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Abstract

Functionalization of natural fibers with electroactive polymeric materials can create conductive surfaces with
multifunctional properties. Herein, we develop smart fibers using plasma supported coating of wool fabrics with various
polyaniline derivatives (PANiI) in the presence/absence of in-situ prepared silver nanoparticles (AgNPs). Nanostructural thin
film of PANi was synthesized in-situ employing plasma-pretreatment to assess the polymerization process. AgNPs were
immobilized in-situ during the formation of PANi starting from silver nitrate (AgNO3) by taking benefit of the reducing
ability from the electroconductive polymer derivatives. Some selected electroactive polymers were applied starting from
aromatic amines, including m-anisidine, o-phenylenediamine and p-nitroaniline. The morphological characteristics of the
produced fabrics were studied by scan electron microscope (SEM). The chemical analysis was studied by energy-dispersive
X-ray analyzer and Fourier transform infrared (FTIR) spectra. As monitored by CIE Lab colorimetric measurements, instant
reversible color variations were monitored by recording the colorimetric measurements of the produced sensor fabrics. By
changing the sort of the electroactive polymer and the inclusion of silver nanoparticles, the imparted characteristics of the
developed wool fabrics, including antimicrobial, electroactivity and stimuli-responsive effects were explored for a diversity of

promising medical applications.
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1. Introduction

Smart textiles are responsive fabrics or fibers with the
ability to monitor and interacting with different stimuli,
such as heat, electricity, and acid/base conditions as well as
detection of pathogenic microorganisms and hazardous
chemicals [1-3]. The sensing performance of smart textiles
occurs either manually or in a preprogramming manner in
response to such external stimuli in various modes, such as
lighting up in particular patterns, visual color shift and/or
even acting as an electronic display presenting pictures and
video [4, 5]. The response of smart chromic textiles
depends mainly on color change, such as thermochromic,
halochromic and photochromic textile products which can
change their color in response to heat, pH and light,
respectively [7-12]. The conventional functions of textile
products were to protect human from cold and rain.
Currently, a novel generation of textile products known as
smart or interactive clothing has been raised. Smart fabrics
are a relatively novel discipline in the textile industry. They
are reactive substrates able to function as sensors or
actuators. Their potential functions are enormous as they
can act as, for example, monitors and protective materials
for human healthcare from any environmental hazardous

conditions by warning from an approaching danger [13-17].
Thus, there has been a considerable interest on the
exploration of chromic organic substances, such as sensing
colorants and electroconductive polymers [18, 19].

The electrical properties of polymers can be attributed to
their conjugated polymer chains. Electroconductive
polymers are promising materials for developing tools for
multifunctional applications, such as supercapacitors,
flexible and transparent displays, organic light emitting
diodes, batteries, organic photovoltaics, electronic circuits,
electrochromic smart windows, electroluminescent devices,
actuators, and electrochemical and chemical sensors and
biosensors  [20-26].  Furthermore, electroconductive
polymers have been employed for electromagnetic
interference shielding substrates, particularly as a radar
absorber coating on stealth aircrafts. There have been a
variety of materials that have been explored as radar
absorption substrates, such as metal oxide nanoparticles,
electrically conductive polymers and high performance
textiles [27-29]. The blocking efficiency of electromagnetic
interferences depends essentially on the characteristics of
the functionalized filler, including its thickness, distribution
and dielectric constant. Silver nanoparticles employed as a
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filling agent in polymeric matrices which can be coated on
insulator substrates to give nanocomposite coatings with
enhanced microwave absorption. AgNPs are distinguished
with their efficient electrical conductivity and antimicrobial
activity [30-33].

