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Abstract: Developing multifunctional textile material for wound dressing is challenging due to the
variety of wounds and their differing healing stages. Therefore, theranostics replaces the traditional
approach to provide patient comfort and accelerated healing. In this study, we developed and
compared three different materials. For this purpose, for the first time, chitosan was modified with
4-nitro-1,8-naphthalic anhydride in N,N-dimethylformamide (DMF) suspension, and subsequent
nucleophilic substitution of the nitro group with N,N-dimethylamino group, whereby chitosan with
a yellow color and fluorescence was obtained. Cotton fabric was impregnated successively with
a citric acid solution and solution from chitosan and chitosan modified with 1,8-naphthalimide
fluorophore (CN material). The same experimental protocol was applied for the second material, but
indomethacin was added to the chitosan solution (CNI material). The third material was prepared
similarly to the second but was immersed in an alginate solution as a last step (CNIA material). The
obtained materials have been characterized by optical and scanning electron microscopy and thermal
analysis (TG-DTA-DTG). Indomethacin release from composite materials and hydrogel swelling
and erosion in phosphate buffer pH 7.4 at 37 ◦C was examined using gravimetric analysis, UV-vis
absorption, and fluorescence spectroscopy. The antimicrobial activity of the cotton samples has been
evaluated against B. cereus and P. aeruginosa as model bacterial strains. The analysis showed that
CN material inhibited about 98.8% of the growth of P. aeruginosa and about 95.5% of the growth of
B. cereus. Other composite materials combine antimicrobial properties with a sustained release of
biologically active substances that can observed visually.

Keywords: chitosan; textile composite; 1,8-naphthalimide; hydrogel; alginate; wound dressing

1. Introduction

Wound healing is a dynamic process that depends on the patient’s health status. Tra-
ditional wound dressings use a passive approach and aim to create a suitable environment
for the healing process [1,2]. The current understanding of restoration without leaving
a scar is for a breathable dressing that creates a clean, moist, and warm environment.
These conditions are suitable for rapid revascularization, providing oxygen, nutrients,
and growth factors, and for re-epithelialization, preventing the development of chronic
wounds. In recent years, modern trends in wound care have focused on a more per-
sonalized approach based on the theranostics idea, or the simultaneous diagnosis of the
wound condition and treatment as needed [3]. The new advanced materials development
performing multiple functions is a promising area for improving patient care. Providing
antimicrobial activity to prevent infection and monitoring wound health without removing
the dressing creates greater patient treatment comfort [4,5]. Various methods of coating
and surface modification of textile materials are being investigated in order to create and
enhance their antibacterial activity. For this purpose, synthetic low and high molecular
weight compounds, biopolymers and natural compounds, nanoparticles, and peptides
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are used [6–9]. Textile material modified with a layer of fluorescent stimuli-responsive
hydrogel is a forceful tool for theranostic applications in skin care. This composite material
has multifunctional properties aiding effective diagnosis, imaging, and successful therapy
in different situations, such as skin diseases, injuries, and cosmetic implementation.

Among the various approaches, the thin film application on the fabric surface allows
localized and precisely controlled release of active therapeutics [10]. Strategies for obtaining
ultrathin layers include the Langmuir–Blodgett method, monolayer deposition techniques,
and layer-by-layer (LbL) construction [11]. The LbL technique offers enormous freedom
in the choice of materials and flexibility in the structural design. It includes multiple
components, each with its role within the unified function of releasing a biologically active
substance (BAS) [12]. This method does not impose restrictions on the size or shape of the
substrate and does not require high temperature or pressure. The deposition on the sub-
strate surface occurs by alternative adsorption of interacting materials through electrostatic
forces, hydrogen bonds, covalent bonds, or bio-specific interactions. Different materials
can be used for LbL, such as polyelectrolytes, micelles, graphene oxide, nanoparticles, and
proteins [13]. Depending on the materials used to produce the multilayer film and the
external conditions, the resulting layer can degrade, allowing for the controlled release
of BAS.

