*™® and nano-
particles,'”"® as well as grafting"®° or coating®" on the surface
of the polysulfone-based materials.” Among these chemical or
physical modification techniques, the bulk one is more complex
than the ones at the surface of the material, but it is slightly more
efficient. Instead, the grafting method is simpler and leads to more
stable structures compared to coating and blending methods,
allowing the covalent binding of the hydrophilic agent to the
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membrane surface. In addition, this method does not comple-
tely modify the structure of the material, the hydrophilic agent
being present only at the surface.”” Among the hydrophilic
agents used in order to enhance the affinity of the polysulfone-
based membranes for water, the ones of natural origin are most
preferred due to their sustainability, low cost, abundance and
environmental friendliness. Chitosan, a biopolymer obtained
by alkaline treatment of chitin, has received significant attention
in the scientific community, due to its outstanding properties such
as hydrophilicity, biocompatibility and biodegradability, as well as
film forming properties.” The presence of hydroxyl and amine
groups in the structure of chitosan endows the membrane with a
positive charge and hydrophilicity, having a positive effect on
permeability and solute removal.>* Based on these considerations,
there are a plethora of studies that have reported the modification
of polysulfone membranes with chitosan, via blending and coating
methods.>**° However, to the best of our knowledge, no covalent
bonding of polysulfone with chitosan has been reported to date.
Covalent bonding would offer the advantage of achieving a more
homogeneous integration of the two components, leading to a
consistent distribution of their functional properties and improved
long-term stability. Unlike physical blends, which are prone to
phase separation, covalently linked systems maintain structural
and functional uniformity over time.

In this light, the work hypothesis of the study was to design
a procedure to covalently bond chitosan and polysulfone into a
new material with enhanced properties, such as thermal stabi-
lity, porous morphology, capacity to transport water vapours
and antioxidant activity. To fulfil this objective, the polysulfone
has been functionalized with aldehyde units by etherification
reaction with a phenolic aldehyde and further reacted with
chitosan by imination followed by amination reactions, at the
surface or in bulk. The obtained materials were structurally,
supramolecularly and morphologically characterized by FTIR,
NMR and UV-vis spectroscopy, X-ray diffraction, thermal gravi-
metric analysis, differential scanning calorimetry, scanning
electron microscopy and atomic force microscopy. Further-
more, relevant properties such as hydrophilicity, water perme-
ability, degradation in wet media, and antimicrobial and
antioxidant activities were investigated, in order to assess their
propensity to be applied in applications which require moisture
management, infection control and mitigating oxidative stress,
such as haemodialysis membranes, but also transdermal drug
release systems, wound dressings, or biosensors.

2. Materials and methods

2.1. Materials

Chitosan (147 kDa, DD = 82% determined by viscosimetry and
NMR (Fig. S1 and S2)), acetic acid (99.89%), tin(wv) chloride
(98%), chlorotrimethylsilane (98%), paraformaldehyde (95%),
N,N-dimethylformamide (DMF), sodium carbonate (99.5%),
and sodium borohydride (98%) were purchased from Sigma
Aldrich Co. St. Louis, MO, USA and used as received. Poly-
sulfone (35 kDa, polydispersity index = 2.18) has been purchased
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from Sigma Aldrich Co., St. Louis, MO, USA, and purified by
reprecipitation from chloroform in methanol. Chloroform and
methanol were purchased from Chemical Company and distilled
with the aid of a rotary evaporator, while the ethanol was pur-
chased from ChimReactiv and was dried on molecular sieves (3 A,
Fluka) before use. 4-Hydroxybenzaldehyde (98%) (4-HBA) was
purchased from Fluka and used without further purification.

2.2. Synthesis of polysulfone - chitosan materials

In order to covalently react polysulfone with chitosan, several
synthetic pathways (Scheme 1) were followed: (1) chloromethy-
lation of polysulfone, (2) etherification of chloromethylated
polysulfone, (3) grafting of chitosan on the surface of materials
based on formylated polysulfone or (4) grafting of formylated
polysulfone on the surface of materials based on chitosan via
imine linkages, as well as (5) bulk synthesis of formylated
polysulfone-graft-chitosan and (6) reductive amination reac-
tion of (3), (4) and (5) compounds. The synthetic pathways
are represented in Scheme 1 and detailed procedures are
described below.

2.2.1. Synthesis of chloromethylated polysulfone. The
introduction of the chloromethyl group on the polysulfone
backbone was accomplished following a synthetic procedure
similar to that previously reported in the literature.* In a three-
neck flask, equipped with a magnetic stirrer and a reflux
condenser, 6 g (0.013 mol of repeating units) of polysulfone
were dissolved in 240 mL of chloroform at 50 °C. After the
complete solubilization, 6.12 g (0.2 mol) of paraformaldehyde,
0.2 mL (0.003 mol) of tin (IV) chloride and 25 mL (0.2 mol) of
chlorotrimethylsilane were added and maintained under stir-
ring (650 min~ ') for 72 hours. Then, the chloromethylated
polysulfone was isolated from the reaction mixture through
the precipitation in methanol, washed 3 times with 300 mL
water in order to remove the SnCly, filtered through a G4 funnel
and dried under vacuum at 40 °C overnight. 'H-NMR
(400.13 MHz, CDCl;, , ppm): 7.88-7.85 (H-3C, H-3D), 7.37
(H-3'B), 7.26-7.24 (H-3A, overlapped with deuterated solvent
residual peak), 7.18-7.16 (H-3B), 7.04-7.00 (H-2C, H-2D), 6.95-
6.94 (H-2A), 6.85-6.83 (H-2B), 4.54 (~-CH,~Cl), 1.71 (~-C(CH3),,
overlapped with residual water from deuterated solvent); **C
NMR (100.6 MHz, CDCl;, d, ppm): 162.05-161.56 (C-4C, C-4D),
152.96-152.84 (C-1A), 151.12-151.00 (C-1B), 147.78-147.36 (C-
4A), 147.19-146.77 (C-4B), 135.93-135.26 (C-4C, C-4D), 129.84-
129.74 (C-3C, C-3D), 129.47 (C-3'B), 129.12-128.99 (C-3B),
128.46 (C-3A), 120.15-120.10 (C-2B), 119.90-119.83 (C-24),
117.83-117.70 (C-2C, C-2D), 42.51 (-C(CHs),), 40.99 (CH,-Cl),
30.98-30.92 (-C(CHj),). Yield: 98%.

2.2.2. Synthesis of formylated polysulfone (FPSF). The for-
mylated polysulfone was synthesized by chemical modification
of the chloromethylated polysulfone via the Williamson ether-
ification reaction with 4-hydroxybenzaldehyde (4-HBA). 6 ¢
(0.012 mol) of chloromethylated polysulfone was dissolved in
144 mL DMF to obtain a 4.1% solution. Separately, 1.53 g of 4-
HBA (0.012 mol, taking account of the 85% purity of the
aldehyde) and 1.62 g of Na,CO; (0.015 mol) were added to
60 mL DMF (5.2% solids in solvent) to obtain a fine suspension

