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PREPARATION AND CHARACTERIZATION OF COTTON FABRIC MODIFIED 
WITH CHITOSAN CONTAINING DICLOFENAC SODIUM 

FOR WOUND DRESSING

Daniela Atanasova, Desislava Staneva

ABSTRACT

Due to the different types of wounds and stages of their healing, the development of bioactive textile wound 
dressings is a challenge. In many cases, the dressing is expected to be multifunctional. It must actively support 
wound healing by absorbing excess exudate, but also provide a moist environment, inhibit microbial growth, and, if 
necessary, deliver bioactive substances in a controlled manner.

This study aims to modify cotton fabric with a layer of chitosan crosslinked with citric acid, involving diclofenac 
sodium. Different methods were applied to obtain two composite materials. The first treatment used the pad-dry 
technique at room temperature (CRTD), and the second applied pad-cure at 80oC for 180 min (CHTD). The new 
materials were characterised by optical microscopy and thermal analysis. The surface properties of the pristine cotton 
fabric were compared with the modified samples by determining the contact angle of a droplet of distilled water. The 
composites exhibit hydrophobic properties and antibacterial activity against model bacterial strains, Bacillus cereus 
and Pseudomonas Aeruginosa. The material CHTD inhibits approximately 78.0 % of the growth of P. Aeruginosa and 
approximately 31.6 % of B. Cereus. Using gravimetric and spectrophotometric analysis, the swelling of the obtained 
layers on the fabric surface and the release of diclofenac sodium in phosphate buffer with pH = 7.4 at 37oC were 
investigated. Therefore, the composite materials combine antibacterial efficacy with continued release of bioactive 
substances, making them promising for use as wound dressings.
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INTRODUCTION

Mammalian skin covers the entire surface of the 
body and plays a vital role in its external protection 
from physical injury, chemicals, and pathogens (bacteria, 
fungi, and viruses). Different reasons can disrupt its 
integrity and lead to the appearance of a wound. One of 
the classifications for wounds, depending on the duration 
and nature of the healing process, is acute or chronic. 
They can appear because of accidents (burns, cuts), 
after surgical intervention, or as a result of some disease 
(diabetes, malignant diseases, infected wounds, etc.) 

[1 - 3]. Their recovery is a dynamic process consisting 
mainly of four stages (coagulation and hemostasis, 
inflammation, proliferation, and maturation), some 
of which may overlap [4]. The first two stages occur 
immediately after injury as a primary response to skin 
damage, which lasts approximately three days. During 
the second phase, various cellular and vascular processes 
stop further damage by removing pathogens and cleaning 
the wound [5]. The last two stages, proliferation and 
maturation, involve collagen synthesis, which repairs 
the wound damage [4, 5]. Due to various factors, such 
as infections and inflammation, skin wounds do not heal 
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as planned, which prolongs their recovery time [6]. The 
leading cause of chronic healing is bacterial imbalance, 
which creates a barrier to the formation of necrotic tissue 
and changes in the composition of exudate. The authors 
report that the healing of such wounds can be influenced 
by the pH of the surface, which changes from alkaline 
to neutral pH, and upon complete healing reaches an 
acidic pH [7].

The role of wound dressings is to temporarily replace 
the functions of healthy skin, providing a physical barrier 
to the external environment and protecting against 
further injury and infection, reducing pain, promoting 
the formation of fibroblasts, and ultimately promoting 
the formation of healthy skin [8, 9]. Since ancient times, 
traditional wound dressings (cotton, gauze, plasters, and 
various types of bandages made from natural or synthetic 
textile materials) have been used, which have different 
absorption capacities. Their main function is to keep 
the wound clean and dry by evaporating exudate (fluid) 
and protecting it from contamination. These dressings 
require frequent changing, which limits their use, as 
they stick to the wound and damage the healing tissue 
when removed [10].

In the 20th century, scientists established through 
their research that the healing process is aided in a moist 
and warm environment, which led to the development 
of a new type of wound dressings that must meet the 
following requirements: not only cover the wound, but 
also actively support the healing process [11 - 13]. They 
can be divided into two types: passive and bioactive. 
The former can be absorbent, non-absorbent, and moist, 
while the latter come in six types (film, foam, hydrogel, 
hydrocolloid, alginate, and hydroactive) [14].

