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Producing natural-colored super-powerful
antibacterial cotton with plasma-assisted fiber
surface modification: a green and effective cotton
process for medical and healthcare applications
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Cotton is the most commonly used natural fiber with natural properties applicable to next-to-skin
textiles. This study uses plasma fiber surface modification with soy protein coating with the aim of
improving cotton’s natural dyeing ability and functional finish from the herbal plant of F. Artemisiae argyi
as a source of natural dye and bio-agent. The results showed that while soy coating alone can
significantly increase the fibers' natural dye uptake, fabric dyeing ability can be enhanced further when
applying plasma pretreatment. When plasma pretreatment is applied to the fiber surface and at a soy
concentration of above 3%, traditional water bath coating can exceed the ultrasonic bath in its
effectiveness in attracting natural dye in the subsequent dyeing process. Plasma pretreatment followed
by soy sonic coating can provide cotton with a soft handle whilst achieving improved color strength and
UV protection. This study demonstrates a successful process of applying a biomedicinal agent to a
cotton substrate, which can provide cotton with antioxidant properties and super powerful antibacterial

Received 17th June 2022,
Accepted 23rd December 2022

(against S. aureus) ability with a bactericidal rate of 95-100%. The strong antibacterial activity remains
powerful (or is even more powerful) after 8 months of storage. All materials used in this work are natural
and are within easy access. The main achievement of this study is that by using low-cost natural
compatible materials and green surface modification, traditional cotton material can broaden its
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1 Introduction

Textiles are the final barrier in the protection of human skin
from harmful intruders, such as viruses and bacteria. Cotton is
one of the most important natural fibers in the world and has
globally been the most produced natural fiber for centuries.
Cotton is natural cellulose with hygroscopic and air permeable
characteristics that make it a very comfortable next-to-skin
textile, commonly used in bed sheets, underwear, handkerchiefs,
towels, etc.

The herbal plant F. Artemisiae argyi (FAA) is widely distri-
buted in nature. Due to its good adaptability to climate and
soil, it is very easily grown. FAA is quite often considered as a
weed and is killed by weed killer. FAA plant, however, has had
special medicinal significance since ancient China. It is a well-
known traditional Chinese herbal medicine, commonly used in
healthcare and clinics.”
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applications in practical medicine/healthcare.

Research into the natural dyeing of cotton has continued
to draw attention over the past few years.>”® When used as a
natural dye/agent, FAA extracts were found difficult to be
applied directly to cotton due to negative charges on the surface
of natural cellulose fiber’ presenting repulsion to plant
extracts, which also bear negative charges from polyphenolic
compounds. Studies on the modification of the cotton cationic
surface using synthetic agents or natural chemical compounds
containing amines or amino acids have been conducted to
overcome the problem. These have been recently summarized
in a review."’

Soybean is vegetable-based and is rich in protein, and it is
expected to form a complex with cotton fiber whilst providing
the cotton surface with a cationic finish. It has, however,
received little attention in applications as a mordanting agent.
Recently, our research group has used soy as a cotton surface
modification agent, and the mordanting process assisted by
ultrasonics has proven to be effective in subsequent dyeing with
natural dye.'" Alongside ultrasonics, plasma is a clean and
effective technology in assisting textile dyeing and finishing.
Plasma is a non-aqueous physical process used to improve
textile surface properties, such as wettability, hydrophobicity,
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dyeability, and adhesion."™" Plasma is a partially ionized gas,
composed of highly excited atomic, molecular, ionic and radical
species with free electrons and photons. Common occurrences
in the plasma treatment include surface etching, chain scission,
polymer deposition and the formation of radicals, all of which can
be interrelated and simultaneous."* No water/solvent or extra
chemicals are needed during the plasma process, and the treat-
ment time is generally short (no more than a few minutes);
therefore, it is regarded as an efficient and environmentally
friendly technology.'>"®

This study extends previous work to further investigate the
possibility of using plasma pretreatment as a fiber surface
modification, and its effectiveness in replacing ultrasonic bath
coating, aiming to achieve effective and environmentally
friendly cotton biofinishing.

