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sformation of raw cotton to
a nanostructured primary cell wall for a renewable
antimicrobial surface

Sunghyun Nam, * Matthew B. Hillyer, Zhongqi He, SeChin Chang
and J. Vincent Edwards

Herein, raw cotton is shown to undergo self-induced transformation into a nanostructured primary cell

wall. This process generates a metal nanoparticle-mediated antimicrobial surface that is regenerable

through multiple washings. Raw cotton, without being scoured and bleached, contains noncellulosic

constituents including pectin, sugars, and hemicellulose in its primary cell wall. These noncellulosic

components provide definitive active binding sites for the in situ synthesis of silver nanoparticles (Ag

NPs). Facile heating in an aqueous solution of AgNO3 activated raw cotton to produce Ag NPs (ca.

28 nm in diameter and 2261 mg kg−1 in concentration). Compared with scoured and bleached cotton,

raw cotton requires lower concentrations of AgNO3—ten times lower for Klebsiella pneumonia and two

times lower for Staphylococcus aureus—to achieve 99.9% reductions of both Gram-positive and Gram-

negative bacteria. The Ag NPs embedded in the primary cell wall, which was confirmed via transmission

electron microscopy images of the fiber cross-sections, are immobilized, exhibiting resistance to

leaching as judged by continuous laundering. A remarkable percentage (74%) of the total Ag NPs

remained in the raw cotton after 50 laundering cycles.
Introduction

Nanotechnology has the potential to improve processes, mate-
rials, and applications.1–3 The textile industry is no exception to
this. Various functional nanoparticles have been applied to
textiles to develop products that exhibit advantageous antibac-
terial activity, stain repellence, and static elimination.4,5

However, the complete realization of nanotechnology in the
textile industry has been hampered by the high cost and
complexity of nanoparticle synthesis. Methods for synthesizing
nanoparticles require the use of several chemical agents,
including reducing agents to convert the precursor metal ions
into metal atoms and stabilizing agents to prevent particle
agglomeration. In some cases, solvents, e.g., ethylene glycol are
required.6,7 Commonly used reducing agents, such as hydra-
zine, sodium borohydride, and N,N-dimethylformamide, are
associated with environmental and biological hazards.8,9

Moreover, determination of the optimal ratios between agents
and precursors, which is critical to controlling particle growth
at the nanoscale, is a complex process.10,11

Fixating individual nanoparticles onto textiles is a challenge
for producing reliable nano-enhanced textile products. Current
xation practices include applying nanoparticles to textiles
al Research Service, Southern Regional
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using chemical binders and introducing chemical bonds
between the nanoparticles and surface of textiles.12,13 During the
application, numerous nanoparticles aggregate into large
particles. Studies have shown that the particles observed on the
textile surfaces were up to two orders of magnitude larger than
the original particles in the colloidal solution before the
application.14–16 The aggregated particles would lose any bene-
ts associated with their nanosized counterparts. Additional
xation processes, involving multiple chemical reactions, can
alter the intrinsic feel of the textile materials.

Another challenge is that textile products, unlike other
consumer products, undergo routine washing. As machine
washing imposes remarkable mechanical and chemical impacts
on the textiles, most nanoparticles applied to the textiles are
washed away. For example, the silver nanoparticle (Ag NP)-
induced odor-inhibiting or anti-infective textile products on
the market are not durable. Socks emit up to 25% of the total Ag
into the detergent solution during a single machine wash17,18

and almost 100% into distilled water during four sequential
24 h gentle agitations.19 Shirts and trousers lose 18% of the total
Ag aer a single machine washing cycle in a detergent solution17

and 2% aer a 1 h agitation in tap water.20 Medical textiles such
as masks and clothes lose 23–27% aer a 1 h agitation in tap
water.20