Hydrogels are a 3D structure that can retain a large 
amount of water and are considered ideal dressings 
as they absorb the fluid secreted from the wound and 
hydrate its surface. Their structure can also include 
a biologically active substance that provides pain 
relief, regulates temperature, ensures oxygen transfer, 
and creates comfort for the patient [15]. They can be 
synthesized from natural or artificial materials, with 
biopolymers such as chitosan, collagen, hyaluronic acid, 
and alginate being preferred for medical applications 
[16, 17]. Among these polymers, chitosan is a potential 
candidate for the development of a new type of dressing, 
as it keeps the wound moist, promotes cell migration, 
and reduces inflammation. It is an antimicrobial, 

biodegradable, and biocompatible polymer that is 
hydrophobic and economically accessible, which is why 
it is used in various biomedical applications [18]. The 
specific properties of chitosan are due to the functional 
groups in its structure (-NH2) and (-OH), which are 
susceptible to modification and could improve its 
characteristics. Its solubility in weak acids is due to its 
polycationic nature [19]. In practical applications, its 
low porosity, small surface area, and poor mechanical 
properties limit its use [20]. The application of chitosan 
for the textile modification improves its mechanical 
strength and allows for easy removal of the obtained 
dressing without additional damage. This fabric can 
acquire antimicrobial properties and be used as a 
bioactive wound dressing by incorporating an anti-
inflammatory biological substance (diclofenac sodium) 
into the chitosan structure. This type of wound dressing 
can be obtained by chemical or physical treatment, but 
since no strong bonds are formed between chitosan 
and cotton fabric, citric acid must be used as a cross-
linking agent. This acid is organic and shows good 
biocompatibility with chitosan. It can form electrostatic 
bonds with the chitosan and the hydroxyl groups of 
the cotton fabric, and with heat treatment and in the 
presence of a catalyst, it can form a covalent bond. 
Citric acid has antimicrobial activity and can be used 
to treat wounds, including those caused by bacteria, by 
controlling infection and promoting granulation tissue 
formation [3]. Malu et al. report that most types of 
bacteria multiply at a pH above 6, so this acid is used 
to reduce the pH of the wound and inhibit bacterial 
growth by increasing oxygen flow and aiding the 
healing process in chronic and infected wounds [3, 21]. 
Diclofenac sodium is an insoluble compound in acidic 
solution (pKa = 4.0) but is soluble in ethanol and at 
pH = 5.0 - 8.0. It belongs to the group of nonsteroidal 
anti-inflammatory agents, has analgesic effects, and 
reduces inflammation in chronic and acute injuries. 
Authors report that the analgesic effect of diclofenac 
is twice that of indomethacin [22].

This work aims to develop new composite materials 
from cotton fabric coated with chitosan crosslinked with 
citric acid and containing a bioactive agent (diclofenac 
sodium) under different conditions, as well as to 
investigate their influence on the antibacterial properties 
and controlled release of diclofenac sodium from the 
resulting materials.
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EXPERIMENTAL 

Materials
100 % cotton fabric with a surface mass of 135 ±

5 g m-2 (Vratciza-Vratza, JSC, Vratza, Bulgaria); chitosan 
with Mw = 600.000 - 800.000 g mol-1 (Acros Organics, 
Geel, Belgium); glacial acetic acid 100 % with Mw = 
60.05 g mol-1 (Merck, Darmstadt, Germany); Diclofenac 
sodium, 98 % with Mw = 357. 80 g mol-1, (Thermo 
Scientific Chemicals, China); Ethyl alcohol 96 % pure with 
Mw = 46.07 g mol-1 (Neochim); Citric acid with Mw = 
192.12 g mol-1, (Sigma Aldrich, Darmstadt, Germany); 
sodium dihydrogen phosphate dihydrate with Mw = 156.01 
g mol-1, (Merck, Darmstadt, Germany); disodium hydrogen 
phosphate dodecahydrate with Mw = 358.14 g mol-1, 
(Merck, Darmstadt, Germany).

0.01 M phosphate buffer, pH = 7.4 (500 mL), was 
prepared by mixing 0.0014 mol NaH2PO4.2 H2O, 0.0035 
mol Na2HPO4.12 H2O, and 0.019 g NaCl. The solutions 
in this study were made with distilled water.

