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Abstract

Multifunctional natural fibers with antimicrobial properties have been applied as a viable strategy to prevent microorganism
contamination and proliferation on the surface of clothes and personal protection equipment marketed and used by health
professionals, patients, and the general population. They present intrinsic antimicrobial capacity, providing effective protec-
tion preventing the transmission and contagion of diseases caused by pathogenic microorganisms. Herein, we successfully
functionalized cotton fibers with ZnO/Cu* and ZnO/Cu® hybrid systems via a hydrothermal routine. Rietveld refinement
from X-ray Diffractometry (XRD) data and Fourier-Transform Raman Spectroscopy (FT-Raman) indicate alterations on the
cellulose crystallinity index in the cotton fibers after functionalization, mainly on the proportion of cellulose /g polymorph
crystal. Scanning Electron Microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) indicate adequate ZnO nano-
particles fixation and in-situ reduction of copper ions. Antimicrobial tests confirm that the multifunctional fibers present
bactericidal activity against Gram-negative and Gram-positive bacteria under electromagnetic irradiation (440—480 nm).
Self-disinfection capability and UV blocking properties of wipes with fibers after ZnO/Cu** and ZnO/Cu® functionalization
were improved.
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displaying an essential role in the quality and preservation
of human life. However, these synthetic polymers promote
several issues associated with waste generation leading to
environmental impacts with potentially harmful effects to
the health of living organisms on the Earth [1-4]. Conse-
quently, natural fibers have been drawing attention due to
the biodegradability that is less dangerous to the environ-
ment when discarded after their end-use application [5, 6].

Cotton is a biomaterial from the removable biomass
that is applied to manufacture low-cost textiles without the
need for animal exploitation [7]. Moreover, natural fibers
from cotton are suitable for producing fabrics with wear-
ability and breathability, good for making wearer-friendly
clothing [8]. However, cotton fibers present suitable fea-
tures to support the proliferation of microorganisms (bac-
teria and fungi) on their surfaces [9], which can reduce the
fabric lifetime and bring on potential risks to human health
[10]. After the COVID-19 pandemic occasioned by the
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the textile industry has been seeking to develop
multifunctional fibers with antimicrobial properties to
prevent the virus transmission and guarantee more effec-
tive protection of the people that is crucial in hospitals,
medical clinics, and health centers. Also, SARS-CoV-2
maintains its potential for transmission and infection on
the conventional materials' surfaces even after 24 h [11].
Therefore, antimicrobial fibers with capacity for self-dis-
infection is fundamental to prevent these epidemiologic
issues.

Nanotechnology has been focused on the development
of new multifunctional fibers that, in addition to present-
ing antimicrobial activity, have other advanced functional
properties, such as ultraviolet protection, anti-odor, water
repellency, electrical conductivity, and self-cleaning [12,
13], without the loss of softness, flexibility, and washability
required by the users.

Metals and oxides can provide self-disinfecting proper-
ties for developing antimicrobial fibers [14, 15]. Silver (Ag),
gold (Au), platinum (Pt), copper (Cu), zinc oxide (ZnO),
copper oxide II (CuO), silicon dioxide (Si0O,), and titanium
dioxide (TiO,) are recognized by their intrinsic antimicrobial
activities and being technologically feasible for this purpose
[16—19]. Their bactericidal and fungicidal properties involve
generating reactive oxygen species (ROS) that destroy lipids,
DNA, RNA, and proteins. Also, the bacteria reproducing
cycle is interrupted by metal ions' release since the metal
ion aggregation in amines and phosphates chemical groups
cause irreversible damage to essential biomolecules for the
cells (proteins, phospholipids, and nucleic acids) [14, 15,
18]. For these reasons, silver and other intrinsic antimicro-
bial disinfectants, such as citric acid, have been suggested to
be used as disinfectants agents against SARS-CoV-2 by the
United States Environmental Protection Agency (USEPA)
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even though they have not been directly tested with this
coronavirus and its strains [20].

Different methodologies have been utilized to synthesize
in-situ oxide and metal antimicrobial nanoparticles onto the
surface of cotton fibers, such as hydrothermal [12, 21-25],
sono-chemical route [8, 26], microwave-assisted synthesis
[27], exhaustion bath [28-31], and plasma treatment [3,
32]. To avoid environmental impacts, the in situ synthesis
of these nanoparticles by hydrothermal route can be con-
ducted using reagents with lower toxicity, such as citric acid
and ascorbic acid [23, 33, 34].

In this contribution, we successfully functionalized cot-
ton fibers with ZnO and copper via the hydrothermal pro-
cedure. The functionalized fibers were evaluated by several
techniques, such as X-ray Diffractometry (XRD), Fourier-
Transform Raman Spectroscopy (FT-Raman), colorimetry,
Scanning Electron Microscopy (SEM), uniaxial tensile tests,
X-ray photoelectron spectroscopy (XPS), to understand the
influence in their macroscopic, surface and morphological
changes of the cotton fibers caused by the functionaliza-
tion procedure using different citric acid content (reduct-
ant/binder agent). Also, the antimicrobial activity of wipes
with the multifunctional fibers against Gram-negative
(Escherichia coli, E. coli) and Gram-positive (Staphylococ-
cus aureus, S. aureus) bacteria was investigated by agar dif-
fusion and liquid growth inhibition tests. The bactericidal
performance of the multifunctional wipes was significantly
affected by lighting exposition.

