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Abstract: Chitosan, a well-established biomaterial known for its biocompatibility, biodegradability,
and bioactivity, has been the focus of extensive research in recent years. This study explores the
enhancement of chitosan fibers’ properties through wet impregnation with either ursolic acid (UA)
or cross-linking with tripolyphosphate (TPP). In the first experiment, chitosan fibers were treated
with UA, for varying immersion set points (1, 2, 4, 6, and 8 h). FTIR, SEM, and UV-Vis spectroscopy
analyses demonstrated a chemical reaction between chitosan and UA, with stability reached after
2 h of immersion. Antibacterial testing revealed that chitosan fibers impregnated with UA exhibited
significant antibacterial activity against Gram-positive bacteria, notably Staphylococcus aureus. The
second experiment involved modifying chitosan fibers’ surfaces with a 1% w/v TPP solution for
the same periods of time (1, 2, 4, 6, and 8 h). Subsequently, the investigation involved FTIR, SEM,
and dynamometry analyses, which revealed successful cross-linking between chitosan and TPP ions,
resulting in improved tensile strength after 2 h of immersion. This dual-approach study highlights
the potential of chitosan fibers for diverse applications, from wound-healing dressings to antibacterial
materials against Gram-positive bacteria.
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1. Introduction

Among biomaterials, chitosan has emerged as a promising candidate for various
biomedical applications, due to its multiple properties. The use of chitosan in textiles has
been widely investigated by many researchers, with antimicrobial, water absorption, and
tensile properties being some of the most important ones to study [1–5]. Chitosan is a
biopolymer that possesses a range of valuable physicochemical properties such as solu-
bility, reactivity, adsorption, and crystallinity. Additionally, it exhibits various biological
properties including biodegradability, antimicrobial activity, cytocompatibility, nontoxicity,
and fungicidal effects. Moreover, its beneficial characteristics, like anti-cholesteric and
antioxidant activity, macrophage activation, anti-inflammatory effects, the stimulation of
angiogenesis, mucoadhesion, antitumor properties, the promotion of granulation and scar
formation, hemostatic action, and the facilitation of wound healing, position it as an excep-
tionally promising material for a multitude of applications in the field of biomedicine [6–8].
Chitosan is a linear polysaccharide that is composed of randomly distributed β-(1→4)-
linked D-glucosamine and N-acetyl-D-glucosamine units [9]. The complexity of chitosan
chemistry is influenced by various factors, which comprise the degree of deacetylation,
molecular weight, and solution pH. The degree of deacetylation is the proportion of N-
acetyl-D-glucosamine units that have been transformed into D-glucosamine units. This
factor significantly impacts the solubility, reactivity, and charge density of chitosan [10].
In recent studies, chitosan fibers have been employed as a method of reinforcement to
enhance the mechanical properties of scaffolds. The mechanical properties of the fibers play
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a vital role in determining the overall mechanical characteristics of the scaffold. Notably,
chitosan scaffolds reinforced with high-mechanical-property chitosan fibers exhibited a
doubling in strength and a fivefold increase in stiffness compared to scaffolds reinforced
with fibers possessing lower mechanical properties [11–14].

Cross-linking is one of the processes applicable to chitosan for the purpose of enhanc-
ing its mechanical characteristics. Chemical cross-linking refers to the intermolecular or
intramolecular joining of two or more molecules by a covalent bond. The reagents that are
used for the purpose are referred to as ‘cross-linking reagents’ or ‘cross-linkers’. Physical
and chemical cross-linking agents are the two main categories of cross-linking agents.
Glutaraldehyde, formaldehyde, tripolyphosphate, polyaspartic acid and sodium salts, are
the most commonly used cross-linkers for chitosan. However, at certain concentrations,
glutaraldehyde and formaldehyde are considered to be toxic and to raise health concerns
and cause undesirable side effects. To overcome this problem, non-toxic cross-linkers such
as genipin or TPP are used [15]. Chitosan’s distinctive properties make it suitable for a
wide range of applications. Its ability to establish cross-linked networks is an essential
aspect of its functionality. Chitosan can be cross-linked using a variety of agents. Chitosan
cross-linkers which are commonly used include glutaraldehyde [16], tricarboxylic acid [17],
genipin [18], tripolyphosphate (TPP) [19], and epoxy compounds [20]. Tripolyphosphate
(TPP) and also sodium triphosphate (STP) or sodium tripolyphosphate (STPP) are inor-
ganic compounds; they are the sodium salt of the polyphosphate penta-anion, which is the
conjugate base of triphosphoric acid.