Preparation of composite materials
As a first step, cotton fabric was soaked in citric acid 

(1 % w/w chitosan) and left to dry at room temperature. A 
chitosan solution (2.7 % w/v) was prepared according to 
the procedure described earlier [23, 24], then diclofenac 
sodium, dissolved in ethanol, was added by stirring 
till a homogeneous solution was obtained. The fabric 
was impregnated with this solution in a 2:1 ratio to the 
weight of the fabric. After that, the fabric was divided 
into two samples. One of the samples was left to dry 
at room temperature, while the second material was 
subjected to heat treatment at 80oC for 180 min. The 
resulting materials are named as follows: CRTD (dry at 
room temperature) and CHTD (with thermal treatment).

Methods for the characterization of composite materials
The materials were examined using a B-290TB 

optical microscope (Optika ®, Ponternica, Italy). The 
magnification of the images was set to 40 × and 100 ×. 
The thermogravimetric analysis (TG) was performed 
using a STA PT1600 TG-DTG/DSCanalyser (LINSEIS 
Messgeräte GmbH, Selb, Germany) at a heating rate of 
10oC min-1, covering the temperature range from room 
temperature (20oC) to 600oC in an air atmosphere. 
Contact angles were measured on cotton fabric (CO) 
and composite materials (CRTD and CHTD) with 

distilled water at a constant temperature (24oC) using a 
THETA Flow Auto 1 optical tensiometer and a Basler 
acA-2500-60 μm digital camera (Biolin Scientific AB, 
Gothenburg, Sweden). The results shown are the average 
of three measurements. The pH of the prepared solution 
was measured by a Hanna instruments microprocessor 
pH meter.

The swelling behavior of composite materials
The swelling behavior of composite materials was 

investigated in order to monitor the controlled release 
of diclofenac on the surface of an infected wound with 
pH = 7.4 [25, 26]. The newly obtained modified textile 
materials, pre-dried and weighed, were immersed in 20 
mL of phosphate buffer with pH = 7.4 at 37oC for 24 h. 
The samples were removed at specific intervals, excess 
water was absorbed from the surface of the materials 
with filter paper, and then they were weighed. Eq. (1) 
was used to determine the swelling behavior: 

Swelling (%) = 			   (1)

where wd and w are the weights of the dry and swollen 
material.

In vitro release of diclofenac sodium from the compo-
site materials

In vitro release of diclofenac from composite 
materials was observed in phosphate-buffered saline 
(pH = 7.4, 0.01 M) at 37 ± 0.5oC by measuring the 
absorption intensity of the solution at λ = 277 nm using 
an ONDA UV-31SCAN spectrophotometer, 190 - 1100 
nm. Each sample was immersed in 20.0 mL of buffer. 
At specific intervals, 5.0 mL of the solution was taken 
and replaced with 5.0 mL of fresh phosphate buffer at 
37oC. The release of diclofenac sodium was performed 
three times for each sample to find the arithmetic mean 
value. A standard curve was used to determine the 
concentration of the analyzed solutions.

To clarify the mechanism for the release of diclofenac 
sodium from CRTD and CHTD composite materials, 
zero order, first order, Higuchi, and Korsmeyer -
Peppas kinetic models Eq. (2) - (5) were used, as 
presented in Table 1. These models are used to describe 
the mechanism by which bioactive agents are released 
from polymer matrices [27, 28].

The experimental data were transformed into the 
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linear form of Eq. (2) - (5) and analyzed by linear 
regression to determine the rate constant (k) and the 
coefficient of determination (R²). In accordance with 
the methodology described by Siepmann & Peppas [29], 
the calculations were performed using OriginPro 2021 
software (OriginLab Corp., USA).

Antibacterial activity of the composite materials
The antimicrobial activity of the studied composite 

materials CRTD and CHTD was tested against Gram-
positive Bacillus cereus ATCC 11778 and Gram-negative 
Pseudomonas aeruginosa 1310. The microbial cultures 
were maintained at 4oC on slanted meat peptone agar 
(MPA) and transferred monthly. Test tubes containing 
sterile meat-peptone broth and cotton samples (10 mm × 
10 mm) were inoculated with each bacterial suspension. 
Test tubes with untreated cotton samples (CO) and no 
samples were also prepared as controls. After incubation 
at 28oC for 18 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 evaluated by the reduction in cell density 
after incubation. All antimicrobial tests were performed 
in triplicate (standard deviations less than 5 %).

