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Abstract Chitosan is a cationic polysaccharide with
intrinsic antimicrobial properties that can be used as an
ecological alternative to develop functional materials
to inhibit the proliferation of microorganisms. This
work evaluates chitosan nanocapsules (CNs) as a self-
disinfecting agent to provide bactericidal activity on
cotton fabrics (CF), using polyacrylate to bind the CNs
on the CF surface. The fabrics were characterized by
Fourier-transform infrared spectroscopy (FTIR), scan-
ning electron microscopy (SEM), contact angle (CA),
moisture retention, and antimicrobial tests against
Escherichia coli and Bacillus subtilis. The FTIR results
showed new peaks related to chitosan structure,
indicating the adequate fixation of the CNs on the
cotton fibers. SEM images corroborated the polyacry-
late binder’s efficient adhesion, connecting the CNs
and the cotton fiber surface. The CF surface properties
were considerably modified, while CN/polyacrylate
coating promoted antibacterial activity against the B.
subtilis (gram-positive bacteria) for the developed
wipe, but they do not display bactericidal effects
against E. coli (gram-negative bacteria).
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Introduction

Throughout human history, fabrics have had several
cultural and technological functions, from participating
in fashion and comfort to keeping the human body
warm in cold climates, protecting from the sun in hot
places, or protecting from microorganisms in highly
contaminated places. In recent years, the textile
industry has focused on improving the functional
properties of fabrics, and there is a growing search
for multifunctional wipes, which arose during the
COVID-19 pandemic that highlighted a sanitary crisis."
Recent evidence suggests antimicrobial wipes are a
good option for controlling bacterial pathogen prolif-
eration on surfaces of clothes.” There have been
significant efforts to meet the sanitary demands using
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promising and efficient materials to br1ng new func-
tional properties to the textile sector.’ These new
strategies have focused on using new green materials to
functionalize cotton wipes to control several bacteria.*

Cotton fibers have several functional properties
suitable for developing textiles, such as water absor-
bency, porosity, flexibility, and durability.” Nowadays,
the textile industry has been forced to meet new
customer demands in addition to the basic functions of
textiles (i.e., body protection and warmth). Self-clean-
ing, anti-fogging, anti-frosting, super-anti-wetting,
antimicrobial, and UV-blocking are some of these
novel multifunctional properties required by increas-
ingly demanding customers.

Numerous materials have been investigated as
promising antibacterial agents. Metals, such as zinc
nanoparticles, copper, and silver, are w1dely used and
recognized as efficient.®’ However, these substances
are commonly toxic, or their effects are unknown in
the human orgamsm making them unsuitable for skin
contact products.® Therefore, numerous scientific
efforts have been made to design new antimicrobial
multifunctional textiles based on sustainable and nat-
ural antimicrobial agents, such as essential oils and
chitosan.””"! Chitosan (Cs) is a cationic polysaccharide
derived from chitin, a polysaccharide composed of N-
acetyl-D- glucosamme (GIcNAc) and mainly of D-
glucosamine (GlcN) The chitosan structure contains
hydroxyls and amino groups that allow physical and
chemical modifications, improving the crosslinking
capacity. Besides, as chitosan is a cationic macro-
molecule, it has attracted considerable interest due to
its biological activities."® The positive charges on the
chitosan surface result in strong electrostatic interac-
tions with the cell surface, altering the cell permeability
and leading to proteln loss from the cytoplasm to the
extracellular space.'* Studies have demonstrated
antimicrobial activity against bacteria such as Escher-
ichia coli, Streptococcus mutans, Staphylococcus aur-
eus, Bacillus subtilis, and Actinomyces naeslundii.*>'°

One of the challenges of usmg chitosan in cotton
wipes is washout durability.!” Since CNs cannot form
covalent bonds with cotton fibers, they tend to slough
off the fabric surface during the wash and wear
processes. For this reason, there are still rare studies
about using only natural organic particles on cotton
fabrics to develop multifunctional textiles for antimi-
crobial applications. So, an effective chitosan immobi-
lization on the fabric surface is crucial. This strategy to
improve antibacterial fabric is studied in the present
work, using polyacrylate as a nanocapsule/cotton fiber
binder. Polyacrylates are salt or esters of acrylic acid
with a wide application as_ adhesives and glues in
several technological areas.'® Hebeish and collabora-
tors'® showed that cotton fabrics functionalized with
chitosan/polymethacrylic acid nanoparticles show
activity against some bacteria when copper is com-
plexed with chitosan macromolecules. Chitosan/poly-
acrylic acid nanocomposites were studied as an
anticancer drug delivery system.”’ Chitosan-acrylate
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nanogels with essential oils were ap thed as an insect
repelling coating on cotton fabrics.” However, pub-
lished research about using CN/polyacrylate coatings
to produce antimicrobial fabrics is out of the scope
of our knowledge.