There has been a diversity of para-conjugated polymers,
such as polythiophenes, polypyrroles and polyanilines.
Among these para-conjugated polymers, polyaniline
(PANI) derivatives have been broadly applied owing to
their simple preparation process, low cost, unique
electrochemical properties, and chemical and thermal
stability. Thus, polyaniline derivatives have been the earlier
commercially available conjugated polymers [34-36].
Nonetheless, the industrial application of polyanilines has a
number of disadvantages, such as weak processing and
poor mechanical properties. Improving their mechanical
performance could be accomplished by producing
nanocomposites of polyanilines with  conventional
nonconductive polymers or textile substrates [37, 38].
There are various polymerization techniques to prepare
polyaniline-coated fibers, such as graft and block
polymerization as well as chemical, plasma and
electrochemical  approaches [39-43]. The plasma
technology has been applied on fabrics/fibers surfaces as an
eco-friendly approach to modify only the upper atomic
surface layers of a fabric without influencing the matrix
properties of the fabric. Despite the plasma excited species
are mainly highly energetic electrons which are randomly
to some extent breaks down chemical bonding; the plasma
activated substrates can be preserved under ambient
conditions [44, 45].

Herein, we report on the development of an active and
passive hybrid wool fabric due to their multifunctional
performance including thermochromic, electroconductive
and antimicrobial properties. Wool fabric was pretreated
with plasma to provide in-situ polymerization process of
aromatic polyamines, including poly (o-phenylenediamine),
poly (p-nitroaniline) and poly (m-anisidine) to provide
consistent nano-sized structural thin layers in the
presence/absence of silver nitrate which is able to go
through an oxidation/reduction process affording silver
nanoparticles/aromatic polyamine immobilized onto plasma
activated wool fibers. Wool is a naturally occurring fiber
characterized with its ability to resists wrinkles,
hypoallergenic, naturally anti-static and flame resistant,
balanced thermal insulation properties, easy to clean. It is
eco-friendly and sustainable due to its biodegradation
ability. The generation of PANi or AgNPs/PANi film on
wool surface and its sensory effects were explored by EDX,
FTIR, SEM and coloration measurements. Both of
antimicrobial and electroactivity of the treated wool fabrics
were explored. The multifunctional characteristics of the
treated wool fabrics, including antibacterial, electroactivity
and thermochromic performance were investigated.

2. Experimental

2.1. Materials and reagents

Wool fabric (100 %) was obtained from Misr-Helwan
Company for Spin and Weave, Egypt. The wool substrate
was subjected to scouring in an aqueous medium (1:50)
enclosing non-ionic detergent (2 g L*; Hostapal, Clariant,
Swiss) and Na2COs (2 g.L). The scouring process was
carried out at 50°C for thirty minutes to remove wax-based
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substances and other impurities. This was followed by
washing using tap water, and finally air-drying. Silver
nitrate (AgNO3), o-phenylenediamine, m-anisidine and p-
nitroaniline were obtained from Sigma Aldrich.

2.2. Incorporation of AgNPs/PANi onto wool fibers

As displayed in Figure 1, the wool substrate (5x5 cm) was
fixed among two electrodes and subjected to treatment with
plasma for 7 minutes under ambient conditions using a
current of 5 mA, followed by pad-dry-cure (Pickup of 90%)
using an aqueous mixture (liquor ratio of 1:50) of aromatic
amine (10.0 mmol) and CHsCO2NH4 (20.0 g L) at 30°C
for thirty minutes. The wool sample was subjected to
washing with water, and finally subjected to air-drying. In
the case of in-situ preparation of AgNPs, plasma-pretreated
wool sample was exposed to padding (Pickup of 90%) in an
aqueous mixture (liquor ratio of 1:50) of silver nitrate (100
ppm), arylamine (10.0 mmol) and CH3CO2NH4 (20.0 g.L-
1

).

Plasma activation Raller

P

Blank wool Multifunctional
multi-stimuli responsive
AgNPs/PANi-coated
AgNO: wool fibers
gNO3
@ Aromatic amine

CH3CO:zNH4

pad-dry-cure in .
aqueous medium

Figure 1. Diagram representing the in-situ production of
smart fibers.

2.3. Sensor testing

The vapochromic testing was investigated by exposing the
wool substrates to vapors of HCI, while the acidochromic
capability to acidic aqueous media was studied by soaking
wool in an aqueous HCI (0.1 N) [3]. The treated wool
samples were soaked in aqueous solutions of Fe*3 or Cu?*
(0.1 N) to explore their metallochromic performance. The
thermochromic activity was examined at ~65°C via
exposure of the wool substrates to hot-air released from a
heating gun (ORS-NascoMaster, 467HG301A). The
immediate color variation of the tested wool substrates was
studied and proved visually and by measuring their
coloration measurements [2]. The pH value was monitored
using BECKMAN-COULTER meter (pH1340).