On the other hand, one of the most intriguing properties of chitosan is its antibac-
terial activity. However, there is still a need to enhance its antibacterial properties to
further broaden its potential applications, and this is a commonly studied topic among
researchers [21–24]. In the past, different compounds have been studied that can act syn-
ergistically with chitosan to create a more potent antibacterial agent, and also potentially
offer a wider spectrum of antibacterial activity against different types of bacteria, such as
silver nanoparticles [23,25], essential oils [26,27], quaternary salts [28] plant extracts [29],
and ursolic acid [30], among others. Ursolic acid and chitosan adducts have been relatively
less studied, especially chitosan fibers and ursolic acid compounds.

Ursolic acid is a pentacyclic triterpene acid that is commonly found in various tra-
ditional medicinal plants, fruits, and ornamental species. It is known to exhibit a broad
range of biological activities, including anti-inflammatory, anticancer, hypoglycemic, an-
tioxidant, and antibacterial properties. The compound has been extensively studied for its
antibacterial effects, as have other pentacyclic triterpenes and their derivatives. In addi-
tion to its potential therapeutic applications, ursolic acid has also been found to prevent
abdominal adiposity and exhibit cytotoxic activities, as well as antiprotozoal effects against
Plasmodium falciparum [31–33].

The aim of this work was to investigate and to expand the knowledge on how to im-
prove the properties of chitosan fibers, which can lead to the creation of better biomedical
materials. Chitosan fibers have demonstrated potential in the area of tissue engineering,
but their mechanical properties require enhancement to improve durability and functional-
ity. Additionally, the incorporation of a broader range of agents to enhance antibacterial
properties can be beneficial in preventing infections in medical implants and devices. The
ultimate goal was to develop chitosan fibers with enhanced antibacterial and mechanical
properties, with potential applications such as for tissue engineering or as wound healing
materials. Hence, the research findings can have a significant impact on chitosan and its
applications, particularly for wet-spun fibers.

In summary, this comprehensive assessment encompassed FTIR, UV-Vis spectroscopy,
and SEM analyses to scrutinize the chemical and structural aspects of the modified chitosan
fibers. It also included mechanical tests, along with an antibacterial activity test to assess
their practical utility as antibacterial agents. These evaluations collectively aimed to validate
the efficacy of the enhancement processes and to uncover potential applications in fields
such as biomedicine, pharmaceuticals, and materials science.
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2. Experimental Section

This section elucidates the meticulous procedure employed to effectuate the surface
modification of chitosan fibers through the wet impregnation method with ursolic acid and
tripolyphosphate, respectively.

• 2-propanol (C3H8O) 99% Pure P.A. commercial product of Eurochem BGD from Zug,
Switzerland.

• Ursolic acid (C30H48O3) ≥ 98% Pure P.A. commercial product of Pol-Aura from
Gdańsk, Poland.

• Tripolyphosphate (TPP) (Na5P3O10), assay (unspecified): 90% min, Alfa Aesar from
the Ward Hill, MA, USA.

• Chitosan powder commercial product of Sigma-Aldrich, from Darmstadt, Germany;
molecular weight 60 kDa; degree of deacetylation (DDA) 96%.

• Acetic Acid (CH3COOH) 99% pure for analysis, commercial product of Poch from
Gliwice, Poland.

• Sodium Hydroxide (NaOH) pure for analysis, commercial product of Poch from
Gliwice, Poland.

2.1. Fiber Preparation

A 7% solution of chitosan was prepared in a 3.0% aqueous acetic acid solution. The
solution was stirred overnight. Fibers were spun from the spinning solution on custom-
made line equipment with a spinning head holding a spinneret (500 holes, 80 µm diameter
each). The fibers were formed in a coagulation bath at 70 ◦C containing 27 g/L of sodium
hydroxide in water. The fibers were one-step drawn, rinsed with water at 40 ◦C, and
collected onto a bobbin and dried [23].

