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Abstract: Cotton and polyamide 6,6 fabrics coated with chitosan, a natural biopolymer, have been
tested against two different bacteria strains: Staphylococcus aureus as Gram-positive bacterium and
Escherichia coli as Gram-negative bacterium. Using the ASTM standard method (Standard Test
Method for Determining the Antimicrobial Activity of Antimicrobial Agents Under Dynamic Contact
Conditions) for antibacterial testing, the treated fabrics is contacted for 1 h with the bacterial inoculum,
the present study aims to investigate the possibility to reach interesting results considering shorter
contact times. Moreover, the antibacterial activity of chitosan-treated fibers dyed with a natural dye,
Carmine Red, was evaluated since chitosan has an interesting property that favors the attachment of
the dye to the fiber (cross-linking ability). Finally, fabric samples were tested after washing cycles to
verify the resistance of the dye and if the antibacterial property was maintained.
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1. Introduction

Fabrics and protective clothes used in schools, hotels, hospitals, nursing homes, and
crowded public areas can benefit from antimicrobial finishing. Antimicrobial finishes are
an important market need to prevent a reduction in mechanical strength and the formation
of unpleasant odors in athletic wear, intimate apparel, underwear, socks, upholstery, and
hospital linen [1].

Other effects due to the biodeterioration of fabrics are the formation of stains and
discoloration, which is of interest for almost all types of fibers.

Natural fibers, like cotton, are generally more susceptible to biodeterioration than
synthetic fibers because their porous hydrophilic structure retains water, oxygen, and
nutrients, providing an ideal environment for microbial growth [2].

Generally, the antibacterial finishes should be non-toxic to the textile user, and allergy,
cytotoxicity, irritation or sensitization must be avoided.

The treatment should maintain the textiles’ quality, handle or appearance, and it must
have excellent fastness for use, mainly for repeated laundering. Also, the application
method should be simple, easily implementable in the finishing process, and environmen-
tally friendly [2].

Often, antimicrobial agents for textiles are synthetic, including metals (e.g., silver),
metal oxides (e.g., zinc oxide) or salts, polymers (e.g., polypyrrole), and chemicals (e.g.,
quaternary ammonium compounds, synthetic azo dyes, triclosan). Most of these agents are
toxic to humans and are not environmentally friendly.

Polypyrrole is an example of a synthetic antimicrobial agent that is safe for human
skin with precaution for respiratory tissue [3], but the monomer (before synthesis) is toxic.

Quaternary ammonium compounds (QACs) are another example of antimicrobial
agents of synthetic origin. These are widely used in industrial applications because they are
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effective against Gram-positive and Gram-negative bacteria, fungi, and certain viruses [4].
Despite the effectiveness of QACs, they present a disadvantage, namely, the poor fastness
of the treatment due to the fast leaching from the textile for the lack of chemical or physical
bonding [2].

Silver is an antimicrobial metal widely used in textiles. However, there are some
concerns about its toxicity, particularly when used as nanoparticles [5,6].

The possible toxic effects of some of these agents on human beings are reported in
Table 1 [7].

Table 1. Possible toxic effects of some synthetic antimicrobial agents on human beings.

Synthetic Agent Toxic Effects

QACs respiratory irritation, nausea, skin, and eye irritation [8]

silver argyria, contact dermatitis, mucous membrane irritation [9]

zinc pyrithione developmental and neurotoxicity [10]

azo dyes carcinogenic [11]

triclosan endocrine disrupter, skin and eye irritation [12]

zinc oxide cytotoxicity, apoptosis induction, ROS generation [13]

In view of these environmental and ecological concerns, there has been a focus on
the research and development of new antimicrobial compounds of natural origin in the
last decades.

Plants have gained interest as a source of natural antimicrobials. In 2016, Katewara-
phorn et al. [14] investigated the antibacterial activity of cotton fabrics treated with a leaf
extract of Psidium Guajava containing phenolic compounds.

Strong antimicrobial properties have been found in flavonoids, quinonoids, terpenoids,
and tannins extracted from different parts of plants such as roots, bark, leaves, and flow-
ers [15].

However, chitosan and its derivatives appear to be the most effective natural antimi-
crobial agent on the market [2].

In fact, the natural polysaccharides used for the functional finishing of textiles are
abundantly available as waste products and are of an eco-friendly nature [7].

Chitosan, 2-amino-2-deoxy-(1→4)-d-glucopyranan, is undoubtedly one of the more
promising multifunctional polymers among textile finishing agents.

It is chemically composed of glucosamine and N-acetylglucosamine units linked by
1–4 glucosidic bonds [16] and has unique properties, such as biodegradability, non-toxicity,
and antimicrobial activity [17].