2 Materials and Methods
2.1 Materials

The cotton textile was acquired from a fabric store (Sdo
Paulo, Brazil). ZnO particles were purchased from Sigma-
Aldrich Inc. (Sdo Paulo, Brazil). Labsynth Produtos para
Laboratorios Ltda. (Sao Paulo, Brazil) supplied the neutral
detergent, citric acid, and copper nitrate trihydrate.

2.2 Coating Procedures

The cotton wipes with a dimension of 20x20 cm were
immersed in an aqueous detergent solution (6.7 g L™!) for
30 min. Subsequently, they were washed and soaked in water
(15 min). Then, the samples were gently squeezed and kept
at 110+ 5 °C until they were completely dried. The washed
cotton wipes were named CF. After this prewashing step, the
samples were immersed in 250 mL of a dispersion bath (zinc
oxide, citric acid, and copper nitrate trihydrate) and heated
in a water bath at 70 °C (30 min). The dispersion baths were
made up of Cu(NO;),-3H,0 (400 ppm of Cu?"), zinc oxide
(400 ppm), and citric acid (0, 1,3,5,and 10 g L_l). Samples
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were named Thermal-X, where X corresponds to the citric
acid concentration in the hydrothermal approach.

Then, the cotton wipes were taken out, squeezed, washed
with water, and dried at 120+ 5 °C (15 min). The schematic
representation of the coating methodologies is illustrated
in Fig. 1.

2.3 Characterization
2.3.1 Scanning Electron Microscopy (SEM)

Cotton wipes (1 cm X 1 cm) were coated with a 25 nm thick
gold layer, using Sputtering Leica EM ACE 200 (Leica
Microsystems, Wetzlar, Germany). Micrographs were per-
formed 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.

2.3.2 Dynamic Light Scattering (DLS)

The hydrodynamic radius of the particles in the liquor bath
was characterized by dynamic light scattering (DLS) tech-
nique, with a stable 90° scattering angle, using Zetasizer
Nano-ZS (Malvern Panalytical Ltd., Malvern, UK). Aliquots
of 100 pL were suspended in distilled water (2 mL).

2.3.3 X-ray Photoelectron Spectroscopy (XPS)
The XPS analysis was performed using K-alpha* equipment

(ThermoFisher Scientific Inc., Massachusetts, USA) with
monochromatic radiation A1Ka at room temperature.

Pristine Cotton Fabrics (PCF)
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Fig. 1 Schematic representation of the adopted methodology

2.3.4 FT-Raman

The wipes were analyzed with an FT-Raman — MultiRa-
man, Bruker Optics (Massachusetts, EUA), equipped with
a 1064 nm wavelength (power laser=100 W). The data
acquisition was carried out in a range of 400-4000 cm™!,
32 scans, and with 4 cm™~! spectral resolutions.

2.3.5 X-Ray Diffractometry (XRD)

X-Ray diffractometry was performed using a D8 Focus
X-ray Diffractometer (Bruker, Massachusetts, USA), using
CuKa (A =1.54056 A) radiation operating and transmission
mode. XRD data were collected in the range of 10-80° at
each 0.015° (counting time =1.5 s).

Rietveld refinements were performed on software Profex
4.3.0 [35]. All parameters were refined by the least-squares
method. The tripled pseudo-Voigt function was used to
model the peak shapes. Instrumental resolution function
parameters were obtained from the database of the software
Profex, entitled d8-solxe-vds-12 mm. The background func-
tion was the Lagrangian polynomial of the nth order. The
polynomial order was determined automatically by the soft-
ware Profex, depending on the angular range.

The cellulose I and II monoclinic crystal structures
reported by French [36] were used for Rietveld fitting. The
atomic positions and atomic displacement parameters were
refined. The Lorentzian function was applied to model the
contribution of the pattern background from the amorphous
cellulose phase. The relative proportions of cellulose /5 and
II (CI,) were determined by integration their respective XRD
diffractograms calculated in the whole range 26 (10-80°),
using the Eq. (1).
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where [, and I_,_. are the signal intensities of X-ray
diffractogram calculated by Rietveld refinement from x-ray
equipment background and cellulose crystals (cellulose I,
or II), in that order. I, is the total area of the X-ray diffrac-
togram estimated by the refinement. The XRD crystallinity
index (Clxgp) corresponds to the total cellulose crystallinity
(sum of the relative proportions of cellulose /; and II).