2.2. Fiber Impregnation Procedure for Antibacterial Properties’ Enhancement

An ursolic acid solution was prepared by dissolving the acid in pure 2-propanol at a
concentration of 64 mg/mL. In order to get the chitosan fibers ready for the impregnation
process, five separate samples of chitosan fibers were cut to the same size of 1.0 g each.
After that, each sample was then immersed individually in 100 cm3 of ursolic acid solution
at room temperature for varying immersion periods of 1, 2, 4, 6, and 8 h, respectively.
After each immersion period, the specimens were carefully removed from the ursolic acid
solution and rinsed with an aqueous solution of ethanol and distilled water 4:6 (v/v) to
remove any excess ursolic acid solution, and then dried at room temperature. This process
was carried out on each of the five samples.

Following the wet impregnation process, characterization and evaluation of the result-
ing samples were conducted to gain insight into their physical and chemical properties.
The assessment encompassed a range of analytical techniques.

Fourier-Transform Infrared Spectroscopy (FTIR) was employed to investigate alter-
ations in the chitosan fiber structure post impregnation with ursolic acid. This technique
allowed for the identification of functional groups and chemical bonds, aiding in the
detection of any interaction between chitosan and ursolic acid.

Scanning Electron Microscopy (SEM) was utilized to examine the morphology and
surface features of the chitosan fibers. SEM provided a visual assessment of the distribution of
ursolic acid on the chitosan fibers, surface topography, and potential structural modifications.

UV-Vis spectroscopy was employed to examine the fibers’ responses to ultraviolet light.
This technique provided information about the fibers’ optical properties and absorption
characteristics in the UV range.

To gauge the practical applicability of the modified chitosan fibers, an antibacterial
activity test was carried out. This test involved exposing the modified fibers to bacteria and
assessing their ability to inhibit bacterial growth. The outcomes provided critical insights
into the effectiveness of the wet impregnation method in conferring antibacterial attributes
to chitosan-based materials.
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2.3. Fiber Impregnation Procedure for Mechanical Properties’ Enhancement

A solution of tripolyphosphate was prepared by dissolving it in distilled water at a
concentration of 1% w/v. In order to get the chitosan fibers ready for the cross-linking
process, five separate samples of chitosan fibers were cut to the same size of 1.0 g each.
After that, each sample was then immersed individually in 100 cm3 of TPP solution at room
temperature for varying immersion periods of 1, 2, 4, 6, and 8 h, respectively. After each
immersion period, the specimens were carefully removed from the TPP solution and rinsed
several times with distilled water to remove any excess solution. This process was repeated
for each of the five specimens.

Following the immersion of chitosan fibers in the TPP solution, the resulting sam-
ples underwent comprehensive characterization and evaluation to elucidate changes in
their properties. These analyses aimed to provide insights into the efficacy of the wet
impregnation method, employing TPP as a cross-linker.

Fourier-Transform Infrared Spectroscopy (FTIR) was employed to investigate the
chemical alterations within the chitosan fibers by comparing the spectra of the treated fibers
to the spectra of untreated ones, and chemical modifications induced by the cross-linking
process were discerned. Scanning Electron Microscopy (SEM) was another crucial tool
utilized in this study. SEM allowed for the visualization of the fibers’ surface morphology
at a microscale level. By scrutinizing the surface topography, it was possible to identify
structural changes, including the formation of new interfaces or the agglomeration of TPP
particles on the fiber surface. Furthermore, the mechanical properties of the chitosan fibers
were assessed using dynamometry. This involved subjecting the treated fibers to mechanical
testing to determine changes in their strength, elasticity, or other mechanical characteristics.
Understanding these alterations was essential to ascertaining if the cross-linking process
affected the fibers’ physical integrity.

2.4. Antibacterial Activity Test

This test was carried out by the Laboratory of Biodegradation and Microbiological
Research of the Lodz Institute of Technology in accordance with ISO 20743 [34].

