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Nanotransfer Printing of Functional Nanomaterials on
Electrospun Fibers for Wearable Healthcare Applications

Ji-Hwan Ha, Jiwoo Ko, Junseong Ahn, Yongrok Jeong, Jihyeon Ahn, Soonhyoung Hwang,
Sohee Jeon, Dahong Kim, Su A Park, Jimin Gu, Jungrak Choi, Hyeonseok Han,
Chankyu Han, Byeongmin Kang, Byung-Ho Kang, Seokjoo Cho, Yeong Jae Kwon,
Cheolmin Kim, Sunkun Choi, Gi-Dong Sim, Jun-Ho Jeong,* and Inkyu Park*

With the advancement of functional textile technology, there is a growing
demand for functional enhancements in textiles from both industrial and
societal perspectives. Recently, nanopattern transfer technology has emerged
as a potential approach for fabricating functional textiles. However,
conventional transfer methods have some limitations such as transfer
difficulties on curved fiber surfaces, polymer residues, and delamination of
transferred nanopatterns. In this study, an advanced nanopattern transfer
method based on surface modification and thermoforming principles is
applied to microscale electrospun fibers. This transfer method utilizes
covalent bonding and mechanical interlocking between nanopatterns and the
fibers without requiring extra adhesives. Various nanopatterns transferred
electrospun fibers possess significant potential for diverse wearable
healthcare applications. This work introduces two specific application
scenarios in the field of wearable healthcare, both of which leverage the light:
diagnostics and antimicrobials. Versatile textile with silver nanogap-pattern
detects glucose in sweat, diagnosing hypoglycemia and diabetes by shifting
Raman peaks from 1071.0 to 1075.4 cm−1 for 0 to 150 μm glucose.
Additionally, a bactericidal mask using visible light to induce the
photocatalytic degradation effect of titanium dioxide and silver nanopatterns
is developed. Bactericidal efficacy against Escherichia coli and Staphylococcus
aureus is 99.9% due to photolysis from visible light irradiation.
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1. Introduction

Textiles are important materials that can
be used in a variety of applications, in-
cluding clothing for human fashion and
protection,[1] and masks to prevent disease
infection.[2–4] Textile-based technologies
have evolved beyond their traditional
role of simply adorning or protecting the
body.[1] The emergence of functional tex-
tiles has opened up new possibilities for
enabling textiles-based displays,[5–7] phys-
ical/chemical sensors,[8–14] and healthcare
devices.[15–19] The versatility of functional
textiles, which can be incorporated into
everyday clothing, enhances the quality and
convenience of human life. Particularly,
recent years have witnessed significant
growth in the use of functional textiles for
medical clothing applications,[20] including
human vital signs monitoring,[15,16,21,22]

disease diagnosis,[23,24] and infection
prevention.[25,26] Several methods have
been suggested for fabricating functional
textiles, including the fibrous coating of
functional materials,[27–29] fiberization of
composites,[30,31] core-shell-shaped fiber
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design,[32–34] and the transfer of nanomaterials and nanopatterns
onto fibers.[8] Nevertheless, conventional methods employed
in the fabricating of functional textiles have faced certain con-
straints. These limitations include a heavy reliance on the
adhesion properties of coating materials, inconsistent perfor-
mance due to uneven dispersion of functional fillers within
composites, and restrictions on the selection of materials for
functional textiles, primarily confined to organic substances.

Nanotransfer printing (nTP) is a simple technique that facili-
tates the consistent and controllable transfer of nanopatterns of
inorganic materials onto various substrates through manipula-
tion of the adhesion between the interface and the transferred tar-
get material. Among the functional textile fabrication methods,
transferring inorganic (e.g., metals, metal oxides) nanopatterns
onto textiles using nTP method has proven challenging. This is
largely because of the curved geometry of the fibers and limited
interfacial adhesion between the fibers and nanopatterns. A re-
cent study introduced a transfer method that uses a hyaluronic
acid-based water-soluble polymer template for transferring metal
nano-line patterns onto the curved surface of fibers.[8] In order to
achieve reliable transfer of nano-line patterns onto the fibers, tra-
ditional fabric materials such as silk, spandex, and cotton were
required to have a minimum diameter of 50 μm and exhibit fa-
vorable wettability. Despite offering a novel approach to transfer
nanopatterns onto fibers, the method still faced several limita-
tions. The challenge arises from attempting to transfer nanopat-
terns onto fine fibers with small diameters, typically below 10
μm,[8,31,32] with the aim of enhancing textile quality, fit, and reduc-
ing roughness. Stable nanopattern transfer on such these fibers
have been difficult because of the curved shape, small contact
area, and low interfacial adhesion of the fibers. Although certain
studies have made efforts to pattern smaller-diameter fibers us-
ing nanoscale molds,[35] the utilization of a blend of inorganic
materials for functional enhancement in small-diameter fibers
has not been reported thus far. Incomplete dissolution of the
polymer can leave residuals on the fiber and nanopatterns. Ad-
ditionally, the absence of additional adhesive can lead to delam-
ination of the transferred nanopatterns by external forces. Fur-
thermore, the curved surface geometry of the fibers and flow of
the aqueous solution can impose constraints on the uniformity
and pattern shape of the transferred nanopatterns.

To address this issue, this study proposes a straightforward
method for transferring metals and metal oxides-based nanopat-
terns (M/MO NPs) to microscale fibers using the principles
of surface modification and thermoforming. The functional
textiles developed in this study are made from thermoplas-
tic polyurethane (TPU) fibers using an electrospinning process
(ESP) at several microscales to offer greater fit than conventional
textiles with larger diameters. In order to facilitate the transfer of
M/MO NPs onto electrospun fibers, an oxygen plasma-based sur-
face modification strategy was employed, which yielded two sig-
nificant effects: mold etching and generation of chemical bonds.
This strategy enables the reliable transfer of M/MO NPs onto
electrospun TPU fibers without the need for additional adhesives
or a water-soluble polymer template. The interfacial adhesion be-
tween the electrospun fibers and nanopatterns is improved by
the presence of chemical bonds,[36] including covalent and hy-
drogen bonds. Furthermore, by subjecting the electrospun TPU
fibers to specific temperature conditions, applying heat and pres-

sure can be employed to enhance the mechanical interlocking.
This phenomenon occurs as the fiber surface deforms its shape
when pressed and thermoformed in contact with the nanopat-
terns. For the optimization of this fabrication strategy, a paramet-
ric study on the oxygen plasma exposure time, transfer pressure,
and transfer temperature was conducted.