In recent years, natural polyelectrolytes, such as chitosan, alginate, pectin, collagen,
etc., have found significant application in this field because they are non-toxic, biodegrad-
able, and biocompatible. Chitosan is a polycationic polymer with a broad spectrum of
biological activity against bacteria and fungi and hemostatic properties [14,15]. Alginate is
a polyanionic polymer used for wound dressing as it is a highly absorbent material and
very suitable for wounds with high exudate. These natural polymers are stimuli-responsive
to pH and temperature, and are applied in drug delivery and textile, especially for textile-
based transdermal therapy [16]. Positively charged chitosan can interact with alginate to
enhance layer stability and cytocompatibility [17]. Such supramolecular systems have been
found to have applications in various fields, as they combine their ability to release drugs
in a controlled manner with sensing properties for processes occurring inside and outside
the studied system [18].

Recently, we have prepared new composite materials with potential applications as
antimicrobial wound dressings releasing BAS. For this purpose, cotton fabric is modi-
fied with chitosan, cross-linked with different amounts of citric acid and containing the
anti-inflammatory BAS, indomethacin. Their investigation showed that the BAS release
combines diffusion processes with the swelling and erosion of the chitosan gel. The ob-
tained materials have moderate antimicrobial activity against the Gram-positive bacteria
Bacillus cereus and the Gram-negative bacteria Pseudomonas aeruginosa [19].

The fluorescent polymer can be used to visualize changes in hydrogel structure [20,21].
Covalent binding of the dye to polymer functional groups prevents the leaching of the
fluorescent dye from the polymer and provides modification resistance to the solvents. The
most widely used method for the chemical modification of chitosan is N-substitution in
which the primary amino group of chitosan is the functional group that reacts. [22]. In this
way, new fluorescent derivatives of chitosan were obtained by its primary amino group’s
reaction with 4-bromonaphthalic anhydride and the bromine atom replacement with amino,
hydroxyl, and acyl groups [23–28]. The electron-donating amino substituents introduction
at the fourth position of the 1,8-naphthalimide structure changes the polarization of the
chromophore system, resulting in intense yellow-green fluorescence emission and bright
yellow color [29]. Such modified chitosan with 1,8-naphthalimide was used for rapid
detection of 2,4-dinitrophenylhydrazine [26], Hg2+ [27], or Cu2+ [28] in the environment.

The optical properties of fluorescent 1,8-naphthalimides depend on the environment,
and in polar solvents their fluorescence emission is quenched. Thus, the swelling of a
hydrogel based on 1,8-naphthalimide modified chitosan and its erosion can be detected by
a sensitive fluorescence analysis.
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The study aims to obtain new antimicrobial textile materials with simultaneous drug-
released properties and fluorescence imaging of this process.

2. Materials and Methods

Commercial 100% cotton fabrics with a surface weight of 135 ± 5 g/m2 (Vratciza-
Vratza, JSC, Vratza, Bulgaria); Chitosan with Mw = 600,000–800,000 g mol−1, indomethacin
and sodium alginate (Acros Organics, Geel, Belgium); acetic glacial acid (Merck, Darmstadt,
Germany); citric acid (Sigma Aldrich, Darmstadt, Germany); sodium dihydrogen phosphate
dihydrate (Merck, Darmstadt, Germany); disodium hydrogen phosphate dodecanhydrate
(Merck, Darmstadt, Germany).

2.1. Modification of Chitosan with 4-Dimethylamino-1,8-naphtalimide-Ch-NI

Here, 2.00 g of chitosan were suspended in 50 mL of DMF and 0.20 g 4-nitro-1,8-
naphthalic anhydride dissolved in 10 mL DMF was added slowly at a temperature of
70 ◦C. The mixture was stirred for 3 h and the reaction process was monitored by thin layer
chromatography with liquid system-n-heptane acetone 1:1. After establishing the end of
the reaction, the reaction mixture was cooled to 30 ◦C and 0.6 mL N,N-dimethylamine
was added and stirring continued for 24 h. The final product was isolated by filtering and
washing 3 times with 50 mL ethanol and drying at room temperature. Yield 2.16 g.