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The main synthetic steps followed in this study: chloromethylation of polysulfone (1); etherification of chloromethylated polysulfone
(2); grafting of chitosan on the surface of materials based on formylated polysulfone or grafting of formylated polysulfone on the surface of materials
based on chitosan via imine or amine units ((3) and (4)) and bulk synthesis of formylated polysulfone-graft-chitosan via imine or amine units ((5) and (6)).
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which was stirred for 10 minutes at room temperature. After
that, the suspension was added dropwise to the chloromethy-
lated polysulfone solution and the reaction mixture was stirred
and heated at 100 °C for one hour. Formylated polysulfone was
isolated from the reaction mixture in the same manner as the
chloromethylation derivative. "H-NMR (400.13 MHz, CDCl;,
d, ppm): 9.82-9.81 (-CHO), 7.85-7.83 (H-3C, H-3D), 7.72-7.67
(H-3E), 7.40 (H-3'B), 7.26-7.21 (H-3B, H-3A, overlapped
with deuterated solvent residual peak), 7.01-6.97 (H-2C, H-
2D), 6.95-6.91 (H-2A, H-2B), 6.85-6.80 (H-2E), 5.06-5.04
(-CH,), 1.69 (-C(CHj3),, overlapped with residual water from
deuterated solvent); *C NMR (100.6 MHz, CDCl;, 6, ppm):
190.6 (CHO), 163.15 (C-1E), 161.88-161.70 (C-1C, C-1D), 152.76~
152.69 (C-14), 150.57 (C-1B), 147.77-146.70 (C-4A, C-4B), 135.65-
135.25 (C-4C, C-4D), 131.76 (C-3E), 130.04 (C-4E), 129.63-129.60
(C-3C, C-3D), 128.83 (C-3'B), 128.53-128.36 (C-3A, C-3B), 127.46-
127.39 (C-2'B), 120.30-119.73 (C-2A, C-2B), 117.57-117.30 (C-2C,
C-2D), 114.81 (C-2E), 65.43 (-CH,) 42.53-42.32 (-C(CH3),), 30.85-
30.80 (-C(CHz),). Yield = 97%. To facilitate name tracking of the
obtained materials, films and xerogels containing formylated
polysulfone in their structure will contain the PS code in the
sample name (e.g. PS1 - films based on formylated polysulfone
and PS2 - xerogels based on formylated polysulfone).

2.2.3. Grafting of chitosan on the surface of the formylated
polysulfone-based materials. The grafting of chitosan on the
surface of the formylated polysulfone-based materials through
imine bonds was done following the next procedure: formy-
lated polysulfone films or xerogels, previously obtained by
pouring a 2% solution of formylated polysulfone in DMF
(500 mg of formylated polysulfone in 25 mL DMF) and evaporating
the solvent, or, respectively, lyophilization, were immersed in a 1%
chitosan solution 0.7% acetic acid (350 pL glacial acetic acid in
50 mL water). The reaction took place at 80 °C for 18 hours and the
mass ratio between formylated polysulfone and chitosan was 1:1.
After completion of the synthesis, the materials were removed and
washed with ethanol prior to being dried over molecular sieves.

2.2.4. Grafting of formylated polysulfone on the surface of
the chitosan-based materials. The grafting of formylated poly-
sulfone on the surface of chitosan-based materials through
imine bonds was carried out by the following experimental
procedure: 500 mg of chitosan was dissolved in 0.7% solution
of acetic acid (175 pL glacial acetic acid in 25 mL water) and
after its complete dissolution, the solution was poured into a
Petri dish and dried by slow evaporation of the solvent or by
lyophilization. Subsequently, the film, respectively, the chito-
san xerogel, was immersed in a 50 mL of 1% formylated
polysulfone solution in DMF. The mass ratio between the two
polymers was equal. The reaction proceeded for 10 hours at
100 °C. At the end of the synthesis, the materials were taken off
and washed with anhydrous DMF to remove the unreacted
formylated polysulfone.

2.2.5. Bulk synthesis of polysulfone-imine-chitosan materials.
The bulk synthesis of formylated polysulfone-grafi-chitosan was
achieved via the following steps: 100 mg of chitosan was dissolved
in 0.7% aqueous solution of acetic acid (70 pL acetic acid in 10 mL
water) and after its complete dissolution, 10 mL DMF was added
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dropwise to the chitosan solution under high magnetic stirring.
In parallel, 100 mg of formylated polysulfone was dissolved in
13.2 mL DMF. After 3 hours of magnetic stirring, the chitosan
solution was added dropwise to the formylated polysulfone
solution to obtain an opalescent mixture which was stirred
vigorously (1000 rpm) at 100 °C, for 24 hours. During the synthesis,
the colour of the reaction mixture turned from white to yellow, a
signature of imine bond formation. At the end of the synthesis, the
reaction mixture was poured into a Petri dish and within 48 hours
the two solvents were evaporated, thus obtaining the film called
CS-PS-IL In a similar manner was obtained the film called PS-CS-I,
with the difference that the formylated polysulfone solution was
added dropwise to the chitosan solution.

2.2.6. Reductive amination of the polysulfone-imine-
chitosan materials. The reduction of imine linkage between
chitosan and polysulfone was achieved by immersing the
materials in a solution of NaBH, in ethanol with a concen-
tration of 0.4% (0.48 g NaBH, in 120 mL ethanol), at room
temperature. Since the reaction remained incomplete after
48 hours, it was allowed to proceed over the weekend, achieving
complete conversion after five days, as confirmed by FTIR
spectra. Afterwards, the materials were isolated from the
NaBH, solution and washed several times with 300 mL ethanol
and dried in an oven under vacuum to provide the final
material with a yield of 98%.

2.3. Characterization methods

The NMR spectra of polysulfone, chloromethylated polysulfone
and formylated polysulfone were recorded with a Bruker Avance
NEO 400 MHz spectrometer (Bruker, Ettlingen, Germany). The
investigated polymers were solubilized in deuterated chloro-
form (CDCl;) or deuterated dimethyl sulfoxide (DMSO-de) for
analysis, and the NMR assignments of the signals corres-
ponding to hydrogen and carbon atoms were done based on
bidimensional spectra (H, H COSY; H, C-HMBC; H, C-HSQC).
Atom numbering for NMR assignments is shown in the follow-
ing scheme (Scheme 2):

Based on "H-NMR spectra, the degree of substitution (DS) of
the chloromethylated polysulfone was calculated with eqn (1)
and that of the formylated polysulfone with eqn (2):

I
DS = -y (1)
Iicsp

where Icp,q is the integral value corresponding to the peak
located at 4.54 ppm corresponding to the two protons of
-CH,Cl, and I3¢ 3p is the integral value of the multiplet located
at 7.88-7.85, corresponding to the 4 protons from the C and D
aromatic rings, adjacent to the sulfone group, which is not
affected by any overlapping with the signal of other protons.

_ Icn,-0-

DS
Icho

x 2 (2)

where Icy, o- is the integral value for the two protons of the
etheric bridge (5.06-5.04 ppm) and Icyo is the integral value for
the proton of the aldehyde group (9.82-9.81 ppm).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Atoms numbering for NMR assignments.

Xerogels based on polysulfone or chitosan were obtained by
a freeze-drying process, using a LABCONCO Free Zone Freeze
Dry System equipment, at —54 °C and 1.510 mbar, for 24 h.

Fourier-transform infrared (FTIR) spectra of the pristine
polysulfone and functionalized polysulfones, as well as of
the films and xerogels based on formylated polysulfone and
chitosan were registered with a Bruker spectrophotometer
(VERTEX 70), from 4000 to 600 cm™ ', by the ATR method.
The obtained spectra were processed with OPUS 6.5 software.

UV-Vis spectra of materials based on polysulfone and
chitosan were recorded in the solid state, using an Agilent
Cary 60 UV-Vis spectrophotometer (Agilent Technologies, Inc.
Headquarters, Santa Clara, CA, USA).

The thermal stability of the studied samples was investi-
gated over a temperature range from 30 °C to 600 °C, using a
Discovery TGA 5500 thermogravimetric analyzer (TA Instruments)
with a probe holder of 100 pL platinum pan at a heating rate of
10 °C min™ "

Differential scanning calorimetric (DSC) measurements of
several representative samples were carried out by using a TA
instrument DSC 250, under nitrogen purge. The device was
temperature and sensitivity calibrated with indium, according
to standard procedures. The samples, weighing approximately
2.5 mg each, were loaded in punched and sealed aluminium
crucibles and DSC curves were recorded on a heating-cooling-
heating scan, at a heating/cooling rate of 10 °C min "

Wide angle X-ray diffraction was performed using a Bench-
top Miniflex 600 Rigaku diffractometer (Tokyo, Japan) with
CuKa-emission. The diffractograms were registered at room
temperature, from 2 to 50° (26), with a scanning step of 0.06°
and a recording speed of 4° min ™.

