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ABSTRACT: The concept of wearables is rapidly evolving from
flexible polymer-based devices to textile electronics. The reason for
this shift is the ability of textiles to ensure close contact with the
skin, resulting in comfortable, lightweight, and compact “always
with you” sensors. We are contributing to this polymer-textile
transition by introducing a novel and simple way of laser
intermixing of graphene with synthetic fabrics to create wearable
sensing platforms. Our hybrid materials exhibit high electrical
conductivity (87.6 ± 36.2 Ω/sq) due to the laser reduction of
graphene oxide and simultaneous laser-induced graphene for-
mation on the surface of textiles. Furthermore, the composite
created between graphene and nylon ensures the durability of our
materials against sonication and washing with detergents. Both of these factors are essential for real-life applications, but what is
especially useful is that our free-form composites could be used as-fabricated without encapsulation, which is typically required for
conventional laser-scribed materials. We demonstrate the exceptional versatility of our new hybrid textiles by successfully recording
muscle activity, heartbeat, and voice. We also show a gesture sensor and an electrothermal heater embedded within a single
commercial glove. Additionally, the use of these textiles could be extended to personal protection equipment and smart clothes. We
achieve this by implementing self-sterilization with light and laser-induced functionalization with silver nanoparticles, which results in
multifunctional antibacterial textiles. Moreover, incorporating silver into such fabrics enables their use as surface-enhanced Raman
spectroscopy sensors, allowing for the direct analysis of drugs and sweat components on the clothing itself. Our research offers
valuable insights into simple and scalable processes of textile-based electronics, opening up new possibilities for paradigms like the
Internet of Medical Things.
KEYWORDS: laser processing, textile sensor, graphene composite, conductive textile, wearables

■ INTRODUCTION
Improving the quality of life is closely tied to advancements in
comfort and health. It forces modern devices, including
wearables, to fulfill new functionality and performance
requirements.1 In this context, an attractive concept is the
development of sensors integrated into everyday clothes to
ensure direct contact with the skin, reliable sensing, and
continuous monitoring of health indicators.2 Introducing
electrical conductivity to the textiles upgrades the conventional
fabrics to the level of wearable sensor platforms.3 Up to date,
one of the most efficient ways to achieve this is the
metallization of textiles that exhibits the values of sheet
resistance down to 0.02 Ω/sq, while maintaining the original
knitted fiber structure.4 However, this strategy could hardly be
considered cost-efficient. An alternative is using carbon
nanomaterials such as nanotubes or graphene,5 which
significantly increase surface area and electrical conductivity
critical for textronics, while being less expensive.

In addition to high conductivity, which could also be
achieved with conductive inks,6,7 the challenge is to develop
the technology that allows to preserve electrical, mechanical,
and structural properties for extended periods of wearing.
Moreover, the approach must be adjustable, scalable, and easy
to perform to become widely adopted. Laser processing is
excellent for addressing these challenges, offering additional
benefits such as free-form patterning and eco-friendliness
compared to chemical and thermal methods.8 Previously, we
showed that laser processing produces a resilient graphene/
polymer nanocomposite with polyethylene terephthalate
sheets.9,10 In this work, we devised a strategy to integrate
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graphene into nylon-based textiles in an elegant and efficient
manner. These graphene/textile composites are sensitive to
deformation and could serve the development of a wide range
of sensors.
Wearable sensors that utilize hydrophilic fabrics may create a

suitable environment for bacterial growth when combined with
dirt and sweat.11 Therefore, it is crucial to ensure that wearable
sensors are effective and safe from biohazards. While most
bacteria are harmless, some pathogenic microorganisms, such
as Trichophyton interdigitale, Streptococcus viridans, Streptococcus
nonhemolyticus, or Blastomyces, could cause serious infectious
diseases. One way to tackle this issue is by incorporating
antibacterial properties into textile sensors.12 To this end, the
most efficient approach is functionalizing the fabric with
metals, metal oxides, and metal nanoforms (Ag, Cu, Au, and
Zn NPs).13 Silver is the most promising among these due to its
complex interaction mechanism with cells. The synthesis of
silver nanoparticles is straightforward and typically executed
following well-established chemical or electrochemical
routes.14 We found that in addition to the original laser-
assisted graphene oxide (GO) photoreduction and composite
formation, lasing enables the integration of silver via the
photochemical reduction of silver ions from AgNO3 to form
Ag clusters and make the textiles safer to use.15

Utilizing inexpensive materials, scalable laser processing
technology, and incorporating antibacterial properties enables
a safe multisensor platform on textiles with excellent
performance to contribute to key technologies such as
wearables and smart clothes.