Herein, different concentrations of chitosan
nanocapsules (CNs) were incorporated and immobi-
lized on the cotton textile using a polyacrylate binding
agent. The effect of multifunctional fabric with CNs/
polyacrylate was investigated by several techniques,
such as Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), water
absorption, and contact angle. Furthermore, the
antimicrobial activity of multifunctional textiles against
different bacteria was evaluated and discussed.

Materials and methods
Materials

Cotton fabrics were acquired from a fabric store (Sao
Paulo, Brazil). Polymar Industria Comércio Importa-
¢do e Exportagdo Ltda. supplied chltosan (degree of
deacetylation of 82% and M, of 1x10° g mol™).
Aqueous acrylic copolymer binder (Res 180 W Binder
water) was purchased from Redelease (Sdo Paulo,
Brazil). Nutrient culture medium (Mueller-Hilton
agar) was purchased from Kasvi. The other chemicals
were purchased from Labsynth Produtos para Labora-
torios Ltda. (Diadema, SP, Brazil). Sodium
tripolyphosphate (TPP) and Tween 80 were acquired
from Synth (Brazil).

Methods
Synthesis of chitosan nanocapsules (CNs)

The preparation of chitosan nanocapsules (CNs) was
prepared accordm% to the methodology described in
our previous work,” and their complete characteriza-
tion was also reported. Cs was dissolved in a 1% (v/v)
acetic acid/distilled water solution. Subsequently,
Tween 80 (0.3 wt%) was added to the Cs solution
and stirred for 30 min. Finally, TPP solution (1 wt%)
was slowly added to the chitosan solution under high
stirring. CNs were formed in the emulsion via electro-
static crosslinking between amino groups of chitosan
and phosphate groups of TPP. Posteriorly, CNs were
extracted from the emulsion by centrifugation at
10,000 rpm for 5 min.

Preparation of chitosan/cotton fabrics

Pieces of pristine cotton fabrics (PC) (10 cm x 10 cm)
were previously washed with an aqueous detergent
solution. After that, they were dipped in 100 mL of
liquor containing water with the binder (3% v/v) and
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different emulsion concentrations of chitosan nanocap-
sules (1, 2, 4, and 8% v/v) previously homogenized in a
mechanical rotor shaker for 3 min (50 Hz). Then, the
cotton fabrics were left in the liquor at room temper-
ature and shaken in a Dubnoff bath with reciprocal
agitation (EL Labor Equipamentos para Laboratérios
Ltda, Santo André, Brasil) for 60 min. Finally, the
functionalized fabrics were air-dried at room temper-
ature (72 h), washed in distilled water (3 times), and
air-dried again. The samples were named PC-X, where
X corresponds to the emulsion content of CNs applied
in liquor. The schematic representation of the fabrica-
tion of the cotton wipes coated with CN/polyacrylate is
illustrated in Fig. 1.

Characterization of the CN liquor
Dynamic light scattering (DLS)

The CN diameter distribution was recorded using the
dynamic light scattering (DLS) technique with a 90°
scattering angle using Zetasizer Nano-ZS equipment
(Malvern Panalytical Ltd., Malvern, U.K.). The CN/
polyacrylate liquor (100 pL) was suspended in distilled
water (2 mL), and each sample was analyzed in
triplicate.

Zeta potential
The zeta potential was estimated by the Smoluchowski
model from measurements of the electrophoretic

mobility of the nanocapsules using Zetasizer Nano-
7S (Malvern Instruments. The reading time to obtain
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the zeta potential data was 10 s, and the measurements
were performed in triplicate.

Characterization of the CN/polyacrylate-cotton
fabrics

X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed using K-alpha®
equipment (ThermoFisher Scientific Inc., Mas-
sachusetts, USA), with monochromatic radiation Al
Ka, at 10 or 20 eV for high-resolution scans at room
temperature.

Fourier-transform infrared spectroscopy

FTIR spectra were recorded in Frontier 94.942
(PerkinElmer Inc., Massachusetts, USA), operating
with attenuated total reflectance (ATR). Data acqui-
sition was performed in a range of 500-4000 cm ™', 32
scans, and a spectral resolution of 4 cm ™.