All materials used in this work are natural-based and are
within easy access at a very low cost. FAA, which can be easily
found in the wild (such as river banks or roadsides), is used as a
bio-agent and natural dye source. Soybean, used as a bio-mordant,
is abundant in nature and is inexpensive. A simple water bath
(with 50% ethanol) is used to extract natural bio-dye from FAA,
instead of strong alkalines/acids or organic solvents (such as
sodium hydroxide and acetone), which are commonly applied in
natural dye extraction. No other chemicals are used in the process.

In Chinese medicine it is known that FAA is able to gain
medicinal strength as the storage time is prolonged.'” Soy protein
has the advantages of a relatively long shelf life and stability,
making it a plant-derived macro-molecule compared to the vari-
ous types of natural proteins used bioapplications.'® Therefore,
the combination of plant-based FAA and soy is expected to provide
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cotton not only with natural compatibility, but with long-lasting
powerful biofunction, such as antioxidant and antibacterial pro-
perties. These are investigated in detail in this study.

This work proposes an economical, efficient and green
approach in the improvement of cotton biofunction and nat-
ural dyeing ability, aiming to impart a broader range of useful
applications of traditional cotton material in the areas of
healthcare and biomedicare.

2 Experimental
2.1 Materials and chemicals

Fabric (100% pure cotton, purchased from a local cotton mill)
was used in this study. The water-soluble soy powder used was
of food grade (lysine and methionine being the two major
amino acids), supplied by Zhongtai Food Chemical Co., Ltd,
China. FAA was sourced from market, and dried and ground
into fine powder using an electric grinder after being cleaned
and dried in an oven. Extraction was conducted in a 50%
ethanol-water bath at 70 °C for 60 min, at a powder to liquor
ratio of 1:50. The preparation of FAA is shown in Fig. 1.
Ethanol (99%), acetic acid, sodium bicarbonate, sodium
chloride, potassium persulphate (K,S,0g) and ABTS (2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) used in anti-
oxidant and antibacterial tests were of laboratory grade.

2.2 Equipment for plasma and coating baths

The equipment used for plasma pretreatment and soy bath
coating as fiber surface modification are listed in Table 1.

cotton process

undyed cotton

fiber surface
modification

plasma pretreated
cotton

dyeing & bio
functionalization
dyed & bio

functionalized
cotton

extracts

Fig. 1 Preparation processes of bio-dye/agent from F. Artemisiae argyi (FAA) and cotton fabric.
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Table 1 Equipment for conducting fiber surface modification
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Treatment type Equipment

Supplier

Plasma pretreatment

Soy bath coating Water bath

Sonic bath

Two coating baths were examined in this study. Coating was
conducted at a temperature of 50 °C for 60 min.

2.3 Cotton dyeing/finishing process

Fabric surface modification was followed by dyeing, carried out
in extracted FAA solution with a liquor to fabric ratio of 50: 1, at
a dye bath pH of 5. The temperature of the bath was increased
from room temperature of 25 °C to 85 °C at a heating rate of
2 °C min?}, and then maintained at 85 °C for 1.5 h. After
dyeing, fabric samples were rinsed with deionized water before
drying in the shade at room temperature. The process for
treatment of the cotton fabric is presented in Fig. 1.

2.4 Evaluation of fiber surface morphology

The surface morphology of fibers was examined using a Phe-
nom ProX SEM (Nanoscience Instruments, Phoenix AZ, USA),
under an extra high tension of 10 kv. The samples were coated
with gold to enhance the electrical conductivity for capturing
clear images.