2.2. Preparation of Composite Materials

The cotton fabric was soaked in a citric acid solution (10.0%; w/v) at a bath modulus 1:2
and dried at room temperature. Three samples named CN, CNI, and CNIA were obtained
from this fabric by the following procedure:

2.3. CN Composite Material

Chitosan (4.0%; w/v) was placed in water, and glacial acetic acid (1.0%; v/v) was
added gradually. The resulting mixture was stirred until it obtained a transparent viscous
solution. The solution was left at room temperature for 24 h to remove air bubbles formed
during agitation. To a part of this solution in the amount of 5:1 volume of solution to fabric)
was added modified chitosan with 1,8-naphthalimide Ch-NI (0.5%; w/w) and stirred with
a magnetic stirrer until dissolved. The treated with citric acid fabric was soaked with the
resulting solution. The sample has been dried at room temperature for 24 h.

2.4. CNI Composite Material

In this material, indomethacin (26 mg g−1 chitosan) dissolved in ethanol was added
to the solution containing chitosan and chitosan modified with 4-dimethylamino-1,8-
naphthalimide (prepared in the same way as for CN material). Next, the cotton fabric was
treated the same as the sample CN.

2.5. CNIA Composite Material

The CNIA composite material was treated initially in the same manner as the CNI
material and further coated with alginate by immersion for 15 min in 20.0 mL, 0.5% w/v
aqueous alginate solution at pH 5.5 [30], after which the sample was allowed to dry at
room temperature for 24 h.

2.6. Characterization of the Composite Materials

The fabric weight gain, after modification, was calculated with the following Equation (1):

Weight gain(%) =
(W0 −W)

W0
× 100 (1)

where W and W0 are the weights of the starting fabric and modified fabric after its immer-
sion in distilled water to remove the unreacted substances and its drying to constant weight.
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2.7. Determination of the Degree of Gel Swelling

The dried modified textiles were weighed and immersed in 20.0 mL phosphate buffer
pH = 7.4 at 37 ◦C to constant weight. At specified intervals, the samples were removed,
excess water was absorbed with filter paper from the surface and then weighed. Equation (2)
has been used to determine the degree of swelling:

Swelling degree (%) = [(W1 −Wd)/Wd] × 100 (2)

where Wd and W1 are the weights of the dry and swollen material.

2.8. In Vitro Gel Erosion

The in vitro degradation of the hydrogels was carried out in a phosphate-buffered
solution with pH = 7.4 at 37 ◦C for 24 h. Textile samples were immersed in 20 mL of buffer
for a specified time, then removed and dried to constant weight. The weight loss of the
samples is determined by Equation (3).

weight loss % = [(W0 −Wt)/W0] × 100 (3)

where W0 is the initial sample weight, and Wt is the sample weight at time t.

2.9. Scanning Electron Microscope (SEM)

The studied samples were coated with gold using a DC magnetron sputtering Au
K500X (Quorum Technologies, Lewes, UK). The surface morphology of the composite
materials was analyzed using SEM-EDX equipment: SEM/FIB LYRA I XMU SEM (Tescan
Group, Brno-Kohoutovice, Czech Republic). The instrument provided a resolution of
3.5 nm at 30 kV, with an accelerating voltage range of 200 V to 30 kV.

2.10. IR, 1H-NMR, and Fluorescence Analysis
1H spectrum was recorded at ambient temperature in D2O/CD3COOD on a Bruker

Avance II+ 600 spectrometer operating at 600.13 MHz. The fluorescence spectra were
recorded on a “Cary Eclipse” spectrofluorometer, respectively, using 1 cm optical path
length quartz cuvettes (Hellma, Müllheim in Markgräflerland, Germany). Infrared spectra
were conducted using an Infrared Fourier Transform spectrometer (IRAffinity-1, Shimadzu,
Kyoto, Japan) equipped with a diffuse-reflectance attachment (MIRacle TM Attenuated
Total Reflectance Attachment).

2.11. Thermal Properties Measurement

Simultaneous thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) were carried out on an STA PT1600 TG-DTA/DSC analyzer (LINSEIS Messgeräte
GmbH, Selb, Germany) with a heating rate of 10 ◦C/min, covering the temperature range
from room temperature to 600 ◦C in an air atmosphere.