Scanning electron microscopy (SEM)

The samples were coated with a 25-nm-thick gold
layer, using Sputtering Leica EM ACE 200 (Leica
Microsystems, Wetzlar, Germany). Micrographs were
performed using a microscope FEI Quanta 250
(Thermo Fisher Scientific, Hillsboro, Oregon, USA),
using an accelerating voltage of 10 kV and a spot size
of 4 nm.

Dubnoff bath for 60 min

Fig. 1: Schematic representation of the adopted methodology. Chitosan/polyacrylate cotton fabrics were named PC-X,
where X corresponds to the emulsion content of CN applied in liquor
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Moisture retention

The moisture of the CN/polyacrylate-cotton fabrics
was determined by the weight loss of the sample as a
function of time. The samples were cut into 2x2 cm?
and dried in an oven at 60°C for 96 h. The experiments
were performed in triplicate, and the weight of water
retained by the cotton fabric was calculated using
equation (1), where W, is the weight of the sample at a
time ¢, and Wy is the moisture weight of the samples.

_ Wi — W,

W Wi

% 100 (1)

Contact angle

The contact angle was measured using a dynamic
contact angle tensiometer (SEO) model Phoenix 300
(Kromtech Alliance Corp., London, UK), with three
phases (air/water/sample). The static contact angles
(Oest) were determined according to the Young-La-
place equation by observing sessile water droplets of
4.00 pL deposited on the cotton fabric’s surface. The
contact angle values were collected on the drop after
30 s in contact with the fabric’s surface.

Water absorption rate (¢)

® was determined from the contact angle data. For this
purpose, it was used as the water drop volume (V'),> drop/
sample interface area (Ay) and time interval between the
0O.st measurements (Afy), according to equation (2).

% h(3r* + ) /6 h n?
v mEReRfe (R
ApAty TE}’ZAIQ 6Aty r?

where £ and r correspond to the height and water/
sample interface radius of the sessile drop at the time
tg. Using the Quincke relation [equation (3)] and
equation (4),**% equation (5) was derived to estimate
¢ in the function of 0.y, water specific mass (p—
1 g cm™), water surface tension (¢=72.8 mJ m ?),
and gravity (g=9.8 m s 2).

W= (1 — coslcs) 3)
8P
h_ Oest
.= tan( > ) (4)
1 (1 — coslest) Hest
¢_6At9 20 p” 3+ tan - (5)
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Antimicrobial tests

The antimicrobial test was performed using the bacte-
rial growth inhibition method in nutrient broth. For
this purpose, the cotton fabrics with different propor-
tions of CN were cut in a square format with an area of
1 cm? and added to a test tube containing a nutrient
culture medium inoculated with Escherichia coli
(E. coli, ATCC 25922) or Bacillus subtllzs (B. subtilis,
Caron Beta A 155) (10° CFU mL™"). The test tubes
were kept for 24 h in a microbiological incubator at 30
and 37°C for bacterial growth of E. coli and B. subtilis,
respectively. After incubation, the inoculated medium
(100 pL) was plated into Petri dishes with nutrient agar
by the spread plate method Counting of microorgan-
isms (in CFU mL ') was performed in Petri dishes
after being incubated for 24 h at the same temperatures
suitable for each bacterial strain. Bacterial inhibition
corresponds to the difference between the logarithm of
the number of bacterial colony-forming units (in CFU
mL™") observed in the nutrient broth with the samples
and that observed in the positive control (nutrient
broth inoculated with bacteria at a count of
10° CFU mL™" without direct contact with samples).

Statistical analysis

Two-way analysis of variance (ANOVA two-way) and
Tukey’s test were applied to statistically evaluate the
significant differences between the samples’ measured
properties, using a 95% confidence level in the
GraphPad Prism 7.

Results and discussion
CN/polyacrylate liquor
DLS and Zeta potential

The particle size distribution plots of the CNs are
shown in Fig. 1S (Supplementary Material). The CN
presents a hydrodynamic diameter (Dy) distribution
with an average diameter of 100+ 10 nm, while the zeta
potential (C) is+16.5£5.1 mV (Table 1). When CNs
are introduced into the liquor containing water and the
binder, the hydrodynamic diameters remain monomo-
dal Gaussian profile distribution, but CN aggregates
with Dy average from 50 to 410 nm are formed.