RESULTS AND DISCUSSION

Fig. 1 shows micrographs taken with an optical 
microscope of the original cotton fabric and the CHTD 

composite material at different magnifications of 40 × 
and 100 ×. In the pristine cotton fabric, individual twisted 
fibres can be observed in the yarn, which is structured 
with the plain weave, as well as gaps between the threads 
formed during weaving. The micrographs of the CHTD 
sample show that at 40 × magnification there is a layer 
of chitosan on the surface of the fibers, while at a higher 
magnification of 100 × a dense layer of chitosan is 
observed, which binds the individual fibers and fills the 
gaps between the threads.

Fig. 2 shows the TG analysis and differential 
thermogravimetric curve (DTG) for cotton fabric in Fig. 
2a, for CRTD in Fig. 2b, and for CHTD in Fig. 2c. The 
results display a three-stage weight loss for all samples. 
At around 118oC, the first weight loss begins, which is 
due to moisture in the materials (4 % for the CO sample 
and 7 % for the CRTD and CHTD samples). The second 
stage is the most significant thermal degradation, which 
begins at around 271oC for the untreated cotton fabric 
(Fig. 2a). In comparison, for the CRTD and CHTD 
composite materials it starts at a lower temperature 
of 227oC (Fig. 2b and Fig. 2c) due to the presence of 
acids causing degradation of the polymers (chitosan 
and cellulose) [30]. Significant thermal degradation 
occurred earliest for the CRTD and CHTD samples at 
around 342oC and at a higher temperature of 351oC for 
the initial CO material. The mass loss at 370oC is 73.0 % 
for CO, 65.0 % for CRTD, and 67.0 % for CHTD. The 
first derivative also shows that the inflexion points for the 
CO starting material are at 335oC, for CRTD at 326oC, 

Kinetic model name Equation No. Eq

Zero order (2)

First Order (3)

Higuchi (4)

Korsmeyer - Peppas (5)

Table 1. Kinetic models for the release of bioactive agents.

where Qt is the cumulative amount of drug released at time t; Q0 is the initial amount of drug in the solution; k is the 
release constant of the respective model. Mt/M∞ is the fraction of drug released at time t; n is the exponent. The value 
of n characterizes the drug release mechanism: 0.45 ≤ n corresponds to Fick’s law and has a diffusion mechanism; in 
models that do not comply with Fick’s law, depending on the value of n, there are differences: 0.45 < n < 0.89 - abnormal 
transport, n = 0.89 - case II; n > 0.89 - super case II transport.
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Fig. 2. TG - DTG curves of (a) raw cotton fabric and composite materials: (b) CRTD and (c) CHTD.

Fig. 1. Оptical microscope photographs of cotton fabric (CO) and composite materials CHTD (magnification of the 
pictures is 40 × and 100 ×).

and for CHTD at 332oC. At 600oC, the cotton fabric 
burns completely, and no dry residues remain, while 
for the CRTD and CHTD samples, the dry residues are 
10.0 % and 6.0 %, respectively. Therefore, coating the 
cotton fabric with crosslinked chitosan, containing citric 
acid and diclofenac, prevents the complete degradation 
of the materials. 

Fig. 3 shows the results of the contact angle of 
a water drop on the surface of CRTD and CHTD 
composite materials. The untreated cotton fabric exhibits 
high hydrophilicity, as the water droplet immediately 
spreads out on the surface and penetrates the material, 

due to the large number of hydroxyl groups in its 
structure. This result renders the measurement of the 
contact angle practically impossible, corresponding to 
a contact angle of 0o [31, 32].

Fig. 3 shows that after modifying the cotton fabric 
with chitosan containing a bioactive agent, the contact 
angles with water increase to 99.84o and 126.10o for the 
CRTD and CHTD samples, respectively. These results 
indicate that the composite materials are hydrophobic, 
as they exhibit a contact angle greater than 90o [33]. The 
CHTD sample has a larger contact angle, which may 
be due to high-temperature treatment, resulting in the 
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chitosan film being evenly distributed throughout the 
sample structure [34].