Various transferable nanopatterns based on metals and metal
oxides are demonstrated, and wearable healthcare garment appli-
cations were developed. This study proposes a diagnosable gar-
ment that incorporates 4-mercaptophenylboronic acid (4-MPBA)
and silver nanogap patterns. The diagnosable garment has the
ability to measure glucose levels in sweat, which correspond to
the glucose levels found in individuals with hypoglycemia and di-
abetes. In addition, a photocatalytic bactericidal mask composed
of electrospun TPU fibers integrated with transferred TiO2-Ag-
TiO2 (TAT) nanopatterns was suggested. The experimental re-
sults show the mask’s capability to induce photocatalytic degra-
dation, leading to the eradication of bacteria upon exposure to
visible light irradiation.

2. Result and Discussion

2.1. Research Strategy and Concept

Despite previous efforts to fabricate composite fibers using a
combination of inorganic materials and polymers for the pro-
duction of functional fibers in functional textiles, composite fiber
fabrication has faced limitations due to challenges related to filler
material aggregation and phase separation between the inorganic
and polymer components. Moreover, several limitations exist in
the water-soluble template-based nanotransfer printing of M/MO
NPs[8] including the nanopatterns misalignment during the tem-
plate transfer process by solvent, surface contamination result-
ing from residual materials after transfer process, and delam-
ination caused by insufficient interfacial bonding between the
fibers and the M/MO NPs. To overcome these limitations, we pro-
pose to combine electrospun thermoplastic polyurethane (TPU)
composite fibers with M/MO NPs through surface modification
and heat pressing in this study. This approach eliminates the
need for extra dispersion and solvent processes, offering a po-
tential solution to the previously encountered challenges such
as aggregation of nanomaterials and residual polymers. Further-
more, our proposed process facilitates the fabrication of compos-
ite functional fibers by integrating a mixture of materials, thereby
creating a hierarchical structure that spans from the microscale
to the nanoscale. This multiscale complexity can be applied to
bioinspired applications for wearable healthcare applications.[37]

Within the scope of this study, we have developed the electrospun
fibers with M/MP NPs into the wearable healthcare applications.

Figure 1a depicts fabrication strategies aimed at surmount-
ing the previously highlighted challenges in transferring and in-
tegrating nanopatterns onto electrospun fibers. Electrospinning
was employed to achieve micro-scale fiberization of TPU. The
objective was to leverage the thermoforming capabilities of TPU
through heat pressing, ensuring a substantial area conducive to
the stable transfer of various nanopatterns. Nanopatterned molds
of polyurethane acrylate (PUA) are fabricated using the nanoim-
print technique, and target materials such as metals or metal ox-
ides are deposited onto the surface via the E-beam deposition
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Figure 1. a) Schematic shows fabrication strategies for transferring nanopatterns onto electrospun fibers. The process involves oxygen plasma treatment
of electrospun TPU fibers and M/MO NP molds using the nano imprinting lithography process and E-beam deposition. Subsequently, the nanopatterns
are transferred via a heat pressing process. Finally, electrospun fibers with transferred M/MO NPs are fabricated. b) Schematic representation of the
research overview. Fabrication of the microscale TPU fiber by ESP and oxygen plasma treatment to improve the adhesion forces. Transfer of the various
rationally designed-M/MO NPs to the electrospun TPU fibers. Application 1: The wearable SERS-based sweat sensor patch containing the nanocircular
Ag pattern-transferred TPU fibers is attached to general clothing to diagnose diabetes by measurement of the sweat glucose concentration. iv) Application
2: A bactericidal mask containing the TAT nanodot pattern-transferred TPU fibers exhibits bactericidal performance in the visible light region.

method. Subsequently, oxygen plasma treatment is conducted,
a pivotal step in the suggested fabrication strategies. Previous re-
search suggests that to enhance the stability of the metal nanopat-
tern transfer procedure, one should reduce the adhesive forces
between the mold and nanopatterns (Fmold) and simultaneously
increase the adhesive forces between the target substrate and the
nanopatterns (Fsubstrate) like Equation (1).[38]

Fsubstrate − Fmold > 0 (1)

This oxygen plasma treatment-based strategy presents an en-
hanced approach whereby stable M/MO NPs are transferred onto
electrospun fibers through a combination of surface modification
such as hydroxyl group formation and surface energy increasing,
which increases the Fsubstrate, and the etching of the mold materi-
als, which decreases Fmold. In particular, when the bonding forces

between the M/MO NPs and the target substrate (Fsubstrate) are
larger than those between the M/MO NPs and the mold (Fmold)
by partially etching the mold underneath the M/MO NPs, the
transfer quality can be dramatically improved. The secondary piv-
otal step, heat pressing, is utilized to transfer nanopatterns onto
the electrospun fibers. In this process, the transfer stability can
be further enhanced by causing mechanical interlocking (incre-
ment in Fsubstrate) between the M/MO NPs and the TPU fibers
during heat pressing. Due to the thermoforming properties of
TPU, during the heat pressing phase, the TPU fibers deform to
the structure of the nanopatterns, bolstering the adhesion be-
tween the nanopatterns and the TPU. This enhancement can be
attributed to the thermoforming characteristic of the TPU poly-
mer, which allows for effective binding within the temperature
range between its melting point (Tm) and glass transition tem-
perature (Tg).[39] Following these procedures, the PUA mold is

Adv. Funct. Mater. 2024, 2401404 © 2024 Wiley-VCH GmbH2401404 (3 of 14)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202401404 by K
orea A

dvanced Institute O
f, W

iley O
nline L

ibrary on [05/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 2. a) Examination of the morphological properties of the electrospun TPU fibers by i) SEM and ii) a diameter distribution plot. The electro-
spun TPU fibers exhibited a size distribution of 1.5–4.5 μm. b) Surface modification results obtained for the electrospun TPU sheet and the metal
evaporation-patterned film after different oxygen plasma treatment times. c) FIB images of the Au evaporated-nanopatterned PUA molds following dif-
ferent oxygen plasma treatment times. The etching area of the mold was increased by increasing the oxygen plasma treatment time. Variation in the
morphological properties of the gold nanodot pattern-transferred electrospun TPU fibers at different d) oxygen plasma treatment times, e) pressures,
and f) temperatures.

detached, resulting in electrospun fibers with the nanopatterns
transferred onto them.

Figure 1b illustrates an overview of the potential applications
of the M/MO NPs transferred electrospun fibers. While nanopat-
terns transferred electrospun fibers have the potential for diverse
industrial applications, this particular study focused on their uti-
lization in wearable healthcare applications. Specifically, these
fibers-based textiles were employed for purposes such as glucose
level monitoring and the photocatalytic bactericidal mask under
visible light.