The binder may be responsible for the CN aggrega-
tion in the liquor since the protonated amine and
hydroxyl groups of the chitosan chains can interact or
react w1th carboxylic acids (COOH) present on poly-
acrylate,”® a component of the acrylic binder, forming
amide or ester linkages as illustrated in Fig. 2. In
addition, the ¢ values out of the range of +30 and
—30 mV indicate that the aggregates have electrostatic
charges to repulse each other and stabilize them in the
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Table 1: Hydrodynamic diameter (Dy) and Zeta potential (C) of the chitosan nanocapsules (CNs) in the liquor

Sample Hydrodynamic diameter distribution Hydrodynamic diameter (nm) Zeta potential (mV)
CN Gauss distribution (Monomodal) 100+10%2 +16.5+5.1%2
PC-1 Gauss distribution (Monomodal) 246+172 -30.5+6.9
PC-2 Gauss distribution (Monomodal) 222+160 -36.2+8.7
PC-4 Gauss distribution (Monomodal) 178+116 -37.8+5.5
PC-8 Gauss distribution (Monomodal) 209+136 -36.9+7.7

*PC-X, where X corresponds to the CN emulsion content applied in liquor

(a) Polyacrylate based aqueous binder
H-CHZ);(CH—CHZ)—E(CH—CH‘)C—{cv-cHz p H—CHz}e— Cotton fiber
[e]

R

[}

ester linkage

-
-
-

Cotton

-

OH

CN/binder aggregates

‘\
Functionalized cotton fiber %
3
‘\

Cellulose

~—

Binder film

Fig. 2: (a) Ester (-OCO-) and amide (—-NHCO-) bonds between chitosan nanocapsules (CN) and polyacrylate in the binder
due to aminolysis (blue bar), condensation (green bar), transesterification (orange bar), and esterification (yellow bar). The
binder fixes on the cotton fibers’ surface also due to the reactions of hydroxyl (OH) groups on cellulose chains with ester
and carboxylic acids on polyacrylate. These reactions also lead to the formation of (b) CN/binder aggregates, and (c) a
binder film on the cotton fiber’s surface with nanocapsules trapped inside (CN/polyacrylate coating)
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aqueous medium.”’ The ionized COO- groups of the
polyacrylate binder forming a negative electrostatic
layer covering the CN must cause repulsive forces to
repel the CN aggregates of each other, as suggested by
the high negative ¢ average values (<—30 mV).

CN/polyacrylate-cotton fabrics
XPS spectroscopy

The PC sample presents XPS binding energies at
399.9 eV (N-C=0 amide bonds, Ny, region), 284.5 eV
(C-C and C-H bonds, C; region), 285.9 eV (C-O
bonds, C;s region), 287.4 eV (C-O-C bonds, Ci;
region), 288.1 eV (N-C=O bonds, Ci; region),
289.3 eV (O-C=0 bonds, Cy; region), 531.1 eV (OH
bonds, Oy, region), 533.6 eV (O-C bonds, Oy, region),
532.3 eV (C-O-C bonds, Oy region), and 534.9 eV
(water, Oy, region) associated with the cellulose,
proteins, and waxes present on the cotton fabrics.”®
The XPS signals at 289.3 eV and 532.5 eV in the Cy;
and Oq; XPS spectra indicate the presence of COOH
chemical groups®>" on the cotton fibers due to their
bleaching treatment,’! as shown in Fig. 3a.

The polyacrylate binder presents XPS signals indi-
cated in Fig. 3b at 284.6 eV (C-C and C-H bonds, C;;
region), 285.0 eV (C-O bonds, C;, region), 288.6 eV
(O-C=0 bonds, Cy4 region), 286.5 eV (C-NH bonds,
Cs region), 399.4 eV (C-NH-C bonds, Ny region),
288.6 eV (O-C=0 bonds, Cy region), 531.8 eV (OH
bonds, Oy region), 533.3 eV (C-O and C=0O bonds,
Oq; region), 532.3 eV (C-O-C bonds, O, region), and
534.5 eV (O-C=0 bonds, Oy, region) confirming the
chemical linkages in the binder illustrated in Fig. 2.7

The XPS spectra from the PC-8 sample (CN/
polyacrylate-cotton fabric) in Fig. 3¢ confirm the amide
and ester chemical bonds between the polyacrylate and
the chitosan forming the CN aggregates evidenced by
DLS. Also, it confirms the presence of CNs on the
cotton fabric’s surface due to the Ny XPS spectra at
399.8 eV (N-C=0 bonds), 401 eV (C-NH-C bonds),
and 398.5 eV (C-NH, bonds).>*** Moreover, the XPS
signal intensity at 288.6 eV (O-C=0 bonds, C;5 region)
and 534.3 eV (O-C=0 bonds, Oy, region) from ester
linkages is a contribution of the OH groups on
cellulose chains reactions with the carboxylic acids on
polyacrylate responsible for the CNs fixation on the
cotton fibers’ surface.