Chitosan is derived from the deacetylation process by chitin, which is the second most
abundant biopolymer in the world after cellulose. Chitin is a component of the shells of
crustaceans and constitutes the exoskeleton of insects as well as the wall of fungi [18,19].

Chitosan shows antibacterial activity against both Gram-positive and Gram-negative
bacteria, thanks to its combined bactericidal and bacteriostatic action. Its property mainly
includes four mechanisms [17]: it causes damage to microbial DNA, as a blocking agent of
oxygen and nutrients in the bacteria cell, it can bind to cationic metals (calcium, magne-
sium) and nutrients essential for the microorganism, and it causes the loss of cytoplasmic
intracellular components necessary for cell survival.

The first two mechanisms are associated with the chitosan antibacterial activity against
Gram-negative bacteria, while the third and fourth dominate the antibacterial activity
against Gram-positive bacteria.

All antibacterial mechanisms described are due to the fact that chitosan molecules carry
positively charged amine groups and thus, in turn, have an electrostatic interaction with
negatively charged cell membranes of microorganisms [20]. This electrostatic interaction
leads to bacterial death.
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Moreover, chitosan has the intrinsic property of acting as a cross linker, favoring
the attachment of natural dyes to the fibers [21]. This is due to the chemical structure
of chitin that is similar to cellulose, with a hydroxyl group on each monomer replaced
with an acetylamine group [19,22]. The different structures are reported in Figure 1. It is
an important property because most natural dyes generally lack substantivity for fibers,
especially fibers such as cotton [23].
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In a recent study [24], a double-layered chitosan coating was cured on cotton fabric to
serve as a biomordant and form a protective layer on it. Through a second chitosan layer
cured on the dyed fabric via the cross-linking method, the washing fastness of the cotton
fabric dyed with sodium copper chlorophyllin can be improved from 3 to 5 (according to
the standard method EN ISO 105-C06).

In 2021, Verma et al. [25] investigated the effect of biopolymer and dyeing treatment
with natural dye on the functional properties (i.e., antibacterial and UV protection) of cotton
fabric. It was found that the chitosan-treated onion skin-dyed cotton fabric showed 97.20%
and 98.03% reduction in the growth of Escherichia coli and Staphylococcus aureus bacteria,
respectively, and provided high UV protection.

In the present work, cotton and polyamide 6,6 fabrics were coated with a solution
of chitosan to be tested as antibacterial fabrics against Gram-negative and Gram-positive
bacteria.

The novelty of the present research work is related to the study of the contact time
between the bacterial inoculum and the treated fabrics in order to evaluate how the antibac-
terial action of the chitosan-coated fibers changes, particularly after dyeing and washing.

The existing standard test methods [26] suggest using 1 h of contact time between the
bacterial inoculum and antibacterial specimen. The aim of this work is to evaluate if shorter
contact times can be more selective in evaluating the antibacterial performances of fabrics.

Chitosan has been selected because it quickly exerts a high antibacterial action in
filtration [27], it is stable in water [22], and is widely proposed as a dyeing enhancer in
textile finishing due to its cross-linking properties [23].

Since durability to repeated washing is the major challenge for the practical use of
antimicrobial textiles [28], fabrics coated with chitosan have been subjected to several
washing cycles to evaluate the resistance of the dye and if the antibacterial property
is maintained.
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2. Materials and Methods
2.1. Bacteria Strains and Fabrics

In this study, the antibacterial activity of fabrics coated with a chitosan solution was
evaluated using model strains obtained from the American Type Culture Collection (ATCC):
Gram-positive bacteria, Staphylococcus aureus ATCC 6538 and Gram-negative bacteria,
Escherichia coli ATCC 11229 (supplied by Biogenetics Diagnostics Srl, Ponte San Nicolò,
Italy). The media used in the ASTM E 2149-13 (Standard Test Method for Determining the
Antimicrobial Activity of Antimicrobial Agents Under Dynamic Contact Conditions) was
yeast extract agar (nutrient broth agar).

The adjacent cotton fabric (plain weave fabric suitable for ISO 105-F02, mass per unit
area 110.75 g/m2 determined in accordance with ISO 3801, supplied by Testfabrics Inc.,
West Pittston, PA, USA) and adjacent polyamide 6,6 fabric (plain weave fabric suitable
for ISO 105-F03, mass per unit area 130.0 g/m2 determined in accordance with ISO 3801,
supplied by Testfabrics Inc., USA) were chosen to be used as textile substrates coated with
chitosan for evaluating the antibacterial activity of the biopolymer. Fabrics were used as
received from the supplier.

2.2. Preparation of the Chitosan Solution

A 2% w/w low molecular weight chitosan (50–190 kDa supplied by Sigma-Aldrich,
Milan, Italy) in a 2% w/v glacial acetic acid solution was prepared. The solution was shaken
for 7 h at room temperature.