2.2. Parametric Study of M/MO NPs Transfer onto the
Electrospun Fibers

Prior to the optimization of the M/MO NP transfer process, it
was necessary to confirm the basic properties of the TPU fibers
prepared by ESP. As shown in Figure 2a, the diameters of the
electrospun fibers distributed from 1.5 to 4.5 μm when highly
viscous 20 wt.% TPU solution was used. The morphological char-
acteristics of the fibers, produced using various concentrations of
TPU solution, are shown in Figure S1 (Supporting Information).
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It is evident that employing a 15 wt.% TPU solution with lower
viscosity resulted in fibers with diameters ranging from 0.5 to
2.5 μm. In addition, electrospinning a 10 wt.% TPU solution led
to the creation of fibers with diameters less than 1 μm. However,
it should be noted that in the latter case, numerous beads were
also formed since the low viscosity of the solution led to an insta-
bility during the electrospinning process. Since such beads and
nanoscale diameter of the electrospun fibers can reduce transfer
quality, electrospun fibers using a 20 wt.% TPU solution were
employed to facilitate high-quality transfer of M/MO NPs. FTIR
analysis confirmed that the electrospun fibers were composed
of TPU materials (Figure S2, Supporting Information). A ure-
thane peak was identified in the range of 1727–1698 cm−1, and
a polyester peak was discerned between 1168 and 1074 cm−1.
In order to optimize the transfer of the enhanced M/MO NPs,
it was crucial to assess both the surface modification achieved
through oxygen plasma treatment and the etching properties of
the molds. Following surface modification of the TPU fibers by
oxygen plasma treatment, water contact angles (WCA) were ob-
served. More specifically, as shown in Figure 2b, WCA analysis is
presented for the gold-deposited nanopattern mold and the elec-
trospun TPU according to the treatment time. The results indi-
cated that increasing the plasma treatment time from 0 to 1, 3,
and 5 min resulted in a reduction in the WCA for both TPU and
gold-deposited nanopattern mold surfaces. Specifically, the WCA
values were as follows: TPU (0 min= 104.8°, 1 min= 43.9°, 3 min
= 40.2°, 5 min = 27.9°) and Au (0 min = 117°, 1 min = 30.2°,
3 min = 28.8°, 5 min = 23.2°). The decrease in WCA observed
after oxygen plasma treatment can be attributed to the increase
in surface energy caused by the treatment, as reported in previ-
ous studies.[40–42] The plasma treatment leads to the generation
of hydroxyl groups on the surface, which enhances the adhesion
between different interfaces. Moreover, during heating, these hy-
droxyl groups can facilitate the formation of covalent bonds, fur-
ther strengthening the interfacial adhesion. Furthermore, the
−NH groups present in the urethane composition of TPU can
form hydrogen bonds with the -OH groups emerging on the
nanopatterned surface.[43,44] Figure S3 (Supporting Information)
shows the changes in hydroxyl group (3400–3600 cm−1) volume
in electrospun TPU and Au nanopatterns as a function of plasma
treatment time. It also shows the increase in urethane group
(1570–1760 cm−1) volume resulting from the covalent bonding
between hydroxyl and isocyanate groups (2250–2270 cm−1) due
to the heat pressing process. As depicted in Figure S4 (Sup-
porting Information), the XPS analysis of electrospun TPU be-
fore and after the nanopattern transfer process identified consis-
tent peaks of C1s, O1s, and N1s. Following the transfer of Au
nanopatterns onto electrospun TPU, an additional Au4f peak ob-
served, highlighting the successful transferring Au nanopatterns.
Furthermore, a notable reduction in isocyanate groups was ob-
served, indicative of covalent bonding occurring as a result of
the nanopattern transfer. Therefore, the fabrication of electro-
spun TPU fibers with M/MO NPs can yield enhanced transfer
quality, attributable to the increased Fsubstrate. This oxygen plasma
treatment not only increases Fsubstrate through surface functional
group formation but also reduces Fmold by etching the base mold.
In the following Figure 2c, the results of the etching aimed at re-
ducing the Fmold from a morphological perspective are presented.
Cross-sectional morphology analysis utilizing a focused ion beam

(FIB) was conducted to validate the pattern width of the PUA-
based mold (Figure S5, Supporting Information), which exhib-
ited a gradual decrease with increasing plasma treatment time.
This analysis provided empirical evidence of the mold’s pattern
width decreasing according to the increased plasma treatment
time. Consequently, the PUA mold, which initially had a square
nanopattern width of 720 nm, exhibited pattern widths of 715,
663, and 556 nm after 1, 3, and 5 min of plasma treatment, re-
spectively.

The morphologies of nanopatterns transferred onto electro-
spun fibers by varying the transfer parameters (plasma process-
ing time, temperature, and pressure) are shown Figure 2d–e. As
observed in Figure 2d, the amount of stably transferred M/MO
NPs increased with a longer plasma treatment time at 100 °C
and 5 bar pressure (fixed condition) owing to the higher surface
energy, formation of surface functional groups on the surface,
and reduced Fb by the reduction of mold area beneath the M/MO
NPs. However, when the plasma treatment time was further
increased to 10 min, the whole deposited Au film on the mold
(pattern and bottom film) was transferred onto the electrospun
fibers. By varying the pressure (Figure 2e), a significantly higher
degree of M/MO NP transfer was observed at 5 bar compared
to at 1 and 3 bars. In addition to achieving stable nanopatterns
transfer characteristics depending on the degree of contact with
the surface of the electrospun fiber, a pressure of 5 bar also led
to an optimal pattern transfer. It was observed that pressures
exceeding 5 bar (specifically 7 and 8 bars) did not result in an
increase in the number of transferred nanopatterns. In addition,
the effect of process temperature was investigated. Figure 2f
shows the results of nanopattern transfer according to process
temperature. At 50 °C, the transferred nanopatterns exhibit no-
tably reduced quality, as the process temperature is beneath the
Tg of the TPU, not expressing its thermoforming capabilities.
The results of the transfer conducted at 50 °C revealed that
there were emptier and smooth fiber surfaces observed, rather
than areas where the M/MO NPs were successfully transferred.
Under the elevated temperature condition at 75 °C, the amount
of transferred M/MO NPs increased. However, empty fiber
surfaces without M/MO NPs were still observed. In contrast,
at a process temperature of 100 °C, the M/MO NPs were stably
transferred onto the contact surface of the electrospun fiber.
Nevertheless, when subjected to elevated process temperatures
(specifically, 125 and 150 °C), the viscosity of TPU decreased due
to the temperature increase. This resulted in excessive transfer
of the metal film due to mechanical distortion and an increase
in the depth of mechanical interlocking within the nanopattern.
Based on the above results, the fabrication of M/MO NPs with
electrospun fiber was optimized (plasma treatment time: 5 min,
process temperature: 100 °C, and process pressure: 5 bar). Figure
S6 (Supporting Information) shows the M/MO NPs transferred
electrospun fibers and the PUA mold after the nanotransfer
process. The nanopattern transferred area was determined using
Image J software,[45] resulting in a calculated percentage of
nanopatterns transferred onto the electrospun fibers of 70.8%.
For the PUA mold, the percentage of transferred nanopatterns
compared to the total nanopatterns was calculated to be 71.6%.
These results are attributed to the porosity of the electrospun
fiber textile, which leads to non-contact areas during the transfer
process.
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Figure 3. a) Images of the prepared nano/micropatterns transferred to the electrospun TPU fiber. b) Transfer of various metal/metal oxide nanodot
patterns, as observed by EDS. c) Real camera image of the large area (6 inch) M/MO NPs on the electrospun TPU showing the transfer quality of the
M/MO NPs. d) Photographic images of the M/MO NPs on the electrospun TPU wherein different motions are demonstrated to indicate the potential
of this system for use in wearable applications.