2.3.6 Wetness

Moisture content (W) was measured by monitoring the
weight of samples (0.5 0.5 cm) before and after drying at
105 °C for 2 h. moisture content was determined by Eq. (2)
(M; — M)
W(%) = 100 X ————
(%) 7 @)
where M; and M, are the weight (g) of the sample before
and after being dried, respectively. The wetness tests were
conducted in triplicate.

2.3.7 UV-Visible Spectroscopy (UV-Vis Spectroscopy)

The transmission of ultraviolet (UV) and visible electro-
magnetic radiation through cotton wipes was assessed by
a double-beam T80 UV-Visible spectrometer (PG Instru-
ments Ltd) at the wavelength range 290-800 nm. The trans-
mittance of UVB (290-315 nm), T(UVB), the transmittance
of UVA (315-400 nm), T(UVA), and Ultraviolet Protection
Factor (UPF) were determined according to Australian/New
Zealand standard® AS/NZS 4399:1996.

2.3.8 Mechanical Properties

The samples were evaluated by uniaxial tensile testing
(ABNT NBR ISO 13934), using universal tensile test equip-
ment from Instron (USA), model 3367. The mechanical
properties were measured by a uniaxial traction test (load
cell of 50 N, and a test speed of 50 mm min‘l).

2.3.9 Colorimetry

The CIE Lab 1976’s color coordinates (L*, a*, b*) for the
samples were measured by a portable spectrophotometer
(Spectro-Guide Sphere Gloss, BYK Gardner, USA), using
10° observer with D65 illuminant configuration and d/8
viewing geometry. L* corresponds to lightness from black
(0) to white (100). a* and b* are the red(+)/green(—) and
yellow( +)/blue( —) chromatic ratios, respectively [9, 36].
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The average values of color coordinates were reported here
from the measurements performed at three different regions
of the samples. The total color difference (AE) was deter-
mined by Eq. (3) [37].

AE = [(AL"? + (aa*)? + (Ab*)z]o'5 3)

where AL, Aa, and Ab are the differences in the cor-
responding parameter value between samples with pristine
fibers (CF) and with all functionalized fibers.

The whiteness index (WI) was calculated by Eq. (4) [38].

2.3.10 Antimicrobial Tests

The antimicrobial test was performed by a liquid growth
inhibition test against Staphylococcus aureus (S. aureus,
ATCC 6548) and Escherichia coli (E. coli, ATCC 25,922),
as reported in the literature [39]. The multifunctional wipes
were cut in squares (1 cm X 1 cm) and were added to a test
tube containing a nutrient culture medium (Mueller—Hil-
ton agar, Oxoid) with the bacteria (final count of 103 UFC
mL~!). The test tubes were kept for 24 h (without illumina-
tion) and 48 h (under lightning of a blue-emitting lamp of
150 Watts) in a microbiological oven at 36 + 1 °C. After
incubation, the antibacterial activity (AAc) was estimated
using the absorbance of the liquid growth medium at 600 nm
using UV—-Vis spectrometer (UV-M51 BEL, Monza MB,
Italy) and Eq. (5).

A, —A
AAc(%) = 100 x < OA ) (5)

where A and A are the absorbances of the control and the
sample at 600 nm, respectively.

The inhibition zone was determined by agar diffusion
tests. In this way, the samples (1 cm X 1 cm) were placed in
contact with the sterilized Petri dishes with nutrient agar cul-
ture medium, Mueller—Hinton agar (KASVI), and inoculated
with E. coli bacteria suspension at 10° CFU mL~!, which
were incubated at 36 +1 °C and 85% humidity. The inocu-
lums viability was confirmed via a spread-plate method on
agar nutrient medium as the positive control. The inhibition
zone from the biocidal activity of the samples was evaluated
after 48 h of incubation, under and without lightning of a
white fluorescent lamp (150 Watts).

2.3.11 Statistical Analysis

Two-way analysis of variance (ANOVA two-way) and Tuk-
ey's test were applied to statistically evaluate the significant
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differences between the samples' measured properties, using
the Origin program (version 2016) and a 95% confidence
level.

3 Results and Discussion
3.1 Scanning Electron Microscopy (SEM)

The presence of microparticles on the surface of the func-
tionalized cotton fibers was evidenced by the SEM images
presented in Fig. 2. Figure 2a shows the surface morphol-
ogy of the cotton fibers (CF sample) without roughness or
other surficial defects on a micrometer scale. Ibrahim and
co-workers also performed a surface modification of the cot-
ton fibers and cotton/polyester blend. They observed a clean
surface for raw cotton fiber [40], similar to Fig. 2a.

Figure. 2b—f presents SEM images of samples after the
hydrothermal treatment, and all the samples had micropar-
ticles in their surfaces. These particles were not observed in
the washed CF, thus proving the coating’s efficiency of ZnO
and copper particles on the treated cotton fiber surface [41].
Yazdanshenas and Shateri-Khalilabad [41] developed cot-
ton fabrics from alkali treatment with NaOH, whose sodium
hydroxide was used as a reductant agent to obtain silver
nanoparticles on the cotton fiber surface. The silver nano-
particles were observed for treated natural fibers from SEM

images due to strong ionic interaction between metallic ions
and functional groups inserted on the fiber’s surface [41].