■ RESULTS AND DISCUSSION
Laser-Driven Processes Behind rGO/Textile Compo-

site. To face the challenge of modern textronics, we designed a
two-step strategy to functionalize synthetic textiles with high-
quality reduced graphene oxide (rGO), as schematically shown
in Figure 1. First, white nylon textile was coated with a 4 mg/
mL GO water dispersion. We observed a uniform textile
surface coverage (see Figure S1) thanks to GO hydrophilicity
that helped to form multilayers on fibers due to strong van der
Waals and H-bonding interactions.16 Then, once dried, the
GO textile was laser processed to reduce GO and make the
fabric electrically conductive. The laser-induced removal of
oxygen-containing groups from GO has been known since
pioneering work in 2009.17 However, the optical properties of
the film, choice of the substrate, and tuning of processing
parameters make a significant difference in light-matter
interactions and properties of the resulting laser-processed
material. We found that laser irradiation did not only reduce

Figure 1. Schematic illustration of the rGO/textile composite fabrication steps and demonstration of an actual circuit used to light an LED.

Figure 2. Characterization of rGO/nylon textile composites. (a) Raman spectrum of nylon textile; (b) Raman spectrum of nylon covered with a
thick GO film, and two spectra after laser reduction recorded on the surface and on the underlying fibers; (c) SEM images of the top surface and
cross-section; (d) XPS survey spectrum and narrow C 1s region; (e) sheet resistance of the composite with the average value of 87.6 ± 36.2 Ω/sq.
The values obtained in different spots of the same rGO/textile sample.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c06968
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06968/suppl_file/am3c06968_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06968?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06968?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06968?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06968?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06968?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06968?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06968?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06968?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c06968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


GO, but simultaneously integrated freshly formed rGO to the
textile surface. This finding is critical because we intermixed
graphene with the polymer matrix and increased the textile’s
active surface area besides the electrical conductivity. Excited
by this result, we anticipated that such textile functionalization
could be kept for an extended period. This expectation was
encouraged by the ultrasonication process of the hybrid textiles
to remove the remaining GO and burnt byproducts that were
loosely attached. This simple experimental implementation led
us to graphene/textile platforms that we further investigated as
robust multifunctional sensors.
Originally, we were planning to form single-step laser-

induced graphene (LIG) directly on textiles without the use of
any additional nanomaterials. However, even a relatively gentle
laser treatment in the visible range did not prevent partial fiber
destruction, which was a universal effect for the 15 different
textile types we irradiated (Note S1). The irreversible damage
of fibers would significantly limit the use of LIG alone in real
applications. To avoid this undesirable effect and preserve the
textile properties, we introduced a GO film as an additional
carbon precursor and performed its further laser processing on
the surface of the textile as discussed above. The irradiation of
this system resulted in a less disrupted electrically conductive
textile surface.
Laser reduction of GO reverts most of the carbon atoms

from the sp3 to sp2 hybridization state, partially recovering the
graphene structure. We estimated the quality of reduction with
Raman spectroscopy, an especially useful tool for carbon
nanomaterial characterization.18 The original textile revealed
five characteristic peaks at 143, 194, 393, 515, and 638 cm−1

(Figure 2a) assigned to Eg, Eg, B1g, B1g, and Eg modes of the
anatase phase of TiO2, which is conventionally used as a white
dye for textiles.19 The lower energy region contained active
modes of nylon fibers themselves, with sharp peaks at 1079,
1440, and 1633 cm−1 assigned to C−C stretching, CH2
bending, and amide I vibrations, respectively.20 The thick
GO film screens the signal from the textile, as evidenced by the
dominance of defect-activated D and sp2 carbon G Raman
bands from GO (Figure 2b). The changes induced by the laser
should mainly occur on the utmost fibers of the textile. We
investigated the surface layer and the underlying fibers, which
are easily distinguishable with an optical microscope. On the
top layer (Figure 2b), we observed a decrease in the D/G
intensity ratio from 1.0 to 0.4 due to GO reduction. At the
same time, the second-order graphene bands appeared with the
most intense 2D band - overtone of the D band activated by a
double resonance process.21 In our case, the 2D/G intensity
ratio was equal to 0.7, a typical value for multilayer graphene
that confirms the relatively high graphitization.22 This result
could be attributed either to efficient GO reduction or LIG
formation from the polymer or, most likely, to both processes
simultaneously. On the other hand, Raman spectra recorded
from the deeper layers have no difference from the spectra of
unmodified GO, which means that the underlying GO layers
do not undergo reduction or get just slightly reduced with a
highly defective structure.23