The morphology of the investigated materials was analysed
using a scanning electron microscope SEM EDAX—Quanta 200
(Eindhoven, Germany) equipped with an Energy Dispersive
X-ray (EDX) module, at an accelerated electron energy of
10 keV. The elements’ percent was measured at three different
points and the average value was considered.

The topography of the materials was investigated by atomic
force microscopy (AFM) using an NTEGRA system provided by
NT-MDT Spectrum Instruments Company from Zelenograd,
Moscow, Russia. The surface aspect of the samples was studied

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CHO (FPSF)

under atmospheric conditions at 21 °C using an NSG 03
cantilever (TipsNano OU, Tallinn, Estonia) with a resonance
frequency of 67 kHz and a force constant of 0.25 N m™". The
cantilever having a length of 150 £ 10 pm, a width of 24 &+ 7 pm,
a thickness of 1.75 + 0.75 um, and a tip curvature radius of
10 nm was working in tapping mode. For AFM image acquisi-
tion and processing, Nova 1.1.1.19891 and 1.0.26.1443 software
(NT-MDT Spectrum Instruments, Zelenograd, Moscow, Russia)
employed a scanning frequency of 0.8 Hz and scan lengths of
20, 10, and 5 pm.

Static contact angle measurements were conducted using a
KSV CAM-101 goniometer, equipped with a Hamilton syringe
and a CDD camera connected to a PC. A drop of 1 uL water,
ethylene glycol or diiodomethane was placed on the surface of
polysulfone and/or chitosan based materials and the contact
angle values were recorded immediately. The measurements
were carried out three times for each test liquid and the average
values were reported.

The swelling behaviour of the materials was analysed in
phosphate buffer saline solution (PBS), pH = 7.4, following the
next experimental procedure: pieces of films or xerogels, with
an area of 0.5 cm” (1.9 & 1 mg), were placed in Petri dishes, over
which 5 mL of PBS was added. The samples were weighed, from
time to time (0.25, 0.5, 1, 2, 3, 24 and 48 hours), in order
to determine the swelling degree, by applying the following
equation:

(W= W)

SD =
W

(3)

where SD = swelling degree, W, = the weight of the sample at a
certain moment and W, = the initial weight of the sample.

The dynamic water vapor sorption (DVS) capacity of the
samples was measured on a fully automated gravimetric analy-
zer IGAsorp supplied by Hiden Analytical, at 25 °C, in the
0-90% relative humidity (RH) range.>* The average pore size
(eqn (4)) was calculated as a function of the maximum water
uptake (W) (eqn (5)):

2x W

average pore size = T00xpx 4

(4)

Mater. Adv., 2025, 6, 8167-8191 | 8171
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where p is the adsorbate phase density; A is the Brunauer-
Emmett-Teller (BET) surface area;

Wy — Wy
d

W= x 100 (5)
where Wy is the weight of the dried sample and W, is the
weight of the sample at a certain moment of determination.

Water vapor transmission rate (WVTR) was monitored fol-
lowing the cup method (ASTM E96-05) protocol.>* The bottle
was filled with ultrapure water, weighed and sealed with film or
xerogel samples with an area of 0.07065 cm” and a thickness
value between 62 and 121 um (in the case of films and xerogels
of polysulfone modified at the surface with chitosan or chit-
osan films iminated or aminated at the surface, as well as in the
case of the films obtained via bulk condensation between these
two polymers) and between 967 and 1517 pm (in the case of
chitosan xerogels, pristine or modified at the surface), and
placed in an oven at 37 °C. During 14 days, the bottles were
weighed after different periods of time (1, 2, 3, 9, 10, 11, and
14 days) and the WVTR was calculated with the following
equation:

WVTR = A x A (6)
4,
where 4,, is the mass of water loss after a certain period of time
(g), 4; is the time interval (days), and A is the effective
transfer area.

The in vitro enzymatic degradation of materials was investi-
gated by monitoring the mass loss of the films and xerogels
after immersing and maintaining them for 7, 14 and 21 days in
a lysozyme solution (376 U mL ") prepared in PBS 7.4. In order
to compare, one sample was also immersed in a PBS solution of
pH 7.4, without adding lysozyme. Pieces of films and xerogels
with a dry mass of 5 + 0.3 mg each were added in a volume of
lysozyme solution to reach 1 mg mL ™" and incubated at 37 °C
for a certain period of time (7, 14 and 21 days). Every 3 days, the
lysozyme solution was replaced with a fresh one, in order to
avoid the enzyme inactivation. At the end of the exposure time
to the enzymatic degradation, the samples were taken from the
lysozyme solution, washed with double distilled water to
remove the salts, lyophilized and weighed in order to calculate
the mass loss, by using the following equation:

Wy — W,
=2l
0

Wiess = 100 7
where W, is the weight loss of the sample, W, represents the
initial weight of the sample and W, is the weight of the sample
after a certain period of time of incubation in the lysozyme
solution.

The radical scavenging activity of the materials based on
chitosan and polysulfone was investigated by the DPPH
method, in solid state, following an experimental protocol
reported in the literature.*® Pieces of films or xerogels, weigh-
ing 10 mg each, were immersed in 2.857 mL of an ethanolic
solution of DPPH with a concentration of 62.5 uM. After 1 hour
of incubation, at 37 °C, in the dark, the UV-Vis absorbance was
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recorded at 517 nm and the radical scavenging activity (RSA) for
each sample was calculated by using the following equation:

RsA = Apren = As 8)
Apppn
where Apppyy is the absorbance of the DPPH solution and A is
the absorption of the DPPH solution after one hour of exposure
to each sample.

The antibacterial activity of the samples’ surfaces was inves-
tigated via a modified Japanese industrial standard JIS Z2801:
2000** against two different reference strains Staphylococcus
aureus ATCC25923 (S. aureus) and Escherichia coli ATCC25922
(E. coli). The bacterial strains were refreshed in nutrient broth
(NB) for 24 h at 37 °C. The samples were cut into pieces of
10 mm and were placed in sterile Petri dishes. Then, 100 uL of
the inoculum (0.5 McFarland) was instilled on the sample’s
surface and left to incubate for 24 hours at 37 °C. Subsequently,
the samples were rinsed repeatedly and the resulting suspen-
sion was transferred into 96-well plates. The bacteriostatic
activity and efficacy of samples after incubation with the
microorganisms were assessed by MTS assay using the CellTiter
96® AQueous One Solution Cell Proliferation Assay (Promega,
Madison, WI, USA), according to the manufacturer’s instruc-
tions. After 23 hours, the samples were removed from the plates
and the MTS reagent was added for 1 hour. After the formazan
formation, the absorbance reading was performed at 490 nm
on a FLUOstar® Omega microplate reader (BMG LABTECH,
Ortenberg, Germany). Experiments were done in triplicate, and
the treated cell viability was expressed as a percentage of the
control cells’ viability. Graphical data were expressed as means
+ standard error of the mean.

All experiments were done in triplicate, and the results were
expressed as the arithmetic mean + the standard deviation of
the mean values for each sample, and they were statistically
processed using GraphPad Prism 9, using either One-Way
ANOVA Tukey’s multiple comparison post hoc test or Two-Way
ANOVA Tukey’s multiple comparison post hoc test.

3. Results and discussion

3.1. Synthesis and structural characterization of materials
based on polysulfone and chitosan

A series of materials based on polysulfone and chitosan
covalently bonded through imine or amine units was prepared
by applying different synthetic routes (Scheme 1). An important
role in achieving this goal consisted of the chemical modifica-
tion of the polysulfone through (1) chloromethylation and
(2) williamson etherification of the chloromethylated polysul-
fone with a phenolic aldehyde to obtain polysulfone functio-
nalized with formyl units, able to react with amine units of
chitosan to give covalent imine bonds, which further could be
transformed into amine bonds by reduction reaction.