2.12. In Vitro Release of Indomethacin from Composite Materials

The in vitro release of indomethacin from the composite materials was monitored
in phosphate-buffered saline (pH = 7.4, 0.01 M) at 37 ± 0.5 ◦C by measuring the absorp-
tion intensity of the solution at λ = 320 nm using an ONDA spectrophotometer UV-31
SCAN, 190–1100 nm. Each sample was immersed in 20.0 mL of buffer. At specified time
intervals, 5.0 mL of the solution was taken and replaced with 5.0 mL of a new amount of
phosphate buffer at 37 ◦C. A standard curve was used to determine the concentration of
the analyzed solutions.
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2.13. Antibacterial Assay

The antimicrobial activity of the investigated composite materials CN, CNI, and CNIA
has been tested against Gram-positive Bacillus cereus ATCC 11778 and Gram-negative
Pseudomonas aeruginosa 1310 used as model strains (Collection of the Institute of Microbi-
ology, Bulgarian Academy of Sciences). Microbial cultures were maintained at 4 ◦C on
meat-peptone agar (MPA) slants and transferred monthly. The tubes containing sterile
meat-peptone broth and cotton-sized samples (10 mm × 10 mm) were inoculated with
each bacterial suspension. Tubes with untreated cotton samples and no samples were
also prepared as controls. After incubation at 28 ◦C for 24 h and shaking at 240 rpm, the
samples were removed, and bacterial growth was determined by measuring the turbidity
of the medium at 600 nm (OD600). The antimicrobial activity of the treated cotton samples
was assessed by the decrease in cell density after incubation. All antimicrobial tests were
performed in triplicate (standard deviations less than 5%).

3. Results and Discussion
3.1. Synthesis and Characterization of Ch-NI

The modification of chitosan with 1,8-naphthalimide was carried out in a two-step
synthetic route. Initially, 4-nitro-1,8-naphthalic anhydride interacts with the primary
amino groups of chitosan at 70 ◦C through its anhydride group, forming a strong covalent
bond. The nitro group has electron-accepting properties, and, for this reason, in the struc-
ture of 4-nitro-1,8-naphthalimide, a donor-acceptor interaction cannot take place, which
would cause the polarization of the molecule and the appearance of color and fluores-
cent emission [31]. For this reason, the nitro group was nucleophilically substituted with
an N,N-dimethylamino group by adding dimethylamine to the reaction mixture at a low
temperature for 24 h (Scheme 1). In this, the nucleophilic substitution of the nitro group is fa-
vored by both the electron-accepting properties of the carbonyl group of 1,8-naphthalimide
and DMF as a solvent, and the reaction proceeds at low temperature [32]. The chemical
structure of the modified chitosan was confirmed by 1H-NMR and IR spectroscopy.

1H-NMR spectroscopy was used to prove the structure of the chitosan modified with
4-dimethylamino-1,8-naphthalimide (Figure 1). The characteristic signals of the chitosan,
such as H7 at 2.06 ppm (the protons from CH3 of the NHCOCH3 group), H2 at 3.20 ppm,
H3–6 in the range 3.48–4.03 ppm (the overlapping signals at the non-anomeric carbon
atoms from in the glucopyranose ring), and H1 at 4.59 ppm (from the anomeric proton),
were recorded in the proton NMR spectrum of the modified chitosan Ch-NI. Since the
chitosan used has a 90% deacetylation degree of chitin, the signal at 2.77 ppm refers to
the H2′′ proton, which is offset from the signal at H2. The signals from the structure
of the 4-dimethylamino-1,8-naphthalimide fragment are observed in the spectrum also.
The characteristic signals for the aromatic protons from the naphthalene nucleus of 1,8-
naphthalimide are located in the range of 7.27 ÷ 8.66 ppm. The protons from -N(CH3)2
are appeared at 3.02 ppm. The signal at 2.86 ppm refers to the H2′ proton and differs from
that at H2 due to a polarization change after covalent coupling of the 1,8-naphthalimide
fragment to the glucosamide structure.