The proposed strategy allows the transfer of M/MO NPs in-
cluding various materials as well as patterns of various shapes
and scales (i.e., micro- and nanoscales), and the simplicity of this
process renders it potentially applicable to a wide range of ap-
plications. Figure 3a shows the results demonstrating successful
transfer of M/MO NPs with various scales and patterns on elec-
trospun TPU fibers. Considering the aspect of transferring pat-
terns across different scales, the capability of pattern transfer was
exhibited by effectively transferring circular dot patterns at both
the microscale (with a diameter of 1.45 μm) and the nanoscale
(with a diameter of 150 nm). Moreover, in terms of encompass-
ing diverse shapes, this was substantiated through the success-
ful transfer of a range of patterns, including square dots (with
a width of 800 nm), square meshes (with a width of 800 nm),
lines (with a width of 800 nm), and cross dots (with a length of
1200 nm). The successful transfer of various materials was also
validated by energy-dispersive X-ray spectroscopy (EDS) analysis,
which confirmed the transferability of various materials onto the
electrospun TPU fibers, as shown in Figure 3b. Consequently,
successful transfer of nanodot patterns composed of metallic ma-
terials such as gold, silver, aluminum, and nickel were observed.
Owing to their distinctive optical and biological characteristics,
the transfer of such metal-based nanopatterns holds potential for
application in optical fields, such as color filters[38] and nanopho-

tonic devices,[39] as well as in biological contexts.[46] Titanium
dioxide (TiO2) and silicon oxide nanodot patterns were also suc-
cessfully transferred on the electrospun TPU fibers using the
developed method, providing patterns for use in biological ap-
plications (e.g., bactericidal films) or battery application owing
to their photocatalytic characteristics and electrochemical reduc-
tion performances. While the transfer of M/MO NPs can en-
compass a variety of shapes and materials, its application is con-
strained by the transfer area. This emphasizes the significance
of employing a technique like ESP to create sufficiently expan-
sive electrospun fiber sheets. Furthermore, this process enables
the production of large area electrospun TPU fibers with M/MO
NPs transferred. ESP is already widely used for large-area pro-
duction of fiber sheets in various industrial applications. In or-
der to assess the viability of fabricating sizable electrospun TPU
fiber sheets embedded with M/MO NPs, experiments were con-
ducted to transfer the nanoparticles onto fiber sheets measuring
6 inches in diameter. Figure 3c shows the results obtained fol-
lowing the transfer of M/MO NPs (TiO2 nano dot patterns) onto
the 6-inch wafer-scale electrospun TPU fibers. As can be seen
from this figure and Figure S7 (Supporting Information), large-
area patterns were stably transferred. Furthermore, multiple pat-
terns of different sizes were successfully combined on a single
extensive electrospun fibers, as shown in Figure S8 (Supporting
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Information). This involved transferring a high-performance Al-
based color filter pattern onto a flexible electrospun TPU sub-
strate of significant area. The resulting textile showcased a color
filter effect due to four distinct nanodot pattern types, resulting
in hues such as sky blue, green, orange, and purple. These col-
ors were achieved through varying reflectance, a consequence
of the diverse nanodot pattern sizes and designs, upon illumi-
nation. Figure 3d shows the flexibility and stretchability of the
electrospun TPU fibers with M/MO NPs. These characteristics
can be attributed to the excellent elasticity of TPU itself, as well
as the structure of the textiles composed of numerous bundled
fibers. Furthermore, Figure S9 (Supporting Information) shows
mechanical properties of fabric and electrospun TPU. The maxi-
mum strain, maximum stress, and Young’s modulus of electro-
spun TPU are 671%, 38.4 and 0.022 MPa, respectively (30%, 27.8
and 0.22 MPa, respectively, for cotton fabric). For the wearable
application of nanopattern transferred electrospun TPU, the ef-
fect of sweat on mechanical properties was observed. Figure S8
(Supporting Information) depicts the mechanical performance
evaluation of Au nanopattern transferred electrospun TPU im-
mersed in artificial sweat (pH 5.5, ISO 105-B07) for one day. Af-
ter immersion, maximum strain of 709%, maximum stress of
33.1 MPa, and Young’s modulus of 0.027 MPa were observed, in-
dicating no significant change in mechanical properties by artifi-
cial sweat exposure. Figure S11 (Supporting Information) shows
the morphology of the nano-transferred electrospun TPU both
before and after being subjected to tension (strain: 0%, 50%,
100%, and 200%). The SEM images confirm that the nanopat-
terns remain firmly attached and do not delaminate when ten-
sion is applied. Furthermore, the nanodot pattern’s spacing and
geometry remained well-preserved even after the wearable sys-
tem underwent a 50% strain and was subsequently restored
(Figure S12, Supporting Information). Video S1 (Supporting In-
formation) displays the in situ SEM result of electrospun TPU
with M/MO NPs subjected to 100% strain. It clearly demon-
strates that the Au nanopatterns can undergo stretching with-
out experiencing delamination, highlighting the robustness of
the nanopattern adhesion. Figure S13 (Supporting Information)
shows the adhesion strength of electrospun TPU with M/MO
NPs attached to a commercial cotton fabric to ensure versatil-
ity for wearable applications. Peel tests between the cotton fabric
and electrospun TPU using a commercial fabric bond revealed
an adhesion strength of 0.66 N/mm. However, upon attaching
the electrospun TPU with M/MO NPs and cotton fabric using
the heat pressing adhesion process with oxygen plasma treat-
ment, the adhesion strength was significantly improved to 1.88
N mm−1, representing a remarkable 284% improvement. This re-
silience underscores the exceptional mechanical properties and
recovery capabilities of the electrospun TPU in our design. The
water-resistant characteristics of electrospun TPU fibers featur-
ing transferred nanopatterns also render them apt for wearable
applications. Furthermore, Figure S14 (Supporting Information)
shows the nanopattern retention properties in diverse washing
conditions. The nanopatterns adhere securely to the TPU fibers
without experiencing delamination when subjected to a spinning
speed of 1500 rpm without any detergent and speed of 1500 rpm
with a commercial pH-neutral detergent, equivalent to condi-
tion of a standard washing machine, for a duration of 3 h. Af-
ter increasing the speed to 3000 rpm for 3 h, only slight delam-