2.4, Characterization and measurements

2.4.1. Plasma setup management

The experimental system composed of two copper-based
flat and parallel electrodes with a 2.5 cm diameter and at a
1.1 mm distance from each other. Electrodes were coated
with porous Al203 sheet with a diameter of 4.0 cm and a
thickness of 3.5 mm. Voltage convertor (1-10 kV) was
applied as an electricity generator providing sinusoidal
voltage at a 50 Hz. The discharge system functioned as an
air opening. Both passing current (I) and electric plates
functional potential (Va) were recorded using
HAMEG/HMA407 oscilloscope at 40 MHz. The current was
determined using the reducing voltage crossing the resistant
unit (R1=100) attached to discharging unit to ground. The
voltage crossing plates was measured using the resistance
separator (Rz/Rs= 500).
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2.4.2. Fourier-transform infrared spectrophotometer
FT-IR spectral profiles (400-4000 cm) were reported [17]
using Nexus-670 (Nicolet, USA).

2.4.3. Scan electron microscopy

SEM micrographs were reported by two different
instruments, including Quanta/FEG/250 (Czech Republic)
and VEGA 3, TESCAN.

2.4.4 Energy-dispersive X-ray analyzer

SEM equipment is connected to TEAM/EDX energy
dispersive X-ray analytical tool for determining the
chemical composition applying an accelerating voltage at
20 kV. The average diameters of nanoparticles were
monitored using Image J program.

2.4.5. Electroactivity assessment

The electrical conductivity of both untreated and treated
wool samples was measured [19] by HIOKI LCR Hi 3522-
50 testing apparatus (Japan).

2.4.6. Antimicrobial activity

The antimicrobial performance of the cured wool fibers
was tested quantitatively against some bacterial pathogens,
including S. aureus and E. coli applying AATCC 100-1999
as a standard procedure [17].

2.4.7. Coloration and colorfastness screening

Ultra Scan PRO spectrophotometer with 10° standard
viewer and D65 illuminant (Hunter Lab, USA) was
employed to investigate the color change of the tested
sensor wool fabrics applying tinctorial strength (K/S) and
CIE Lab. L" is denoted as blackness (0) to whiteness (100),
a" is denoted as greenness (-) to redness (+), and b” is
denoted as blueness (-) to yellowness (+) color ratios. The
colorfastness properties were recorded according to
1SO105(X12-1987) for rubbing, 1S0105-C02(1989) for
washing, 1SO105(E04:1989) for perspiration, and
1SO105(B02:1988) for light [46, 47].

3. Results and discussion

3.1. Fabrication of functional wool fibers

Wool was treated with plasma under ambient conditions,
followed by treatment with aromatic amine to afford an
electroactive polymer layer on the wool fiber surface via in
situ polymerization. In the same way, the wool fibers were
subjected to the same treatment procedures in presence of
AgNOs to give a composite film of silver nanoparticles,
aromatic polyamine and wool fibers (AgNPs/PANi/wool).
The inspiration of this research aimed to create
electroactive and antimicrobial wool fibers imparted with
multi-stimuli responsive sensory effects. The incorporation
of AgNPs was performed in-situ onto the surface of wool
fibers during the polymerization course of the polyaniline
derivative from the reduction of AgNOs. This led to a
reduced production price of silver nanoparticles/PANi/wool
fibers owing to the reduced extra cost from the synthesis
and incorporation procedures of AgNPs onto the fibers.
Silver nitrate (Ag*) was exposed to an in-situ reduction to
AqgP during polymerization of aniline derivatives to give the
corresponding polyaniline reactive polymer which turns out
in the oxidized molecular structure form concurrently. The
total contents of Ag® were confirmed on poly (p-
nitroanline) incorporated onto wool substrate using EDX
spectroscopy. The polymerization mechanism of the aniline
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derivatives to afford the corresponding polyaniline and
AgNPs is displayed in Figure 2.
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Figure 2. Plasma-assisted in-situ polymerization of aniline
derivatives using AgNOs as an oxidizing agent.