Figure 2 presents the IR spectra of the modified chitosan with 4-dimethylamino-1,8-
naphthalimide Ch-NI in the region from 4000 cm−1 to 400 cm−1. For comparison, the
original unmodified commercial product chitosan was used. Due to the small amount of
1,8-naphthalimide fragments attached to the chitosan molecule, its principal characteristic
peaks overlap with those of chitosan. An increase in the intensity of the bands of the
modified chitosan compared to the initial one is observed, probably due to the presence
of 1,8-naphthalimides and a change in the polarization of the monosaccharide nuclei to
which they are attached. The absorption band at 3220–3336 cm−1 refers to N-H and O-
H stretching due to possible intramolecular hydrogen bonds in the chitosan structure.
Absorption bands at around 2919 cm−1 and 2878 cm−1 are due to C-H symmetric and
asymmetric stretching of the monosaccharides ring. The carbonylimide groups (C=O)
of the 1,8-naphthalimide structure have two characteristic vibrational bands caused by
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asymmetric and symmetric vibration. The band of the asymmetric vibration is recorded at
1699 cm−1, while the band of the symmetric vibration at 1652 cm−1 is almost overlapped
by the absorption band of NHCOCH3 (C=O stretching of amide I) at about 1646 cm−1.
A band at 1576 cm−1 corresponds to the N-H bending of the primary amino groups of
the chitosan structure [33]. The symmetric deformation vibrations of the -CH2- groups
have an absorption band at 1422. The band at 1323 cm−1 is due to the C-N-C from the
imid (O=C-NR-C=O) from the 1,8-naphthalimides. The absorption band at 1153 cm−1 can
be attributed to the asymmetric stretching of the C-O-C bond. The C-O stretching bands
were recorded at 1066 and 1028 cm−1. The major chitosan bands outlined in this study are
similar to samples reported by other investigations [33,34].
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Figure 2. Infrared spectra of chitosan and modified chitosan Ch-NI.

In the solid state, the structurally modified chitosan is of yellow-brown color, while
the initial chitosan is white (Figure 3). The presence of 1,8-naphthalimide fragments in
the main chain of chitosan did not affect its solubility. Good solubility has been observed
in acidic water medium with pH values less than pH = 5. In such solutions, chitosan
has a yellow color with an absorption maximum of λA = 411 nm and emits yellow-green
fluorescence with a maximum of λF = 502 nm. In water solution, at neutral and alkaline pH
media, due to deprotonation of the amino groups, the solubility of modified chitosan Ch-NI
in water decreases, and the solution color becomes lighter with decreased fluorescence
intensity (Figure 4). These results also confirm that the 1,8-naphthalimide fragments are
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covalently attached to the chitosan matrix, giving it new fascinating properties such as
color and fluorescence emission.
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Chitosan is a positively charged biopolymer at a pH less than 6.5 due to the protonation
of its amino groups in aqueous solution. Citric acid is a weak polycarboxylic acid that
finds application for crosslinking chitosan. The deprotonated carboxylic groups of citric
acid can form ionic bonds with the ammonium groups of chitosan, as shown in Figure 5A.
Indomethacin has a pKa of 4.5 and dissociates at a pH above pKa. In the pH range of
4.5 ÷ 6.5, ionic bonds occur between negatively charged indomethacin and positively
charged chitosan and between chitosan and alginate, which has a pKa of 3.5 ÷ 4.6. The
interaction of chitosan with alginate is shown in Figure 5B.
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3.2. Thermogravimetric Analysis

Figure 6A shows that the thermal degradation of both chitosans is approximately the
same. Two stages can be distinguished in the TG curves. The first stage is related to water
separation. This effect is endothermal, as DTA curves show. Between the first and second
stages, the stability region of the mass lost is observed from 150 ◦C to 250 ◦C. The most
significant mass loss is observed in the next stage. After that, the degradation continues
evenly. At 600 ◦C, the polymers have not decomposed completely, with about 20% dry
residue remaining. The difference between chitosan and Ch-NI is minimal. The modified
Ch-NI is more hydrophobic, so its mass loss is less initially. Figure 6B shows that cotton
fabric and composite materials have the same TG profile as powdered chitosans. The cotton
degraded completely at 600 ◦C, while the chitosan-coated fabrics remained more stable
with the same dry residue as in chitosans. The addition of indomethacin and alginate does
not significantly affect the thermal resistance.
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Figure 6. TG and DTA of chitosan and Ch-NI (A) and TG of the cotton fabric and composite materials
CN, CNI, and CNIA (B).