Herein, an ecofriendly, economical, and reliable approach to
the Ag NP functionalization of textiles was proposed. Because
textile nishing is partially responsible for global
© 2022 The Author(s). Published by the Royal Society of Chemistry
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environmental pollution, there have been several efforts to
develop “green” nishing techniques.21–25 These approaches
include fabricating multifunctional textile coatings that impart
several properties, such as ame retardancy, hydrophobicity,
and antimicrobial properties to textiles using biopolymers
based on rice husk,22 rennet casein,24 and molokhia.25 Here, the
proposed approach is based on the ability of raw cotton to
produce Ag NPs by itself. The primary cell wall of cotton ber,
which contains noncellulosic constituents such as pectin,
sugars, fatty alcohols, and hemicellulose, serves as a nano-
reactor. Almost all cotton bers in the textile industry are
scoured and bleached (SB); however, these processes have
negative impacts on the environment. They consume large
amounts of water, energy, and chemicals, and they cause high
chemical oxygen demand and high biological oxygen demand
in textile effluents.26 In the case of hydrogen peroxide bleaching,
chemical, energy, and water consumptions are estimated to be
0.118 kg kg−1 textiles, 8.34 MJ kg−1 textiles, and 50 L kg−1

textiles, respectively.27 Therefore, using raw cotton as a tool to
produce Ag NPs increases the economical and ecofriendly
advantages of the proposed approach.

Another benecial aspect of this approach is that it does not
require reducing or stabilizing agents. Raw cotton ber can self-
form a nanostructured internal layer without the need for
external agents or chemical modications to the cotton ber. To
demonstrate this unique capability of raw cotton, it was
compared with SB cotton ber by measuring the optical prop-
erties of the cotton ber using transmission electron micros-
copy (TEM) images of the cross-section of the ber, monitoring
the development of the surface plasmon resonance (SPR) of Ag
NPs over the reaction time, and assessing the antimicrobial
properties of the bers. Finally, the durability of Ag NPs
embedded in the primary cell wall was examined by performing
multiple launderings.
Experimental section
Materials

The commercially available mechanically pre-cleaned raw white
cotton ber was obtained from T. J. Beall (Greenwood, MS,
USA). Commercially available scoured and bleached (SB) white
cotton ber was obtained from Barnhardt Manufacturing Co.
(Charlotte, NC, USA). Scoured, bleached, and desized white
cotton print cloth (98 g m−2) and raw white cotton print cloth
(122 g m−2) were purchased from Testfabrics, Inc. (West Pitt-
ston, PA, USA). The raw cotton print cloth was desized before
treatment. Silver nitrate (AgNO3, 99.9%) was purchased from J.
T. Baker (Radnor, PA, USA). Triton X-100, polysorbate 80, methyl
methacrylate, butyl methacrylate, and methyl ethyl ketone were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All chem-
icals were used as received without further purication.
Deionized (DI) water was used as a solvent.
Ag NP synthesis by cotton

A 150 mL aqueous solution containing AgNO3 (5 mM) and
Triton X-100 (0.05 wt%) was prepared in a 500 mL three-neck
© 2022 The Author(s). Published by the Royal Society of Chemistry
round bottom ask. About 1 g of cotton ber or cotton fabric
was immersed in the solution. To monitor the production of Ag
NPs in the reaction solution, the ask was equipped with
a condenser and sealed with rubber septa. The sample in the
solution was heated at 100 °C for 0.25–2 h. Over the course of
the reaction, a 2.5 mL reaction solution was collected every
5 min using a syringe needle for the UV/vis analysis. At reaction
times selected for this study, the cotton sample was removed
from the solution, washed in DI water multiple times, and air-
dried.
Characterization

Photographs of samples were taken using a digital camera
(RX100, Sony). The optical microscopic images of bers in the
longitudinal view were collected using a digital microscope (KH-
8700, Hirox).