The successful functionalization of polysulfone with chlor-
omethyl and subsequently with formyl groups was confirmed
by "H-NMR, C-NMR and IR spectroscopy. 'H-NMR spec-
trum of chloromethylated polysulfone (CMPSF) displayed the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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characteristic signals of -CH,-Cl (4.54 ppm) as well as the
change in the number, position and integral value of the
signals characteristic of the aromatic protons of the ring B, in
line with the chemical environment change induced by the
chlorine, while "*C-NMR showed all the corresponding carbon
atoms (Fig. 1 and Fig. S3-S5 and explanation in the SI,
considering the importance of this derivative in the synthesis
of the formylated polysulfone, the spectra were recorded in
different solvents for a correct evaluation of the multiplicity
and integral ratio).”> Based on the 'H-NMR spectrum, the
degree of substitution of CMPSF was found to be 0.9 chloro-
methyl groups per monomeric unit. After Willimson’s reaction
of CMPSF with 4-HBA, the "H-NMR spectrum changed, reflect-
ing the successful functionalization with formyl units. Thus, in
the "H-NMR spectrum of FPSF was observed the occurrence of a
new signal at 9.82-9.81 ppm, characteristic for the formyl
proton and also signals at 7.72-7.67 (H-3E) and 6.85-6.80
(H-2E) ppm characteristic of the aromatic protons of the aro-
matic ring of 4-HBA (Fig. 1 and Fig. $3).>® Moreover, following
the substitution of the chlorine atom with the 4-HBA residue,
the signal corresponding to the two protons of the methylene
group shifted to 5.06-5.04 ppm. This shift is attributed to the
higher electronegativity of the oxygen atom relative to chlorine,
coupled with the mesomeric electron-withdrawing effect of the
formyl group, both of which result in increased deshielding of

L

< A

—

View Article Online

Paper

the respective protons. As a result, the protons in -CH,-O
resonate at a higher frequency, corresponding to a higher
chemical shift of 5.06-5.04 ppm. Furthermore, minor changes
in the position of the aromatic protons’ signals were also
noticed, in line with the modification of the chemical environ-
ment that induces alterations in the electronic conjugation and
symmetry of the aromatic rings.?” The absence of the -CH,-Cl
signal at 4.54 ppm in the formylated polysulfone spectrum
highlights the total conversion of the CMPSF into the formy-
lated polysulfone, also confirmed by the similar substitution
degree: 0.9 benzaldehyde groups per monomeric unit. Besides,
the successful of formylation has been proved by the presence
of all the signals characteristic of the carbon atoms in the '*C-
NMR spectrum, with the clear occurrence of the formyl carbon
at 190.6 ppm (Fig. S3).

A complementary method which was used to highlight the
introduction of formyl moieties on the polysulfone backbone
was FTIR spectroscopy. A comparative analysis of the FTIR
spectra of the pristine polysulfone and the functionalized ones
(Fig. 2) revealed the presence of new absorption bands in the
case of FPSF, at 1690 and 1596 cm ™', characteristic of the
vibration of C=0 group and the C—C bonds from the aromatic
ring of the benzaldehyde moiety.*® Moreover, the presence of
the absorption bands at 1033 and 1245 cm ' (superimposed
with the one at 1250 cm™", specific to the vibration of the aryl

5.06
5.04
1.69

FPSF

0.84

1.68

— 171 75
TN

CMPSF

-~
6.28
e Y

—1.69

Fig. 1 H-NMR spectra of polysulfone, chloromethylated polysulfone and formylated polysulfone (spectra with magnified domains are shown in Fig. S3

in the SI).
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Fig. 2 FTIR spectra of polysulfone, chloromethylated polysulfone and formylated polysulfone.

ether group), which correspond to the vibration of aliphatic and
aromatic ether vibration, indicates the presence of the ether
bridge between the methyl group attached to the polysulfone
backbone and the benzaldehyde fragment.*® Other bands, such
as the asymmetric and symmetric vibration of the SO, group at
1319, 1294 and 1150 cm ™' and the stretching of aliphatic and
aromatic C-H bonds around 2968 and 3064 cm ™" can also be
observed in the spectra.*

The results of the NMR and FTIR spectroscopic analyses
highlighted the successful synthesis of polysulfone bearing
formyl moieties, which was used to react with chitosan by
condensation reaction to give imine bonds, and their further
reduction to give secondary amine units. In order to confirm
this synthetic pathway, FTIR spectra were recorded for all
investigated materials, both films and xerogels (Fig. 3). These
showed relevant changes compared to those of the chitosan
or FPSF precursors, confirming the formation of imine or
secondary amine bonds between the two polymers. Thus, in
all materials resulted from the imination of FPSF with chitosan,
regardless of the method used for their obtaining, either
by imination at the surface (CS1I, PS1I, CS2I, and PS2I) or by
bulk synthesis (CS-PS-I and PS-CS-I), it was observed that the
broad band specific to the C-N amide bond vibration of the
acetylated glucosamine units of chitosan (1642 cm™ ') was
replaced by a sharp band with an absorption maximum at
1650 cm ™Y, attributable to the characteristic imine units over-
lapped with amide bands.*"*** Another aspect that suggests the
success of the imination reaction between the two polymers is
the disappearance or decrease in intensity of the absorption
band at 1690 cm ™', specific to the vibration of the aldehyde
group in the FPSF structure, thus demonstrating its total or
partial conversion into imine units. Moreover, the diminish-
ing of the chitosan amine group vibration band (1551 cm ™)

8174 | Mater. Adv,, 2025, 6, 8167-8191

highlights their consumption of during the condensation
reaction.

In the FTIR spectra of aminated materials, prepared either
by surface modification (CS1R, PS1R, CS2R, PS2R) or by bulk
synthesis (CS-PS-R and PS-CS-R), it can be observed that the
characteristic vibrational band of the imine groups decreased
in intensity or disappeared, suggesting their partial or total
conversion into secondary amines upon treatment with NaBH,.
In addition, in the FTIR spectra of the tested films or xerogels,
the presence of absorption bands representative of chitosan
and formylated polysulfone was also noted, indicating the lack
of degradation products. Thus, in the fingerprint domain, the
bands corresponding to the vibration of the C—C bonds of the
aromatic rings of the formylated polysulfone can be observed at
1484 and 1572 cm™ ' (superimposed in some cases with the
band specific to the amine group), while the bands specific
to the vibration of the aliphatic C-H bonds of chitosan,
appeared at ~1409 and 1376 cm ™ '. Moreover, the absorption
band characteristic of the symmetrical stretching of the diphe-
nyl ether units in the formylated polysulfone structure can be
observed at 1244 cm ™', while the specific bands of the C-O-C
bond in the chitosan structure appear at 1150, 1070 and
1020 cm™'. Other absorption bands that support the bonding
of the two polymers are the vibration of the amine and hydroxyl
groups in chitosan in the spectral range 3500-3000 cm™',*! as
well as the symmetric and asymmetric stretching vibration
of the sulfone group in the polysulfone macromolecular chain
at 1152, 1295 and 1329 cm “.** Nevertheless, a potential
reduction of the non-iminated formyl groups to alcohols can-
not be assessed, due to the superposition with the absorption
bands of the hydroxyl units in the chitosan structure.