3.3. Optical Microscope Examination

The micrographs obtained by optical microscope observation of the starting cotton
fabric (CO) and the CN, CNI, and CNIA composite materials are shown in Figure 7.
Irregularly scattered yellow-orange patches of fluorescent chitosan are observed on the
surface of the composite materials, which are attributed to its poor solubility in acidic
media due to the reduced number of free amino groups remaining after its modification.
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Figure 7. Optical microscopy images of cotton fabric (CO) and CN, CNI, and CNIA composites
(at ×40 and ×100 magnification).

3.4. Scanning Microscope Examination

A scanning electron microscope was used for better surface morphology characteriza-
tion of the composite materials and the resulting films. Figure 8 shows the micrographs
of the initial cotton fabric (CO) and the CN, CNI, and CNIA composites at different mag-
nifications. It is apparent that in CN and CNI material, chitosan covered the cotton fibers
and the space between them with a thin film, which is well visible in CNI material. A layer
with an irregular grain structure tightly covers the fibers and fills the gaps between them
after sample processing with alginate.
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3.5. Determination of the Swelling Degree of the Material Coatings

The hydrogel swelling indicates the release mechanism of the biologically active
substance [35]. At pH = 7.4, at which the study was carried out, the amino groups of
chitosan are deprotonated and do not significantly affect the swelling of the hydrogel. In
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contrast, most free carboxyl groups are deprotonated, and electrostatic repulsion forces arise
between them [36,37]. Figure 9 shows the swelling of the materials studied as a function
of time. The sizeable swelling of material CN can be explained by the deprotonation of
the free groups of citric acid and electrostatic repulsion between them at pH = 7.4 and
the penetration of more water molecules into the gel structure. The addition of alginate
to CNIA leads to an increase in the amount of carboxyl groups. The observed swelling
enhances slightly with a longer residence time of the sample, which is necessary for the
alginate macromolecule rearrangement. The CNI material showed the lowest swelling due
to the hydrophobic indomethacin molecules incorporation into the coating structure and a
reduction in the access of water molecules to the carboxyl groups.
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Figure 9. Gel swelling of CN, CNI, and CNIA composites in phosphate buffer pH = 7.4, at 37 ◦C.

3.6. Erosion of the Chitosan Gel

Essential for the use of the obtained materials as a delivery system for poorly water-
soluble BAS is the erosion of the hydrogel produced on their surface over time. Supramolec-
ular interactions are inherently dynamic and allow slow erosion of the gel [38]. Gel erosion
and indomethacin release experiments were performed in phosphate buffer pH = 7.4 at
37 ◦C. After standing the materials for 24 h under these conditions, the gel was found to
have eroded: 0.71% for CN material, 2.82% for CNI material, and 1.36% for CNIA material.

There should be no separation of chitosan molecules from the material surface since all
its amino groups are deprotonated at pH = 7.4, and it is insoluble in water. Thus, only the
citric acid used for the cotton fabric impregnation was set free. The indomethacin addition
to the chitosan solution engages some of its amino groups. As a result, a more citric acid
amount remains free and released from CNI material. After applying an alginate layer to
the chitosan in material CNIA, many electrostatic bonds formed between the two polymers.
These bonds would hardly break simultaneously to allow the alginate molecules to detach
from the material surface.

3.7. Fluorescence Analysis

The presence of fluorescent chitosan modified with 4-dimethylamino-1,8-naphthalimide
allows the change in the structure of the materials upon contact with the buffer solution.
Figure 10 compares the change in fluorescence intensity of CNI and CNIA composites when
immersed in phosphate buffer for 120 min. It can be seen that the fluorescence emission
decreases more strongly for the CNIA material due to the pronounced gel swelling, as it
was shown in Figure 9. As a result, the 4-dimethylamino-1,8-naphthalimide molecules were
surrounded by more water molecules, and this change in the polarity of the environment
affects the fluorescence emission of the materials.
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Figure 10. Change with time in fluorescence intensity at λF = 485 nm of CNI and CNIA when
immersed in phosphate buffer with pH = 7.4.