Fourier-transform infrared spectroscopy

The pristine cotton fabrics present a typical spectrum
of cellulose type I (Fig. 4a) with characteristic peaks at
3300-3000 cm ! (OH groups), 2890 cm ' (CH, stretch-
ing vibration), 1638 cm = (OH vibrations from
absorbed water), 1425 cm ™' (CH, scissoring at C(6)),
1362 cm ' (CH bending), 1338 and 1201 cm ' (OH in-
plane bending), 1162 cm ' (C-O-C asymmetric

1546

stretching), 1103, 1060, and 1032 em ! (C-O stretch-
in%), and 895 cm ' (C-O vibration of cellulose type
I).” After the chitosan nanocapsules addition, a new
peak appeared at 1728 cm ' (Fig. 4b) assigned to the
amide I band of chitosan.>® Besides, the shoulder at
1452 cm™' turned into a new low-intensity peak
attributed to C-H bending on chitosan carbon struc-
ture,”” confirming the effective fixation of CN on the
cotton fibers.

The PC crystallinities were investigated by FTIR-
ATR using different methods to evaluate the effect of
the binder or chitosan on the fibers’ surface. The
crystallinity measured by FTIR is used to evaluate
cellulose qualitative changes based on the ratio of
absorbance bands at specific wavenumbers. It is a
technique used to compare samples submitted to the
same treatment or characteristics.®®* The first
methodology was proposed by Zhang et al.** Accord-
ing to the authors, the peak height of 2900 cm '/
2850 cm ™! can be used to verify the presence of wax in
cellulosic samples, named wax crystallinity index
(WCI). Based on the fitting curves (Figs. 4c-4g), the
obtained values are presented in Table 2. This method
considers the bands 2950 and 2850 cm !, assigned to
CH, asymmetrical and symmetrical stretching of alkyl
groups of waxes in the cellulose cuticle.*’ The results
indicated that all samples show high WCI; as the ATR
is a technique that mainly detects the sample surface, a
high wax content is expected in all fibers, mainly for PC
and PC-1, which can be a result of both cellulose pectin
and lignin naturally present in cotton fibers.**> The
samples with high chitosan nanocapsules showed lower
WCI values, confirming the binder presence in func-
tional wipes.

Two other methods were used to evaluate the
crystallinity of cotton wipes using the FTIR-ATR
qualitatively. The first presented method was proposed
by Nelson and O’Connor that measures the lateral
order index (LOI) by the ratio between 1427 cm™ '/
898 cm ! bands,*”* and low values reflect a disordered
structure. After that, Nelson and O’Connor developed
a new measurement method based on the ratio
between 1372 cm /2900 cm™', defined as total crys-
tallinity index (TCI).***

The crystallinity order for methods I, II, and IIT is
practically identical. The lateral order index represents
the ordered regions perpendicular to the cellulose
chain direction, which is greatly influenced by chemical
processes. The LOI values indicate a large portion of
amorphous cellulose,* similar to all the samples and
without significant changes after the binder addition.
Besides, this value is also affected by water absorption,
and the cellulose crystallinity decreases with fiber
swelling; for this reason, these results are doubtful, and
other methodologies are often presented together.

The TCI value, according to Nelson and O’Connor,
is a method that does not suffer the influence of
absorbed water onto cellulose, and for this reason, it is
considered an adequate method to evaluate the cellu-
lose crystallinity.**® The TCI results indicate that few
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Fig. 3: XPS spectrain the C1s, O1s, and N1s binding energy regions from pristine cotton fabric (a), polyacrylate binder (b),
and CN/polyacrylate-cotton PC-8 sample (c)

OH- groups are available to interact by inter- and/or  Scanning electron microscopy (SEM)

intramolecular hydrogen bondings on cotton fiber even
with the chitosan/polyacrylate coating.*’ Figure 5 presents SEM images for pristine cotton fabric
(PC) and fabrics containing different CN contents (PC-
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Fig. 4: FTIR spectra of pristine cotton (PC) and PC-X, where X corresponds to the chitosan nanocapsules content. (a) Full

spectra and (b) zoom in the region 1750-1200 cm . Gauss fitting curves of the spectra in the 2850 and 2900 cm ' peaks of
the samples: (c) PC, (d) PC-1, (e) PC-2, (f) PC-4, and (g) PC-8