Ten grams of cotton and polyamide 6,6 fabrics were dipped into the solution overnight
to promote the adsorption of chitosan on the fabrics.

The impregnated fabrics were manually padded to reach a 90% wet pick up.
The fabrics were eventually placed in an oven at 95 ◦C for 3 min and at 150 ◦C for

another 3 min to allow for the reaction between the chitosan and fabrics.
Finally, cotton and polyamide 6,6 materials were stored at 20 ◦C and 65% relative

humidity at least 24 h before testing and further treatments.

2.3. Dyeing of Treated Fabrics

The chitosan-treated fabrics were dyed with the natural colorant Carmine Red (E120,
C.I. Natural Red 4, C.I. 75470, supplied by Aromata Group srl, Bresso, Italy) which is largely
soluble in water. Due to its high chemical and biological stability, it is used in textiles,
pharmaceuticals, cosmetics, food, and beverages [29].

In the dyeing process, a 4% dye concentration was employed. The bath ratio was set
at 1:20 (i.e., 10 g of fabric in 200 mL bath). For comparison, both the chitosan-treated and
the untreated fabrics were dyed.

An Ahiba Nuance Top Speed II (Datacolor Italia srl, Giussano, Italy) dyeing machine
was used. The working temperature was set at 100 ◦C with a 1 ◦C/min heating rate and
left for 1 h. No additive was used during the dyeing.

At the end of the process, the chitosan-treated cotton fabric was homogeneously dyed,
while the untreated cotton fabric maintained its natural white color (Figure 2).

The same experiment was realized on the synthetic fabric and in this case, as shown in
Figure 3, only the chitosan-treated polyamide 6,6 fabric was dyed.
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2.4. Washing Fastness

The washing fastness of the dyed samples was evaluated according to the standard
method EN ISO 105-CO6 (2010) [30].

A water solution with a non-ionic detergent, Triton, was prepared at a concentration
of 4 g/L. Dyed samples (10 cm by 5 cm) were cut and sewn with a sample of multifiber
fabric (supplied by Testfabrics Inc., West Pittston, PA, USA) of the same size to verify if,
during washing, the dye was released and absorbed by another type of fiber.

The samples were placed into a 150 mL bath together with ten stainless steel balls.
The temperature was raised to 40 ◦C and left for 30 min. The fabrics were then rinsed

under tap water and dried in an oven at 37 ◦C.
It was observed that in both types of fibers, natural and synthetic, the color remained

absorbed on the fabric even after washing. This was due to the property of chitosan which
acts as a “bridge” between the dye and the fabric, ensuring washing fastness.



J. Funct. Biomater. 2023, 14, 524 6 of 15

2.5. Characterizations

The natural and synthetic fabrics coated with dyed and washed chitosan were charac-
terized by scanning electron microscopy (SEM), colorimetric analysis, water contact angle,
and FT-IR analysis.

Characterizations were carried out on chitosan-treated fibers and dyed chitosan-
treated fibers, and subjected to washing cycles.

The surface morphology of these fabrics was examined by SEM with a Zeiss EVO 10
(by Carl Zeiss AG, Oberkochen, Germany) scanning electron microscope at an acceleration
voltage of 15 KV, a current probe of 400 pA, and a working distance of about 30 mm. The
fabric samples were mounted on aluminum specimen stubs and sputter coated with a
20 nm thick gold layer in rarefied argon (20 Pa) using an Emitech K550 Sputter Coater with
a current of 20 mA for 180 s before SEM observations.

Colorimetric analysis was performed with a Datacolor SF 600 X Spectralflash (Dat-
acolor Italia srl, Italy) with CIE standard illuminant D65, 10◦. Color coordinates and ∆E
CIELab values were registered on the specimen of the dyed cotton and polyamide 6,6
fabrics with a size of about 5.0 × 5.0 cm. The reference samples for ∆E values were the un-
treated cotton and polyamide 6,6 fibers. The CIELab ∆E values were calculated according
to Equation (1):

∆E =

√
(L− L0)

2 + (a− a0)
2 + (b− b0)

2 (1)

where L0, a0, b0 are the colorimetric parameters of the reference sample according to the
CIELab color space (L, a, and b are the parameters of the samples after immersion in the
buffered solutions).

Contact angle and drop absorption time evaluations were conducted with EasyDrop
(Krüss Scientific GmbH, Hamburg, Germany) using deionized water in order to evaluate
the hydrophilic/hydrophobic behavior of the fabrics and further discuss the improved
dyeing performances, antibacterial properties, and overall stability to washing of chitosan
coating and dyeing.

Fourier transformed infrared (FT-IR) analysis was carried out using the attenuated total
feflection (ATR) technique in the range from 4000 to 650 cm−1 with 50 scansions and 4 cm−1

of band resolution by means of a Thermo Scientific Nicolet iZ10 spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with a Smart Endurance™ apparatus. The
FT-IR spectra were recorded using OMNIC 9 software.