3.8. Release of Indomethacin from CNI and CNIA Composites

The cumulative release of indomethacin from CNI and CNIA samples is presented in
Figure 11. The study was conducted in vitro in phosphate buffer at pH = 7.4 and 37 ◦C for
30 h. For the first 360 min, an initial rapid release of indomethacin was observed due to
the desorption of its less bound molecules in the resulting layers of the materials. In the
CNI sample, 58.24 µg/cm2 of indomethacin was released, while in the CNIA sample, the
amount released was slightly higher at 69.75 µg/cm2. There was then a delay in the delivery
of the biologically active substance due to the more difficult separation of its molecules
from inside the chitosan hydrogel. In the samples studied, the release of indomethacin
continued uniformly after 24 h. In 30 h, the released quantity was 98.91 µg/cm2 for CNIA
material and 92.71 µg/cm2 for the CNI sample. The faster release of indomethacin from
the CNIA sample was due to the considerable swelling of the coating relative to CNI rather
than its sizeable erosion.
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Figure 11. In vitro release of indomethacin from CNI and CNIA composites in phosphate buffer
pH = 7.4, at 37 ◦C, (at λA = 320 nm).
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3.9. Antimicrobial Activity of Composite Materials against Bacterial Strains of P. aeruginosa
and B. cereus

Chitosan is a well-known natural antimicrobial agent. The mechanism of its action
after immobilization on the fabric surface is associated with altering cell permeability,
chelation of essential metals, and preventing nutrients from being taken up from cells
extracellularly [39]. The presence of 1,8-naphthalimide derivative on the fabric surface is
responsible for the hydrophobic interactions with bacteria.

The composite material CN, CNI, and CNIA have been screened for antimicrobial
activity in liquid medium against Gram-positive Bacillus cereus and Gram-negative Pseu-
domonas aeruginosa used as model bacterial strains. The results obtained are shown in
Figure 12. It is seen as a reduction in cell growth of both strains of all CN, CNI, and
CNIA samples tested compared to the control. In the case of CN material, the inhibition
is about 98.8% of the growth of P. aeruginosa and about 95.5% of the growth of B. cereus,
which is probably due to the synergistic effect of the hydrophobicity due to chitosan mod-
ified with 1,8-naphthalimide, the presence of the protonated cationic amino groups of
chitosan and its chelating properties for divalent cations, mainly Mg2+ and Ca2+, that
linked lipopolysaccharides in the outer membrane of Gram-negative bacteria [40]. In the
CNI material, some of the polar groups of chitosan are involved in the electrostatic bond
formation with indomethacin molecules, resulting in a decrease in its antibacterial activity,
more pronounced against Gram-negative bacteria. The inhibition of P. auroginosa was the
same as the result obtained in our previous study, where the chitosan coating did not
contain 1,8-naphthalimide-modified chitosan [19]. Therefore, the addition of indomethacin
inhibits the antimicrobial activity of the coating. The incorporation of alginate in the coating
of CNIA material results in good antimicrobial activity against Gram-positive B. Seraeus
and weaker against Gram-negative bacteria P. aeruginosa. Alginate has as good chelating
properties as chitosan. For this reason, the alginate addition in the coating restores the
antimicrobial properties of the material CNIA, close to the material CN and better than the
material CNI.
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growth of P. aeruginosa and B. cereus.

4. Conclusions

Chitosan was modified with 4-dimethylamino-1,8-naphthalimide fluorescent units and
characterized by NMR and IR spectroscopy. In a solid state and a water–acid solution, the
modified chitosan has an intense yellow color and emits a yellow-green fluorescence. This
chitosan has been used to prepare cotton fabric composites in the presence of indomethacin
and alginate. The indomethacin release was followed in phosphate buffer pH = 7.4 and
found to proceed uniformly over 24 h from both CNI and CNIA materials. Coating with an
additional alginate layer accelerates the release of indomethacin due to faster swelling of
the layer due to the possibility of breaking some bonds from its interior. However, this does
not affect the gel erosion as alginate remains on the material surface. The resulting CN,
CNI, and CNIA composites possess very good antimicrobial activity against Gram-positive
bacteria B. cereus and Gram-negative bacteria P. aeruginosa. The sample containing only
modified chitosan CN was found to almost completely inhibit the growth of both bacterial
strains. The resulting three composite materials may find application as wound dressings
as they possess antimicrobial properties. Two of the materials release an anti-inflammatory
biologically active substance in a controlled manner.
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