X). Firstly, the PC sample presented the characteristic With the addition of chitosan nanocapsules, some
morphology of cotton fabrics and their fibers, with a  aggregates of capsules may be observed on the fiber’s
regular surface, without defects and apparent rough-  surface, as observed in Fig. 5b (PC-1), suggesting that

ness. Untreated cotton fabrics’ morphology was also  the interaction between cotton fibers chitosan capsules
observed by Zhang and co-workers and Ferreira and  well-fixed the particles at the fibers’ surface. Thus, the
co-workers.™ presence of nanocapsules and binder (same in low
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Fig. 5: SEM micrographs of cotton fabrics before and after they had been treated with different contents of chitosan
nanocapsule: (a) untreated, (b) PC-1, (c) PC-2, (d) PC-4, and (e) PC-8. The corresponding right-hand micrographs were taken
at higher magnification. PC-X, where X corresponds to the chitosan nanocapsule content

concentrations) promoted interaction with cotton  observed that acrylate binder provided interaction
fibers, altering hydrodynamic diameter and zeta poten-  between alginate nanocapsules containing peppermint
tial (C), adhering capsules on fiber’s surface, and  oil and fiber’s surface.’

promoting dispersion. Ghayempour and Mortazavi
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Table 2: Wax crystallinity index (WCI) and cellulose crystallinity measurements by FTIR using different absorbance
ratios: lateral order index (LOI) and total crystallinity index (TCI)

Sample WCI: 2900 cm /2850 cm™* LOI: 1427 cm /898 cm ™ TCI: 1372 cm /2900 cm
PC 0.9 0.2 0.9

PC-1 1.0 0.2 1.0

PC-2 0.8 0.2 0.9

PC-4 0.9 0.2 0.9

PC-8 0.8 0.2 0.9

According to the increase of chitosan nanocapsules On drop After 30 s
on CN/polyacrylate liquor (especially Figs. 5c, 5d, and 84.4° 83.7°

Se, respectively), cotton fabrics presented one dense
layer of other material. One hypothesis is the agglom-
eration of chitosan nanocapsules due to high interac-
tion with polyacrylate binder (Fig. 2), promoting strong
linkages between these structures, resulting in a dense
layer on the fiber’s surface. Sun and Igbal observed
similar considerations since higher nanocapsule and
binder concentrations generate the system’s saturation,
thus generating agglomerates.”’ Therefore, the poly-
acrylate binder provided interaction between chitosan
nanocapsules and cotton fiber’s surface; however,
higher concentrations resulted in agglomeration due
to the system’s saturation, compromising an adequate
dispersion of the capsules on the surface of the cotton
fiber.

Contact angle

The textile wettability was investigated using the
contact angle measurements, and the result is pre-
sented in Fig. 6. The initial contact angle was compared
with the value after 30 s to understand the impact of
chitosan nanocapsules on fabrics’ surface properties.
For pristine cotton (PC sample), an initial angle of
84.4° was observed, presenting a hydrophobic nature,
which was expected since the fabrics are composed of
cellulosic materials that exhibit surface hydroxyl
groups as indicated in FTIR analysis.>> Notably, the
contact angle presented slight variation, reducing to
83.7° after 30 s which was unexpected since Patil and
co-workers observed that cotton fabrics were com-
pletely wetted with time.”” This variation may arise
from previous treatments of the obtained fabric,
leaving residual material that impacted the surface
properties.

After incorporating chitosan nanocapsules, some
slight variation in the initial contact angle measure-
ment was observed, related to the treatment employed.
Additionally, the contact angle value after 30 s was
highly impacted, showing a decrease with time. The
variation depended on the loading of chitosan
nanocapsules, where higher loadings promoted a high-
er variation in the contact angle.
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85.9° 77.6°

Fig. 6: Contact angle measurement on a drop and after 30 s
of pristine cotton (PC) and PC-X, where X corresponds to
the chitosan nanocapsule content