The brown and relatively thick GO film in our system acts as
a photothermal transducer, efficiently absorbing light and
triggering the polymer phase transition to liquid. The high
photon flux leads to the formation of a graphene/textile hybrid
only at the top layer, keeping the initial properties of the
underlying bulk textile intact. Previously, rGO/polyester and
rGO/cotton fabrics were reported for flexible, free-standing,

highly conductive, and robust wearable sensors and smart
clothes.5,24 However, those recent reports used chemical and
thermal reduction routes, both of which convert the whole GO
volume with no spatial selectivity and thus have limitations in
tuning the material properties and free-form patterning into
specific shapes. So far, the most successful attempt to create an
rGO/nylon composite was accomplished by chemical GO
reduction with subsequent laser patterning to fabricate textile
capacitors.25 In contrast, we used laser patterning alone to
obtain a well-developed intermixed melted nylon/rGO system.
This hybrid structure is demonstrated on the scanning electron
microscopy (SEM) cross-section images in Figure 2c. The
graphene/nylon composite thickness reached 120 μm, with the
thickness of unmodified textiles below ca. 650 μm. X-ray
photoelectron spectroscopy (XPS) allowed for analyzing more
precisely the surface condition after composite formation. The
survey spectrum in Figure 2d shows the conventional C 1s and
O 1s bands, also indicating a minor presence of N and Si
originating from the textile itself. The C/O at. % ratio equals
7.6, compared to 4.9 for the unmodified textile (see survey
spectrum in Note S2 and Figure S2). This value increased
because of the surface carbonization caused by GO reduction
and LIG formation, which is in agreement with Raman
spectroscopy results. The C 1s region (Figure 2d) was
deconvoluted into four components, with the dominant sp3
and sp2-hybridized carbon in the forms of C−C and C�C
(284.5 ± 0.1 eV) bonds, which is typical for graphene
materials.26

The direct and most valuable effect we obtained from GO
reduction was the drastic change in electrical properties. The
initially insulating textile turned highly conductive, with an
average sheet resistance of 87.6 ± 36.2 Ω/sq (5 different
sample areas were analyzed, see Figure 2e). This is a
remarkable difference, especially considering that these values
were obtained after subjecting the sample to ultrasonic bath
cleaning for 1 minute before the measurements. We also
examined whether the textiles would maintain their electrical
performance under extended exposure to ultrasound (Figure
S3). Even after 5 minutes of sonication, we found that sheet
resistance changes were minimal and within the error bars. The
textiles also kept their electrical conductivity after washing with
detergents imitating their use in real-life conditions. After five
washing cycles, rGO/textiles maintained resistance values
within the 2−11 kΩ range, indicating no visual changes or
signs of surface degradation (Note S3 and Figures S4, S5). In
addition to washing the textiles, we investigated the stability of
their performance in phosphate-buffered saline (PBS) and
artificial sweat to imitate harsh wearing conditions. The textiles
remained conductive in the kΩ range after 18 days in PBS, and
after 5 days in artificial sweat (Figure S6). The rGO/textiles
also survived ten cycles of stripping with an adhesive tape,
maintaining the resistance in the Ω range, while additional
cycles shifted the values to the kΩ range (Figure S7).
While this work is focused on fabricating new hybrid textiles