2.6. Antibacterial Experiments

The antibacterial activity was evaluated on chitosan-treated samples, according to
ASTM E 2149-2013 “Standard test method for determining the antimicrobial activity of
antimicrobial agents under dynamic contact conditions”. This method employed Gram-
negative E. coli and Gram-positive S. aureus. Antibacterial tests were performed by diluting
the test culture incubated in a nutrient broth (the bacterial inoculum) in a buffer (pH 7.0) to
yield a concentration of 1.5–3.0 × 105 CFU/ mL (working dilution).

For each test, a sample of 0.5 g of fabric was immersed into a flask containing 25 mL
of the working dilution. All flasks were shaken for different contact times (12 min, 30 min,
and 1 h) at 190 rpm at room temperature.

After a series of dilutions with a buffer until a concentration of 150–300 CFU/mL,
1 mL of the liquid was plated in 15 mL of yeast extract agar. The inoculated plates were
incubated at 37 ◦C for 24 h and surviving cells were counted by the plate count method.
The tests were conducted in duplicate.

The antibacterial activity was expressed as a percent reduction in the organisms after
contact with the test specimen compared to the number of bacterial cells surviving after
contact with the control, according to Equation (2):

% reduction
(

CFUmL−1
)
=

B−A
B
× 100 (2)
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where A is CFU/mL after contact (end test) and B is CFU/mL at zero contact time (refer-
ence).

3. Results and Discussion

First, it was necessary to verify whether untreated fabrics have negligible antibacterial
effects. Using the ASTM method with both Gram-positive and Gram-negative bacteria,
untreated cotton and polyamide 6,6 resulted in a bacterial reduction of 0%.

3.1. Chitosan Antibacterial Activity

The mechanism of the antibacterial activity of chitosan is related to its cationic-charged
chemical structure, which is influenced by many factors, including the concentration of
chitosan, pH value, temperature, degree of deacetylation, cell growth phase, and types of
microorganisms [31].

It is well known that Gram-positive and Gram-negative bacteria have different cell
wall compositions. In fact, the outer membrane of Gram-negative bacteria comprises
essentially lipopolysaccharides containing phosphate and pyrophosphate groups, which
renders the bacterial surface a density of negative charges superior to the Gram-positive
ones [7].

Chung et al. [32] found a higher inhibitory effect on the Gram-negative bacteria
because more chitosan adsorption was observed on their cell surface than on the tested
Gram-positive bacteria. More negatively charged cell surfaces had a greater interaction
with chitosan due to its cationic nature.

According to the literature, cotton fabrics coated with chitosan have shown interesting
results. After 12 min of contact between treated fibers and inoculum bacterium, E. coli
(Gram-negative bacterium) is immediately more sensitive to the antibacterial action of the
biopolymer. There is a bacterial reduction of 99.8% compared to 96.6% of S. aureus.

Another essential aspect to consider is the contact time. It was observed that for both
bacteria species, a more significant bacterial reduction increases as the contact time between
the diluted bacterial inoculum and the cotton fabric treated with chitosan increases, as
reported in Table 2.

The same experiment was carried out on the synthetic fiber, polyamide 6,6 treated
with chitosan. The results, reported in Table 2, showed that 12 min of contact time between
the treated polyamide 6,6 and the bacterial inoculum were enough to achieve a 100%
bacterial reduction in both microorganisms studied. Hence, the antibacterial action of the
biopolymer on the synthetic fiber was almost immediate. The test results highlighted an
excellent antibacterial activity of the synthetic fabric treated with chitosan.

Table 2. Bacterial reduction rate of chitosan-treated cotton and polyamide 6,6 fabrics.

Fabric Contact Time
Bacterial Reduction (%)

E. coli S. aureus

12 min 99.8 96.6
Cotton 30 min 99.8 100

1 h 100 100

12 min 100 100
Polyamide 6,6 30 min 100 100

1 h 100 100

In the specific case of Gram-negative bacterium (i.e., E. coli), considering the antibac-
terial properties of the two different types of fibers, the results showed that the greater
antibacterial action was obtained by the synthetic fiber treated with chitosan compared to
the natural fiber, considering 12 and 30 min of contact. In both reduced contact times, the
antibacterial effect obtained was 100% and the bacterial reduction was 99.8%, considering
the natural fiber treated with chitosan, which was in any case an excellent result.
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3.2. Cross-Linking Properties of Chitosan in Dyeing

Another very interesting property of chitosan is to bind the molecules of some natural
dyes and allow for the dyeing of the textile substrate, especially cellulosic ones to which it
links very well.