2.5 Measurement of fabric stiffness, contact angle, and crease
recovery angle

Fabric stiffness (bending rigidity) was measured by a YG(B)022D
automatic fabric stiffness tester (Darong Textile Instrument Co.
Ltd, Wenzhou, China). Stiffness in mN-cm was calculated using

eqn (1):
\?
Fabric stiffness = m (5> x1073 (1)

where m refers to the fabric areal weight (g m™?), and L is the
fabric bending length (cm).

Contact angle testing was conducted using an OCA15EC
optical contact angle testing device (Dataphysics Ltd, Germany).
The crease recovery angle was measured by a Digital Crease-
recovery Tester YM541 (Yuanmao Instrument Ltd, Laizhou,
China), following the standard GB/T3819-1997.

2.6 Determination of the fabric color strength (K/S) and UPF

The color strength (K/S) of dyed cotton fabrics was obtained
using a Datacolor 650TM spectrophotometer (Datacolor Spec-
trum™ 152, USA). K/S values were calculated according to the
Kubelka-Munk equation®® given in eqn (2). Ten measurements
were conducted for each fabric sample and the results were
averaged.

(1-R)

K/S =0 @)
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Ultrasonic water tank with temperature control
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where K is the adsorption coefficient, S is the scattering
coefficient, and R is the reflectance at the maximum wave-
length of 400 nm.

The ultraviolet protection factor (UPF) of dyed cotton fabric
was measured using an YG912E textile anti-ultraviolet perfor-
mance tester (MEBON Co. Ltd, China), according to the EU
standard 13758-2001. For each sample, at least five measure-
ments were conducted, and the results were averaged.

2.7 Evaluation of antioxidant and antibacterial properties

Antioxidant activity was determined by the ABTS radical scaven-
ging activity method described in a previous work.>’ The
antibacterial activity of dyed cotton fabrics was assessed using
an absorption method in accordance with the testing standard
GB/T 20944.2-2007. Escherichia coli (MTCC443, Gram-negative)
and Staphylococcus aureus (MTCC902, Gram-positive) were
used as experimental strains.

2.8 Measurement of fabric color fastness and antibacterial
shelf life

Wash fastness and rubbing fastness were evaluated following
the standard testing methods of ISO 105-C06:1994 and ISO 105/
X12:2001, using a DigiWASH-SS washer and a Digi CROCK
crockmeter. Light fastness was tested according to the standard
AATCC16-2003.

Upon completing process, dyed fabric samples were mea-
sured for bactericidal rate within 1 day. Samples were then
stored in a drawer at room temperature for 240 days before
being taken out and again, measured for bactericidal rate using
the same method described in 2.7 for comparison.

3 Results and discussion

3.1 Bio-dye/agent uptake assisted by fiber surface
modification

The natural FAA bio-dye pickup rate during the process is
examined by the color strength (K/S) of dyed fabrics. Fig. 2
shows the measurement results K/S of dyed fabrics (with and
without plasma pre-treatment) as a function of soy coating. It is
seen that plasma surface treatment alone (0% soy concen-
tration) is not effective in natural dye adsorption. Upon coating
with soy protein, fabric dye uptake is seen to be significantly
increased in both of the coating baths investigated. It is seen
from Fig. 2(a and b) that the K/S values rise progressively as soy
concentration increases from 1% to 6%.

Soy protein is rich in amino acids. When used as a bio-
mordant, it is able to form a cellulose-mordant-dye complex."*
A demonstration of the cellulose-dye interaction is shown in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Color strength K/S (a and b), images of dyed fabrics as a function of soy protein coating (c), and interactions of the cellulose-mordant-dye

complex (d).

Fig. 2d, where the phenolic hydroxyl compound of jaceosidin
found in FAA is used as an example of natural dye. Soy at a
higher concentration produces a greater amount of protein
(amino acid), which can result in a higher rate of fabric dye
uptake. It can be seen from Fig. 2(a and b) that the soy protein-
induced increase in fabric color strength can occur in the
absence of plasma; however, it can be accelerated when plasma
pretreatment is applied. Fig. 2c shows the images of a progres-
sively deeper fabric shade as a result of plasma pretreatment
and soy coating.