Briefly, 0.4 g ± 0.05 g of test and control samples underwent steam sterilization at
121 ◦C for 15 min. Bacterial suspensions were used to inoculate test and control samples
with a density of 1.6 × 105 CFU/mL of Escherichia coli ATCC 11229 and 2.3 × 105 CFU/mL
of Staphylococcus aureus ATCC 6538. After 24 h of incubation at 37 ± 1 ◦C, changes in the
amount of bacteria on the test sample and on the control sample were assessed. On this
basis, the antibacterial activity was calculated.

After incubation, the colonies on each plate were counted and the number of bacteria
was calculated according to the formula:

M =
∑ C

v × n1 × d
· 20

where:

M—the number of bacteria per sample;
C—sum of colonies in all plates from the calculated dilution;
V—volume of inoculation applied to each plate in milliliters;
n1—number of plates corresponding to the calculated dilution;
d—the dilution rate corresponding to the calculated dilution;
20—amount of SCDLP in milliliters used to shake out the bacteria from the sample.

The antimicrobial activity value was calculated according to the formula:

A = (lg Ct − lg C0) − (lg Tt − lg T0)

where:
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lg Ct—common logarithm of the amount of bacteria on the control sample after 24 h
incubation;
lg C0—common logarithm of the amount of bacteria obtained from the control sample
immediately after inoculation;
lg Tt—common logarithm of the amount of bacteria obtained after 24 h incubation from
the sample containing an antibacterial agent;
lg T0—common logarithm of the amount of bacteria obtained from antibacterial testing
samples immediately after inoculation.

2.5. Tensile Strength Test

This test was performed according to ISO 2062 [35].
Following the guidelines of ISO 139 [36], the test specimens were conditioned and

testing was performed at a standard atmosphere temperature of 20 ◦C and relative humidity
of 65%. The linear density of the sample C7 Reference was 140tex and the sample after TPP
treatment C7TPP was 145tex. The test length was of 250 mm for each specimen. The test
was performed at a constant rate of extension of 250 mm/min. A total of 10 specimens per
sample were tested.

All the tests were performed with the tensile testing machine Instron 5944 of Instron from
Norwood, MA, USA and the breaking force was recorded and calculated by its own software.

3. Results
3.1. After-Fiber-Impregnation Procedure for Antibacterial Enhancement
3.1.1. FTIR Spectroscopy

The infrared transmission and reflectance spectra were recorded in the range from
4000 to 600 cm−1 with a resolution of 4 cm−1 and 32 scans. Ranging from high wavenumber
(4000 cm−1) to low wavenumber (600 cm−1), this allowed for the examination of both the
high-energy, short-wavelength vibrations associated with functional groups like carbonyls
and hydroxyls, as well as the low-energy, long-wavelength vibrations characteristic of
larger molecular structures.

The FTIR results of the samples C7UA immersed in ursolic acid for different time set
points (0, 1, 2, 4, 6, and 8 h) (Figure 1) showed an increasing absorbance ratio from 1.66
to 1.82 over the course of 2 h. This suggested that there was ongoing physical adsorption
between chitosan and ursolic acid during this time, resulting in changes to the surface of
the sample. However, after 2 h, (Figure 2) the absorbance ratio remained relatively constant,
suggesting that the changes had reached completion and that the chemical structure of the
sample remained stable. The peaks observed at 1647 cm−1 and 1587 cm−1 are attributed
to the amide and amine groups in chitosan [37], respectively. The appearance of these
peaks in the FTIR spectra indicates that the chitosan fiber–ursolic acid adduct was formed
through the interaction of the amine groups in chitosan with the carboxylic acid groups in
ursolic acid. Following, their surface morphology was analyzed.

3.1.2. Scanning Electron Microscope Images

The surface morphology of the resulting fibers was examined through microscopy,
specifically employing the Scanning Electron Microscope Nova Nanosem 230 from FEI
company (Hillsborough, OR, USA) for imaging and analysis. All samples were coated
using the same thickness of gold, 2 nm, sputtering current (20 mA), and had the same
pressure of sputtering gas (Ar), 1 Pa.