The cross-section of cotton ber was observed by trans-
mission electron microscopy (TEM, JEM-2010, Jeol) operating at
200 kV. For the preparation of cross-sectioned bers, a bundle
of bers randomly collected was combed and embedded in
a mixture of methyl methacrylate and butyl methacrylate, which
was polymerized using a UV cross-linker (UVP, CL-1000) for
30 min following the published techniques.28,29 A block of the
ber bundle was cut into approximately 100 nm-thick slices
using a PowerTome Ultramicrotome (Boeckeler Instruments,
Inc.), which were placed on a carbon-lm-coated copper grid.
The embedding medium was removed using methyl ethyl
ketone. The size of Ag NPs was determined by the analysis of
multiple micrographs using Image J soware.30

X-ray diffractograms (XRD) were recorded using a diffrac-
tometer (XDS 2000, Scintag Inc.) with Cu Ka radiation (0.15406
nm) and the generator working at 43 kV and 38 mA. Angular
scanning was conducted from 5° to 80° at 0.6° min−1. The size
of crystals was calculated by the Scherrer equation.31,32

s ¼ Kl

bcos q
(1)

where K is the correction factor (0.9 for cellulose and 0.94 for Ag
NP), l is the wavelength of the X-ray radiation (1.54056 Å), b is
the FWHM of the diffraction peak in radians, and q is the
diffraction angle of the peak.

Ultraviolet/visible (UV/vis) spectra were collected using a UV/
vis spectrometer (ISR-2600, Shimadzu) equipped with an inte-
grating sphere unit. Absorbance spectra were collected in
a wavelength range of 220–1200 nm. Diffuse reectance spectra
were also recorded in a wavelength range of 380–780 nm to
obtain the CIELAB color coordinates—L*, a*, and b*—using
UV-2401PC Color Analysis soware. L* represents the lightness
of the color (L* = 0 indicates black and L* = 100 indicates
white), a* represents the relative position between red and
green (a negative value indicates green while a positive value
indicates red), and b* represents the relative position between
yellow and blue (a negative value indicates blue and a positive
value indicates yellow). The color difference (DE*) from the
reference sample (control cotton) was calculated using the
following equation:
Nanoscale Adv., 2022, 4, 5404–5416 | 5405
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DE* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L* � L*

r

�2 þ �
a* � a*r

�2 þ �
b* � b*r

�2q
(2)

where L*, a*, and b* are the color coordinates for the tested
sample, and L*r ; a

*
r ; and b*r are the coordinates for the reference

sample. The average value of ve measurements was
presented.

The concentration of Ag was determined using an inductively
coupled plasma mass spectrometer (ICP-MS) in the ICP-MS
Metals Laboratory at the University of Utah. Approximately
0.05 g of the sample was treated with 2 mL of 16 M nitric acid
(trace metal grade) and digested in a Milestone Ethos microwave
system. The digest was diluted by weight 1 : 10, and 10 ppb of
indium as an internal standard was added. The digested solution
was analyzed with an external calibration curve obtained using
a silver single element standard (Inorganic Ventures).

Washing test

Washing in the laboratory machine, Launder-Ometer (M228-AA,
SDL Atlas LLC), was conducted following the AATCC Test
Method 61-2007: colorfastness to laundering: accelerated. A
stainless-steel canister containing 200 mL of detergent solution
(0.37 wt% in DI water) and ten stainless steel balls (6.35 mm in
diameter), which simulate friction during laundering, was
preheated to 45 ± 1 °C in the washing machine. A rectangular
fabric specimen (50 mm × 100 mm) was added into the pre-
heated canister and rotated at the constant temperature of 40 ±

1 °C with a constant rate of 40 ± 2 rpm for 45 min. This
accelerated washing procedure is equivalent to ve home or
commercial laundering cycles. Aer washing, the specimen was
rinsed in DI water at room temperature for 5 min and air-dried.

Antibacterial properties

Antibacterial properties against Gram-negative Klebsiella pneu-
monia (K. pneumonia) and Gram-positive Staphylococcus aureus
(S. aureus) were tested following the AATCC test method 100-
Fig. 1 Photographs of (a) raw and (b) SB cotton fibers before the heat tr
treatment at 100 °C for 2 h. (e) Corresponding UV/vis spectra of the raw an
SB cotton fiber bundles after washing and air-drying.