3.2. Morphological characteristics

The structure morphology of both PANi/wool and
AgNPs/PANi/wool fabrics were studied by SEM, FTIR and
EDX spectroscopy. Pristine wool fibers (Figure 3a)
showed a smooth surface, while the blank plasma-activated
wool (Figure 3b) displayed a surface with etches and
grooves. Compared to pristine wool fibers, the nano-sized
structures of either PANi or AgNPs/PANi films were
homogeneously deposited onto the treated fabrics via in
situ polymerization and redox conditions. However, the
produced Ag NPs/PANi layer (Figure 3c) was more
consistently distributed on the fiber surface compared to
PANi layer (Figure 3d), which demonstrated a slight
affinity to generate cluster-based architectures. This can be
assigned to the enhanced binding of Ag NPs/PANi hybrid
to plasma-pretreated wool by Ag-Oxygen bonding.
Moreover, the structural morphology of Ag NPs/PANi was
in the nano- and microparticle size that are preferred to
enhance the electroconductivity [44]. The three conjugate
polyaniline derivatives, including poly(o-
phenylenediamine),  poly(m-anisidine) and  poly(p-
nitroaniline) were capable to reduce ionic Ag* in AgNOs
into metallic Ag® that was produced as AgNPs incorporated
as a composite within the oxidation form of PANI
derivative. No significant distinctions were observed in the
morphologies of the three polyaniline derivatives. The size
distribution of the produced nano/micro-sized structures of
AgNPs/PANI incorporated onto wool fibers was measured
using software program connected to scanning electron
microscope. For the three electrically active polyaniline
derivatives, the diameter distribution of either PANi or
AgNPs/PANi on the wool fibrous surface was not
homogeneous in size. The particle size of both PANi and
AgNPs/PANi was ranging between 280 nm and 5.5 um,
and 220 nm to 2.0 um, respectively.
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Figure 3. SEM images of pristine wool (a), blank plasma-
activated wool (b), as well as AgNPs/poly(p-nitroaniline)
(c), and poly(p-nitroaniline) (d) incorporated onto plasma-
activated wool fibers.

oK

000 100 200

Ag B2
e
L&l hal

Lsec 3000 Cats 0000 keV Det: Octane Pr

Figure 4. EDX diagram of AgNPs/poly(p-nitroaniline)
incorporated onto plasma-activated wool fibers.

The major elemental composition of AgNPs/PANI
incorporated onto plasma-activated wool substrates was
studied using EDX spectroscopy by reporting the chemical
content at two selected surface locations of the tested wool
substrate as monitored in Figure 4 and Table 1. The total
content of the detected elements were almost the same at
these two surface locations confirming the homogeneous
dispersion of Ag NPs/PANi onto the tested surface of wool
fabric.

Table 1. Major elemental composition (Wt%) of blank and
AgNPs/PANi(p-nitroaniline) on plasma-activated fabrics.

Wool fabrics C ¢} Ag

Pristine 63.86 36.14 0
AgNPSPANI  Spot1 5701 368  6.19
(plasma-activated) “§pot2 5754 3659 587

FTIR spectral profiles were utilized to explore the main
absorbance bands of Ag NPs/PANI integrated onto plasma-
pretreated wool fibers, including both hydroxyl (OH) and
CH aliphatic groups. FTIR spectra of pristine wool,
PANi/wool and AgNPs/PANi/wool fabrics are shown
Figure 5. Generally, there are no substantial changes were
observed in the absorption bands. The characteristic peaks
of blank wool were detected at 3287 cm™ (stretching
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hydroxyl) and 2932 cm? (stretch aliphatic CH). An
absorption amide | peak was observed at 1633 cm™ is
associated with the stretching vibrations of the carbonyl
group; while the absorption amide 11 peak at 1524 cm* was
attributed to the bending deformation of NH bonding and
stretching vibrations of C—N bonds. The amide 111 at 1247
cm™! belongs to C-N stretching bonding and NH in-plane
bend vibrations. Compared to FTIR spectrum of pristine
wool, PANi/wool and AgNPs/PANi/wool fibers didn’t
show new peaks proving that no considerable chemical
interactions took place to the fiber surface throughout the
inclusion of either polyaniline or AgNPs/polyaniline onto
the wool fibers, respectively.
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Figure 5. FTIR spectra of pristine, PANi(p-nitroaniline)
and AgNPs/PANi(p-nitroaniline) on wool fibers.