To have a complementary confirmation of the successful
imination and reductive amination reactions, the absorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of (a) surface iminated or aminated formylated polysulfone (PS1l, PS1R) or chitosan (CS1l, CS1R) films and pristine polymeric films

(PS1, CS1); (b) surface iminated or aminated xerogels based on chitosan (CS2l, CS2R) or formylated polysulfone (PS2l, PS2R) and pristine poly-
meric xerogels (CS2, PS2); (c) films prepared by the bulk reaction of formylated polysulfone and chitosan, via imine (PS-CS-I, CS-PS-I) or amine bonds

(PS-CS-R, CS-PS-R).

spectra of the studied materials were also recorded and com-
pared to those one of chitosan and formylated polysulfone,
respectively. All the iminated materials presented in their
spectra an absorption band around 330-340 nm, which corre-
sponds to the n-n* transitions of the imine moiety, confirming
once again its formation between chitosan and polysulfone
chains (Fig. 4).**** In the spectra of the aminated materials,
absorption bands at lower wavelengths, 306-315 nm, can be
observed, which correspond to the n-n* transitions of the
secondary amine bond, strengthening the hypothesis that the
reductive amination reaction of the imine bond proceeded
successfully.*®

Additional information regarding the successful surface or
bulk bonding of chitosan and formylated polysulfone was given
by the SEM-EDAX analysis recorded for the investigated materials
(Fig. 5 and Fig. S6). Therefore, the comparative EDAX pattern

© 2025 The Author(s). Published by the Royal Society of Chemistry

reveals the occurrence of the signal characteristic for the sulphur
atom of FSPF in the EDAX spectra of the FPSF modified chitosan
(CS1I, CS1R, CS2I, CS2R, CS-PS1, CS-PS-R, PS-CS1, PS-CS-R), as
well as the presence of the signal characteristic for the nitrogen
atom of chitosan in the EDAX spectra of the chitosan modified
FPSF (PS1I, PS1R, PS2I, PS2R, CS-PS-I, CS-PS-R, PS-CS-I, PS-CS-R).

3.2. Morphological and thermal investigation

To gain a deeper insight into the influence of surface and
covalent bonding of chitosan and formylated polysulfone on
the supramolecular organization of the studied materials, wide-
angle X-ray diffraction (WAXD) patterns were recorded (Fig. 6).
The pristine chitosan control materials exhibited broad, over-
lapping diffraction bands with two reflection maxima around
20° and 12°. The position and intensity of these reflections
varied slightly depending on the manufacturing process

Mater. Adv,, 2025, 6, 8167-8191 | 8175
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Fig. 4 UV-Vis spectra of (a) surface iminated or aminated films based on formylated polysulfone (PS1l, PS1R) or chitosan (CS1l, CS1R) and pristine
polymeric films (PS1, CS1), (b) surface iminated or aminated xerogels based on chitosan (CS2l, CS2R) or formylated polysulfone (PS2l, PS2R) and pristine
polymeric xerogels (CS2, PS2), (c) films prepared by bulk reaction of formylated polysulfone and chitosan, via imine (PS-CS-I, CS-PS-I) or amine bonds

(PS-CS-R, CS-PS-R).

(i.e. casting vs. lyophilization). Their occurrence is well docu-
mented in literature and is a signature of chitosan’s ability to
self-organize through inter- and intra-molecular interactions
during solvent removal, leading to the formation of crystalline
domains dispersed within an amorphous matrix.*”*®

The pristine formylated polysulfone materials (PS1, PS2)
also displayed two broad diffraction bands with maxima
around 18° and 5°, attributed to an amorphous morpho-
logy.* This is consistent with a low self-order capacity of the
polysulfone chains, owing to their non-linear molecular struc-
ture characterized by bulky aromatic groups and sulfone
linkages.*® As in the case of chitosan, the diffraction patterns
of FPSF materials exhibited slight variations depending on the
processing method.

Regarding the diffraction patterns of the iminated and
aminated materials, some certain changes were observed. The
most significant ones occurred in the case of the materials

8176 | Mater. Adv, 2025, 6, 8167-8191

synthesized via the bulk method, for which the mass ratio of
the two polymers was 1:1. In these samples, the main diffrac-
tion maximum (around 20°) appeared at an intermediate posi-
tion compared to the pristine polymers, suggesting a blending
of the two components. This effect was likely facilitated by
covalent imine bonding, which brings the polymer chains into
close proximity. Furthermore, supporting this hypothesis, the
FPSF diffraction peak at 5° shifted to lower angles and split into
two distinct reflections of low intensity at 4.4° and 3°, corres-
ponding to interlayer distances of 20 A and 28 A, respectively.
This suggests the presence of a layered periodicity of short
range, most likely taking the shape of small-sized clusters,
potentially formed due to hydrophilic/hydrophobic segregation
(Table S1).*®

In contrast, these diffraction pattern modifications were less
pronounced in materials modified via surface grafting, likely
due to the unbalanced polymer ratio in these systems. However,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Representative SEM-EDAX analysis of the investigated samples.

in chitosan modified with polysulfone, a noticeable shift in the
reflection corresponding to intra- and inter-chain distances
towards lower angles was observed, indicating an increase in
intermolecular spacing. This phenomenon is easily explained
considering the preparation method: during the surface graft-
ing, the polysulfone solution in dimethylformamide (DMF)
acted as a swelling agent for chitosan, facilitating polysulfone
chain penetration and disrupting chitosan’s native supramole-
cular organization.’® In contrast, for polysulfone materials
modified with chitosan at the surface, no significant structural
modifications were detected, which is consistent with the lack
of swelling effect of polysulfone in aqueous chitosan solutions
used for surface grafting.

The d-spacing values were calculated using Bragg’s law
based on the measured diffraction angles from the XRD pro-
files of each sample and the results are presented in Table S1.

Thermogravimetric analysis of the investigated materials
was assayed in order to evaluate the impact of the chemical
modification on thermal stability. The TGA and DTG curves are
presented in Fig. 7. The pristine chitosan and polysulfone

© 2025 The Author(s). Published by the Royal Society of Chemistry

polymers presented characteristic degradation steps: (i) a sharp
degradation peak around 290 °C for chitosan and (ii) a broad
degradation peak around 500 °C for polysulfone.>"** Both
polymers presented slight mass losses up to 200 °C, attri-
buted to the water loss in chitosan and ether bond cleavage
in polysulfone.

The analysis of the degradation profile of the studied
materials revealed useful information for understanding the
forces governing their formation.

First, the samples prepared by bulk synthesis of the two
polymers in a 1:1 mass ratio showed well-defined degradation
steps for the two polymers, but their position was modified
compared to the pristine polymers, in agreement with the
disruption of their intermolecular forces by mixing. The general
trend was the shift of the degradation maximum to lower
temperatures, in agreement with the formation of chitosan-
rich polysulfone and polysulfone-rich-chitosan domains, as
suggested by X-ray diffraction. Exception to this trend, the
degradation maximum of chitosan in the iminated samples
shifted slightly to higher temperatures (Fig. 7e and f).

Mater. Adv., 2025, 6, 8167-8191 | 8177
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Fig. 6 XRD diffractograms of (a) surface iminated or aminated films based on polysulfone (PS1l, PS1R) or chitosan (CS1l, CS1R) and pristine polymeric
films (PS1, CS1), (b) surface iminated or aminated xerogels based on polysulfone (PS2l, PS2R) or chitosan (CS2I, CS2R) and pristine polymeric xerogels
(PS2, CS2), (c) films prepared by bulk reaction of formylated polysulfone and chitosan, via imine (PS-CS-I, CS-PS-1) or amine bonds (PS-CS-R, CS-PS-R).

A relatively similar behaviour was recorded for the samples
obtained by surface modification of the xerogels, but with
smaller changes in the degradation temperature, easily inter-
preted by the lower blending of the two polymers, less inti-
mately mixed compared to bulk synthesis.