5406 | Nanoscale Adv., 2022, 4, 5404–5416
2004: “Antibacterial Finishes on Textile Materials: Assessment
of” with modication. A concentrated bacterium inoculum was
prepared using a spectrophotometer and diluted with sterile
water containing a wetting agent (polysorbate 80, 3 wt%). The
resulting viable counts for K. pneumonia and S. aureus were 1.25
× 105 CFU mL−1 and 2.31 × 105 CFU mL−1, respectively. The
amount of cotton ber tested was 0.15 g, which absorbed 1 mL
of inoculum and le no free liquid. The sample with the inoc-
ulum was incubated for 30min (contact time) at 37± 2 °C. Then
100 mL sterile water was added to the sample, which was
shaken for 1min. Serial dilutions of 100, 101, and 102 were made
with sterile water, and a 50 mL aliquot was plated on nutrient
agar. All plates were incubated for 18 hours at 37 ± 2 °C, and
bacterial colonies were counted. Three duplications of each test
were conducted. The percent reduction in bacteria was obtained
using the following equation:

Percent reduction ð%Þ ¼
�
B� A

B

�
� 100 (3)

where A is the number of viable test bacteria on the test sample
aer the contact time, and B is the number of viable test
bacteria on the control sample immediately aer inoculation.
Results and discussion

Raw cotton bers are slightly yellow because they contain a trace
amount of natural pigment (Fig. 1a). This pigment is generally
removed by bleaching using hydrogen peroxide. Raw cotton
bers also contain other noncellulosic constituents such as wax,
pectin, sugars, proteins, and inorganic salts (metals), which
represent approximately 5% of the total weight (dry weight) of
typical cotton bers. The noncellulosic materials can be
removed to trace levels by a scouring process using an alkaline
sodium hydroxide solution. Aer the removal of the naturally
occurring noncellulosic materials, the cellulose content of the
ber reaches >99%. The SB cotton is white (Fig. 1b) and is used
eatment. Photographs of (c) raw and (d) SB cotton fibers after the heat
d SB cotton fibers. The insets show photographs of the treated raw and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in the fabrication of most textile products. Due to the negative
impacts of scouring and bleaching processes on the environ-
ment, using non-scoured, non-bleached raw cotton ber is
receiving growing attention.33 Raw cotton ber can be puried
by reginning and lint cleaning without using water or chem-
icals.34 This mechanical cleaning reduces the total aerobic yeast
and mold count by 99%.35

A simple one-step process generated Ag NPs from raw cotton
without using any agents. When the raw cotton ber was heated
in an aqueous solution of AgNO3 at 100 °C, the color of the ber
changed to brown within approximately 5 min. Fig. 1c shows
a photograph of the raw cotton ber heated for 2 h. Under the
same heat treatment, the color change in the SB cotton ber was
less noticeable (Fig. 1d). Fig. 1e shows the UV/vis spectra of raw
and SB cotton bers before and aer heat treatment at 100 °C
for 2 h. The insets show the corresponding treated bers aer
Fig. 2 Schematic diagrams of the reduction reactions of Ag ions by (a)

© 2022 The Author(s). Published by the Royal Society of Chemistry
washing and drying. Aer the heat treatment, raw cotton
exhibited a strong and distinctive UV/vis peak at approximately
420 nm, which is assigned to the surface plasmon resonance
(SPR) of Ag NPs. The SPR of Ag NPs is induced by the interaction
of the conduction electrons with the incoming electromagnetic
light wave. The SPR peak of the SB ber was detectable but very
weak.

This remarkable change in color and the development of
intense SPR indicate that raw cotton ber can produce Ag NPs.
No external agents, i.e., reducing and stabilizing agents were
used in this in situ synthesis. The comparison results of the SB
ber suggest that the constituents that do not exist in the SB
cotton ber, i.e., noncellulosic constituents contribute to the
production of Ag NPs. Some noncellulosic constituents, such as
pectin, fatty alcohols, and sugars, can act as a reducing agent,
converting Ag cations into Ag atoms. Fig. 2 shows the schematic
cotton cellulose and pectin and (b) pectin.