3.3. Electroactivity performance

The surface electroactivity of PANi/wool and
AgNPs/PANi/wool with/without plasma-pretreatment was
studied using p-nitroaniline as a model (Table 2). The
electroconductivity of blank wool was 1.2 x108 S/cm,
whereas the conductivity of the coated wool fabrics was
ranging between 2.2x 10 and 0.6457 S/cm. The
electroactivity of PANiI incorporated onto wool was less
than that of AgNPs/PANI incorporated onto wool fibers.
Plasma-pretreated wool fibers demonstrated improved
electroconductivity compared to the plasma-pretreated
fibers. This might be attributed to AgNPs facilitating the
conduction path in PANi composite. Silver nanoparticles
acted as a suitable pattern for the formation of well-
oriented PANiI to result in an enhanced electron charge
transfer. In general, the electrical conductivity was
enhanced upon adding AgNPs to the PANi matrix, which
can be assigned to the synergistic character of AgNPs [48].
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Table 2. Electroconductivity and antimicrobial properties
of blank and PANiI(p-nitroaniline) and AgNPs/PANiI(p-
nitroaniline) loaded onto wool fibers with/without plasma-
pretreatment.

depending on changing environment, such as chromic
textile products [68-76]. In this study, we described the
development of active/passive hybrid wool fibers owing to
their multifunctional performance, including
thermochromism, vapochromism, acidochromism,

Conductivity Antimicrobial metallochromism, electrical conductivity and antibacterial
Wool sample (Scm™) Reduction properties. The coloration parameters were recorded for
Percentage each polyaniline derivative with and without plasma-
E. coli S. activation as well as in presence and absence of AgNPs as
aureus depicted in Table 3.
blank 1.2 x10°8 0.00 0.00
PANi Without 22% 105 20423 27+15 Table 3. Coloration screening measurements for
plasma PANi/wool and AgNPs/PANi/wool.
with 24 %101 7117 6917
plasma Wool fabric K/S L a" b*
AgNPs/PANi  without 0.3456 90+2.3 90+1.8 Poly(p- Without ~ 18.29  63.15 5.22 45.16
plasma nitroaniline) plasma
with 0.6457 97108 94%Ll5 with 2121 5098 832  34.85
plasma - pl_asma
AgNPs/PANi Without ~ 19.86  79.72 -6.03 51.47
(p-nitroaniline) plasma
With 1461 4150 1319  31.89
3.4. Antimicrobial activity plasma
The antimicrobial properties of PANi and silver Poly(o- Without  19.36 4032 1272 30.45

nanoparticles/PANi immobilized onto plasma-pretreated or
untreated wool fibers are displayed in Table 2. The wool
fibers were tested against E. coli and S. aureus applying
plate agar counting. Blank wool displayed no antibacterial
performance against the investigated bacterial pathogens;
while AgNPs/PANi/wool fibers showed an improved
antimicrobial performance compared to PANi/wool. Also,
plasma-pretreated wool demonstrated higher antimicrobial
performance compared to fibers without plasma-
pretreatment. AgNPs have been reported as an efficient
antibacterial agent against various bacterial, fungal and
viral pathogenic organisms [49-52]. The actual mechanism
of the toxic effects by AgNPs to pathogens is still partially
documented [51, 52]. However, a number of mechanistic
pathways were explored to explain the antibacterial
behavior of silver nanoparticles. It was verified that raising
the surface area of silver nanoparticles as a biologically
active agent leads to improving their antimicrobial
performance [53]. Hence, the bactericidal performance can
be improved by providing additional amounts of silver
nanoparticles in silver nanoparticles/PANi/wool . This was
assigned to the penetration tendency of silver nanoparticles
into DNA of bacteria and their discharging ability of Ag*
throughout the bacteria cell-wall. Accordingly, Ag*
interacts with phosphorous element of DNA molecules
leading to functional inhibition of enzymes to result in
bacterial death. Therefore, silver nanoparticles can be used
to damaging plasmid and DNA of bacteria to result in
improvement in antibacterial activity [54].