Even without citric acid (reductant/binder agent)
(Fig. 2b), few particles were observed on the fiber surface
that corresponds to the presence of ZnO-NPs imprisoned in
the cotton fibers as suggested by the signals of Zn at 1022.9
and 1044.1 eV on the Zn,, XPS spectra (Fig. 1S), Supple-
mentary information). The signals are slightly higher than
1020.7 (ZnO 2ps),) and 1043.5 eV (ZnO 2p,,) [12], indicat-
ing a specific interaction binding of the ZnO on the cotton
fibers, probably Zn-OH—cellulose coordination on the cot-
ton’s surface. Moreover, the Cu,, XPS spectra (Fig. 1S) evi-
dence that the copper cations are not reduced to Cu’ without
citric acid, but they remain in the cotton fibers like Cu(OH),
even after washing the thermal-0% sample (binding signals
at 936.2, Cu(OH), 2p;,, and 955.1, Cu(OH), 2p,,,) [42].
Also, DLS data (Fig. 3a) confirm that CuNPs are not formed
in the suspension bath of the thermal-0% sample.

Sadanand and co-workers verified the presence of silver
nanoparticles on the fiber’s surface due to the efficiency of
the simple hydrothermal one-step treatment. They described
that Ag-NPs coating occurred due to both acts of the
hydroxyl and carboxyl groups of cotton fibers in reducing
reaction [43]. Then, the OH groups of the cellulose in the
cotton fibers cannot act as reducing points of copper cations
using the hydrothermal procedure of this work.

With the addition of citric acid (samples thermal-1%,
thermal-3%, thermal-5%, and thermal-10%), the number of

Fig.2 SEM images for untreated and treated cotton fibers with zinc oxide (ZnO) and copper nitrate trihydrate by hydrothermal route. a
Untreated cotton fiber (CF). CF treated with several concentrations of citric acid, correspondinginb 0, ¢ 1,d3,e5,andf 10 g L!
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dispersion bath of cotton fibers after the hydrothermal procedure with
several concentrations of citric acid (0, 1, 3,5, and 10 g LY. b Ilus-
tration of the stages involving the formation of copper nanoparticles
due to oxidation of citric acid molecules due to heating in the hydro-
thermal treatment

particles on the fiber’s surface increased according to higher
concentrations of reductant/binder agent. The adhesion of
ZnO-NPs and Cu-NPs on the fiber’s surface occurred inten-
sively after the treatment with citric acid, as can be seen on
the XPS spectra (Fig. 1S) and the atomic content evaluation
(Fig. 2S) based on binding characteristics signals at 933 (Cu®
2p30), 952.5 (Cu® 2p,,»), 1020.7 (ZnO 2ps,), and 1043.5
(Zn0O 2p,,) [42, 44-50]. Wu and co-workers [51] observed
the same behavior caused by the addition of citric acid. They
observed an increase of the Ag-NPs coating on the cotton
fibers after treatment with citric acid [51].
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Figure 3b illustrates the reaction steps involving reduc-
ing Cu* to Cu® due to the citric acid ionization, followed
by oxidation that causes electrons liberation, reducing the
copper cations. The hydrodynamic size distribution of the
colloidal bath indicates that the increase of the citric acid
content provokes agglomeration of ZnO-NPs that can be
justified by condensation reactions of -COOH and —OH
from citric acid and ZnO. Moreover, only above 1 g L™!
the citric acid can lead to the formation and stabilization
of CuNPs in the colloidal bath, but this acid concentration
is enough to cause the formation of copper nanoparticles
on the cotton fibers' surface. Above 10 g L™, the forma-
tion of micrometric agglomerates of ZnO in the aqueous
treatment bath is observed. Microparticles agglomeration
on the coated fiber’s surface was observed for the citric acid
concentration of 3 g L.

Another characteristic observed from higher citric acid
concentrations for the thermal-X% samples was an appar-
ent roughness of the cotton fiber. This phenomenon may be
associated with a swelling and dissolution process of the
amorphous cellulose on the cotton fiber’s surface. Chen et al.
[52] obtained the same morphology for functionalized cot-
ton fabrics by combining polyvinylsilsesquioxane and nano-
TiO,. An apparent roughness was observed on the surfaces
of the functionalized cotton fibers, and the higher apparent
roughness was attributed to higher concentrations of binder
and nanoparticles [52]. Noorian, Hemmatinejad & Navarro
[53] attributed an increase in roughness of cellulose fibers on
the cotton fabric due to the deposition of ZnO on the surface
of treated cotton fibers.