Fiber surface modification (Fig. 3a) is responsible for the
observed increase in fiber dye uptake as a result of plasma
pretreatment. An increased fiber wettability and fiber surface

damage (etching) in the form of micro-cracks (indicated by
arrows in Fig. 3a) can facilitate the entry of soy particles into
fibers. The observed fiber surface micro-cracks as a result of
plasma treatment are consistent with findings from a previous
study.?” These results indicate that plasma-assisted soy coating
can largely increase soy protein pick-up; therefore, fiber bio-dye
affinity is enhanced to a great extent.

The effectiveness of soy coating as a function of plasma
treatment time is shown in Fig. 3b, reflected by color strength
(K/S) of dyed fabrics. It is seen that K/S of the fabrics increased
with increasing treatment time for the first 90 s, and was
maintained at a stable K/S level of around 6 before it started
to decline at 150 s. Upon reaching 210 s, it again remained at a
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5.0 %

4.5

K/S of dyed cotton

e

30 60

7
soy coated

T T T T T T 1
90 120 150 180 210 240 270 300
Plasma treatment time (s)

Fig. 3 (a) SEM images of the fiber surface modified by plasma and coating and (b) color strength of dyed fabrics as a function of plasma pretreatment

time, at a soy bath concentration of 3%.
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stable low K/S level of below 4. This observation can be related
to the changes of fiber surface energy, which result in cotton
wettability during plasma treatment.>?> Soy adsorption on the
fiber surface increased with increasing fiber wettability when
the plasma treatment time was raised in the first 90 s and, as a
result, fiber dye uptake was increased. This implied that 90 s is
the ideal plasma treatment time for surface modification.

3.2 Effect of plasma and coating bath type

It has been shown previously that without plasma pretreat-
ment, fabric mordanted in a ultrasonic bath can exhibit a better
natural dye uptake than that in a traditional water bath."* This
is because in an ultrasonic bath, energy generated from cavita-
tion implosion can result in an increased mordant pickup.*?
The possibility of replacing ultrasonics with plasma pretreat-
ment is examined in this work and the results are shown in
Fig. 4. It can be seen that when the fabrics were pretreated with
plasma (Fig. 4a), a noticeable increase for the water bath
coating was observed, which exceeded that of the ultrasonic
bath when the soy concentration reached 3% (indicated by an
arrow in Fig. 4a) and remained the highest until 5%. This
indicated that by applying the plasma pretreatment, a water
bath can be just as efficient in achieving natural bio-dye uptake
as the sonic bath.

The results from the fabric handle (measured by stiffness)
and UPF measurement, however, highlight the importance of
sonic coating.

A soft fabric handle is an important contribution to the
wearing comfort of a textile. As pointed out previously, higher
fabric dye uptake can be achieved by applying soy at a higher
concentration in the coating process. This increase in soy
concentration, however, needs to be balanced, as heavy coating
on the fiber surface can result in a stiff fabric handle. Fig. 4b
shows the effect of the plasma pretreatment on the fabric
stiffness as a function of soy concentration. Fabrics with water
bath coating exhibit much higher values of stiffness than those
of the sonic bath coating. This is due to the different weight
gained by the fabric during the coating process. It can be seen
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from Table 2 that weight gain values for water bath-processed
fabrics are double those of the sonic bath. Fabric crease
recovery does not seem to be affected much, with plasma-
treated samples showing a slightly improved crease recovery
ability than those without plasma treatment.

It is known that plasma surface treatment can result in a
higher fiber hydrophilicity. This is confirmed by the contact
angle test results shown in Table 2. As mentioned previously,
plasma-induced fiber surface etching in the form of micro-
cracks is able to provide soy/dye particles with extra paths to
enter into fibers. This effect is accelerated with the help of
ultrasonic irradiation, during which agglomerated soy particles
were milled and disintegrated and driven by cavitation implo-
sion in a speed-up movement. The results shown in Fig. 4b and
Table 2 indicate that by using plasma pretreatment followed
by ultrasonic coating, the soft fabric handle can be significantly
improved compared to when coating in a traditional water bath.