Fig. 4 shows the swelling of the composite materials 
CRTD and CHTD in pH = 7.4, at 37oC for 24 h. The 
obtained results can reveal the mechanism of release of 
the bioactive agent at neutral pH, specific for infected 
wounds [35]. The swelling is related to the degree of 
porosity, pore size, and hydrophilicity/hydrophobicity. 
Good absorption of wound secretions is essential for 
wound healing [36]. It was observed that at pH = 7.4, 
the CRTD swelled more, reaching 128.21 % in 6 h. In 
comparison, the CHTD sample swelled to 117.48 %, 
which may be due to the method of their preparation 
and the possibility for electrostatic repulsion of the 
same type of electric charge in the layer structure. At 
room temperature, chitosan with its protonated amino 
groups forms ionic bonds with the carboxylate ions of 
the crosslinking agent citric acid. However, when the 
temperature is increased to 80oC for 180 min, chitosan 
can bind to citric acid through covalent bonds [33]. 
Swelling was studied in a phosphate buffer with pH =
7.4. Under these conditions, there are no protonated 
amino groups in the chitosan structure and only free 
carboxylate ions from citric acid.

Fig. 5 shows the cumulative release of diclofenac 
sodium from CRTD and CHTD samples in phosphate 
buffer with pH = 7.4 at 37oC for 26 h. The results show 
that during the first 6 h, diclofenac is released more 
rapidly from composite materials, with 100.59 μg cm-2 
for the CRTD sample and 85.66 μg cm-2 for CHTD, 
which is due to the desorption of molecules from the 
surface of the materials, as observed in the analysis 

Fig. 4. Swelling of the composite materials CRTD and 
CHTD in phosphate buffer pH = 7.4, at 37oC for 24 h.

Fig. 3. Measurement of the contact angle of composite materials (CRTD and CHTD) with distilled water.

Fig. 5. Release of diclofenac in phosphate buffer pH = 7.4 
at 37oC from composite materials CRTD and CHTD, at 
λ = 277 nm.
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of chitosan swelling [37]. Subsequently, the release 
continued uniformly, with 117.08 μg cm-2 of CRTD 
and 102.55 μg cm-2 of CHTD bioactive agents being 
released from the samples over 26 h. The reason may 
be the difference in the structure of the hydrogel and 
the distribution of the drug in the matrix, as well as the 
processing of the obtained materials.

Table 2 presents the values of the coefficient of 
determination (R2) and the release rate constant K 
obtained by linear regression of the experimental data, 
with the corresponding Eq. (2) - (5) used in their linear 
form for the two composite materials. The Higuchi 
diffusion model best describes the release kinetics for 
both CRTD and CHTD samples, as it was developed for 
hydrogel swollen systems releasing biologically active 
substances [38]. 

In this case, the Korsmeier - Peppas model is also 
suitable for describing the drug release mechanism as the 
coefficient of determination (R2) is close to one, and the 
diffusion exponent (n) can be used to characterize drug 
release kinetics from matrices. The diffusion exponent 
of diclofenac for both samples is lower than 0.5. For 
sample CRTD - n is 0.442, and for sample CHTD - n 
is 0.423. Therefore, diffusion of the bioactive agent 

is the dominant mechanism for drug release and is 
described by Fick’s law rather than by the polymer chain 
relaxation process or the erosion of the polymer matrix 
[39]. The value of n is much lower than 0.45 for the 
sample CHTD, which means that diffusion is hindered 
by a denser matrix after thermal treatment during its 
preparation [40].

At pH = 7.4, chitosan began to lose its positively 
charged amino groups, which influenced its interaction 
with diclofenac sodium, as this compound is ionized and 
soluble at this pH [41]. The crosslinking agent of the 
chitosan layer is citric acid (pKa1 = 3.13, pKa2 = 4.76 and 
pKa3 = 6.39) and its free carboxyl groups are negatively 
charged at pH = 7.4, so they can promote the diffusion 
of diclofenac sodium into the layer through increased 
electrostatic repulsion, without, however, erosion of the 
polymer network being observed under these conditions.

Fig. 6 presents the antimicrobial activity studies of 
the original cotton fabric (CO) and the new composite 
materials CRTD and CHTD against model bacterial 
strains Gram-negative P. Aeruginosa and Gram-
positive B. Cereus in MPB. From the obtained results, 
it is observed that both materials exhibit antimicrobial 
activity, unlike the untreated cotton fabric (CO). The 

  Zero order First order Higuchi Korsmeyer - Peppas
Samples R2 K0 R2 K R2 KH R2 K n
CRTD 0.967 12.465 0.897 0.139 0.996 49.31 0.993 0.654 0.442
CHTD 0.964 10.604 0.822 0.106 0.997 42.03 0.995 0.614 0.423

Table 2. Values, obtained by several kinetic models for drug release.