ination of the nanopatterns was observed. During the washing
process using flowing water without any detergent, there was
no observed delamination of the nanopatterns. In Figure S15
(Supporting Information), SEM images depict the morphologies
of nanopattern-transferred electrospun TPU under varying hu-
midity conditions (40% RH, 70% RH, and 98% RH). It is evi-
dent that the geometries of the nanopattern transferred electro-
spun fibers are well-maintained without any delamination of the
nanopatterns. These characteristics make them suitable as func-
tional materials for a wide range of wearable systems. Figure S16
(Supporting Information) shows the air permeability of electro-
spun TPU before and after the transfer of nanopatterns. The re-
sults show that electrospun TPU exhibited an air permeability
of 5.32 cm3/cm2/s, while electrospun TPU with nano-patterns,
subjected to heat pressing process, showed a slightly reduced air
permeability of 2.69 cm3/cm2/s. The decrease in porosity due to
the heat pressing process led to a reduction in air permeability.
Nevertheless, it still demonstrated higher air permeability com-
pared to the TPU film (0.03 cm3/cm2/s) and exhibited air perme-
ability similar to denim fabric (3.41 cm3/cm2/s). This technique’s
ability to transfer nanopatterns onto electrospun fibers extends
beyond TPU to include other thermoplastic polymers, showcas-
ing its broad applicability. Figure S17 (Supporting Information)
illustrates this versatility through both a photograph and SEM
images, which depict Au nanopatterns successfully transferred
onto electrospun polyvinylalcohol (PVA) and polyvinylidene flu-
oride (PVDF) fibers. This expansion in the range of compatible
polymers significantly enhances the technique’s utility, allowing
for both nanopattern and polymer selection to be tailored accord-
ing to specific application requirements. Such adaptability is an-
ticipated to open new avenues in the development of advanced
materials, offering customized solutions across various fields of
wearable healthcare application.

2.3. Application 1: Non-Invasive Diagnosable Garment Using
SERS for Sweat Glucose Level Monitoring

The conventional method of glucose monitoring requires the col-
lection of blood from an individual to measure their blood sugar
levels.[47] While blood glucose levels have traditionally been em-
ployed to diagnose conditions like diabetes and hypoglycemia,
the method of blood extraction can be inconvenient. In certain in-
stances, particularly for patients who need frequent glucose level
monitoring, such as those with needle phobia, this process can
be intimidating and burdensome. Frequent blood collection from
a patient for measurement of the blood glucose level of diabetes
may result in side effects including anemia and tiredness. Con-
tinuously, there has been a pursuit to develop non-invasive meth-
ods for measuring glucose levels, aiming to provide patients with
a more convenient and comfortable means of monitoring their
sweat glucose levels without the need for blood extraction.[48–50]

Table S1 (Supporting Information) outlines previously reported
glucose measurement methods, glucose measurement concen-
tration ranges, and sensor materials related to wearable glucose
sensors in the existing literature. This study, which is specif-
ically aimed at measuring glucose concentrations in sweat, is
positioned among these research efforts. Sweat is an inher-
ently complex biomaterial, composed of a diverse substances
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including lactate, Cl−, and Na+, among others.[51,52] Furthermore,
the glucose concentration within human sweat exhibits subtle
variations that are closely linked to an individual’s health sta-
tus. Glucose is a crucial component in the complex makeup of
sweat and plays a significant role in diagnosing diseases such as
diabetes and hypoglycemia. Glucose level measurement using
SERS can act as a reliable indicator of human health status. To
showcase the potential for non-invasive diagnostic applications
of electrospun TPU fibers containing M/MO NPs, a wearable di-
agnostic garment was developed for the purpose of monitoring
micro-concentration glucose levels in sweat. Given the require-
ment to detect exceedingly low concentrations of glucose (below
150 μM, corresponding to the sweat glucose concentration in in-
dividuals with diabetes),[44] a circular silver (Ag) pattern immo-
bilized with 4-MPBA was devised. This system was subsequently
employed to detect glucose levels below 150 μM using the Sur-
face Enhanced Raman Spectroscopy (SERS) method (Figure 4a).
Upon glucose binding to Ag atoms immobilized with 4-MPBA,
a shift in the vibrational structure is triggered. This alteration
results in a variation in the Raman shift peak, which is depen-
dent on the glucose concentration (Figure S18, Supporting Infor-
mation). Through the analysis of these alterations in the Raman
spectrum, it becomes feasible to quantitatively determine the glu-
cose concentration in a non-invasive manner. In this study, the
glucose level monitoring by SERS was applied to the nanogap
between the Ag nanopatterns transferred on electrospun TPU
fibers. The hydrophilicity, air permeability, and biocompatibility
of the electrospun TPU fibers contribute to making it a compar-
atively comfortable material suitable for wearable diagnostic ap-
plications. As presented in Figure 4b, the biocompatibility of the
electrospun TPU fibers was evaluated based on the proliferation
rate of fibroblast cells over time (up to 7 days). The cell prolif-
eration morphologies are shown in Figure 4c, wherein the SEM
image recorded after 7 days shows that the fibroblasts prolifer-
ated broadly over the surface of the electrospun TPU fibers. As
shown in Figure 4d, the electrospun TPU fibers including sil-
ver nanogap patterns were integrated into a garment as a clover-
shaped SERS patch. It should be noted here that due to the spe-
cific thermal properties (low Tg and high Tm) of the TPU mate-
rial, it was possible to attach this SERS patch to a range of fabrics
(e.g., cotton, silk, spandex, and polyester) by applying heat and
pressure. Figure 4e shows an SEM image of the morphology of
the SERS patch surface, wherein the diameter and spacing of the
circular Ag patterns are 1.44 μm and below100 nm, respectively.
Figure 4f shows the measurement result of the glucose concen-
tration of ≤150 μm, corresponding to the range of glucose con-
centrations present in sweat. More specifically, in the absence of
glucose (i.e., 0 μm), a sharp Raman peak at 1071.02 cm−1 was
observed. Upon increasing the glucose concentration to 10, 30,
50, 100, and 150 μm, the molecular vibration structure of MPBA
changed, and the Raman peak shifted to 1071.90 cm−1, 1072.78
cm−1, 1073.65 cm−1, 1074.53 cm−1, and 1075.44 cm−1 (Figure 4g).
For initial glucose concentrations below 50 μm, a notable shift in
the Raman peak was observed, which readily indicated the pres-
ence of hypoglycemia (≤50 μm). Furthermore, the utilization of
Raman shift analysis with the SERS patch allows for the differ-
entiation of glucose levels exceeding 150 μm, thus conferring the
capability to diagnose diabetes. Consequently, the implementa-
tion of this system is anticipated to facilitate the non-invasive