The molecular structure of chitosan can act as a “bridge” between the textile substrate
and the dye molecule due to the protonation of nitrogen groups in an acid environment.
Generally, synthetic dyes are preferred for dyeing fabrics, and are synthesized ad hoc to
be applied to the various types of fibers. Synthetic dyes, however, are a major source of
wastewater pollution. Natural dyes are, on the other hand, less toxic and less allergenic
thanks to the existence of a large number of structurally different active compounds [25].

The natural polymer is distributed homogeneously on the fabric, as confirmed by
dyeing tests using Carmine Red, an acid dye, and by the colorimetric analysis.

3.3. Antibacterial Test after Dyeing

Since chitosan is an excellent cross linker to improve the adhesion of natural dyes to
fabrics, the antibacterial effect was also tested on fabrics treated with chitosan and dyed
with Carmine Red. In this way, it was possible to understand if only the dye had a minimal
influence on the antibacterial property conferred by chitosan.

In the following table (Table 3), the results obtained considering the bacterial reduction
after the dyeing are reported.

Table 3. Bacterial reduction after dyeing of chitosan-treated cotton and polyamide 6,6 fabrics.

Fabric Contact Time
Bacterial Reduction (%)

E. coli S. aureus

12 min 94.2 97.1
Cotton 30 min 97.8 94.2

1 h 98.5 98.9

12 min 90.9 70.6
Polyamide 6,6 30 min 99.1 83.2

1 h 99.7 95.2

Fabrics (both natural and synthetic) functionalized with chitosan and subsequently
dyed with Carmine Red showed good antibacterial properties, especially considering
the polyamide 6,6 against Gram-negative bacteria. The dyeing influenced the chitosan
antibacterial activity only at a shorter contact time with polyamide 6,6, observing a bacterial
reduction of 70.6% at 12 min and 83.2% at 30 min of S. aureus.

In general, the bacterial reduction obtained is nearly 100% for both types of fibers with
a contact time of 30 min or more. Therefore, the dye had a limited effect on the antibacterial
activity of chitosan.

In view of a further exploitation, it is interesting to highlight that the fabrics treated
with chitosan, whether they have undergone a dyeing process or not, maintain their
antibacterial activity over time.

3.4. Durability to Washing

The various finished textile fabrics must have the characteristic of being resistant
to washing. Therefore, the fabrics treated with chitosan and dyed were washed [30]
and subsequently their antibacterial properties were evaluated to verify the resistance of
the treatment.

Almost the same antibacterial behavior was found for both microbial species tested:
the antibacterial action of chitosan was maintained at higher contact time. The results
reported in Table 4 note that the antibacterial action of chitosan is stronger against Gram-
negative bacteria.
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Table 4. Bacterial reduction after dyeing and washing of chitosan-treated cotton and polyamide
6,6 fabrics.

Fabric Contact Time
Bacterial Reduction (%)

E. coli S. aureus

12 min 59.0 64.4
Cotton 30 min 92.8 84.5

1 h 98.5 97.7

12 min 61.4 36.5
Polyamide 6,6 30 min 96.0 47.9

1 h 95.5 90.4

Furthermore, the antibacterial activity was reduced only for short contact times (12
and 30 min), while at 1 h, the percentage bacterial reduction remained higher than 90%,
and in most cases higher than 95%.

3.5. Analysis of Surface Morphology

SEM images in Figure 4 show the morphological aspect of natural and synthetic fibers.
Cotton fibers presented a ribbon-like appearance (Figure 4A,B) with a rough surface, while
the synthetic polyamide 6,6 fibers have a circular section with a more smooth surface
(Figure 4C,D).
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Figure 4A,C showed a homogeneous distribution of chitosan on both cotton and
polyamide 6,6 fibers.

An important aspect to consider was that washing does not remove the chitosan;
the biopolymer was resistant to repeated laundering both on cotton (B) and polyamide
6,6 (D) fabrics. In fact, good antibacterial results were obtained on dyed and washed
chitosan-treated samples.

3.6. Colorimetric Analysis

Colorimetric analysis was performed on cotton and polyamide 6,6 fabrics. For each
sample, the average CIELab ∆E values were calculated on three different measurements
and the results are reported in Table 5.

Table 5. ∆E values on cotton and polyamide 6,6 fabrics.

Fabric
Chitosan-Treated Cotton Chitosan-Treated Polyamide 6,6

Dyed Dyed and Washed Dyed Dyed and Washed

∆E 43.8 41.8 50.5 48.9

As shown in Table 5, both the natural and synthetic chitosan-treated fabrics had an
intense coloration (while the untreated fabrics cannot be dyed, as shown in Figures 2 and 3).
The dyed and washed samples had a ∆E value slightly lower than the freshly dyed fabrics.
This result was due to the washing effect because the washing removed weakly linked dye
molecules, and therefore reduced the dyeing intensity. However, the dyed and washed
samples were brighter than the freshly dyed fabrics because they were more similar to the
reference sample (untreated cotton and polyamide 6,6 fabrics).