3.2 FT-Raman

As shown in Fig. 3S, the cotton fibers display characteris-
tic Raman shifts bands associated with cellulose molecu-
lar vibrations [54]: CCC and CCO ring deformation (339
and 384 cm™"); CCC ring deformation (438 and 456 cm™");
COC glycosidic linkage (518 cm™"); CH skeletal rotating
(900 cm™!); COC in glycosidic linkages—symmetric and
asymmetric stretching (1100 and 1150 cm™'); CH, vibra-
tion (1328, 1373, and 1480 cm'l); and CH stretching
(2886 cm™1). The cellulose crystallinity of the CF sample is
60% according to the ratio between the crystalline cellulose
(1475 cm™") and its amorphous form (1450 cm™") [55].
The thermal treatment resulted in samples with a simi-
lar chemical structure of the CF sample, indicating cel-
lulose's presence (Fig. 4a and b). The main changes were
verified at 1472, 1418, 1339, and 340-330 cm™', all asso-
ciated with cellulosic chain vibrations. However, it is not
detected by FT-Raman ZnO-NPs that present fundamental
phonon modes (Fig. 3S insert) at 333 cm™! (zone bound-
ary phonons 3E,H-E,L), 350 cm™! (E,(High)), 386 cm™!
(E, (Low)), 438 cm™! (A,(TO)), 579 cm™! (E,(High)),
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Fig.4 FT-Raman spectra of thermal-treated samples on the Raman
shift ranges: a 4000-200 cm™!, and b 1500-200 cm™!

604 cm™! (TO+TA (M)), 627 cm™! (E,(LO)), 706 cm™!
(E,(Low)) and 756 cm™! (B,(High)) [56, 57].

In the thermal treatment, cellulose fibers are expected
to swell and facilitate ZnO and copper nanoparticles' dif-
fusion through the thread attached to cotton fibers' surface.
After drying, the excess water is removed by evaporation,
and the particles are kept inside the thread. The thermal
treatment for cotton fibers' crosslink with citric acid is
commonly reported in the literature since the temperature
favors this reaction [58]. In this case, the crosslink reac-
tions could help the particles to stay inside the thread.

Using FT-Raman data, the crystallinity of thermal-0%,
thermal -1%, thermal-3%, thermal-5%, and thermal-10%
was 53.5%, 52.6%, 51.0%, 50.7%, and 50.6%, respectively.
The crystallinity results were calculated by FT-Raman,
which considers the cellulose structure, and presented a
decreasing tendency with higher binding agent concen-
tration. These observations arise from the treatment that
promotes a disturbance of the crystalline structure caused
by fiber swelling and thermal exposure. Additionally, the

nanoparticles attached to the fibers’ surface may impact
the swelling and diffusion process.

3.3 X-Ray Diffractometry

Figure 5a presents the XRD patterns of the cotton fibers
before and after functionalization. Amorphous cellulose
phase and two monoclinic crystals from the cellulose poly-
morphism are identified [59-62]: cellulose I; (x-ray diffrac-
tion signals at 20=14.7° (1 1 0), 16.5° (110), 22.5° (200),
and 34.5° (004)) and cellulose II (x-ray diffraction signals
at 20=12.4° (1 1 0), 20.2° (110), and 38.3° (301)). Other
polymorphic forms of cellulose can be found in the cotton
fibers, such as cellulose I, III;, IIIy;, IVy, and IV, that can
be interconverted by chemical routes [63].

It was not detected by XRD the presence of wurtzite
ZnO-NPs (20 signals at 34.5° (002), 36.5° (101), 47.7°
(102), 56.9° (110), 62.7° (103), 66.4° (200), 67.8° (112),
69.3° (201), 72.7° (004) and 77.1° (202)) [64, 65] and Cu-
NPs (20 signals at 43.2°(111), 50.1° (200), and 74.1° (220))
[66, 67] on the functionalized cotton fibers. The shallow
content (ppm) of copper ions and zinc oxide particles in the
colloidal bath [8] and overlapping of X-ray signals from the
NPs by the amorphous cellulose halo and other components
in the CF (such as hemicellulose, lignin, and pectins) [68]
can explain this absence of the x-ray diffraction from the
crystal planes of the ZnO and copper nanoparticles in the
XRD data from the functionalized cotton fibers.

As shown in Fig. 5b, the XRD crystallinity index (Clxzp)
for the CF sample equals 46.1% by Rietveld refinement. The
hydrothermal treatment leads to a bit of increase in the CF's
total crystallinity. Nam et al. [69] reported an amorphous
fraction of 46% in bleached cotton fibers. However, the cel-
lulose crystallinity index in vegetable sources depends on
biological and environmental factors, including climatic
conditions, soil composition, plant species, and fiber treat-
ment. Moreover, the calculation method and the measure-
ment technique (e.g., solid-state nuclear magnetic resonance
or XRD) can lead to different crystallinity index values [70,
71]. The Rietveld method is suitable for detecting changes in
the crystalline structure, obtaining X-ray peak profile param-
eters, and estimating the Clyyp, by fitting the whole diffrac-
tion pattern. However, it requires previous information about
the unit cell, space group, and atomic coordinates [72].