and developing wearable sensors, our results are promising for
the future research on smart clothing, which should include a
more detailed investigation of their mechanical properties and
long-term performance. So far, we have examined the
stretchability of our textiles by recording a stress−strain
curve. Our findings indicate that the materials have an
elongation at break of ∼881%, while pristine textiles are less
stretchable with a value of ∼604% (Figure S8). Even counting
that the original textiles can bear more stress (5.7 MPa at break
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compared to about 0.7 MPa for rGO/textiles), it is not crucial
for clothing textiles. What is more critical is the significantly
larger linear range of elastic deformation for rGO/textile
(>800% strain vs <300 for the unmodified fabric). The
extended linearity range is a useful improvement for apparel
intended for daily wearing. This effect can be attributed to the
reinforcement of textiles with rGO flakes and the bonding of
fibers due to polymer melting. Indeed, the stress−strain curve
for unmodified textiles shows some perturbations caused by
the breakage of individual fibers. In contrast, the rGO/textile
sample has a smooth linear curve since the material represents
a more integral structure with interconnected fibers. Our
results demonstrate that these multifunctional textiles can
withstand typical mechanical stresses encountered during wear.
Development of Wearable Sensor Platform. Our

hybrid structures unlocked the options for several attractive
applications, particularly in textile-based sensors, due to their
lightweight nature, ability to remain conductive after washing
and ultrasonication, and high level of customizability in size
and shape. To demonstrate the textiles potential, we first
fabricated a gesture recognition sensor to evaluate the
sensitivity of our textile composites to muscle deformation.
Figure 3a shows the voltage change over time under a constant
current for three different gestures, each repeated three times.
The sensor deformation caused by muscle activity resulted in
distinguishable signal shapes with an immediate response for
each repetition. We tested several different gestures (see Note
S4 and Figure S9). The signal responses were reproducible,
making all six gestures individually recognizable. For these
measurements, the sensor was placed on the brachioradialis
muscle, as shown in Figure 3b. In this case, the sensing
mechanism relies on graphene/textile deformation, which
changes the distance between the conductive sites. Con-
sequently, these changes induce variations in electrical
resistance and/or interlayer capacitance.

Excited by the excellent performance of rGO/textile for
gesture tracking, we explored the detection of more subtle
deformations. Following recent demonstrations on graphene
foams,27 we designed voice and heartbeat sensors. Using the
voice sensor, we obtained clear, distinguishable, and repetitive
signals for the words “Ok”, “Pressure”, and “Sensor” (Figure
3c). The different signal shapes, caused by the comprehensive
muscle movements during the speech, prove that the rGO/
textile composite could further serve for voice recognition
applications.28 Same as in the previous case, the resistance
perturbations induced changes in voltage under constant
current. The resistance variations are attributed to deforma-
tions initiated by larynx movement and vocal cord vibrations
that generate an increase and decrease between the rGO
conductive sites. Besides distinguishing the words, we also
recorded signals from prolonged sounds like “R” and guttural
“A” (Note S5 and Figure S10). Particularly these sounds
induce strong vibrations of the throat and cause instant sensor
response with a high signal intensity. Notably, deep guttural
sounds result in a signal decrease, while “R” and any word
pronunciation increase the signal. This is explained by the
physiological differences in pronunciation.
Finally, we recorded the heartbeat signal by placing the

sensor over the carotid artery area at the neck, as shown in
Figure 3d. This configuration allowed not only to record heart
rate, but also to follow pulse wave dynamics. Figure 3e shows
repetitive peaks attributed to heart contraction phases. The
volunteer’s pulse in a relaxed state was 76 beats per minute
(healthy values for adults range from 60 to 100 bpm).29 A
sharp rise at the beginning of a wave that lasts about 0.4 s
correlates with the ventricle systole. The systolic phase starts at
0.4 s. The dicrotic notch is recorded between the systolic and
diastolic phases and is associated with the end of contraction
and return of blood flow to the heart. After that, there is
another rise associated with the diastolic phase and closed
heart valves. Finally, the aorta narrows, and the pressure drops