Fig. 6. Antimicrobial activity of original cotton fabric (CO) and composite materials (CRTD and CHTD) on the growth 
of model strains P. Aeruginosa and B. Cereus.
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composite material CHTD prepared at high temperature 
has a more pronounced hydrophobic character, having a 
higher activity of 78.0 % for P. Aeruginosa and 31.6 %
for B. Cereus. In contrast, the sample CRTD, treated 
at room temperature, has activity of 25.6 % and 7.2 %, 
respectively. The CHTD composite material can be used 
as wound dressings, since it has greater antimicrobial 
properties, and also controls better the release of the 
active substance, which makes it a potential candidate 
for wound treatment.

CONCLUSIONS

Two new cotton materials modified with crosslinked 
chitosan containing diclofenac sodium were obtained. 
Both materials release the active substance. The material 
CHTD, processed at a high temperature, releases the 
biologically active substance more slowly, unlike the 
CRTD sample, which was gained at room temperature. 
Drug delivery analysis showed that diclofenac was 
discharged for more than 24 h in phosphate buffer with 
pH = 7.4 at 37oC. The Higuchi and Korsmeier - Peppas 
equation describe the diffusion process of the drug, 
coupled with the swelling of chitosan. Due to their 
hydrophobicity and thermal stability, materials CHTD 
and CRTD possess antimicrobial activity against Gram-
positive bacteria B. cereus and Gram-negative bacteria 
P. aeruginosa, with CHTD showing better results. These 
materials may find application as wound dressings, as 
they possess antimicrobial properties in combination 
with controlled release of an analgesic agent.

Acknowledgments

This research is supported by the Bulgarian Ministry 
of Education and Science under the National Program 
“Young Scientists and Postdoctoral Students-2”. The 
Contact angle was performed as part of contract №: 
BG-RRP-2.0040002-C01, project name: BiOrgaMCT, 
Procedure BG-RRP-2.004 „Establishing of a network 
of research higher education institutions in Bulgaria”, 
funded by Bulgarian National Recovery and Resilience 
Plan.

Authors’ contributions: D.A.: Research execution, 
data analysis, draft manuscript preparation; D.S.: 
Conceptualization, discussions, proofreading, supervision.

REFERENCES

1.	 M. Rodrigues, N. Kosaric, C.A. Bonham, G.C. 
Gurtner, Wound healing: a cellular

perspective, Physiol. Rev., 99, 2018, 665-706.
2.	 P. Pleguezuelos-Beltr´an, P. G´alvez-Martín, 

D. Nieto-García, J.A. Marchal, E. López-Ruiz, 
Advances in spray products for skin regeneration, 
Bioact. Mater., 16, 2022, 187-203.

3.	 S. Mahindru, S. Khichy, S. Singh, B. Singh, 
Evaluation of effect of topical application of 3% 
citric acid on wound healing, Int. J. Curr. Res. Med. 
Sci., 3, 8, 2017, 30-38.

4.	 P. Martin, Wound healing-Aiming for perfect skin 
regeneration, Science, 276, 1997, 75-81.

5.	 L. Cañedo-Dorantes, M. Cañedo-Ayala, Skin acute 
wound healing: A comprehensive review, Int. J. 
Inflamm., 2019, 3706315.

6.	 Y. Dong, Y. Zheng, K. Zhang, Y. Yao, L. Wang, X. Li, 
J. Yu, B. Ding, Electrospun nanofibrous materials for 
wound healing, Adv. Fiber Mater., 2, 2020, 212-227.

7.	 G. Gethin, The significance of surface pH in chronic 
wounds, Wounds UK, 3, 3, 2007, 52-56.

8.	 M. Zhang, X. Zhao, Alginate hydrogel dressings 
for advanced wound management, Int. J. Biol. 
Macromol., 162, 2020, 1414-1428.

9.	 C. Erfurt-Berge, R. Renner, Recent developments in 
topical wound therapy: impact of antimicrobiological 
changes and rebalancing the wound milieu, Biomed. 
Res. Int., 2014, 819525.

10.	F. Ahmad, B. Mushtaq, F.A. Butt, A. Rasheed, S. 
Ahmad, Preparation and characterization of wool 
fiber reinforced nonwoven alginate hydrogel for 
wound dressing, Cellulose, 28, 2021, 7941-7951.