daily monitoring of both diabetes and hypoglycemia. Moreover,
it holds the potential to provide relief to patients by eliminating
the need for repeated blood collection, while also enabling swift
diagnoses of this increasingly prevalent condition.

2.4. Application 2: Photocatalytic Bactericidal Mask Using
Electrospun Fibers with TAT

Previously, numerous studies have shown that low-cost and
non-toxic TiO2-based nanomaterials are able to inhibit the
microbial[53,54] and to purify organic/inorganic wastewater[55]

through semi-permanent photocatalytic degradation by reactive
oxygen.[46] However, TiO2 photocatalysts have limitations such as
a poor quantum efficiency, a broad bandgap energy (3.2 eV), and a
relatively high electron–hole recombination rate. To prolong the
charge carrier lifetime and to achieve the desired bandgap tun-
ing, TiO2 must be increasingly doped with metals such as Ag,[53]

which can in turn be used to tune the physicochemical charac-
teristics of this material (i.e., crystallinity and optical properties).
As an alternative application, it was considered that the electro-
spun fiber-based functional textile could be applied as a bacteri-
cidal mask under visible light irradiation upon careful transfer
of some metal oxides (e.g., TiO2), as outlined in Figure 5a. We
propose the use of a textile composed of electrospun TPU fibers
decorated with TAT for the development of medical garments
with bactericidal and purifying capabilities against organic and
inorganic contaminants. Due to the high porosity, outstanding
stretchability, and low surface roughness of the electrospun TPU
mask, this material provides stable and comfortable wearing con-
ditions. The mask with transferred TAT nanopatterns (nanodot
patterns diameter: 260 nm, TAT thickness: 70 nm; TPU fiber
diameter: 1–3 μm) is anticipated to provide protection against
microbes. This is attributed to the enhanced optical attributes
of Ag and the antimicrobial potential of TiO2, particularly un-
der visible light exposure. As a result, this design yields protec-
tive attire with enhanced antimicrobial and bactericidal capabili-
ties. Figure 5b depicts photographic images of the manufactured
mask, while Figure 5c illustrates the SEM-EDS image of elec-
trospun TPU fibers containing TAT nanopatterns. It is evident
from the image that the pattern consists of TiO2 and Ag. In this
study, a particular configuration involving layers of TiO2 (with a
thickness of 30 nm), followed by Ag (with a thickness of 10 nm),
and then another layer of TiO2 (with a thickness of 30 nm),
was employed. The compositional ratio of TAT is derived from
prior studies,[56,57] aiming to identify the ratio that effectively re-
duces the photoexcitation activation energy and maximizes the
generation of OH radicals. This configuration was confirmed by
EDS mapping, as shown in Figure S19 (Supporting Information).
To evaluate the protection effectiveness of this medical garment
(mask), filtration efficiency tests were performed for NaCl, paraf-
fin oil, and bacteria (Staphylococcus aureus, S. aureus). As shown
in Figure 5d, filtration efficiencies of 66.0% and 71.6% were ob-
tained for NaCl and paraffin oil, respectively. Specifically, the bac-
terial filtration efficiency (BFE) of this textile against S. aureus was
99.5%, thereby demonstrating its superior filtration ability (Table
1). Compared to commercial medical masks with BFE ≈95%, the
proposed mask exhibited a remarkable bacterial filtration perfor-
mance. Furthermore, the TAT nanodot-transferred electrospun
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Figure 4. a) Illustration of the glucose level detection mechanism using SERS by the electrospun TPU fibers including 4-MPBA-immobilized silver
circular patterns. The Raman peak shift is generated due to the vibrating structure change by the integration of 4-MPBA-glucose. The suggested SERS
patch-based wearable diagnosable garment concept is depicted. b) Cell proliferation results to verify the biocompatibility of the electrospun TPU fibers
for 7 days are shown. c) SEM images of cell proliferation morphologies on the electrospun TPU fibers for 7 days are observed (Green area: cell growth
regions). d) Photographic image showing a demo of garment integrating 4-MPBA-immoblized silver patterns transferred electrospun TPU-based SERS
patch. e) Morphological properties of the Ag circular patterns/TPU system, as examined by SEM (inset image scale bar: 1 μm) f) SERS results obtained
for the Ag circular patterns/TPU systems at different glucose concentrations. The Raman peak (1071.0 cm−1) of the control shifted to 1075.4 cm−1 upon
increasing the glucose concentration to 150 μM. (g) Tendency of Raman shift change according to the glucose concentration (i.e., 0, 10, 30, 50, 100, and
150 μm).
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Figure 5. a) Mechanism of action of the TAT@TPU-based bactericidal mask. b) Photographic image of the TAT@TPU-based mask being worn. c)
EDS images of TAT nanodot pattern on the electrospun TPU fiber. d) Filtration efficiency of the electrospun TPU mask against NaCl, paraffin oil, and
bacteria (S. aureus). e) Photographic images of the antimicrobial test results for the three cases outlined in part (d). f) Antimicrobial performance of the
electrospun TPU-based composite for the electrospun TPU, TAT on the electrospun TPU (dark environment), and TAT on the electrospun TPU (light
exposure at 200 lux). g) Photocatalytic degradation performance of MB by TAT@TPU. UV–vis analysis was conducted over the visible light range. Upon
increasing the light exposure time, the intensity of the peak at 664 nm was reduced. h) Variation in the MB-normalized absorbance (C/C0) for TAT@TPU
(200 lux), TAT@TPU (1000 lux), and the control over time.