In terms of the UPF of the dyed fabrics, it can be seen from
Fig. 4c that under the same pretreatment condition, sonic
coating has far greater UPF values than those of water bath
coating. Fabrics with plasma pretreatment show higher UPF
values than those of fabrics without plasma, regardless of the
type of coating bath. It is seen that when coated with the sonic
bath, the UPF values of plasma-pretreated samples almost
doubled compared to those of samples without plasma. This
could be due to strengthened interactions between the fiber
surface and the natural dye as a result of plasma etching
followed by ultrasonic irradiation.

3.3 Color fastness

It is known that natural colorants can be unstable when losing
their natural origin of settlement. Poor wash fastness and light
fastness are commonly seen in textile dyed with natural dye.
The fixation and stability of the bio-dye/agent on the fiber
surface thus become important in determining the quality of
the final products.

Table 3 shows the color fastness results of dyed fabrics (3%
soy mordant). It is seen that wash fastness, rub fastness and
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(aand b) Color strength K/S and stiffness of plasma pretreated dyed fabrics and (c) UPF of dyed fabrics in different coating baths, with and without
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Table 2 Test results of weight gain, contact angle and crease recovery angle for dyed fabrics (at a soy concentration of 3%)

Sample Weight gain (SD) (%)  Contact angle (SD) (°)  Fast recovery angle (SD) (°)  Slow recovery angle (SD) (°)
Water bath ~ Without plasma 4.6 (0.13) 18.7 (1.7) 109.8 (2.3) 139.1 (2.9)

With plasma 9 (0.16) 14.7 (0.3) 117.6 (2.7) 143.8 (3.4)
Sonic bath ~ Without plasma 2.1 (0.06) 38.9 (1.2) 115.5 (1.7) 141.4 (1.9)

With plasma 4 (0.05) 35.0 (0.7) 119.4 (1.9) 148.8 (2.5)

light fastness of dyed samples, respectively, have a rating range
of 3-4, 4-5, and 6-7, which are considered as satisfactory for
natural dyeing and meet the industrial scale. The samples with
plasma pretreatment in the ultrasonic bath have a slightly
improved rub fastness and light fastness compared to the
samples without plasma pretreatment. This can be explained
by the improved connection between the natural dye and the
fiber through plasma-assisted soy coating as the fiber surface
modification, as analyzed previously.

3.4 Biofunction of processed cotton

3.4.1 Antioxidant capacity. Evaluation of the antioxidant
activities of dyed fabrics (3% soy mordant) was conducted in
this work using ABTS agent and the results are shown in Fig. 5.
It can be seen that when compared with the control sample, all
dyed fabrics showed a great improvement (by almost 30%)
in radical scavenging activity. Caffeic acid esters, such as 5-
caffeoylquinic acid and 3,5-di-O-caffeoylquinic acid from FAA
(Fig. 5), are among the chemical compounds that can be
extracted with 50% ethanol applied in this work.>>** These
caffeic acid esters are strong in antioxidant activities.>> Upon
successful surface modification through plasma-assisted soy

protein coating, dyed cotton fabrics are seen performed well in
radical scavenging activity (Fig. 5).