The lattice parameters of cellulose in the natural fibers
were determined by the Rietveld refinement (Fig. 4S) to
get more information about the effect of these two param-
eters on the crystalline phases present in them. The XRD
curves calculated by refinement present good agreement
with the observed x-ray patterns, presenting goodness-of-fit
(1< X2 <?2) that is considered an excellent reliability factor
for refinement processes involving XRD experimental data
of semicrystalline polymer systems [73-75].
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Fig.5 X-ray diffractograms for the washed cotton fibers (CF) treated
with zinc oxide, copper nitrate trihydrate, and several concentrations
of citric acid (a). The X-ray diffractograms calculated by the Rietveld
refinement are in continuous black lines. I and II denote two differ-

For CF sample, the unit cell dimensions calculated for
cellulose [yare a=7.7 A, b=82 A, c=103 A, a=$=96.7°,
and y=96.5°, while cellulose II unit cell presents a="7.9
A, b=9.1A,¢c=104 A, a=$=90° and y=118.0°. These
results indicate only a significant difference in the y angle
on the cellulose Ig unit cell according to the cellulose crystal
data reported in the literature [61, 76]. Tukey's test results
(Table 1S) show that citric acid content does have no signifi-
cant effect over the lattice parameters of cellulose II and Iy
crystals but modifies the relative proportion of cellulose Iy
and the XRD crystallinity index (Clxgp) significantly.

3.4 Wetness

The superficial modification of cotton fibers using differ-
ent materials (e.g., dyes, pigments) and physical treatments
(e.g., heating and ultrasound) can negatively and undesir-
ably affect other functional properties of the cotton wipes.
According to Fig. 6, the cotton fibers' wetness is reduced
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with the increase of citric acid in the hydrothermal treat-
ment. The wetness of the CF is 6.2 +0.4%. Tukey's test
(Table 2S) confirms that the wetness of CF is significantly
different from that observed for thermal-X% samples, but
the humidity retention of the thermal-X% samples is simi-
lar among them. The ZnO and copper particles retained on
the surface of the functionalized samples are responsible for
their low capacity to retain moisture.

The high affinity between water and cellulose molecules
is responsible for the moisture in natural fibers. However, the
wetness combined with human body secretions can cause the
proliferation and growth of pathogenic and odor-generating
microorganisms in cotton textiles [9].

3.5 UV-Vis Spectroscopy

The transmittance in the visible electromagnetic spectrum
of the samples is presented in Fig. 7. The wipe with pris-
tine cotton fibers (CF) absorbs 95% of the electromagnetic
radiation in the range of 500-800 nm. The fixation of copper

(a) 10
CF
Thermal-0%
8+ Thermal-1%
Thermal-3%
= Thermal-5%
61 == Thermal-10%

Transmittance (%)

Wavelength (nm)

v T T T T T T
400 500 600 700 800

[ Thermal

T(UVB) (%)

0 1 3 5 10
Content of citric acid (g L)

and zinc oxide particles does not completely inhibit the pas-
sage of visible light by photon scattering and absorption due
to empty spaces between the braided fibers in the cotton
threads.

The wurtzite hexagonal ZnO-NPs present optical bandgap
in the UV radiation region (<400 nm) with a photo-physical
bandgap higher than 3.2 eV, which can vary depending on
the different levels of oxygen vacancies, particle format, and
particle size distribution [77, 78]. Non-oxidized CuNPs in
colloidal dispersions and cotton fiber absorb visible light
(around 575 nm) due to the surface plasmon resonance
[79, 80]. Nevertheless, the characteristic absorption bands
of CuNPs and ZnO-NPs were not detected on the UV-Vis
spectra. The low concentration of CuNPs on the surface of
the CF modified with Cu®* and ZnO with citric acid justifies
this phenomenon [36].

According to the results obtained by UV-Vis spectros-
copy (Fig. 7) and Tukey's test (Table 2S), both T(UVA) and
T(UVB) of the CF are significantly reduced due to the treat-
ment citric acid content applied during the treatment. This

(b) 20

0 1 3 5 10
Content of citric acid (g L'1)

(d)
[ Thermal

UPF (%)

10
Content of citric acid (g L'1)

Fig.7 UV-Vis spectra (a), T(UVA) (b), T(UVB) (¢), and UPF (d) for the wipes with cotton fibers functionalized with copper and zinc oxide

using several concentrations of citric acid
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reduction in the UV transmission radiation of cotton textiles
is indicative of increasing on the UV radiation scattering and
absorption occasioned by the inorganic particles bonded on
the cotton fibers [36], enhancing the UV protection capacity
of cotton threads that has substantial importance to prevent
severe dermatological complications and diseases caused by
skin exposition to solar radiation [8].

The Ultraviolet Protection Factor (UPF) of the samples
was conducted without prior drying, but Louris et al. [81]
warn that the sample's humidity can affect the UV protection
capacity of cotton fibers. The UPF of the CF is 8.9 +1.3%,
being enhanced by the surface modification route. The most
significant increase is observed for the thermal-3% sample,
whose increase in the UPF reached 37.5%.