On the other hand, dyed chitosan-treated fabrics showed a higher ∆E value compared
to the “white” because they had not been subjected to washing, maintaining a high degree
of dyeing intensity.

Therefore, colorimetric analysis demonstrated the resistance of dyeing natural and
synthetic fibers due to the presence of chitosan that was being distributed homogeneously
on the fabric, ensuring dyeing and strong cross-linking properties.

3.7. Contact Angle

Contact angle measurements were performed using water in order to evaluate the
hydrophilic/hydrophobic behavior of the fabrics. Since some samples absorbed the water
drop quickly, a robust measure of the contact angle was impossible. In this case, only the
absorption time was measured. The results are reported in Tables 6 and 7.

Untreated cotton fabric showed extremely high hydrophilicity since it could absorb
a drop of water in about 100 ms; therefore, the contact angle was impossible to measure.
The same situation was found on cotton treated with chitosan. In this case, the presence
of the biopolymer onto the fabric increased the absorption time to 1 s. A contact angle of
121.3 ± 4.1◦ was measured on the dyed chitosan-coated cotton fabrics (Figure 5A) and the
water drops were not absorbed, whereas a decrease in the contact angle to about 95◦ was
observed on the fabrics after washing (Figure 5B) and the fabric was able to absorb water
again in about 4 s.
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Figure 5. Pictures of the water drops during the contact angle measurements: dyed chitosan-
coated cotton (A); dyed and washed chitosan-treated cotton (B); polyamide 6,6 (C); chitosan-coated
polyamide 6,6 (D); dyed chitosan-coated polyamide 6,6 (E); dyed and washed chitosan-treated
polyamide 6,6 (F).

The synthetic fiber showed an important hydrophobicity that made it possible to
measure the contact angle. In all the polyamide 6,6 fabrics, the drop of water remained on
the fabric surface for a long time without being absorbed. The measurements of contact
angle decreased from 137.6 ± 4.3◦ for untreated polyamide 6,6 (Figure 5C) to 106.7 ± 7.9◦

for dyed and washed chitosan-treated polyamide 6,6 (Figure 5F).
It is worth noting that the chitosan treatment and dyeing have different effects on

the hydrophilicity of the fibers depending on their hydrophilic/hydrophobic nature. Hy-
drophilic fibers such as cotton become progressively more hydrophobic when treated with
chitosan and then dyed. This behavior is likely due to the fact that both the chitosan and
dye led to the inaccessibility of water to the hydrophilic groups of cotton as well as inside
the fibers.

On the other hand, in a hydrophobic fiber such as polyamide 6,6, the chitosan treat-
ment and the following dyeing added hydrophilic groups to the fibers, making them
progressively more hydrophilic. However, the chitosan treatment and dyeing involved just
the surface of the fibers and, for that reason, the fabrics were not able to absorb the water
drops at any stage.

Table 6. Measurements of contact angle and absorption time on different treated cotton fabrics.

Fabric Contact Angle (◦) Absorption Time (s)

Cotton − 0.1
Chitosan-treated cotton − 1.0

Dyed chitosan-treated cotton 121.3 ± 4.1 ∞
Dyed and washed chitosan-treated cotton 95.1 ± 16.4 3.95
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Table 7. Measurements of contact angle on the different treated polyamide 6,6 fabrics.

Fabric Contact Angle (◦) Absorption Time (s)

Polyamide 6,6 137.6 ± 4.3 ∞
Chitosan-treated polyamide 6,6 122.5 ± 18.2 ∞

Dyed chitosan-treated polyamide 6,6 118.8 ± 5.7 ∞
Dyed and washed chitosan-treated

polyamide 6,6 106.7 ± 7.9 ∞

3.8. Infrared Spectroscopy

FT-IR analysis was carried out on the fabrics with the ATR technique. The spectra
are shown in Figure 6 compared to the spectrum of pure chitosan powder. The spectrum
of chitosan is characterized by a broad absorption band in the range of 3000–3600 cm−1

attributed to O–H stretching, a band at 2870 cm−1 attributed to C–H stretching, and several
overlapping peaks at about 1000 cm−1 attributed to C–O stretching and C–O–C bridge [33].

The spectral features of chitosan are similar to those of cotton as shown in Figure 6.
A small difference can be found in the range of 1500–1700 cm−1, where chitosan has two
partially overlapping weak adsorption bands attributed to the C=O stretching (Amide I)
at 1655 cm−1 and N–H bending at 1560 cm−1 (Amide II), while cotton has a single peak
attributed to Amide I and H–O–H bending of absorbed water at 1650 cm−1 [34,35].