Figure 3. rGO/nylon composites used as wearable sensors. (a) voltage recording of muscle activity sensor performance using several different
gestures; (b) the placement of a gesture sensor on the hand; (c) demonstration of the voice recognition sensor; (d) the placement of the voice and
pulse sensors on the neck; and (e) pulse recording.
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until heart returns to the systolic phase. All these changes were
successfully recorded by the textile sensor we designed.
The sensitivity to such low-intensity vibrations and

deformations made a great foundation to implement our
devices in smart clothes and wearable sensors. To go beyond
laboratory demonstrations, we adapted a commercially
available glove made of nylon (with some fractions of spandex
and polyester), and used our method to fabricate graphene
composites directly on the glove’s surface (Figure 4a). We
integrated three bending sensors on the glove’s fingers and an
electrothermal heater on the back of the hand, which is
especially useful in winter and cold climates. Figure 4b shows
the sensor response to bending the finger up and down from
the neutral position (fingers parallel to the hand palm) with a
change of the signal following the fingers’ motion and the
distance between the conductive sites, respectively. Moreover,
the response varies according to different bending angles, and
the device is sensitive even to barely noticeable movements of
the finger, as shown in Figure 4c. This exciting demonstration
opens up new opportunities for our textiles in soft robotics.
The electrothermal heater’s performance was verified by

placing the glove inside a fridge to imitate cold temperatures
(Figure 4d). The composite area could be heated up to 48 °C
by applying the voltage from 11 to 40 V (see Note S6 and
Figure S11). These results could be helpful in thermal therapy,
which usually requires temperatures of 40−50 °C.3,30 More-
over, by decreasing the heater size, we reached temperatures as
high as 112 °C under 12 V (Note S6 and Figure S12).
Besides electrical stimulation, we found that our textiles

could be heated up with light from a halogen lamp (Figure 4e)
or less intensely under an LED (Note S7 and Figure S13). We
estimated the temperatures we could reach with a lamp using
the setup presented in Figure 4f. Illumination of the clean
nylon textile increased its temperature to 39 °C (room
temperature was ∼23 °C), while the rGO/textile composite
reached 63 °C within a few seconds. This opens promising
perspectives toward self-sterilization of clothes and virus
inactivation via photothermal heating, which the world
requires these days. For instance, the spike protein in the
COVID-19 virus is sensitive to temperature and becomes
inactive after 90 minutes at 56 ± 2 °C, which could be easily
reached using our multifunctional textiles.31

Figure 4. (a) Nylon/spandex/polyester glove with 4 integrated rGO/textile sensors: 3 bending sensors on the middle, ring, and little fingers, and an
electrothermal heater on the back side of the hand; (b) current response on bending the finger up and down; (c) current response on changing the
bending angle; (d) electroheating of the glove in the fridge; (e) thermal camera images of photoinduced heating of rGO/textile composites; (f) a
scheme of the photoheating experiment; (g) a scheme of the textile functionalization with Ag nanoparticles; (h) EDX mapping of the surface of
Ag/rGO/textile and inhibition zones of the growth of E. coli and St. aureus bacteria on a Petri dish after 24 h of cultivation. Orange color represents
the distribution of Ag, while blue stands for C, light blue for O, green for Si, and yellow for Ti; (i) SERS detection of MB on Ag/rGO/textile
together with a reference sample without silver functionalization; (j) SERS detection of glucose (2.2 M) on the surface of Ag/rGO/textile together
with the Raman spectrum recorded from the sample (inset).
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rGO/Textile Composites Functionalization with Sil-
ver. We made our textiles antibacterial, aiming at increasing
their value as healthcare platforms. That was achieved by
functionalization of rGO/nylon surfaces with Ag nanoparticles
via laser-driven photoreduction (Figure 4g). Combining GO
reduction with a subsequent Ag NPs integration for smart
textiles is a powerful approach under intense development. For
instance, it was reported that rGO combined with silver
deposited by chemical reduction and thermal annealing
increased the durability of polyethylene terephthalate (PET)
textiles.32 The use of the laser to grow silver NPs from AgNO3
was already discussed and implemented by us for graphene
surfaces.15 In our study, we used laser irradiation to
photochemically reduce an AgNO3 aqueous solution onto
the rGO/textile surface and embed metallic nanoparticles,
eliminating the need for additional functionalization techni-
ques or reducing chemicals to create antimicrobial agents. EDX
(energy-dispersive X-ray spectroscopy) mapping in Figure 4h
shows the successful formation of silver particles and clusters
distributed on the top of the rGO/textile surface. To better
understand the structure and size of silver clusters and their
particle shapes, we conducted further EDX mapping at higher
magnification. Additionally, we captured a SEM image of an
individual particle, revealing its spherical shape and approx-
imately 300 nm size (see Figures S14 and S15). XPS analysis
directly confirmed the functionalization of the textiles with
silver and its reduction to a zero-valence state (see Figure S2).
Ag 3d narrow region indicates the appearance of two silver
bands deconvoluted to four peaks responsible for metallic
silver: Ag 3d5/2 (Ag0) at 367.8 ± 0.1 eV and Ag 3d3/2 (Ag0) at
373.8 ± 0.1 eV; and for ionic silver: Ag 3d5/2 (Ag+) at 368.2 ±
0.1 eV and Ag 3d3/2 (Ag+) at 374.3 ± 0.1 eV, evidencing partial
conversion of Ag+ to Ag0. In this case, C 1s narrow region
shows a rise of C�C bond compared to silver-free rGO/
textile. This means that the second round of laser processing
contributed to Ag reduction as well as to simultaneous rGO
reduction to a higher degree.
To experimentally verify antibacterial properties, we