3.6 Mechanical Properties

The obtained stress—strain curves are presented in Fig. 5S,
and Table 1 summarizes the mechanical results in terms of
Young Modulus (E), tensile strength (o), and elongation at
break (¢) of the multifunctional cotton wipes. The samples
with mechanical properties statistically similar, consider-
ing a 95% confidence level (Tukey’s test), are indicated by
similar letters. All samples presented statistically similar
results for €, indicating that the applied treatment and parti-
cle incorporation present a negligible effect over the elonga-
tion at break, which may be related to multilayer and braided
structure that restricts the cotton wipe deformation [82].
Evaluating the Young Modulus is observed a substantial
reduction from 205 + 10 MPa to values lower than 165 MPa
when more than 3 g L™! of citric acid was applied during the
treatment. The tensile strength is also significantly reduced
at this condition of citric acid content, presenting a reduction
that can exceed 50%. This loss of mechanical properties can
be justified by the increase of defects in the cotton fibers and
reduction of crystalline cellulose, which were observed by

SEM and FT-Raman results due to the combined action of
citric acid and temperature.

3.7 Colorimetry

The color parameters L (brightness), a* (green—red), b*
(blue—yellow), and AE (the difference between the cotton
wipe’s colors before and after the superficial treatments) are
represented in Table 2 and Fig. 6S—78S. Only the thermal-0%
sample has a significantly lower AE and WI value than that
for CF, suggesting a reduction of whiteness associated with
the significant decrease of a* (green—red ratio) due to the
presence of Cu”" cations on the cotton wipe. These cations
provoke the greening of the cotton fibers, as can be identi-
fied in Fig. 6S. ANOVA analysis followed by Tukey’s test
indicated that all cotton wipes treated with citric acid have
similar color parameters.

3.8 Antimicrobial Activity

The inhibition halos in the agar nutrient medium due to the
antimicrobial activity of the natural wipes against E. coli
are shown in Fig. 8a and b. CF does not display bactericidal
ability over E. coli colonies since it is not observed the for-
mation of an inhibition halo on the Petri dishes after incu-
bation of 48 h with or without illumination. All functional-
ized wipes do not display antimicrobial activity in darkness
against E. coli in agar nutrient tests. Among the multifunc-
tional cotton wipes under agar diffusion tests under illumina-
tion, it was observed that the thermal-0% and thermal-10%
samples present antimicrobial activity, showing inhibition
halos equal to 21 mm and 16 mm, respectively.

The higher antimicrobial performance of thermal-0%
in diffusion test can be associated with the 3.1% atomic

Table 2 The surface color of wipes with pristine and surface-treated
fibers

Table 1 Mechanical properties of developed wipes with cotton fibers Samples L* a* b* AE WI
Sample Young Tensile strength (MPa) Elongation (%) CF 883+0.5 0.7+0.1 8.7+0.1 88.84+0.2 85.4+0.4
“;Zgulus Thermal- 834403 -43+0.5 94+0.6 841+02 80.5+0.5
(MPa) 0%"
CF 205+ 10? 14.6+1.4% 8.0+0.5% Thermal-  88.8+0.5 04+03 85+04 89.2+0.1 859+0.3
a,c
Thermal-0 203 +8° 13.2+1.7+0 8.0+0.2% 1%
Thermal-1 208+ 15* 0.6.42.0be 794028 Tl;;rgal— 89.1+£0.2  03+02 83+03 89.5+0.1 86.4+0.5
_ b b,c a 0
Thermal-3 13816 8.0£0.2 8.2+£0.7 Thermal-  89.4+02 04+02 83+03 89.8+0.1 86.5+0.4
Thermal-5  153+9" 6.9+1.6° 73+0.5° 59
b b,
Thermal-10 160+2 7.8+0.4>¢ 7.9£0.1% Thermal-  89.6+0.1  0.4+0.1 83+02 90.0+0.1 86.8+0.2
10%¢

Young modulus (E), tensile strength (o), and elongation at break (e)
“The values are presented as mean + standard deviation

ok . . . . .

Samples with different letters in the same column are statistically
different, considering a confidence level of 95%. The samples were
compared in three different groups
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* . .
The values are presented as mean + standard deviation

“"Samples with different letters are statistically different considering
a confidence level of 95%. The samples were compared in three dif-
ferent groups



Fibers and Polymers (2023) 24:959-973

969

(a) In the dark (b)