TPU(TAT@TPU) mask was specifically engineered to enhance
its antimicrobial efficacy for everyday mask usage through vis-
ible light irradiation. This approach was rooted in the anticipa-
tion of a synergistic interaction between the antimicrobial and
BFE attributes of the TAT nanopatterns and the electrospun TPU
fibers. Figure 5e shows the antimicrobial test results obtained for

the TPU, TAT@TPU (without light), and TAT@TPU (with light)
specimens against Escherichia coli (E. coli, Gram-positive) and S.
aureus (Gram-negative). In the case of the pure electrospun TPU,
the microbial resistance was low, with log reduction values of 0.5
(67.9% antimicrobial activity) for E. coli and 0 (0% antimicrobial
activity) for S. aureus, respectively. In contrast, the TAT@TPU
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Table 1. Filtration efficiency of the electrospun TPU mask against NaCl,
paraffin oil, and bacteria (S. aureus).

Filtration material Filtration efficiency [%]

NaCl 66

Paraffin oil 71.6

Bacteria (S. aureus) 99.8

gave log reductions of 3.6 (99.9% antimicrobial activity) for E. coli
and 5.5 (99.9% antimicrobial activity) for S. aureus, respectively,
even in a dark environment owing to the antibacterial characteris-
tics of TiO2 and Ag (Table 2). Furthermore, upon visible light irra-
diation (200 lux), enhanced antibacterial effects were observed for
the TAT@TPU material compared to those observed in the dark.
More specifically, log reductions of 3.8 and 5.8 were observed for
E. coli and S. aureus, respectively, representing a 99.9% antibacte-
rial activity in both cases. Afterward, the capacity of TAT@TPU to
effectively purify water under visible light exposure was assessed
alongside its antimicrobial performance. Additionally, leverag-
ing the TAT nanodots to augment the photocatalytic degrada-
tion characteristics of the developed system, the degradation of
methylene blue (MB) using TAT@TPU was examined as a model
for water pollution treatment. Figure S20 (Supporting Informa-
tion) shows the experimental setup, wherein the TAT@TPU was
continuously exposed to visible light using a solar illuminator. As
a result, the blue color of MB was faded by increasing light irra-
diation time (Figure S21, Supporting Information). For a quanti-
tative analysis of the degree of dilution as a function of light irra-
diation time, UV–vis spectroscopy was employed to monitor the
variation in the MB concentration (Figure 5g). It was found that
upon increasing the exposure time to visible light, MB was suc-
cessfully degraded and the blue color faded (i.e., the absorbance
at 664 nm decreased). This suggests that the photocatalytic effect
of the TAT nanopatterns led to the degradation of MB. Figure 5h
shows the normalized results for the reduction in MB concentra-
tion over time for different samples. More specifically, it can be
seen that after 120 min at 1000 lux of light illumination in the
absence of TiO2-based materials, the degree of MB degradation
reached only 20%. In contrast, under the same light intensity, the
presence of TAT@TPU resulted in a significant reduction in the
concentration of MB (methylene blue). Specifically, the MB con-
centration decreased by 93.7% in the presence of TAT@TPU after
120 min. Furthermore, when exposed to even lower light inten-
sity of 200 lux (equivalent to indoor fluorescent light), the photo-
catalytic degradation effect of TAT@TPU led to a degradation of
MB reaching 46.7% after a duration of 120 min. These findings
demonstrate the efficient photocatalytic activity of TAT@TPU in
the degradation of MB under light irradiation. This indicates that
masks exhibiting enhanced microbial resistance could be formu-
lated by capitalizing on these photocatalytic degradation effects,
potentially enabling the extended use of such masks without the
need for frequent disinfection.

3. Conclusion

This study presented a new fabrication strategy for transferring
M/MO NPs onto electrospun fibers using oxygen plasma treat-

ment and heat pressing process. Utilizing this approach, the lat-
eral etching of mold diminished the adhesive force between the
mold and the nanopatterns. Furthermore, the formation of hy-
droxyl groups on the surface, reduction of surface energy, and
mechanical interlocking by thermoforming characteristics en-
hanced the nanopatterns’ adherence to the target substrate. The
treatment time for surface modification, pressure, and temper-
ature were optimized to enhance the quality of the transferred
NPs. This optimized fabrication process has been employed to
effectively transfer nanopatterns of diverse shapes and materi-
als, including metals and metal oxides. The potential applications
of the proposed M/MO NPs transferred onto electrospun TPU
were demonstrated in two healthcare applications. First, a wear-
able SERS patch was developed for monitoring glucose levels in
sweat, enabling the diagnosis and monitoring of hypoglycemia
and diabetes. Second, a photocatalytic bactericidal mask was de-
veloped, which exhibited antimicrobial properties when exposed
to visible light. It is important to highlight that while there have
been prior studies involving the transfer of M/MO NPs onto flat
polymer films or rigid substrates, the accomplishment of suc-
cessful transfer onto electrospun fibers with a diameter of un-
der 3 μm had not been previously reported. This underscores the
distinctiveness of the proposed approach for transferring various
M/MO NPs onto electrospun fibers. Furthermore, functional tex-
tiles based on electrospun fibers with these transferred nanopat-
terns are anticipated to be recyclable through the dissolution of
the electrospun fibers and the separation of the nanopatterns. In
summary, the capability to transfer a range of M/MO NPs onto
electrospun fibers is anticipated to yield a wide array of indus-
trial applications including sensors, flexible displays, wearable
systems, and bio-applications.

4. Experimental Section
Materials: TPU was purchased from the WOOJIN Corporation (Ko-

rea). N,N-Dimethylformamide (DMF), and dichloromethane were pur-
chased from Duksan Chemical (Korea). The metal (Au, Ag, Al, and Ni)
and metal oxide (TiO2 and SiO2) sources were purchased from TAEWON
SCIENTIFIC CO., LTD.(Korea).

Fabrication: To prepare TPU solutions, different weight percentages
(5, 10, 15, or 20 wt.%) of TPU were dissolved in a mixture of dimethylfor-
mamide and dichloromethane (1:1, v/v) using uniform magnetic stirring
at 500 rpm for 4 h. The TPU microfibers were fabricated using an electro-
spinning system from NANO NC Co., Ltd. (Korea) under a relative humid-
ity of 34%. During the electrospinning process, the input power was set
to 20 kV, and the distance between the needle tip and the collector was
maintained at 15 cm.