investigated the initial nylon, rGO/textile, and Ag/rGO/textile
samples’ responses against Escherichia coli and Staphylococcus
aureus (St. aureus). These two strains were selected due to their
distinct cell wall structures and representation of two major
groups of bacterial infections. E. coli is a Gram-negative bacillus
found in the gut microbiota of humans. On the other hand, St.
aureus is a Gram-positive coccus found on the skin and in the
upper respiratory tract of humans, which could become
pathogenic and cause serious health issues. The textiles’
antibacterial performance was evaluated using the disk

diffusion test, as shown in Table 1. We expected the nylon
sample to have no inhibition zone, but as for rGO�there was
no explicit expectation. The antibacterial activity of rGO has
been a subject of debate in the literature. Some studies have
experimentally demonstrated the antimicrobial effect of rGO,
attributing it to oxidative stress and damage caused by the
graphene’s sharp edges when in contact with bacterial cells.33,34

However, it has also been highlighted that this effect depends
on the concentration of graphene oxide (GO) and the specific
synthesis protocol.35 Even if rGO alone in the form of a
dispersion or powder might exhibit antibacterial properties, the
mixture of rGO flakes with non-antibacterial nylon is unlikely
to be antimicrobial due to the significant contribution of the
substrate and partially interrupted graphene network. RGO/
textile samples did not show any inhibition zone in our
experiments. On the other hand, Ag/rGO/textile showed a
considerable inhibition zone for both E. coli (27.9 ± 4.8 mm)
and St. aureus (18.1 ± 1.0 mm), demonstrating a significant
antibacterial effect (Figure 4h and Table 1). The larger
inhibition zone for Gram-negative bacteria is associated with a
thin peptidoglycan layer and an outer lipid membrane, which is
the opposite for Gram-positive ones. The antibacterial effect of
Ag/rGO/textile is attributed to the presence of both silver ions
and silver nanoparticles. The mechanism could be connected
to Ag adsorption on negatively charged cell walls, which causes
their damage, or to a membrane destabilization, resulting in a
cellular content leak. Both processes lead to cell death.36,37

Silver functionalization of textiles does not only induce
antibacterial activity but also could be useful to create a
wearable surface-enhanced Raman spectroscopy (SERS)
sensor. Since nylon is widely used in sportswear, Ag/rGO/
textile could potentially offer valuable insights for the user, for
instance, by analyzing sweat during physical activities. Non-
invasive detection of drugs and hormones in sweat is a
currently developing field with numerous challenges.38 First,
we used methylene blue (MB) as an analyte to see if our
textiles showed the SERS effect. MB is a water-soluble dye
typically used for SERS sensing demonstrations. On the surface
of Ag/rGO/textile, we observed typical MB Raman peaks at
481, 625, 1170, 1290, 1524, and 1615 cm−1 corresponding to
δ(C−N−C), δ(C−S−C), β(C−H), υ(C−N), υasym(C−C),
and υ(C−C) ring vibrations, respectively.39 When we recorded
the spectrum on the same textile without silver functionaliza-
tion, there were no indications of MB, as demonstrated in
Figure 4i. Building on the success of MB SERS sensing results,
we conducted a proof-of-concept SERS detection of glucose, as
shown in Figure 4j. We placed a drop of glucose solution (2.2
M) onto the Ag/rGO/textile surface, and immediately

Table 1. Growth Suppression of Bacteria E. coli and St. aureus by the Test Samples on the Surface of the Nutrient Medium
after 24 h of Cultivation
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performed SERS measurements. The glucose bands at 850,
912, 1062, 1126, and 1460 cm−1 are assigned to C−C
stretching, C−OH stretching, C−O stretching, C−O−H
bending, and CH2 stretching, respectively.