These observations indicate that the fabric’s surface
was considerably impacted and corroborated SEM
results indicated an additional layer over the fiber’s
surface. This layer possibly results from the polyacry-
late binder and chitosan nanocapsules, and since both
materials present polar groups in their structure, the
fabric’s surface properties became more hydrophilic
with the binding of nanocapsules.”® These findings are
in accordance with the lowest difference between the
Hildebrand solubility parameters (8) of water (Syater=
47.8 MPa'"?) and chitosan (8¢pitosan=46.3 MPa'’?) than
that for water and cellulose (8ceiiuiose=42.1 MPa"
%)% indicating more affinity for water with the
CN-cotton fibers with the increasing of CN content to
improve the sessile water drop spreading and absorp-
tion onto the surface of the sample, as well as capillary
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effects. As a result, the water drop absorption rate
calculated from the contact angle measurements are
0.8 (PC), 8.8 (PC-1), 155 (PC-2), 49.9 (PC-4), and
448 pg m> s ' (PC-8). This proposed method is
suitable to compare the water absorption rate of the
cotton textiles before and after the surface treatment
and evaluate the ease of spreading of water by the
fabric that is a phenomenon essential to ensure that the
moisture coming from the skin evaporates easily,
giving a dry feeling effect and maintaining the user’s
comfort. An advantage of this method is that the
absorption rate is little affected by the water saturation
absorbed by the fabrics since the measurement is
performed in a local micrometric area. Raja et al.”®
point out such interference in different methods
suggested by them to estimate the water absorbency
rate of fabrics based on different materials, including
cotton.

Moisture retention

The ability of the cotton fabric to absorb a certain
amount of moisture from the air is known to affect
other textile properties, such as heat transport, electri-
cal conductivity, swelling, the perceived comfort of
clothing, and especially microbial activity.”>® The
excess moisture in the textile fabric promotes bacteria
and fungi growth, causing mold and mildew.””® It is
important to evaluate the impact of the content of
chitosan capsules on the moisture retention of cotton
fabrics. Figure 2S shows the moisture retention studies
for PC and PC-X. All the samples containing chitosan
nanocapsules presented rapid moisture loss, reaching a
plateau in the first hour. The moisture loss retained in
the fabric was lowest for the PC-2 sample (5.09 w/w
%), followed by PC-8, PC-4, and PC-1, obtaining
moisture content levels of 5.38, 6.61, and 7.59 w/w %,
respectively (Table 3). Already, the PC sample showed
a slower rate of moisture loss, reaching equilibrium
after 48 h and a moisture loss of 7.59 w/w %.

The crosslinked chitosan nanocapsules act as imper-
meable domains, providing a lower moisture retention
capacity to the cotton fabric and achieving equilibrium
with the relative humidity of the environment fas-
ter.> CN/binder coating reduces the moisture
absorption capacity of the fabrics with capsules fol-
lowing the free volume theory. Although chitosan has a
high affinity with water, according to Hildebrand
solubility parameters, a large amount of crosslinking
bonds like chitosan/triphosphate/chitosan in the
nanocapsules and chitosan/polyacrylate/chitosan in
the CN/binder film lead to a reduction in the free
volume inside the CN/binder film. So then, the high
crosslinking degree inhibits the water adsorbed mole-
cules from permeating into the cotton fibers and
occupying the interior of the CN or CN/binder film.
Although hydrogen bonds are expected to form
between the hydroxyl groups and amines groups, the
fibers achieve an equilibrium with the relative humidity

of the environment faster with the increase of CN
content since a significant water content remains
adsorbed onto the surface of the PC-X samples with
CN.

Antimicrobial tests

From the antimicrobial tests (Figs. 7a and 7c), only the
PC-8 sample presents significant bactericidal activity
against S. subtilis (Gram-positive, G+) after 24 h of
direct contact with the bacterial broth, which can be
explained by the highest amount of CNs in the
chitosan/polyacrylate coating. All samples do not
display significant antimicrobial performance against
E. coli (Gram-negative, G-), as shown in Figs. 7b and
7d. The outstanding bacterial effect from PC-8 corrob-
orates the literature, as some studies report damage to
bacterial membrane cells as chitosan concentrations
increase.®’

These antimicrobial results of the CN/polyacrylate
cotton fabrics against the G- strain indicate that E. coli
are less susceptible to the presence of NH, and COOH
groups on the fabric surface, which are responsible for
their bactericidal activity when they are electricall3y
charged after ionization forming NH3* and COO™."!
When ionized, they can chelate and abstract cations
from the surface of the outer cell membrane that cover
the E. coli cell wall, such as Mg** and K*, causing an
electrostatic unbalance of the bacterial membrane and,
consequently, the extensive membrane rupture, com-
promising the bacteria cell activities. The amino groups
are crucial to chitosan’s antibacterial mechanism
because the positively charged chitosan interacts with
the negatively charged bacterial cell surface, causing
lysis (leakage into the cell). Polycationic chitosan
interacts with the structure of lipopolysaccharides and
proteins present in bacterial cell walls.** The protona-
tion of amino groups increases the degree of electro-
static repulsion and polarity along the chitosan chain.®