3.4.2 Antibacterial activity and shelf life. Images and cal-
culated values of antibacterial properties of the dyed fabric
samples, relative to the control samples, are displayed in
Fig. 6a. A much stronger antibacterial performance is seen for
all dyed samples compared to that of the control, for both
E. coli and S. aureus. In E. coli testing, the percentage anti-
bacterial activity is found to be higher for the plasma-pretreated
sample (98.9%) than that without plasma pretreatment
(70.3%). Outstanding antibacterial results are found again for
S. aureus, with a bactericidal rate of above 95% observed in all
cases. A complete bacteria removal rate of 100% is seen with
the sample pretreated by plasma. This powerful bactericidal
activity (especially against S. aureus) is due to the pharmaco-
logical origin of extracts from FAA.>>°

Fig. 6(b and c) presents the antibacterial shelf life of dyed
cotton measured after 240 days (8 months) compared to the
results from day 1. It is surprising and interesting to find that
after 8 months, the cotton produced in this work has not at
all lost its powerful bacteria removal functions, neither against
E. coli nor S. aureus.

Table 3 Color characteristic values and color fastness of dyed cotton fabrics

Rub fastness

Sample L* a* b* Wash fastness Dry Wet Light fastness
Water bath Without plasma 65.23 2.44 24.33 3-4 5 4-5 6
With plasma 64.02 2.53 27.27 3-4 4-5 4-5 6
Sonic bath Without plasma 63.99 3.12 26.27 3-4 4-5 4-5 6
With plasma 63.27 2.24 26.94 3-4 5 5 6-7
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Fig. 5 SEM images and antioxidant capacity of dyed fabrics, and chemical structures of the bio-dye/agent from FAA extracts.
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Fig. 6
antibacterial shelf life of dyed cotton measured after day 1 and day 240.

With soy coated in the water bath (regardless of plasma
pretreatment), the samples showed a complete bacteria
removal rate of 100% against E. coli and S. aureus after 8 month
(Fig. 6(b and c)). Washing tests showed an antibacterial capa-
city of 86% after 5 washes of the fabric, which is still considered
satisfactory. These results are rather exciting and can be
referred to the bioactive volatile matter within the FAA extracts.
A longer storage time allowed full volatilization and, hence,
better curing of the chemicals on the fiber surface. Meanwhile,
soy is a non-animal natural protein with long storage time,
stability and biofunction.® It is believed that vegetable-based
soy protein used as a bio-mordant in this work also contributed
to the long shelf life of the bio-dyed/finished cotton. Future
work will be needed to see how much longer the antibacterial
activity can be retained before it eventually declines.

S. aureus is a type of bacteria commonly found in skin
infections. By examining the antibacterial shelf life, the con-
cern that fabric biofunction may be weakened over time was
removed. The super powerful antibacterial cotton with a long
shelf life is expected to provide broader and value-adding
applications to traditional cotton material in the area of health
and medical care. These include applications to next-to-skin
cotton textiles, such as underwear, handkerchiefs and towels,
as well as medical textiles, such as gauze, medical bandages,
surgical gowns, face masks, etc.

4 Conclusion

The applicability of plasma surface modification and soy
protein coating is investigated in this work in an attempt to
broaden the application of natural bio-dye/agent from the
medicinal plant of FAA to traditional cotton for its usage in
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medical and healthcare areas. It is shown that while soy coating
alone can significantly increase fiber natural dye uptake, the
fabric dyeing ability can be enhanced further when plasma
pretreatment is applied. When plasma pretreatment is applied
to the fiber surface and at a soy concentration of above 3%,
traditional water bath coating can exceed the ultrasonic bath in
its effectiveness to attract natural dye in the subsequent dyeing
process. Fabric plasma pretreatment followed by ultrasonic soy
coating can provide cotton fabric with a soft handle and a high
level of UV protection.

This work presented a green, biofunctional dyeing and
finishing process of cotton with antioxidant properties and
powerful antibacterial ability. An outstanding anti S. aureus
cotton product has been shown to exhibit a long shelf life, with
a bactericidal rate of 98-100% measured in all cases even after
8 months of storage, owing to the inherent pharmacological
properties of FAA used as a natural bio-dye/agent, as well as the
vegetable protein of soy used as a bio-coating agent. The out-
comes of this study can potentially widen the application of
traditional cotton material to more practical healthcare/medi-
care applications.
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