40 However, to be
practical for real-world applications, the sensitivity must be
enhanced to detect glucose concentrations below 0.2 mM,
which is the level found in human sweat.41 Such application-
target optimization is possible thanks to laser processing, which
allows tuning the amount and size of Ag NPs clusters, the
quality of rGO/textile surface morphology, and other factors
contributing to the material application and performance in
wearable sensors.
In this work, we got unique insights into fabricating a flexible

multifunctional textile platform with laser processing, making a
solid and scalable foundation for future advancements in textile
electronics.

■ CONCLUSIONS
Wearable and affordable sensors are no longer a matter of
future developments but fundamental and engineering
projects. This work makes a step toward efficient and
inexpensive textile sensor platforms. We showed for the first
time a simple and scalable way to fabricate thin and lightweight
rGO/nylon composites by laser processing with a wavelength
in the visible range. Simultaneous photonic-driven reduction of
GO and integration of rGO to the polymeric textile surface
results in highly conductive (tens of Ω/sq) textiles that retain
their performance after sonication and washing. Considering
the ease of fabrication and surface properties, we found great
use of our composites as deformation sensors for gesture
recording, real-time pulse measurements, and voice recog-
nition. All sensors showed immediate responses to different
stimuli. We also implemented three bending sensors and an
electrothermal heater within a single system embedded in a
commercial glove made from a nylon/spandex/polyester
mixture. To contribute to personal healthcare, we made an
additional step and functionalized our textiles with silver
clusters using the same laser processing approach. This
functionalization resulted in introducing antibacterial proper-
ties to our textiles. In vitro disk diffusion tests on Ag/rGO/
textile composites showed an inhibition zone with Gram-
negative (27.9 ± 4.8 mm) and Gram-positive (18.1 ± 1.0 mm)
bacteria. Benefiting from additional silver integration, we
implemented a proof-of-principle SERS sensor to detect a
model dye analyte and glucose. This research paves the way for
developing safe and comprehensive multisensor platforms that
can be directly integrated into everyday fabrics.

■ METHODS AND MATERIALS
Materials. The textile composition represents 88% nylon and 12%

spandex, according to the specification from the manufacturer. GO
water dispersion (4 mg/mL) was purchased from Graphenea. The
glove for the sensors contains 70% nylon, 20% polyester, and 10%
spandex. The muscle activity, pulse, and voice recognition sensors
were fixed using kinesiology tape Rocktape H2O. For SERS sensing,
glucose (2.2 M) was purchased in a local pharmacy, and Methylene
Blue from Sigma-Aldrich.
Sensor Fabrication. GO was placed on the top of the textile

using drop coating, with the amount depending on the sample size to
form a thick film, counting 1.5 μL of dispersion per 1 mm2. The film
was dried on the heating plate at 50 °C. The laser processing was
performed using a 436 nm pulse laser, with pulse energy�150 mJ,
pulse frequency�2.8 kHz, and pulse duration�250 μs. Fabricated
samples were rinsed with distilled water and sonicated for 10 min to

remove non-integrated nanomaterials. For the disk diffusion test, 40
μL of 0.1 M AgNO3 aqueous solution was applied to the surface of
rGO/textile and laser processed while wet. The samples were dried
and cut into 10 mm disks with scissors.
Characterization. SEM was performed using TESCAN MIRA

3LMU (Tescan Orsay Holding, a.s., Czech Republic). For EDX
mapping, the graphite coating was used. Additional SEM and EDX
images were recorded using the Quanta 200 3D, FEI, Hillsboro, and
ORUSA system. The Thermo Fisher Scientific XPS NEXSA
spectrometer with a monochromated Al K Alpha X-ray source
working at 1486.6 eV was used for XPS. The survey spectra were
recorded with the pass energy of 200 eV and an energy resolution of 1
eV. For the high-resolution spectra, the pass energy was 50 eV and the
energy resolution was equal to 0.1 eV. The spot area was 200 μm2.
The flood gun was used for the charge compensation.
Raman measurements were performed after each step of textile

modification to track the changes in material composition. Spectra
were recorded using an NT-MDT-Solar AFM/Raman setup. The 532
nm laser was used for sample characterization using a 20x objective
with a 1 s exposure time, 60 times accumulation, and 40 μW of laser
power. SERS measurements were made using the same equipment
and laser wavelength.
The MST 4000A microprobe station (MS Tech Korea Co., Ltd.,