When comparing the surface characteristics of the reference sample consisting of 7%
chitosan (as shown in Figure 3), which remained untreated with ursolic acid, with those
of the sample of 7% chitosan subjected to ursolic acid impregnation for 2 h (depicted in
Figure 4), notable differences become apparent. Notably, the images captured in Figure 4
reveal an increase in the surface roughness for the latter sample. This observed variation
strongly suggests that the impregnation process has effectively induced modifications
of the surface topography of the chitosan fibers. Furthermore, the images derived from
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samples collected at different immersion periods (2, 4, 6, and 8 h) resembled the surface
characteristics of the 2 h immersion sample. This uniformity in the observed surface
morphology across varying immersion times suggests a consistent and stable alteration
induced by the ursolic acid impregnation process.
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3.1.3. UV-Vis Spectroscopy

The UV-Vis spectra were obtained by means of UV-Vis from Jasco Company (Tokyo,
Japan), model V-670, and the scan range used was from 190 to 400 nm with resolution 1 nm.

Standard stock solutions containing ursolic acid were prepared in methanol at final
concentrations of 2.7 mg/10 mL. After that, standard serial dilutions at three concentrations
were analyzed by means of UV-Vis, and linearity was verified by regression analysis.
Calibration results are presented in Figure 5 and Table 1.
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Table 1. Linearity of calibration plots.

Linear Range
(mg/mL) y = ax + b (Linear Model) Correlation

Coefficient, R2

0.0220–0.270 Abs. = 4.3595 mg/mL × Conc. + 0.0161 0.9925

The resulting spectra were analyzed at specific wavelengths to detect the distinctive
peaks associated with ursolic acid. Previous research studies have reported the UV spectra
of ursolic acid to display absorbance peaks between 210 nm and 220 nm [38,39]. The result-
ing absorbance values were obtained in ascending order and corresponded to increasing
concentrations, with values of 214 nm, 216 nm, 217 nm, and 218 nm (Figure 6).
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After conducting the linear analysis, a stock fiber suspension was prepared with
methanol from the fibers that were impregnated with ursolic acid for 2 h at a concentration
of 2.3 mg/10 mL. By adding the fibers into the methanol, it was possible to dissolve the
ursolic acid deposited on the surface of the fibers in order to perform the UV-Vis test. This
sample was chosen based on the FTIR test results, indicating completion of the reaction at
set points in time. UV spectroscopy was performed and the absorbance peak height was
appointed at 213; absorbance was 0.056, and based on the linear model, the mass of ursolic
acid deposited on the fibers per gram was calculated as follows.

Abs. = 4.3595 mL/mg × Conc. + 0.0161

0.056 = 4.3595 mL/mg × Conc. + 0.0161

0.056–0.0161 = 4.3595 mL/mg × Conc.

0.0091 mg/mL = Conc. = mUAf

where mUAf = ursolic acid mass collected on the surface of 1 g of chitosan fibers.
This process was also carried out on the samples of 7% chitosan with ursolic acid that

were wet-impregnated for 4, 6, and 8 h. Subsequently, the mass of ursolic acid per gram
of chitosan fibers was calculated based on the knowledge that 0.0091 mg of ursolic acid is
present in 2.3 mg of fibers, results are shown in Table 2.
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Table 2. Mass per gram of ursolic acid in chitosan fibers.

C7UA Mass of UA mg/1 g of Chitosan Fibers

2 h 0.0039

4 h 0.0038

6 h 0.0040

8 h 0.0038

3.1.4. Antibacterial Activity Test

The antibacterial activity of the samples with 7% chitosan reference and 7% chitosan
impregnated with ursolic acid for 2 h were tested and afterwards the results were later compared.