Nanoscale Adv., 2022, 4, 5404–5416 | 5407
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Fig. 3 Optical microscopic images of the longitudinal views of (a) raw and (b) SB cotton fibers obtained after the heat treatment at 100 °C for 2 h.
(c) High-magnification optical image of a single Ag NP-raw cotton fiber. (d) Concentrations of Ag based on the dry weights of raw and SB cotton
fibers after the heat treatment at 100 °C for 2 h. (e) UV/vis spectra of the control raw cotton fiber and raw cotton fiber treated at 80 °C and 100 °C
for 2 h.
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diagrams of the reduction reactions by cotton cellulose and
pectin. The reduction of Ag cations was accomplished by
oxidizing the hydroxyl-terminated chain ends of cellulose or
pectin via duplicative acetaldehyde oxidation aer cyclo-oxo
tautomerization. Previous studies have investigated the ability
of glucose and galacturonic acid units to reduce Ag ions to Ag
atoms through simultaneous oxidation of the vicinal diols of
the ring.36,37 Pectin components, which contain a great number
of reducing ends can remarkably contribute to the reduction
reaction.38 Moreover, pectin is capable of undergoing decar-
boxylation, which may result in the formation of dialdehydes.
Dialdehydes can further reduce Ag ions to Ag atoms.
Fig. 4 Optical microscopic images at incremental magnifications for (a
100 °C for 2 h.

5408 | Nanoscale Adv., 2022, 4, 5404–5416
Conversely, cellulose has a small number of reducing ends
because of its high degree of polymerization, i.e., approximately
20 000 glucose units.39 Therefore, the reduction reaction by
cellulose is negligible.

Fig. 3a and b show the optical microscopic images of the
longitudinal views of raw and SB cotton bers aer the heat
treatment. The brown coloration was clearly observed on the
individual raw cotton ber under an optical microscope;
however, it was not apparent on the SB cotton bers. By closely
observing a single raw cotton ber, the brown color was not
evenly distributed along the ber length and across the ber
diameter. The brown color was more saturated on the groove
–c) raw and (d–f) SB cotton woven fabrics after the heat treatment at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 UV/vis spectra of (a) raw cotton and (b) the reaction solution as a function of the reaction time at 100 °C. The insets show time intervals of
measurement. (c) SPR intensities (ISPR) and (d) wavelengths at the SPR maximum absorbance (lSPR) for raw cotton fiber measured at incremental
reaction times at 100 °C.
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area of the ber (Fig. 3c), which is created when the living
protoplast in the lumen dries out. The concentrations of Ag
measured in the raw and SB cottons were 2261 and 41 mg kg−1,
respectively (Fig. 3d). The greater efficiency of the raw cotton
woven fabric in producing Ag NPs was also demonstrated by
obtaining optical microscopic images at various magnications
(Fig. 4a–f). The ability of raw cotton to produce Ag NPs
decreased when the temperature was decreased to 80 °C. Fig. 3e
shows that the SPR intensity of raw cotton ber obtained at 80 °
C was approximately 36% of the intensity obtained at 100 °C.
Therefore, temperature is an important factor in the production
of Ag NPs by raw cotton.

The production of Ag NPs using raw cotton wasmonitored by
observing the corresponding UV/vis spectra of raw cotton ber
during the reaction at 100 °C for up to 2 h. Fig. 5a shows that the
raw cotton ber developed an SPR peak aer only 5 min of the
reaction, and the peak further developed, showing a certain
pattern with the increase in the reaction time. Fig. 5b shows
that the reaction solution also exhibited a weak SPR peak,
whose intensity gradually increased with the increase in the
reaction time. Fig. 5c shows the dependence of the SPR intensity
of raw cotton on the reaction time. The SPR intensity rapidly
increased during the rst 20 min of the reaction, then gradually
increased during the remaining reaction time (2 h). This two-
© 2022 The Author(s). Published by the Royal Society of Chemistry
step increasing pattern is different from the three-step pattern
observed in other studies that synthesized Ag NPs in bulk
solutions containing reducing and stabilizing agents.40–42 The
three-step SPR evolution has been associated with an Ag NP
formation mechanism involving three stages: (1) nuclei growth,
(2) particle coalescence, and (3) Ostwald ripening. The second
stage (particle coalescence), which induces rapid particle
growth, is identied with the steepest increase in the SPR
intensity. The Ostwald ripening stage, in which small particles
dissolve and deposit onto large particles, is characterized by
a slow increase in the SPR intensity. The plot of the wavelength
at the SPR maximum absorbance (lSPR) as a function of the
reaction time also indicates the transition from the second to
the third stage (Fig. 5d). The SPR peak red-shied in the second
stage, whereas the SPR peak slightly blue shied and then
remained constant in the third stage. The rst stage of nuclei
growth, which occurs immediately aer the addition of Ag
atoms, was not detected in this study.