11.	G.D. Winter, Formation of the scab and the rate of 
epithelization of superficial wounds in the skin of the 
young domestic pig, Nature, 193, 1962, 293-294.

12.	C.D. Hinman, H. Maibach, Effect of air exposure 
and occlusion on experimental human skin wounds, 
Nature, 200, 1963, 377-378.

13.	X. Zhao, H. Wu, B. Guo, R. Dong, Y. Qiu, P.X. Ma, 
Antibacterial anti-oxidant electroactive injectable 
hydrogel as self-healing wound dressing with 
hemostasis and adhesiveness for cutaneous wound 
healing, Biomaterials, 122, 2017, 34-47.

14.	J.S. Boateng, K.H. Matthews, H.N.E. Stevens, 
G.M. Eccleston, Wound healing dressings and drug 



Daniela Atanasova, Desislava Staneva

1003

delivery systems: a review, J. Pharm. Sci., 97, 2008, 
2892-2923.

15.	S. Matoori, A. Veves, D.J. Mooney, Advanced 
bandages for diabetic wound healing, Sci. Transl. 
Med., 13, 2021, 4828-4839.

16.	X. Ding, G. Li, P. Zhang, E. Jin, C. Xiao, X. Chen, 
Injectable self-healing hydrogel wound dressing with 
cysteine-specific on-demand dissolution property 
based on tandem dynamic covalent bonds, Adv. 
Funct. Mater., 31, 2021, 201-210.

17.	W.C. Huang, R. Ying, W. Wang, Y. Guo, Y. He, 
X. Mo, C. Xue, X. Mao, A macroporous hydrogel 
dressing with enhanced antibacterial and anti-
inflammatory capabilities for accelerated wound 
healing, Adv. Funct. Mater., 30, 2020, 200-210.

18.	Y. Iqbal, I. Ahmed, M.F. Irfan, S.A.S. Chatha, M. 
Zubair, A. Ullah, Recent advances in chitosan-
based materials; The synthesis, modifications and 
biomedical applications, Carbohydr Polym., 321, 
2023, 121318.

19.	M.B. Kaczmarek, K. Struszczyk-Swita, X. Li, 
M. Szcz˛esna-Antczak, M. Daroch, Enzymatic 
modi f i c a t i ons  o f  ch i t i n ,  ch i t o san ,  and 
chitooligosaccharides. Front. Bioeng. Biotechnol., 
7, 2019, 243.

20.	B. Li, J. Elango, W. Wu, Recent advancement of 
molecular structure and biomaterial function of 
chitosan from Marine organisms for pharmaceutical 
and nutraceutical Application, Appl. Sci., 10, 2020, 
4719.

21.	R.G. Malu, B.S. Nagoba, C.R. Jaju, N.M. 
Suryawanshi, S.A. Mali, V.S. Goyal, N.S.Misal, 
Topical use of citric acid for wound bed preparation, 
Int Wound J., 13, 5, 2016, 709-712.

22.	F. Khoerunnisa, Y.D. Yolanda, M. Nurhayati, H. 
Hendrawan, E.H. Sanjaya, J. Triwardono, W.D. 
Astuti, M. Handayani, W.D. Oh, B.S. Ooi, pH-
responsive chitosan/poly (vinyl pyrrolidone) based 
hydrogel composites: Antibacterial properties and 
release kinetics of diclofenac sodium, J. Drug Deliv. 
Sci. Technol., 92, 2024, 105308.

23.	D. Staneva, D. Atanasova, D. Angelova, P. Grozdanov, 
I. Nikolova, I. Grabchev, Antimicrobial properties 
of chitosan-modified cotton fabric treated with 
aldehydes and zinc oxide particles, Materials, 16, 
2023, 5090. 

24.	D. Atanasova, D. Staneva, I. Grabchev, Modified 

with chitosan cotton fabric for control release of 
indomethacin, IOP Conf. Ser. Mater. Sci. Eng., 1188, 
2021, 012004.

25.	C. Corbet, O. Feron, Tumour acidosis: from the 
passenger to the driver’s seat, Nat. Rev. Cancer, 10, 
2017, 577-593.

26.	S. Hajjar, X. Zhou, pH sensing at the intersection 
of tissue homeostasis and inflammation, Trends 
Immunol., 44, 10, 2023, 807-825.