After the antibacterial activity test, it was observed that the 7% chitosan reference
did not exhibit any noteworthy antibacterial activity against either of the two bacterial
strains (Tables 3 and 4). The obtained value was below the efficacy threshold of A < 2
(Table 5). In contrast, the sample treated for two hours with ursolic acid showed a significant
increase in antibacterial activity, with a value of 2.93 (Table 4), indicating that adding ursolic
acid improved the antibacterial properties of the fibers. It is important to note that this
significant antibacterial activity was only observed against the Gram-positive strain, S.
aureus. The fact that the antibacterial activity of the fibers from the 7% chitosan sample
UA 2H only displayed antibacterial activity against S. aureus and not E. coli is likely due to
the difference in bacterial cell wall structure between the two organisms. Gram-positive
bacteria, such as S. aureus, have a thick peptidoglycan layer in their cell wall that is more
susceptible to damage from antibacterial agents, while Gram-negative bacteria, such as E.
coli, have a thinner peptidoglycan layer and an additional outer membrane that provides
extra protection against external agents. Therefore, it is possible that the antibacterial
activity of the fibers treated with ursolic acid was not strong enough to overcome the
protective mechanisms of E. coli, while it is effective against S. aureus. The overall results
are presented in Table 6 and can be visually compared in Figure 7.

Table 3. Antibacterial activity against Escherichia coli ATCC 11229.

Sample ID Incubation Time [h] Number of Bacteria
[CFU */pr]

Value of Antibacterial
Activity “A” Value of Growth

Laboratory control
sample

0 3.7 × 104
-------- 3.3724 8.5 × 107

7% Chitosan reference
0 3.1 × 104

0.04 3.4024 7.8 × 107

7% Chitosan UA 2H
0 2.8 × 104

0.25 3.2424 4.8 × 107

Inoculum concentration: 1.6 × 105 CFU/mL E. coli; * (CFU—colony forming unit).

Table 4. Antibacterial activity against Staphylococcus aureus ATCC 6538.

Sample ID Incubation Time [h] Number of Bacteria
[CFU */pr]

Value of Antibacterial
Activity “A” Value of Growth

Laboratory control
sample

0 9.6 × 104
--------- 2.1324 1.2 × 107

7% Chitosan reference
0 9.6 × 104

0.32 2.4524 2.7 × 107

7% Chitosan UA 2H
0 6.7 × 104

2.93 −0.6824 1.4 × 104

Inoculum concentration: 2.3 × 105 CFU/mL S. aureus: * (CFU—colony forming unit).
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Table 5. Criteria for assessing antibacterial activity.

Efficacy of Antibacterial Properties Value of Antibacterial Activity

low A < 2
significant 2 ≤ A < 3

strong A ≥ 3

Table 6. Antibacterial activity results.

Sample ID
Value of Antibacterial Activity “A”

E. coli S. aureus

C7 reference 0.32
Non-antibacterial

0.04
Non-antibacterial

C7UA 0.25
Non-antibacterial

2.93
Significant
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3.2. After-Fiber-Impregnation Procedure for Mechanical Enhancement
3.2.1. FTIR Spectroscopy

The infrared transmission and reflectance spectra were recorded in the range from
4000 to 600 cm−1 with a resolution of 4 cm−1 and 32 scans.
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Based on the obtained results (Figure 8), the absorbance ratio at 1647 cm−1/1587 cm−1

of samples of C7TPP at different set points of time (0, 1, 2, 4, 6, and 8 h) suggests that the
cross-linking reaction between chitosan fibers and TPP ions continued up to 2 h of immer-
sion, as indicated by the decreasing absorbance ratio. However, after 2 h of immersion,
the absorbance ratio remained relatively constant (Figure 9), indicating that the reaction
had reached completion. This suggests that the reaction had utilized most of the available
protonated amine groups for cross-linking, and there were no more significant changes in
the chemical structure of the sample during the remaining immersion time. Generally, the
FTIR results suggest that protonated amine’s interaction with TPP ions was successful on
the surface of chitosan fibers.
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Following this, the fibers’ morphology was studied and the mechanical properties
were tested to analyze if the cross-linking process improved the fibers’ tensile strength.
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3.2.2. Scanning Electron Microscope Images

The surface structure of the obtained fibers was analyzed microscopically using the
scanning electron microscope Nova Nanosem 230.