The optical properties of the raw cotton ber resulting from
the in situ synthesis of Ag NPs were examined by measuring the
CIELAB color coordinates. Fig. 6a shows L* as a function of the
reaction time. The L* of the raw cotton decreased with the
increase in the reaction time until it reaches 30 min; however,
no remarkable change was observed aer that. The lightness of
Nanoscale Adv., 2022, 4, 5404–5416 | 5409
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Fig. 6 CIELAB color coordinates: (a) L*, (b) a*, and (c) b* for raw cotton as a function of the reaction time at 100 °C. (d) Color difference (DE*)
from the color coordinates of control raw cotton calculated by eqn (1) as a function of the reaction time at 100 °C.
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raw cotton dropped by approximately 30% aer the Ag NP
synthesis. Both a* (redness) and b* (yellowness) of the raw
cotton increased with the increase in the reaction time until it
reached 30 min and remained steady for longer reaction times
(Fig. 6b and c, respectively). The plot of the color difference
(DE*) calculated by eqn (2) shows that the maximum difference
occurred aer only 30 min of the reaction. The color of Ag NP-
raw cotton differed from the color of control raw cotton by at
most 36%.

To examine how Ag NPs were formed in the raw cotton, the
cross-section of the ber was observed using TEM. Fig. 7a–f
show the TEM images of the bers at different magnications.
Numerous Ag NPs were located in the outer wall of the raw
cotton ber. Mature cotton ber has a hierarchical structure
composed of the cuticle, primary wall, secondary, and lumen.
Underlying the waxy cuticle is the primary cell wall (also called
the outer wall), which is generally <0.5 mm thick.43 Fig. 7d shows
the primary cell wall, of which the thickness is approximately
200 nm. The outer wall contains various reducing noncellulosic
constituents, such as pectin and sugars. According to a study
using antibody probes, the primary cell wall also contains
hemicellulose (mainly in the form of xyloglucan) in its inner-
most layer.44 The primary alcohols, secondary alcohols, and
5410 | Nanoscale Adv., 2022, 4, 5404–5416
diethers in hemicellulose can reduce Ag ions.45 The TEM images
also reveal that some Ag NPs were present in the secondary cell
wall. The secondary cell wall is primarily composed of cellulose
chains, which have weak reducing properties. The Ag NPs
produced in the primary cell wall might diffuse into the
secondary cell wall. The Ag NPs were individually dispersed
inside the cotton ber. Even though stabilizing agents were not
used, no particle aggregation occurred. This controlled
synthesis was attributed to the unique environment within the
cotton ber. When cotton ber (diameter z 20 mm) swells in
water, its cross-sectional area increases by approximately 30%.46

The opened microbrillar structure creates nanosized chan-
nels, which improve heat and mass transfer within the struc-
ture. Furthermore, particles growing on the surface of the ber
structural elements are less likely to aggregate compared to
those in a bulk solution. Previous research found that the
internal formation of Ag NPs within cotton bers slightly rein-
forced the tensile strength of the ber47 and increased the
thermal sensitivity of cotton ber during thermal decomposi-
tion and post heat treatment.48