A completely different behaviour was recorded for the films
modified at the surface. While the degradation step character-
istic of chitosan followed a similar trend described for the other
samples (in agreement with the polysulfone infiltration in the
chitosan matrix suggested by X-ray), the degradation step
characteristic to polysulfone encountered an antagonistic beha-
viour: it consistently shifted to higher temperatures indicating
a strengthening of the polysulfone chain interactions when
modified at the surface with chitosan (Fig. 7a and b). An
explanation for this unusual behaviour may be the formation
of an extremely thin layer of chitosan at the surface of poly-
sulfone films, anchored by covalent bonding via imine or
amine units, hindering the thermal motion of the polysulfone
segments at the interface.>

8178 | Mater. Adv., 2025, 6, 8167-8191

Another observation is related to the intensity of mass loss
associated with each degradation step. In the case of chitosan
films reacted at the surface with FPSF, the degradation steps
characteristic to FPSF are extremely low, indicating a very thin
film of FPSF on the surface of chitosan films, likely anchored by
imine units. Conversely, in the case of the polysulfone films
modified with chitosan at the surface, the degradation step
characteristic to chitosan was quite pronounced, indicating a
higher amount of chitosan, probably due to the high potential
of chitosan to self-aggregate, leading to thicker layers of semi-
crystalline chitosan. Its absence after the reduction reaction
can be attributed to the removal of chemically unbound chit-
osan from the reaction medium.

Overall, the thermal degradation of the studied materials
follows the degradation profile of the two polymers. This is
confirmed by the percentage of ash residue, which showed
variations from 24 to 53%, depending on the dominant poly-
mer and also on the manufacturing process (Table S2). The
increase in the ash residue percentage is easily attributed to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TGA and DTG curves of (a) and (b) surface iminated or aminated polysulfone (PS1l, PS1R) or chitosan (CS1l, CS1R) films and pristine polymeric
films (CS1, PS1), (c) and (d) surface iminated or aminated xerogels based on polysulfone (PS2l, PS2R) or chitosan (CS2l, CS2R) and pristine polymeric
xerogels (CS2, PS2), (e) and (f) films prepared by bulk reaction of formylated polysulfone and chitosan, via imine (PS-CS-I, CS-PS-1) or amine bonds

(PS-CS-R, CS-PS-R).

contribution of the more thermally stable aromatic FPSF in
the case of chitosan films modified with FPSF at the surface.
However, this explanation is not suitable in the case of FPSF
films modified at the surface with chitosan, whose polysaccharide
nature is more easily degradable. The rational explanation for

© 2025 The Author(s). Published by the Royal Society of Chemistry

this behaviour is the occurrence of strong interactions between
the two polymers, strengthening the material, and consequently,
its thermal resistance,”® but also the presence in its struc-
ture of aromatic rings from the polysulfone chain, which
through degradation are transformed into more thermally stable
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carbonaceous residue, thus significantly increasing the residue
mass.>

The hypothesis of the intimate mixing of the two polymers
was confirmed by the DSC measurements which showed a
more complex thermal behaviour compared to the pristine
polymers, with a broad endotherm with many maxima in the
first heating step, attributable to the polymer domains rich in
the other polymer (Fig. S7).

The morphology of polysulfone and chitosan-based materi-
als, obtained by imination or amination reactions, was inves-
tigated by scanning electron microscopy on the surface and
cross-sections (Fig. 8) and atomic force microscopy (Fig. S8).
The pristine polysulfone film exhibits a compact structure with
irregular large pores, with high density at the surface. Following
the grafting of chitosan onto the surface of polysulfone based
materials, either in film or xerogel state, the internal structure
of the materials, revealed by cross-section images, appeared to
have a “spongy like” pattern, with small pores with a diameter of
approximately 0.5 pm in the case of films and larger pores with a
diameter between 0.86 and 7.78 pum in the case of xerogels.>® This
is a rather surprising result, suggesting that an increase in porosity
occurs during the chemical modification. The only rational expla-
nation may be that formyl units endow the polysulfone with a
slight hydrophilicity, which allows the infiltration of water mole-
cules during the chemical modification in the aqueous media of
chitosan, leading to a porous morphology.

In the case of chitosan-based films, pristine or functiona-
lized on the surface with polysulfone via imine or amine units,
a parallel-lamellar structure can be observed, with intercalated
voids within the polymeric layers.”” On the other hand,
chitosan xerogels, pristine as well as the ones modified with
polysulfone, showed a porous morphology, with micrometric
interconnected pores, whose sizes range between 30 and
60 um.”® Following the surface functionalization, the pore walls
appeared thicker, in line with the grafting of the polysulfone on
their surface.

The morphology of films prepared by bulk synthesis indi-
cates a quite compact morphology with small microasperities,
with a lower level of pore alignment compared to neat or
surface-modified chitosan-based films.

A more detailed surface analysis using atomic force micro-
scopy revealed a generally rough topography, with no consis-
tent trend in average roughness values, likely reflecting the
influence of the manufacturing process rather than the specific
chemical composition (Fig. S8 and Table S3). However, it was
observed that bulk synthesis resulted in materials with a
significantly rougher surface compared to those modified at
the surface, while modification of the xerogels produced via
lyophilization led to a smoother surface.

3.3. Materials behaviour in wet media

In order to use a material in the biomedical field, it is crucial to
investigate its structural stability and also its ability to facil-
itate/promote the transport of body fluids and bioactive sub-
stances when exposed to humidity.>® Therefore, taking into
consideration these requirements, the swelling behaviour of
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the understudied materials was monitored over 48 hours, in a
media simulating the physiological environment (saline PBS, at
37 °C) (Fig. 9). In most cases, the samples have attained the
equilibrium state in less than 1 hour with a swelling degree
from 1.02 to 0.75 g g~ ', indicating a good ability to transport
bioactive ingredients.®® The exception to this situation was the
pristine chitosan samples that showed a significant increase in
the swelling degree in the first 30 minutes, followed by a
progressive decrease (Fig. S9). Not surprisingly, this behaviour
can be explained by a competition between swelling and
solubilization/degradation of chitosan during the hydration
process,®'"®* owing to its hydrophilic nature and high affinity
for saline solutions,®* and favoured by the presence of residual
acetic acid within material’s structure.®™*

As expected, by combining chitosan with polysulfone, the
degree of swelling of films and xerogels decreased statistically
significant compared to neat chitosan materials, by almost an
order of magnitude (Fig. 9 and Fig. S9), in line with the creation
of a hydrophobic layer on the surface, which partially prevents
the interaction of the polar groups in the chitosan structure
with the PBS. Higher values were recorded for the xerogel
samples, in line with their more porous morphology, which
facilitates the penetration of PBS solution and the interaction
with the free hydrophilic groups in the material structure.

In the case of materials based on formylated polysulfone, no
significant improvement in swelling behaviour was observed
after surface modification with chitosan, despite its hydrophi-
licity. This may be a consequence of the strengthening of
polysulfone materials by interfacial interactions with chitosan,
as suggested by the TGA data. The imine derivatives showed
slightly higher swelling rates compared to the aminated ones,
a behaviour correlated with the role of hydrophilicity enhancers
of these groups.*®

The materials obtained through bulk synthesis exhibited
swelling values slightly higher than those of polysulfone-based
materials but significantly lower than those of pure chitosan.
This confirms an intimate mixing of the two polymers, appar-
ently with chitosan well confined into polysulfone. Overall, the
swelling capacity was higher compared to neat polysulfone and
other polysulfone/chitosan blend materials reported in litera-
ture, emphasizing the beneficial impact of covalent crosslink-
ing through hydrophilic imine bonds.®

Given the critical role that a biomaterial’s surface plays in its
interactions with cells and biological fluids, affecting processes
such as cell adhesion and protein adsorption, the surface
characteristics were evaluated through contact angle measure-
ments to assess wettability and surface energy (Fig. S10 and
Table $4).°°"°® The contact angle values ranged from 30 to 120°,
without a consistent trend, indicating that surface roughness
likely exerts a more significant influence than surface chem-
istry in the case of these materials (Fig. S8).°° Nevertheless,
the observed contact angles fell within the 60-90° range for the
majority of samples, corresponding to moderate wettability,
a characteristic known to support cell adhesion and prolifera-
tion.®” Additionally, the surface energy, calculated based on
contact angle measurements using both polar and non-polar

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PS-CS-R

Fig. 8 SEM micrographs of the studied samples, captured from both the surface and cross-section (inset). Each image is labelled with the corresponding
sample code.

solvents, indicated that surface or bulk modification with in the optimal range for promoting cell attachment and growth
chitosan significantly increased the surface energy, placing it (Fig. S11 and Table S4).”°
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Fig. 9 Swelling degree of the investigated materials in PBS (pH = 7.4) after
48 hours (****p < 0.0001).