4 N

CF

inhibition halo = Omm

CF

Thermal-0 %

inhibition halo = Omm

Thermal-0 %

Thermal-1%o

inhibition halo = Omm

Thermal-1%

Thermal-3 %

inhibition halo = Omm

Thermal-3%

Thermal-5%

inhibition halo = Omm

Thermal-5%

Thermal-10 % Thermal-10 %

inhibition halo = Omm

Fig.8 Antimicrobial activity of the wipes with natural fibers treated
with zinc oxide, copper nitrate trihydrate, and several concentrations
of citric acid: a agar diffusion in darkness, b agar diffusion under

content of Cu** on the surface of the functionalized cot-
ton wipes from XPS data (Fig. 2S), combined with a low
atomic concentration for ZnO (0.01%). These copper ions
are capable of generating active oxygen species (ROS)
(-0,7, H,0,, '0,, and -OH) that cause oxidative stress of
the bacterial cells (cell membrane damages, oxidation and
cleavage of proteins, lipids, DNA, and RNA molecules)
and are harmful against Gram-negative bacterial strains
by non-oxidative mechanisms (irreversible damages to the

cell wall via metal-biomolecules chemical interactions)
[83-86].
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The antimicrobial performance of the thermal-10% sug-
gests that the wipes hybrid treated with ZnO/Cu® only show
significative bactericidal effects against E. coli when the
atomic content of ZnO and Cu® on the surface of cotton fib-
ers is higher than 0.05% (Fig. 2S), in an atomic proportion
of 1:1. ZnO and Cu® also cause oxidative stress by ROS, as
Cu?* cations, of the bacteria cells via photocatalytic mecha-
nisms that depend on the optical bandgap, material defects,
nanoparticle format and dimensions, and electronic levels.

The antibacterial activity in Fig. 8c obtained by liquid
growth inhibition tests corroborates that the functionalized
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cotton wipes do not show bactericidal activity against E. coli
without illumination but present activity against S. aureus.
The functionalization system ZnO/Cu® seems to be more
effective against S. aureus than ZnO/Cu?* systems in aque-
ous media, reaching an antimicrobial activity superior to
80% for the thermal-10% sample. The standard error of the
measurements for the thermal-1% sample can be associated
with the lowest Cu® content observed for thermal-1% (XPS
data) that must cause a non-uniform coating of the fibers of
the bacterial test specimens.

Under lighting (Fig. 8d), CF presents inhibition against E.
coli and S. aureus, probably due to the formation of charged
cellulose by ionization of acidic groups present on the cotton
fibers (after conventional bleaching treatment) under elec-
tromagnetic irradiation that can cause bacteria membrane
rupture [87, 88]. According to the liquid growth inhibition
tests, the Cu*?/ZnO functionalization does not display an
antimicrobial effect on this bacteria under the liquid growth
test conditions even when it is used illumination in the
region of the visible electromagnetic spectrum correspond-
ing to the blue color. The hydrothermal procedure possibly
promotes a fiber’s surface cleaning that removes any residual
groups responsible for the inhibition observed for CF. How-
ever, with the Cu%ZnO surface functionalization using citric
acid, an improvement in the antimicrobial activity of cotton
fibers against E. coli was observed. Therefore, these results
demonstrate that the developed fibers present potential anti-
microbial properties related to the surface functionaliza-
tion of Cu%ZnO nanoparticles and that lightning exposure
can potentialize these properties through ROS generation.
Moreover, it shows the potential to expand the development
of cotton fibers with self-disinfecting properties by lightning
exposure using a low-cost and feasible surface functionaliza-
tion procedure.

4 Conclusions

Multifunctional wipes based on cotton fibers modified with
hybrid ZnO/Cu** and ZnO/Cu® systems were successfully
obtained by hydrothermal route with varied citric acid con-
tent. The increasing of citric acid concentration causes:
increase of Cu-NPs hydrodynamic radius, agglomeration of
ZnO-NPs, improvement of atomic content of ZnO and cu’
on the cotton fibers’ surface, reduction of the cellulose crys-
tallinity index (calculated by FT-Raman data), alterations in
the relative proportion of cellulose I;.

The Young modulus (MPa) and tensile strength (MPa)
of the cotton wipes are compromised when more than 1 g
L~! of citric acid is utilized, which acts as an eco-friendly
reducing agent of copper ions to form in-situ Cu-NPs on the
cotton fiber surface. In situ synthesis of CuNPs and fixation
ZnO-NPs reduce the wetness and improve the Ultraviolet

@ Springer

Protection Factor (UPF), which is suitable to avoid the
pathogenic microorganisms’ proliferation and guarantee UV
blocking multifunctional properties for cotton fibers. For the
hydrothermal treatment, the addition of citric acid (1-10 g
L~!) leads to CF with similar colorimetric parameters for
all concentrations, thus indicating that the agglomeration
and content of nanoparticles present on the wipes do not
influence its color difference (AE) and whiteness index (WI)
values.

The ZnO/Cu** functionalized cotton fibers presented bac-
tericidal activity against E. coli and S. aureus under light-
ning irradiation. The wipes with ZnO/Cu® functionalized
cotton fibers show significant antimicrobial activity when
the atomic content of ZnO and Cu® on the surface of cotton
fibers achieve 0.05%, which was reached when it is applied
10 g L™! of the citric acid content during the hydrothermal
treatment. Both hybrid functionalizations based on copper
and zinc oxide systems show potential applicability for the
textile industry to fabricate antimicrobial intelligent clothes
and personal protective equipment.

Supplementary Information The online version contains supplemen-
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