3.5. Coloration sensory and colorfastness measurements
Smart or interactive textiles can be classified as passive or
active-based smart textile products. The passive-based
smart fabrics are the earliest generations of smart textile
products with the ability to afford additional characteristic
in a passive form, such as the temperature insulator suit
remains insulating irrespective of exterior temperature [55-
67]. Other examples of passive smart textiles include
antimicrobial, ultraviolet protective and antistatic fabrics.
On the other side, the active smart textile products are the
next generation including sensors and actuators. They are
fabrics with the ability to automatically adapt their function
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phenylenediamine) plasma
With 2342 371.70 14.77 34.81

plasma
AgNPs/PANi Without 17.24  44.46 13.31 41.34
(o- plasma
phenylenediamine) With 17.24 4850 1478  44.84
plasma
Poly(m-anisidine) Without ~ 10.78  39.35 7.98 15.68
plasma
With 11.06  35.27 8.77 16.78
plasma
AgNPs/PANi Without 12.13 58.31 7.56 23.46
(m-anisidine) plasma
With 14.19 54.35 9.83 25.68
plasma

The treatment circumstances of wool played a considerable
role in the behavior of the sensor wool fabric. The pristine
wool showed an off-white shade with relatively high K/S
(8.7), high L" value (82.70), low negative a" (- 0.71) and
relatively high positive b" (9.02). The p-nitroaniline
afforded dark yellow-colored wool with considerably
improved K/S and considerably decreased L* for plasma-
activated fibers and in the presence of AgNPs. The positive
a" and b” noticeably increased for plasma-activated fibers
and in the existence of silver nanoparticles to indicate dark
yellow color. However, the positive a* of plasma-
inactivated AgNPs/PANi/wool exhibited a negative a*
value to designate a light pink color. Both of o-
phenylenediamine and m-anisidine afforded yellow colored
wool fabrics with considerably improved K/S and
decreased L” for plasma-treated fibers and in presence of
silver nanoparticles presenting a dark yellow color. Both a*
and b* possessed positive magnitudes and significantly
increased for plasma-pretreated wool fibers and in presence
of silver nanoparticles. Consequently, we elected p-
nitroaniline as a key material in the sensor study owing to
the considerable variations observed in presence of silver
nanoparticles and upon plasma-pretreatment. Upon
subjecting  PANi/wool or AgNPs/PANi/wool to high
temperature (~60-70°C) using hot air released from a heat
gun, K/S values generally increased, while L* values
decreased to designate an improved color strength with an
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immediate reversible color

transformation

(thermochromism) of darker yellow to bright light yellow.

Table 4. Color screening of wool fibers as sensor for high temperature (~60-70°C).

Wool fabric L b
ag. vapo aq. vapor aq. vapor aq. vapor
r
PANi Without plasma 0.57 0.68 74.00 67.58 6.01 11.15 12.17 11.62
With plasma 241 6.60 60.04 43.22 11.82 23.41 25.67 22.43
AgNPs/PANI Without plasma 0.88 0.87 6826 67.61 8.64 9.57 13.80 11.02
With plasma 3.24 6.84 54.43 37.68 12.04 21.92 24.05 14.93

Table 5. Color screening of wool fibers as sensor for HCI under both aqueous and vapor conditions; PANI is derived from p-
nitroaniline.

Wool fabric KIS N N N

L a b
Poly(p-nitroaniline) Without plasma 11.88 6205 8.76 41.46
With plasma 7.91 7041 6.57 42.28
AgNPs/PANi Without plasma 11.82 6205 8.77 4142
(p-nitroaniline) With plasma 12.84 5100 921 3031

Table 6. Color screening of wool fibers as sensor for metal ions (Fe(111) and Cu(ll)); PAN:i is derived from p-nitroaniline.