South Korea) was used to place the tips on the rGO/textile sample
(10 by 10 mm) in a square configuration with a side of 400 μm.
Electrical characterization was performed on the potentiostat-
galvanostat P-45X (Electrochemical Instruments, Russia). Sheet
resistance was calculated using the equation

=R V
I

2
ln 2sheet

where V [V] is the voltage drop between two probes in the top pair of
electrodes, and I [A] is the current applied by a pair of electrodes at
the bottom. This method was used for several measurements,
including stability after washing, keeping the samples in PBS, and in
artificial sweat.
The photothermal activity was investigated using two light sources:

(1) the LED lamp (3 W, 150 lm) was used to illuminate the rGO/
textile and the pristine textile separately for 6 min. The temperature
was measured by the HT-02 thermal imaging camera (HTI, China)
before and after illumination without turning off the light source. (2)
The halogen lamp of the “Micromed 3 lum” microscope was used as a
light source. The same thermal imaging camera was fixed at 20 cm
from the samples. We separately put rGO/textile and pristine textiles
on the lamp’s diffuser. Each sample was illuminated for 20 s with
thermal imaging right afterward.
A Gotech ai-7000 Universal testing machine was used to perform a

strain−stress test. Pristine textile and rGO/textile samples were cut
following the dimensions of 40 × 10 × 0.5 mm3. The working length
of the sample was fixed at 19 mm.
Antibacterial Activity. A Gram-negative bacterial strain�E. coli

(B-11333)�and a Gram-positive bacterial strain�St. aureus (B-
6646)�were used here for antibacterial activity testing. Cultivation of
E. coli was carried out on a dense nutrient medium Luria−Bertani
(LB) incubated at 37 °C for 24 h. Bacteria St. aureus was grown in a
liquid nutrient medium of beef-extract broth. The cultivation was
carried out in an orbital shaker at 37 °C and a rotation frequency of
100 rpm for 24 h. Finally, a suspension of each bacterial species with a
concentration of 3 units according to the McFarland turbidity
standard was prepared and used in further tests. One day before the
antibacterial activity test, a 1% agar solid nutrient medium was
prepared, poured into Petri dishes (D = 90 mm), and kept for 24 h in
a thermostat at 28−30 °C to control sterility. The 300 μL of
suspension of each bacterial culture was applied to the agar surface
and evenly spread over the surface with a Drigalski spatula. Samples
under investigation were placed on the dried nutrient medium using
tweezers (the treated side was placed on the surface of the nutrient
medium). Finally, Petri dishes with samples were placed in an
incubator at 37 °C for 48 h. The antibacterial effect on the samples
was determined in transmitted light, estimating the width of the
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inhibition zone of bacterial growth from the edge of the sample. The
results were expressed in mm and presented as mean ± SD.
Sensor Performance. The research was conducted with the

permission of Ethical Committee 7858/1 from 17.06.2020. We made
30 × 10 mm rGO/textile composites for both voice recognition and
pulse sensing. For voice recognition, we fixed a sample right over the
laryngeal prominence with the composite layer on top. Potentiostat/
galvanostat P-45X (Electrochemical Instruments, Russia) was used for
signal recording. The constant current of 2 mA was applied, and
voltage changes were recorded. The same sensor was used for pulse
recording and fixed on the carotid artery. The muscle activity sensor
represents a 200 × 15 mm rGO/textile strip deposited on kinesiology
tape with a composite layer on the tape. The sensor was wrapped
around the forearm closer to the elbow. Applying a constant current
of either 10 μA or 20 μA, we recorded the voltage over time diagram
with a P-45X potentiostat.
Washing. The rGO/textile sample was placed in 150 mL of tap

water with 1 mL of liquid soap. Three rubber balls of 2.5 cm in
diameter were added. Washing was carried out at 40 rpm for 20 min.
The samples were then dried on a heating plate at 50 °C. Sheet
resistance values were measured using the 4-probe method or
multimeter before and after washing.
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