27.	T. Higuchi, Mechanism of sustained-action 
medication. Theoretical analysis of rate of release 
of solid drugs dispersed in solid matrices, J. Pharm. 
Sci., 52, 1963, 1145-1149.

28. R. Korsmeyer, R. Gurny, E. Doelker, P. Buri, N. 
Peppas, Mechanisms of solute release from porous 
hydrophilic polymers, Int. J. Pharm., 15, 1, 1983, 
25-35.

29. J. Siepmann, N.A. Peppas, Higuchi equation: 
Derivation, applications, use and misuse, Int. J. 
Pharm., 418, 1, 2011, 6-12.

30. H.Y. C.-Eulalio, J.F. B.-Rodrigues, K. O.-Santos, 
C. Peniche, M. V.-LiaFook, Characterisation and 
thermal properties of chitosan films prepared with 
different acid solvents, Rev. Cuba. Quím., 31, 3, 
2019, 309-323.

31. L. Liang, M.J. Lis Arias, Z. Lou, Q. Mao, C. Ye, X. 
Meng, Preparation of hydrophobic fabrics and effect 
of fluorine monomers on surface properties, J. Eng. 
Fibers Fabr., 14, 2019, 1-9.

32.	P. Tsekova, N. Nachev, I. Valcheva, D. Draganova, 
M. Naydenov,  M. Spasova,  O.  Stoi lova, 
Encapsulation of Bacillus subtilis in Electrospun 
Poly(3-hydroxybutyrate) Fibers Coated with 
Cellulose Derivatives for Sustainable Agricultural 
Applications, Polymers, 16, 19, 2024, 2749.

33.	N. Gull, S.M. Khan, O.M. Butt, A. Islam, A. Shah, 
S. Jabeen, S.U. Khan, A. Khan, R.U Khan, M.T.Z. 
Butt, Inflammation targeted chitosan-based hydrogel 
for controlled release of diclofenac sodium, Int. J. 
Biol. Macromol., 162, 2020, 175-187.

34.	A.-M.R. Pauna, L.M. Tartau, M. Bogdan, A.-D. 
Meca, G.E. Popa, A.M. Pelin, C.I. Drochioi, D.A. 
Pricop, L.L. Pavel, Synthesis, characterization and 
biocompatibility evaluation of novel chitosan lipid 
micro-systems for modified release of diclofenac 
sodium. Biomedicines, 2023, 11, 453.

35.	D. Staneva, D. Atanasova, I. Grabchev, Fluorescent 



Journal of Chemical Technology and Metallurgy, 60, 6, 2025

1004

composite cotton fabric modified with crosslinked 
chitosan for theranostic applications, Appl. Sci., 13, 
23, 2023, 12660.

36.	A. Seijo-Rabina, S. Paramés-Estevez, A. Concheiro, 
A. Pérez-Muñuzuri, C. Alvarez-Lorenzo, Effect of 
wound dressing porosity and exudate viscosity on the 
exudate absorption: In vitro and in silico tests with 
3D printed hydrogels, Int. J. Pharm.: X., 8, 2024, 
100288.

37.	M.F. Akhtar, N.M. Ranjha, M. Hanif, Effect of 
ethylene glycol dimethacrylate on swelling and 
on metformin hydrochloride release behavior of 
chemically crosslinked pH-sensitive acrylic acid-
polyvinyl alcohol hydrogel, DARU J. Pharm. Sci., 
23, 41, 2015.

38.	T.Higuchi, Rate of release of medicaments from 
ointment bases containing drugs in suspension, J. 
Pharm. Sci., 50, 1961 874-875.

39.	I. Permanadewi, A.C. Kumoro, D.H. Wardhani, N. 
Aryanti, Modelling of controlled drug release in 
gastrointestinal tract simulation, IOP J. Phys.: Conf. 
Ser. 1295, 2019, 012063. 

40. M. Fosca, J. V. Rau, V. Uskoković, Factors 
influencing the drug release from calcium phosphate 
cements, Bioactive Materials, 7, 2022, 341-363.

41.	D. Nikolova, M. Simeonov, Ch. Tzachev, A. 
Apostolov, L. Christov, E. Vassileva, Polyelectrolyte 
complexes of chitosan and sodium alginate as a drug 
delivery system for diclofenac sodium, Polym. Int., 
71, 2022, 668-678.