Fig. 8a and b show the high-resolution TEM images of Ag
NPs in the primary cell wall, and Fig. 8c and d show the images
of Ag NPs in the secondary cell wall. The NPs in both the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a–f) TEM images of the cross-section of Ag NP-raw cotton fiber at incremental magnifications showing the in situ synthesis of Ag NPs in
the primary and secondary cell walls of raw cotton fiber.
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primary and secondary walls are sphere-like. The images of the
single Ag NPs (Fig. 8b and d) show that an individual particle
contains several boundaries, at which lattice fringes are joined
together at different angles. The d-spacings were determined
based on some of the dened lattice fringes being 0.271 nm. Ag
NPs grew through the coalescence of smaller crystalline parti-
cles. Ag NPs generated by a typical chemical synthesis in a bulk
solution generally exhibit a decahedral structure.42 Some parti-
cles synthesized in the raw cotton exhibited irregular structures.
This heterogeneous structure was attributed to the unique
environment, in which the particles grow. Unlike in the bulk
solution, the nucleation and nuclei growth inside the cotton
ber are likely to occur on the surface of the ber structural
elements, which hinders the homogeneous particle collision
and consequently the particle growth. Fig. 8e and f show the
histograms of the particle diameter measured in the primary
and secondary cell walls, respectively. Both size distributions
were unimodal and followed the Gaussian distribution at p =

0.127 and p = 0.067, respectively, based on the Shapiro–Wilk
test. The size distribution in the secondary cell wall shied to
lower values compared to that in the primary cell wall. The
mean diameters measured in the primary and secondary cell
walls were 27.8 ± 8.9 and 20.5 ± 7.4 nm, respectively. The
higher number of reducing sites present in the primary cell wall
compared to the secondary wall facilitated particle growth,
producing larger particles. The XRD pattern conrmed that the
generated NPs consisted of Ag elements. The XRD pattern of the
control raw cotton fabric shows four 2q peaks at 14.6°, 16.4°,
© 2022 The Author(s). Published by the Royal Society of Chemistry
22.6°, and 34.4°, which are assigned to the (1−10), (110), (200),
and (004) crystal planes of cellulose Ib (Fig. 8g).49 Aer the in situ
synthesis of Ag NPs, the raw cotton exhibits strong additional
peaks at 38.1°, 44.1°, 64.5°, and 77.4°, which were assigned to
the (111), (200), (220), and (311) planes, respectively, of a face-
centered cubic Ag crystal according to the database of the
Joint Committee on Powder Diffraction Standards le no. 04-
0783. The crystal sizes calculated by eqn (1) of the Ag NPs and
cellulose were 7.8 and 5.6 nm, respectively.

The antimicrobial properties of the developed Ag NP-raw
cotton were examined to conrm the superiority of raw cotton
in generating and hosting Ag NPs compared to that of SB cotton.
Ag NPs have powerful antimicrobial properties against broad-
spectrum bacteria.50 The biocidal properties of Ag NPs result
from their being a source of Ag ions, which deactivate cellular
enzymes51,52 and disable the replication ability of DNA.53 The
large particle surface area of Ag NPs effectively promotes the
release of Ag ions. Furthermore, Ag NPs themselves can physi-
cally damage the cell membrane54–56 and cause oxidative stress
to bacterial cells.57,58 Fig. 9a and b show the percent viability
reductions of K. pneumonia and S. aureus by raw and SB cotton
bers, respectively, as a function of the concentration of AgNO3

in the in situ synthesis of Ag NPs. The antimicrobial activity of
Ag NPs generated in cotton was so powerful that the contact
time needed for bacterial destruction was reduced from 24 to
0.5 h. Raw cotton required lower concentrations of AgNO3 than
SB cotton to achieve a 99.99% reduction of Gram-negative and
Gram-positive bacteria. In the case of K. pneumonia, the lowest
Nanoscale Adv., 2022, 4, 5404–5416 | 5411
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Fig. 8 High-resolution TEM images of Ag NPs taken in the (a and b) primary cell wall and (c and d) secondary wall. Lattice fringes with d-spacings
were indicated with a red color. Histograms for the Ag NP diameter in the (e) primary cell wall and (f) secondary wall. The solid lines are Gaussian
fits to the size distribution. The insets show the corresponding box plots of particle size. XRD patterns for (g) control cotton and (h) Ag NP-raw
cotton fabrics.
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concentration of AgNO3 for raw cotton ber to achieve a 99.99%
reduction was ten times lower than that for SB cotton ber. In
case of S. aureus, SB cotton ber exhibited only 41.6% viability
reduction at the lowest concentration of AgNO3 for raw cotton
ber to achieve a 99.99% reduction. The bacterial reductions on
SB cotton ber observed at the same concentrations of AgNO3