For the preparation of the M/MO NPs, PUA resin (311-RM, Munuta
Tech. Co., Ltd., Kore) was poured onto a nanopatterned master wafer and
uniformly pushed using a roller. The PUA-based mold was then cured by ir-
radiation with UV light for 3 min. After curing the PUA mold, metal or metal
oxide layer (thickness: 30 nm) was deposited using an e-beam evapora-
tor (Daeki Hi-Tech Co., Ltd., Korea, Vacuum pressure of≈10–6 Torr). The
base mold of M/MO NPs was then etched and functionalized by oxygen
plasma treatment for 5 min (treatment times of 1, 3, and 10 min were also
used for comparison). The pure electrospun TPU was also treated with
oxygen plasma for 5 min for comparative experiments. The power applied
and flow rate of O2 during plasma treatment were 100 W and 50 sccm,
respectively. After the plasma treatment, the nanopattern mold was ther-
mally pressed on the electrospun TPU at 100 °C and at a pressure of 5 bars
for 5 min. For comparison, nanopattern transfer on to electrospun fibers
was performed at pressures of 1, 3, 7, and 8 bar and temperatures of 50,
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Table 2. Antimicrobial properties of the TPU, TAT@TPU (dark), and TAT@TPU (light) systems against E. coli and S. aureus.

E. coli reduction [log] Reduction rate [%] S. aureus reduction [log] Reduction rate [%]

TPU 0.0 0 0.5 67.9

TAT@TPU (dark) 5.5 99.9 3.6 99.9

TAT@TPU (light) 5.8 99.9 3.8 99.9

75, 125, and 150 °C. Finally, the mold was removed from the electrospun
TPU.

Characterization: Morphological analysis was performed using ultra
high resolution FE-SEM (Hitachi High-Technologies Corp, SU8230). The
elements in the prepared M/MO@TPU specimen were analyzed by EDS
(Hitachi High-Technologies Corp, SU8230; scan time = 100 s). The WCAs
of the electrospun TPU and the metal-deposited nonpatterns were mea-
sured using 5 μL droplet with a water contact analysis equipment (KRÜSS
Scientific). FTIR analysis (range = 4000–400 cm−1) was conducted for
the electrospun TPU using an FTIR spectrometer (Thermo Fisher Scien-
tific, Nicolet iS50). FIB milling and SEM observations were conducted us-
ing a FIB-SEM instrument (Hitachi High-Technologies Corp, FB-2100).
The mechanical properties were evaluated using a universal testing ma-
chine (Shimadzu, AGS-X). Sweat-wetted samples were prepared by im-
mersing the nanopattern-transferred electrospun TPU in artificial perspira-
tion (TMABIO, pH 5.5, ISO 105-B07). XPS analysis of electrospun TPU and
electrospun TPU with Au nanopatterns transferred was performed using a
Nexsa G2 instrument from Thermo Scientific. The mechanical properties
of electrospun TPU with transferred nanopatterns, both dry and immersed
in artificial sweat, were evaluated using a universal testing machine (AGS-
X, Shimadzu).

SERS Experiments: To determine the glucose concentration in sweat,
a Ag-transferred electrospun TPU patch was prepared by the abovemen-
tioned fabrication process. After the patch fabrication, it was submerged
in a solution of MPBA for 1 day to functionalize the Ag component for glu-
cose detection. Subsequently, glucose solutions of various concentrations
(10–150 μm) were dropped onto the patch, and SERS analysis was carried
out using a Raman Spectroscopy system (Horiba Jobin Yvon, ARAMIS) for
glucose detection. The Raman shift range was set at 300–1800 cm−1, and
a 633 nm laser was employed for analysis.

Mask Filtration Efficiency: An electrospun TPU-based mask was fabri-
cated using heat pressing method at 100 °C and a pressure of 5 bars for
5 min. The filtration efficiency of the electrospun TPU-based mask toward
NaCl, paraffin oil, and bacteria (i.e., the bacterial filtration efficiency, BFE)
was determined using 10 electrospun TPU sheets with a size of 15 cm ×
15 cm. The efficiency for NaCl and paraffin oil was calculated using Equa-
tion (2), while the BFE was calculated using Equation (3), as follows:

P (%) =
C1 − C2

C1
× 100 (2)

Where P is the filtration efficiency, and C1 and C2 are the concentrations
of NaCl or paraffin oil before and after passing through the mask sheet,
respectively.

B (%) =
(C − T)

C
× 100 (3)

where B is the bacterial filtration efficiency (%), C is the average number of
bacterial colonies in the positive control group, and T is the total number
of bacterial colonies in the test group.

Antimicrobial Activity: The antimicrobial efficacy of the developed
mask textile against E. coli and S. aureus was verified according to the JIS
Z 2801 standard method. A liquid culture medium (nutrient agar plate:
Bacto-Peptone, 5 g; beef extract, 3 g; deionized water, 1000 mL) was used
for microbial growth. Nutrient agar was sterilized by autoclaving (103 kPa
and 120 °C). The microbes were cultivated in a nutrient agar medium

(10 mL) at 37 ± 1 °C for 24–48 h. The samples were then cultivated with
three control test specimens and three processed samples for 18 h in a
glass container. All flat media were cultured at 37 ± 1 °C for 24–48 h, and
after incubation, the number of colonies in a Petri dish containing 30–300
colonies of probiotic water were counted and recorded. The number of live
microbes (M) was calculated using Equation (4):

M = Z × R × 20 (4)

Where Z is the number of colonies, R is the dilution factor, and 20 repre-
sents the amount (ml) of saline. The antimicrobial reduction rates were
calculated using Equation (5):

log Ma − logMc (5)

where Ma is the initial live microbial number in the control, and Mc is the
live microbial number after 18 h of incubation.

Photocatalytic Degradation of MB: The MB solution was prepared us-
ing DI water (100 mL) and MB powder (0.05 g) by magnetic stirrer for 4 h.
The MB solution was then poured into a vial containing TAT@TPU. Visible
light (at 200 and 1000 lux) was used to irradiate the MB solution using a
solar illuminator. The photocatalytic degradation test was conducted un-
der various time conditions (i.e., 0, 10, 30, 60, and 120 min), and at each
time point, the MB concentration was analyzed by UV–vis spectroscopy
over a wavelength range of 250–800 nm.
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