No significant differences are noticeable in the spectra related to chitosan-treated
cotton fabrics compared to the untreated cotton, except for the peak reduction at 1650 cm−1,
which is probably due to the desorption of water substituted by the linking of the chitosan.
In fact, dyeing and washing did not alter the spectra.

Polyamide 6,6 has a typical peak at 3300 cm−1 attributed to N–H stretching. Moreover,
the two peaks at 2960 cm−1 and 2850 cm−1 correspond to CH2 bonds, while 1630 cm−1

and 1560 cm−1 indicate the C=O stretching (Amide I) and N–H bending (Amide II) vibra-
tions [36].

Spectral features of chitosan-treated polyamide 6,6 fabric do not differ from the
untreated polyamide 6,6 fabric (Figure 6B). Moreover, the spectra of chitosan-treated
polyamide 6,6 fabrics after dyeing and washing do not show significant differences with
the untreated fabrics, except for a slight increase in the absorption intensity of around
1000 cm−1, where chitosan has the most intense absorption peak (see the box in Figure 6A).

FT-IR analysis revealed that the amount of chitosan linked to both cotton and polyamide
6,6 is little, but enough to exert excellent antibacterial effects and to change the hy-
drophilic/hydrophobic behavior of both fabrics. This finding is in agreement with SEM
observations that have shown a thin coating of the fibers.
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4. Conclusions

In the present work, cotton and polyamide 6,6 fibers were coated with chitosan, a
natural biopolymer to be tested against Gram-positive (S. aureus) and Gram-negative (E.
coli) bacteria using the ASTM standard method that requires 1 h of contact between the
bacterial inoculum and the treated fabrics.

Chitosan, a useful non-toxic biopolymer, can be used as an effective antibacterial textile
finish and an excellent premordant for dyeing. The innovative part of the work was to
quantify the antibacterial efficacy of fabrics functionalized with chitosan at shorter contact
times (12 min, 30 min, and 1 h) between the treated fabrics and the bacterial inoculum. In
this way, it was possible to evaluate the trend of bacterial reduction over time on this type
of material. A chitosan solution was prepared and fabrics were dipped into the solution
overnight to promote the adsorption of chitosan on the fabrics.
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Both cotton and polyamide 6,6 fibers treated with chitosan proved to be highly antibac-
terial after only 12 min of contact with the bacterial inoculum. Furthermore, the bactericidal
action of the chitosan-treated fabrics is excellent up to 1 h of contact, as expected.

Since chitosan has the property of cross-linking natural dyes to provide fabrics with
better dyeing and nonfading, a natural dye known as Carmine Red was used to evaluate
the premordant property of chitosan, as well as the antibacterial properties of treated fabrics
after dyeing. The results were very satisfactory in both aspects since the dyeing is improved
by the treatment with chitosan and the bacterial reductions were nearly 100% after 30 min
of contact time on both fibers under study.

The results showed that washing reduced the antibacterial effect, especially for evalu-
ations at short contact times.

It can be concluded that chitosan is a biopolymer with a very strong and fast antibac-
terial efficacy that does not decrease significantly after dyeing. A decreased antibacterial
activity was observed after washing only when short contact times were used in testing.

Finally, from a testing point of view, implementing procedures with different contact
times were useful to highlight differences that can allow for discriminating among pairs
of material/bacterium, even when excellent biocidal actions were found at a fixed contact
time for a specific bacterium.

Author Contributions: Conceptualization, C.V. and A.V.; methodology, R.P. and M.P.; investigation,
M.P., R.P., C.V. and A.V.; writing—original draft preparation, M.P.; writing—review and editing, R.P.,
C.V. and A.V. All authors have read and agreed to the published version of the manuscript.

Funding: This study was carried out within the MICS (Made in Italy—Circular and Sustainable)
Extended Partnership and received funding from the European Union Next-GenerationEU (Piano
Nazionale di Ripresa e Resilienza (PNRR)—Missione 4, Componente 2, Investimento 1.3—D.D.
1551.11-10-2022, PE00000004). This manuscript reflects only the authors’ views and opinions, neither
the European Union nor the European Commission can be considered responsible for them.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Periolatto, M.; Ferrero, F.; Vineis, C. Antimicrobial Chitosan Finish of Cotton and Silk Fabrics by UV-Curing with 2-Hydroxy-2-

Methylphenylpropane-1-One. Carbohydr. Polym. 2012, 88, 201–205. [CrossRef]
2. Periolatto, M.; Ferrero, F.; Vineis, C.; Varesano, A.; Gozzelino, G. Novel Antimicrobial Agents and Processes for Textile Applications;

Ferrero, F., Ed.; IntechOpen: Rijeka, Croatia, 2017; Chapter 2; ISBN 978-953-51-3200-4.
3. Bengalli, R.; Fiandra, L.; Vineis, C.; Sanchez-Ramirez, D.O.; Azoia, N.G.; Varesano, A.; Mantecca, P. Safety Assessment of