To gain a more precise understanding of the hydrophilicity
of the studied materials and their ability to uptake liquids, their
water sorption/desorption behaviour was investigated. This
analysis provided insights into the migration of water through
their structure, as well as on the factors influencing their
absorption or release of water. The water vapor sorption-
desorption isotherms recorded under dynamic conditions are
presented in Fig. 10. According to the ITUPAC classification,
the adsorption isotherms of the unmodified formylated poly-
sulfone (PS1, PS2) samples correspond to a reversible type III
isotherm.”" This type of isotherm is characteristic of hydrophobic
surfaces, where adsorbate-adsorbate interactions dominate over
the adsorbate-adsorbent ones. Consequently, adsorption occurs
in multilayers without the formation of a complete monolayer on
the surface.

However, upon modification with chitosan, the isotherm
profile shifts to a type II isotherm, indicating an increased
contribution of surface adsorption. This transition is more pro-
nounced in xerogels and materials obtained via bulk synthesis,
where the characteristic “‘knee” of the type II isotherm becomes
more defined. This suggests an enhancement in surface-related
adsorption, although the measured adsorption values remain
relatively low and insufficient for a detailed surface area deter-
mination (Table S5).

Changes in the weight of materials were observed as a
function of relative humidity (RH). Thus, at RH values higher
than 20%, the weight change values increased exponentially.
Therefore, the adsorption isotherms of the samples exhibit a
H3-type hysteresis loop: as relative humidity increases, the
adsorption and desorption curves become steeper, indicating
a rapid increase in the adsorption volume. Even at high relative
humidity values, the plateau phenomenon in water adsorption
does not occur, suggesting the presence of wedge-shaped or
groove-like pores within the material’s structure. These findings
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align with SEM observations, which revealed a tendency for
chitosan-based materials to form a lamellar morphology, while
polysulfone-based materials exhibited an interconnected porous
network.”” It is expected that this morphology at the micro-level to
be reproduced at the nano-level. For comparison purposes, the
values of sorption capacity (% d.b.), specific surface area (m* g~ ")
and the amount of water retained in the monolayer (g g~ ') of the
materials are presented in Table S3. From the sorption/desorption
curves, it can be noted that the modification of the polysulfone
films or xerogels with chitosan had an impact on an increase in
water uptake from ~8 to ~20%, while the functionalization of
chitosan with FPSF had an impact on a decrease from ~55 to
~38%, highlighting the role of chitosan in improving the liquid
uptake (Fig. 10d-i and Fig. S12). Moreover, the bulk synthesis of
the PS-CS materials led to water uptake values from 35 to 45%,
suggesting that this method is suitable for controlling the mate-
rial properties. This aspect can be correlated with the disruption
of the hydrophilic-hydrophobic balance of the tested materials,
considering that chitosan is rich in hydrophilic groups capable of
binding the water molecules (-OH, -N—CH, -NH,, and -NH-).

Water vapor transmission rate (WVTR). The rate at which
water vapor penetrated the materials based on chitosan and/or
formylated polysulfone was monitored for 14 days, at body
temperature, 37 °C. After the first 24 hours, the materials
presented high WVTR values, statistically significantly higher
for those containing a high amount of chitosan compared to
those based on polysulfone (Fig. S13). Over time, the water
transport capacity of the materials decreased, in correlation
with their swelling ability, decreasing the pore volume. However,
these films and xerogels still presented very high permeability
values, between 2311 and 12 628 g m ™2 per day, comparable to
those of materials designed for food packaging.”® However,
compared to other polysulfone based materials and even
chitosan-based materials, these values are very high,”*””” most
probably due to some microcracks formed during manipula-
tion/experiment, favoured by their rigid nature. Nevertheless,
the water transmission rate correlates well with the material’s
ability to adsorb/desorb water, as observed by DVS measure-
ments. It is worth noting that higher WVTR values were
recorded for the materials in which chitosan is the dominant
polymer, followed by those in which chitosan is in equal mass
ratio to polysulfone, and lastly, by those only covered with a
thin chitosan layer. This behaviour can be explained by the
presence of polar groups in the structure of chitosan-based
materials that form hydrogen bonds with water molecules, thus
facilitating their diffusion. The presence of imine bonds
appeared to be also beneficial for water transfer, most probably
due to their hydrophilicity and, possibly, due to their reversible
character, which promotes the cleavage in the presence of water
molecules, favouring their transfer.

A particular case was observed in the performance of for-
mylated polysulfone films modified at the surface with chito-
san, through imine or secondary amine units. Apparently, the
surface modification with chitosan decreased the water vapor
diffusion capacity, in line with the strengthening of polysulfone
films through covalent bonding and interfacial forces with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Water vapor sorption isotherms of the understudied samples compared to reference materials: (a) surface iminated or aminated polysulfone
(PS1l, PS1R) or chitosan (CS1l, CS1R) films and pristine polymeric films (PS1, CS1); (b) surface iminated or aminated xerogels based on polysulfone (PS2l,
PS2R) or chitosan (CS2l, CS2R) and pristine polymeric xerogels (PS2, CS2); (c) films prepared by bulk reaction of formylated polysulfone and chitosan,
via imine (PS-CS-I, CS-PS-1) or amine bonds (PS-CS-R, CS-PS-R); (d)-(i) representative sorption desorption curves of understudied samples.
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Fig. 11 Average water vapor transmission rate of the investigated materials.

chitosan, thus making the penetration of water vapor more
difficult. This can be attributed to the surface modification of
the films with chitosan due to the affinity of this polymer for
water molecules, which in this way leads to the swelling of the
material surface and the creation of a barrier against water
penetration through the membrane pores. Also, from the
SEM micrographs (Fig. 8) it can be seen that by attaching the
chitosan to the surface of formylated polysulfone films, the
structure of these membranes becomes more compact.

It should be noted that samples PS-CS-I, PS-CS-R, CS-PS-I and
CS-PS-R show a high-water vapor transmission performance,
higher than that of pure chitosan films or formylated polysulfone,
thus showing that the bulk synthesis of chitosan-g-polysulfone
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facilitates the obtaining of films with improved moisture
transport, as a result of the intimate dispersion of chitosan
and polysulfone macromolecular chains in the polymer matrix
(Fig. 11).