are lower than those observed on raw cotton because SB cotton
ber does not contain noncellulosic components, which have
active binding sites for Ag cations such as negatively charged
5412 | Nanoscale Adv., 2022, 4, 5404–5416
hydroxyl and carboxylic groups. Therefore, SB ber cannot
synthesize sufficient Ag NP, leading to poor antimicrobial
properties. In contrast, Ag ions are readily adsorbed on raw
cotton ber, which has noncellulosic component, promoting
the production of Ag NPs and thus lowering the lowest
concentration of AgNO3 to achieve a 99.99% reduction. This
result conrmed that raw cotton ber is a superior host for the
Ag NP synthesis than SB cotton ber.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Percent viability reductions of (a) K. pneumonia and (b) S. aureus on raw cotton and SB cotton fibers as a function of the concentration of
AgNO3 in the in situ synthesis of Ag NPs. Washing durability of Ag NP-raw cotton fabric prepared at 100 °C for 2 h: (c) intensity of the SPR
absorption peak and (d) Ag concentration as a function of the number of laundering cycles.
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Raw cotton is not only an efficient Ag NP producer but also
a durable Ag NP binder. Once Ag NPs were synthesized by raw
cotton, they hardly leached out of the ber during laundering.
Studies have reported that the Ag NP-treated textile products
currently on the market lack Ag NP washing durability.59–62

Even though some of these products used chemical binders,
most of the NPs could not withstand the mechanical forces
and/or surfactants used during washing in a laundry
machine. Fig. 9c and d show the SPR intensity and concen-
tration of Ag in Ag NP-raw cotton fabrics, respectively, as
a function of the number of laundering cycles. The Ag NP-raw
cotton fabric was prepared at 100 °C for 2 h. The concentra-
tion of Ag on the fabric (based on the dry weight of the fabric)
was 2261 mg kg−1. The SPR intensity dropped by approxi-
mately 7% aer the initial ve cycles, and the corresponding
Ag content dropped by about 9%. With the increase in the
number of laundering cycles, the SPR intensity and Ag
concentration of the Ag NP-raw cotton fabric gradually
decreased. Aer 50 cycles, the losses in the SPR intensity and
Ag concentration were approximately 17% and 26%, respec-
tively, showing that the majority of Ag NPs remained in the
raw cotton. The in situ formed Ag NPs were physically
anchored in the internal structure of the cotton ber and
electrostatically bound onto the oxygen-rich cellulose and
noncellulosic components.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In this study, a sustainable and affordable method was
proposed to use nanotechnology for producing permanent
antimicrobial textile products. The current nanotechnology
used in the textile industry involves complex and high-cost
synthesis of silver nanoparticles (Ag NPs), and the Ag NP-
treated textile products are not durable. Here, it was
conrmed that raw cotton ber can readily synthesize Ag NPs in
situ (2261 mg kg−1) without any reducing or stabilizing agents.
Unlike scoured and bleached (SB) cotton, which is typically used
in the fabrication of textiles, raw cotton contains noncellulosic
constituents in the primary cell wall, which act as reducing
agents. TEM images of the cross-section of the ber conrmed
the 200 nm – thick inorganic–organic substructure, in which
many Ag NPs (diameter z 28 nm) were individually dispersed.
Some Ag NPs diffuse into the secondary cell wall. The Ag NPs
synthesized underneath the ber surface were physically trap-
ped and chemically bound to the internal structure of the ber,
exhibiting superior washing durability. Approximately 74% of
the total Ag in the raw cotton fabric remained aer 50 laun-
dering cycles. The Ag NP synthesis by raw cotton ber is
economical and ecofriendly because it eliminates the need for
reducing and stabilizing agents as well as binders and saves
large amounts of water, energy, and chemicals that are used in
Nanoscale Adv., 2022, 4, 5404–5416 | 5413
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the scouring and bleaching processes. This nanostructured raw
cotton ber can be blended in the nonwoven or woven fabri-
cation, producing durable antimicrobial textile products.
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