Wool fabric K/S L b
Fe(ll) cu(ll)  Fe(ll) cu(I)  Fe(ll) _cu(i) _ Fe(ll) _ cu(ll)
PANi Without plasma 141 1.29 69.32 68.5 9.95 6.35 20.39 14.36
With plasma 4.03 3.87 56.48 53.18 13.17 9.11 31.32 23.31
AgNPs/PAN  Without plasma 1.55 1.23 68.77 66.99 14.06 8.70 27.11 15.57
i With plasma 5.59 6.86 48.62 41.88 15.75 11.87 32.10 20.12

Table 7. Fastness performance of Poly(p-nitroaniline)/wool and AgNPs/Poly(p-nitroaniline)/wool fibers with/without plasma

pretreatment.
Rubbing Washing Perspiration
Wool fabric R W Ae St Acidic Alkaline Light
v Wet At TAe st ALt st
PAN 3 3 3 2 23 23 34 34 3
(plasma-pretreated)
PANi 2
(plasma-activated) 3 3-4 3 3 3 23 34 3-4
PANi/AgNPs 34 34 4 34 3 3 34 34 4O
(plasma-inactivated)
PANI/AGNPs 4 4 45 45 4 4 45 45 6

(plasma-activated)

*Alt. is alteration; **St. is staining.
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No significant changes were detected for either a" or b”
values (Table 4). However, the plasma-inactivated
AgNPs/PANi/wool showed a significant alteration from
negative to positive magnitudes associated with an
instantaneous reversible color transformation of light pink
to bright light yellow. Analogous behaviors were observed
for wool sensing both HCI aqueous (halochromism) and
vapor (vapochromism) phases (Table 5), as well as metal
ions (metallochromism) including Fe(l11) and Cu(ll) (Table
6) showing an instantaneous and reversible colorimetric
shifting from dark yellowish to brighter light yellowish or
from light pink to bright light yellow for plasma-activated
and plasma-inactivated ~ AgNPs/PANi/wool  samples,
respectively. The sensory effects generated by PANi/wool
and AgNPs/PANi/wool fabrics depended mainly on
changes of the physical and chemical characteristics of the
samples during the sensing course.

The colorfastness performance of the treated wool
substrates showed satisfactory results to maintain their
color against rubbing, perspiration, light and washing.
Considerable enhancements in the colorfastness were
monitored upon  moving from  PANi/wool to
AgNPs/PANi/wool fibers. Moreover, the plasma-pretreated
substrates showed better colorfastness than that of the
plasma-inactivated substrates. The best fastness properties
were monitored between good and very good for plasma-
activated Ag NPs/PANi/wool (Table 7). This can be
assigned to strong chemically bind of AgNPs/PANi to
plasma-activated fibers to confirm product robustness. The
strong Ag-O bond was stabilized by AgNPs/PANi within
wool fibrous matrix. This uncovered the ability of this
proposed technique to achieve satisfactory coloration
process toward multifunctional textiles of satisfactory
colorfastness properties without applying any additional
chemicals.

4. Conclusions

Facile strategy was introduced toward the development of
multiple functional wool imparted antimicrobial activity,
electroactivity, thermochromism, acidochromism,
metallochromism  and  vapochromism  employing
AgNPs/PANI coating. The dispersion of AgNOs and in-situ
polymerization of arylamine derivatives can efficiently
introduce thin layer of silver nanoparticles/PANi onto
plasma-treated wool. The morphologies and elemental
content of the coated substrates were studied by several
methods, including SEM, EDX and FTIR. SEM images
showed nano(micro)-sized particles incorporated onto the
surface of the coated substrates, while EDX proved the
existence of metallic silver in the chemical composition of
the treated wool fibers. AgNPs increased the electroactivity
of AgNPs/PANi/wool by improving the consistent
dispersion of silver nanoparticles/PANi onto the fabric. The
electroconductivity of AgNPs/PANi/wool samples was as
high as 0.6457 S/cm, which increased about ~5.4 x 107
times compared to the value of blank wool at 1.2 x10® S
cm™l. The antimicrobial activity of AgNPs/PANi/wool
against E. coli and S. aureus was considerably increased
compared to PANi/wool, whereas the blank wool did not
display any antibacterial properties. The colorfastness
demonstrated satisfactory performance of PANi and
AgNPs/PANi composites incorporated onto wool fibers.
AgNPs/PANi/wool fibers were able to illustrate color shifts
upon exposing to heating, strong acid and metallic ions
demonstrating metallochromic, acidochromic, vapochromic
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and thermochromic sensory effects. This simple approach
is characterized with fast response and operation under
ambient conditions, which will open the door for chromic
wearable materials for protective healthcare applications.
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