3.4. Biologic properties

Enzymatic degradation. While polysulfone is well known
for its lack of biodegradability, chitosan stands out for this
characteristic. Starting from these premises, it is interesting to
see how their combination influences this crucial feature for
bioapplications. In this sense, the biodegradation was investi-
gated in wet environments containing lysozyme, an enzyme
found in biological fluids, capable of cleaving the B-(1 — 4)
glycosidic bonds between p-glucosamine and N-acetyl p-gluco-
samine units in the chitosan structure.®® As expected, the highest
mass loss (up to 46%) was recorded in the case of unmodified
chitosan films and xerogels, attributed to the enzymatic degra-
dation and also to chitosan solubilization (Fig. 12).”®

By grafting polysulfone onto the surface of chitosan materials,
the degradation process was significantly hindered, reaching a
mass loss percentage lower than 10% after prolonged exposure
(21 days) of the materials to the action of lysozyme. This behaviour
can be explained by the fact that the hydrophobic layer of
polysulfone onto the surface of chitosan materials prevents the
penetration of lysozyme into the structure of the material, and
implicitly the cleavage of glycosidic bonds in the structure of
chitosan. In the case of materials obtained by the bulk condensa-
tion, the percentage of mass loss was higher, with values close to
those of chitosan materials.*"*>”° This fact can be explained by
the porous nature of the materials which favoured the access of
the enzyme to the chitosan domains. The determination of the
mass loss rate per day showed that the materials obtained by
binding the two polymers via bulk reaction exhibit the fastest
degradation rate, compared to the surface-functionalized mate-
rials, recording a degradation rate of 0.062 + 0.02 mg per day
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Fig. 12 Graphical representation of the biodegradation kinetics in the presence of lysozyme of the investigated materials.
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compared to 0.009 + 0.0008 mg per day. This is somehow
expected, given the known susceptibility of chitosan to enzy-
matic degradation and its large exposure to the surface bioma-
terials obtained by bulk synthesis, favoring the degradation.
Moreover, as degradation progresses, the emergence of erosion
and structural defects further facilitates enzymatic access to the
chitosan component. However, estimating the complete degra-
dation timeline of these materials presents a series of difficul-
ties, considering the non-degradable nature of polysulfone.”
Antioxidant activity. Chitosan exhibits hydroxyl and amino
groups in its structure which can react with free radicals,
providing its antioxidant activity.*® Moreover, several studies
have indicated that imine derivatives with hydroxyl groups may
exhibit enhanced antioxidant activity due to a synergistic effect
between the two functional groups.®’®* Based on these con-
siderations, the radical scavenging activity of the studied
materials was investigated using the DPPH method and the
results are presented in Fig. 13. The data recorded indicate that
most of the samples show a slight antioxidant activity, which
may be influenced by the method of obtaining the material
or by its chemical structure. Therefore, the best antioxidant
activity was observed in the case of the iminated samples
CS-PS-1, PS-CS-I and CS2I, whose performance can be explained
by the high amount of chitosan with antioxidant ability, as well
as by the improved swelling ability, favouring the access of
the radical species to the radical scavenging sites, ie. the
functional groups -OH, -NH, and -C=NH-.** In addition,
the stronger antioxidant activity of the iminated samples can
be explained by the reversibility of this linkage in wet media,
which makes available both formyl and amine units with
antioxidant activity.®® It can be seen that linking chitosan to
polysulfone through imine bonds via bulk synthesis signifi-
cantly improved this property, recording a much higher inhibi-
tion percent of free radicals than in the case of pure
polysulfone®®° or other polysulfone derivatives,”® as well as
an inhibition higher or similar to that reported for polysulfone
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hollow fibre membranes functionalized with different concen-
trations of chitosan diallyl disulfide nanoparticles.”® These
results demonstrate that functionalizing polysulfone with
chitosan significantly enhances its antioxidant properties.
The synthesis routes developed in this study represent an initial
step towards creating materials with a high capacity for inhibit-
ing reactive oxygen species, an essential property for a wide
range of biomedical applications, particularly where oxidative
stress is a concern, such as drug delivery systems,”® wound
dressings,” implants and scaffolds.’*

Antimicrobial activity. The antimicrobial activity of the
sample surfaces was investigated against two bacterial strains,
Staphylococcus aureus and Escherichia coli, using a modified
Japanese industrial standard for surfaces. As can be seen in
Fig. 14, the samples presented similar antibacterial activity
against the two reference strains. As a general trend, the bulk
reaction of the two polymers improved the antimicrobial activity
compared to the unmodified polysulfone materials, suggesting
that the amount of chitosan present in the material structure is
relevant for this property.”™ In addition, another factor that
influenced the bacteriostatic activity of the investigated materials
was their morphology, with lower values of bacterial cell viability
being recorded in the case of xerogels based on chitosan and
polysulfone and of the films obtained by the bulk reaction of the
two polymers, in both cases a higher porosity was observed,
leading to a larger contact surface between the microorganism
and the material and implicitly to a more efficient inhibition. In
the case of S. aureus, the highest efficiency was shown by CS1,
CS1R and CS2R samples, reducing the bacterial populations to
70%, while in the case of E. coli, the CS2R sample was the most
efficient, reducing the bacterial population to 75%. Starting from
the premise that the amount of chitosan and the morphology of
the material influence the bacteriostatic activity of the materials
and analyzing the cell viability values of the two bacterial strains,
we can note that the materials based on chitosan and polysulfone
showed a better bacteriostatic activity against the Gram-positive
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Fig. 13 Antioxidant activity in the solid state of the investigated materials.
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Fig. 14 Antibacterial activity of the samples against E. coli and S. aureus strains.

bacterium S. aureus, a fact also reported in other studies that
investigated the antimicrobial activity of chitosan.’® This aspect
can be correlated with the structural differences of the two types
of microorganisms, Gram positive vs. Gram negative, the lack of
the outer membrane in the structure of the S. aureus bacteria,
which plays a batrrier role, facilitates the penetration of chitosan
molecules into the structure of the microorganism. In conclusion,
we can state that the functionalization of polysulfone with chit-
osan has a beneficial effect on the capacity to inhibit microorgan-
isms, as has been observed in other studies.?**° The results
obtained from this study are promising, but further investigations
are needed to optimize the composition of the materials so that
their bacteriostatic activity becomes stronger.

Conclusions

The study presents a novel strategy for synthesizing chitosan-
polysulfone hybrid materials through covalent bonding,
achieved either by surface modification or bulk synthesis, via
imination or amination. Characterization of the resulting
materials revealed that covalent integration of chitosan and
polysulfone led to semi-crystalline materials with enhanced
thermal stability and a porous morphology. Furthermore, the
X-ray, DSC and TGA analyses suggested a fine blending of the
two polymers via interfacial forces. Notably, chitosan incor-
poration significantly improved hydrophilicity, particularly in
bulk-synthesized materials via imine bonds, resulting in water
uptake of up to 45%, a swelling rate of up to 2 g g™, water
permeability and an antioxidant activity of up to 20%.
Additionally, the polysulfone modification with chitosan
induced improvements of surface energy, biodegradability in
media mimicking the biological fluids and bacteriostatic activity.
These findings suggest that imine-bonded chitosan-polysulfone
materials represent a promising approach for developing bio-
materials with enhanced properties for a broad spectrum of
biomedical applications. However, a limitation of this method

8186 | Mater. Adv, 2025, 6, 8167-8191

lies in the challenge of accurately quantifying the extent of
covalent bonding between the two polymers using conventional
analytical techniques. Addressing this issue should be a priority
in future studies to ensure precise characterization and valida-
tion of the material’s structure.
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Fig. S6. SEM-EDAX spectra of the investigated samples Fig. S7.
DSC curves of several representative samples during a) heating
and b) cooling scan Fig. S8. AFM images of the studied
materials Fig. S9. The swelling kinetics of the investigated
materials in PBS Fig. S10. Mean static contact angles of the
samples with water determined by sessile drop method
Fig. S11. Mean static contact angles of the samples with water,
ethylene glycol and diiodomethane determined by sessile drop
method Fig. S12. Sorption desorption curves of the studied
samples Fig. S13. Water vapor transmission rate evolution over
14 days of the investigated materials Table S1. The diffraction
angle and corresponding d-spacing of the studied materials
Table S2. Parameters of thermal degradation: maxima
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degradation temperatures (Tax) and corresponding mass loss,
as well as the ash residue Table S3. Roughness average (R.a.)
values in nm of the investigated samples, measured on surfaces
of 5 x 5 um?® and 10 x 10 um® Table S4. Surface free energy
values (7,) and disperse and polar components (v, y4F) for
the investigated coatings in mJ m~> Table S5. Surface para-
meters of the investigated materials based on the sorption/
desorption isotherms: sorption capacity (% d.b.), average pore
size, specific surface area (m®> g~ ') and the amount of water
retained in the monolayer (g/g). See DOL https://doi.org/
10.1039/d5cp01442e.
All data will be made available on request.
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