Polypyrrole Nanoparticles and Spray-Coated Textiles. Nanomaterials 2021, 11, 1991. [CrossRef]
4. Yao, C.; Li, X.; Neoh, K.G.; Shi, Z.; Kang, E.T. Surface modification and antibacterial activity of electrospun polyurethane fibrous

membranes with quaternary ammonium moieties. J. Memb. Sci. 2008, 320, 259–267. [CrossRef]
5. Kose, O.; Mantecca, P.; Costa, A.; Carrière, M. Putative adverse outcome pathways for silver nanoparticle toxicity on mammalian

male reproductive system: A literature review. Part. Fibre Toxicol. 2023, 20, 1. [CrossRef]
6. Choudhary, A.; Singh, S.; Ravichandiran, V. Toxicity, preparation methods and applications of silver nanoparticles: An update.

Toxicol. Mech. Methods 2022, 32, 650–661. [CrossRef] [PubMed]
7. Shahid-ul-Islam; Shahid, M.; Mohammad, F. Green Chemistry Approaches to Develop Antimicrobial Textiles Based on Sustainable

Biopolymers—A Review. Ind. Eng. Chem. Res. 2013, 52, 5245–5260. [CrossRef]
8. Lin, G.H.Y.; Hemming, M. Ocular and dermal irritation studies of some quaternary ammonium compounds. Food Chem. Toxicol.

1996, 34, 177. [CrossRef]
9. Myerson Fisher, N.; Marsh, E.; Lazova, R. Scar-localized argyria secondary to silver sulfadiazine cream. J. Am. Acad. Dermatol.

2003, 49, 730–732. [CrossRef]
10. Windler, L.; Height, M.; Nowack, B. Comparative evaluation of antimicrobials for textile applications. Environ. Int. 2013, 53, 62.

[CrossRef]
11. Oh, S.W.; Kang, M.N.; Cho, C.W.; Lee, M.W. Detection of carcinogenic amines from dyestuffs or dyed substrates. Dyes Pigment.

1997, 33, 119. [CrossRef]
12. Fang, J.L.; Stingley, R.L.; Beland, F.A.; Harrouk, W.; Lumpkins, D.L.; Howard, P. Occurrence, efficacy, metabolism, and toxicity of

triclosan. J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 2010, 28, 147–171. [CrossRef] [PubMed]

https://doi.org/10.1016/j.carbpol.2011.11.093
https://doi.org/10.3390/nano11081991
https://doi.org/10.1016/j.memsci.2008.04.012
https://doi.org/10.1186/s12989-022-00511-9
https://doi.org/10.1080/15376516.2022.2064257
https://www.ncbi.nlm.nih.gov/pubmed/35403559
https://doi.org/10.1021/ie303627x
https://doi.org/10.1016/0278-6915(95)00099-2
https://doi.org/10.1067/S0190-9622(02)61574-9
https://doi.org/10.1016/j.envint.2012.12.010
https://doi.org/10.1016/S0143-7208(96)00038-1
https://doi.org/10.1080/10590501.2010.504978
https://www.ncbi.nlm.nih.gov/pubmed/20859822


J. Funct. Biomater. 2023, 14, 524 15 of 15

13. Olejnik, M.; Kersting, M.; Rosenkranz, N.; Loza, K.; Breisch, M.; Rostek, A.; Prymak, O.; Schürmeyer, L.; Westphal, G.; Köller, M.;
et al. Cell-biological effects of zinc oxide spheres and rods from the nano- to the microscale at sub-toxic levels. Cell Biol. Toxicol.
2021, 37, 573–593. [CrossRef] [PubMed]

14. Katewaraphorn, J.; Aldred, A. A Study of Microcapsules Containing Psidium Guajava Leaf Extract for Antibacterial Agent on
Cotton Fabric. Int. J. Chem. Eng. Appl. 2016, 7, 27–31. [CrossRef]

15. Álvarez-Martínez, F.J.; Barrajón-Catalán, E.; Herranz-López, M.; Micol, V. Antibacterial plant compounds, extracts and essential
oils: An updated review on their effects and putative mechanisms of action. Phytomedicine 2021, 90, 153626. [CrossRef] [PubMed]

16. Shahid-ul-Islam; Butola, B.S. Recent advances in chitosan polysaccharide and its derivatives in antimicrobial modification of
textile materials. Int. J. Biol. Macromol. 2019, 121, 905–912. [CrossRef]

17. Periolatto, M.; Ferrero, F.; Vineis, C.; Rombaldoni, F. Multifunctional finishing of wool fabrics by chitosan UV-grafting: An
approach. Carbohydr. Polym. 2013, 98, 624–629. [CrossRef]
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