Compared to the untreated C7 reference sample, as depicted in Figure 10, the analysis
in Figure 11 reveals a distinctive change in the surface characteristics of the sample C7TPP
following a 2 h immersion period. This alteration strongly indicates that the cross-linking
reaction involving chitosan and TPP ions likely induced surface roughness in the fibers.
Such roughness may arise from the establishment of new chemical bonds between chitosan
and TPP ions, potentially leading to surface morphology deformations. Interestingly, the
images captured from samples subjected to longer immersion times (4, 6, and 8 h) resembled
the surface characteristics of the 2 h immersion sample. This uniformity across different
immersion durations implies a consistent and stable alteration and a reaction completion
resulting from the cross-linking process from 2 h of immersion, as demonstrated by the
FTIR test.
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(c) 2000×.

3.2.3. Tensile Strength Test

As can be seen in Figure 12 and in Table 7, following a two-hour immersion, the sample
C7TPP exhibited a noteworthy enhancement in strength when compared to the untreated
C7 sample that did not undergo the wet impregnation process. This observation strongly
implies the successful reinforcement of the fibers through a cross-linking reaction between
chitosan and TPP. The heightened strength can be attributed to the formation of robust
ionic bonds between the positively charged amino groups in chitosan and the negatively
charged TPP ions, resulting in the establishment of a crosslinked network within the fibers.
Furthermore, the increased relative elongation at maximum force in both samples suggests
that the cross-linking reaction has concurrently imparted greater ductility to the fibers. In
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Table 8, the comparison of results before and after TPP impregnation at different set times
is displayed, and a fiber strength improvement of up to 15.01% can be observed.
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Table 7. Tensile strength results, sample C7TPP after 2 h of immersion.

Specific Strength at
Maximum Force

(cN/tex)
Average

Relative Elongation at
Maximum Force (%)

Average

14.25 3.94

Standard deviation 0.56 0.74

Coefficient of variation 2.63 10.89
Number of specimens tested: 10.

Table 8. Comparison of results before and after TPP impregnation.

Sample ID

Specific
Strength at

Maximum Force
(cN/Tex)
Average

Relative
Elongation at

Maximum Force
(%)

Average

Fiber’s Strength
Improvement

(%)

Fiber’s
Elongation

Improvement
(%)

C7 reference 12.39 3.59 0.00 0.00

C7TPP 2
hours 14.25 3.94 15.01 9.75

C7TPP 4
hours 14.20 3.89 14.60 8.35

C7TPP 6
hours 14.22 3.87 14.76 7.80

C7TPP 8
hours 14.17 3.90 14.36 8.63
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4. Discussion and Conclusions

The results of the present study reveal the successful surface modification of chitosan fibers
7% through wet impregnation with ursolic acid and TPP, leading to distinct enhancements in
antibacterial and mechanical properties, respectively. Ursolic acid modification primarily targets
antibacterial enhancement, while TPP cross-linking focuses on mechanical improvements.

The antibacterial properties of ursolic-acid-impregnated fibers demonstrate signif-
icant potential, particularly against Gram-positive strains such as Staphylococcus aureus.
Previous works referenced in this work [23] demonstrated bacteriostatic and bactericidal
action of chitosan fibers with a concentration of 5.25% and with nanosilver against both
Staphylococcus aureus and Escherichia coli, but the ursolic acid–chitosan adduct has not been
explored before.

The mechanical properties of the TPP cross-linked fibers were successfully enhanced,
obtaining up to a 15% increase in tensile strength and up to a 9.75% increase in relative
elongation. A previous work referenced in this work [19] provides valuable insights
into the ionotropic cross-linking of chitosan fibers with TPP at varying pH levels. The
study highlights the pH-dependent ionic cross-linking and its impact on physico-chemical
properties, offering a complementary perspective to the current research, although it does
not report the values of tensile strength.

The application potential of these modified fibers extends to wound dressings and
scaffolds with improved antibacterial and mechanical characteristics.

In future research endeavors, the exploration of elevated concentrations of ursolic
acid represents a potential route for augmenting antibacterial efficacy, with a specific focus
on enhancing resistance against Gram-negative bacterial strains. This aligns with the
concept of optimizing the composition to achieve a broader antimicrobial effectiveness.
Furthermore, a new approach entails examining the simultaneous improvement of both
antibacterial and mechanical properties in a single sample, facilitating a comprehensive
understanding of the dual-functional modifications.
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