In addition to affecting the outside of bacterial cells,
polymeric chitosan chains with a molar mass of less
than 5x10° g mol™! can penetrate the cytoplasm and
cell nucleus of bacteria and bind to DNA, preventing
mRNA synthesis and, consequently, production of
proteins inherent in the gene translation process.®*
Therefore, the bactericidal effect against S. subtilis of
the PC-8 sample is directly connected with the surface
chemistry of this G+ strain, whose membrane is
predominantly negatively charged due to the presence
of phosphate groups present in teichoic acids (compo-
nents of the lipopolysaccharide cell wall), being essen-
tial to stabilize this layer through electrostatic
interactions with cations.®” In addition, the cationic
Cs can chelate with the metal cations present on the G
+ bacteria cell (Mg** and Ca®") wall causing extensive
disruption of the 5peptidoglycan layer and possible
bacterial cell lysis.°

E. coli is a bacteria strain with an outer membrane
composed of lipopolysaccharides (LPS), lipoproteins,
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Table 3: The time for total moisture loss and total moisture weight retained by pure cotton (PC) and PC-X, where X

corresponds to the CN content

Sample Moisture loss (w/w %) Time for total moisture loss (min)
PC 7.59+0.01 2880
PC-1 7.59£0.01 15
PC-2 5.09+0.01 15
PC-4 6.61+0.01 15
PC-8 5.38+0.01 30
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Fig. 7: Bacterial counting and antimicrobial activity of uncoated cotton fabric (PC) and PC-X samples (X corresponds to the
CN content) after 24 h of direct contact with the bacterial medium: (a, ¢) B. subtilis and (b, d) E. coli. The values are
presented as mean+standard deviation. *Samples are statistically different, considering a confidence level of 95%. ns=
samples are not statistically different, considering a confidence level of 95%

and phospholipids covering the peptidoglycan cell
layer. According to the literature, G- bacteria are
surrounded by negatively charged lipopolysaccharides
makmg them quickly attracted to charged amino
groups.”’ However, this electrostatic communication
between glucosamine amino groups (positively
charged) and the E. coli cell membranes (negatively
charged) seems to be slightly effective due to the
possible low amount of NH, groups accessible on the
CN/polyacrylate cotton fabrics. Such interactions
would compromise the integrity of the outer bacteria
membrane, altering the electrochemical potential gra-
dients through the ion channels in the bacterial cell
walls and leading to changes in a bacterial barrier and
intracellular permeability, preventing the entry of
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essential nutrients into the cell and occasioning the
bacterial cell lysis. The antimicrobial results further
suggest that interactions by London forces between CN
and the cytoplasmic membrane phospholipids of G-
bacteria, which would also cause cell damage of this G-
bacteria, also seem to have no significant effect on
inhibiting bacterial growth of E. coli in the CN
concentrations investigated in this work.

Conclusions

Antimicrobial cotton fabrics containing different CN
concentrations for use in bactericidal wipes have been
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successfully obtained. The FTIR results indicated that
the treatment preserved cotton structure and new
peaks related to chitosan structure were observed,
suggesting the CN presence at the fibers’ surface. SEM
images and XPS spectra showed the efficient adhesion
of the polyacrylate binder, connecting the CNs on the
cotton fiber surface. Fabrics’ wettability was investi-
gated after incorporating the CN. A slight variation in
the measurement of the initial contact angle concern-
ing the treatment used was observed, indicating that
the variation depended on the loading of the CN,
whose higher loads promoted a more significant
variation in contact angle. The moisture content was
evaluated, and modified cotton fabrics reached equi-
librium with the relative humidity of the environment
faster with the increase in the CN content. Finally, the
surface of the coated fabrics shows bactericidal activity
against S. subtilis (G+) for high CN concentrations
(PC-8), but not against E. coli (G—). This study
indicates the potential applicability of cotton fabrics
containing chitosan nanocapsules using a simple coat-
ing procedure to develop eco-friendly antimicrobial
wipes, using high CN loading in the CN/polyacrylate
coatings.
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