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ABSTRACT: Functionalized textiles capable of biofluid administration are favorable
for enhancing the wet—thermal comfort of the wearer and healthcare performance.
Herein, inspired by the Janus wettability of lotus leaf, we propose a skin-comfortable
Janus electronic textile (e-textile) based on natural silk materials for managing and
analysis of biofluid. Silk materials are chosen and modified as both a textile substrate and
a sensing electrode due to its natural biocompatibility. The unidirectional biofluid
behavior of such Janus silk substrate facilitates a comfortable skin microenvironment,
including weakening the undesired wet adhesion (~0 mN cm™2) and avoiding excessive
heat or cold on the epidermis. We noninvasively analyze multiple targets of human
sweat with less required liquid volume (~S xL) and a faster (2—3 min) response time
based on the silk-based yarn electrode woven into the hydrophilic side of Janus silk.
This work bridges the gap between physiological comfort and sensing technology using
biomass-derived elements, presenting a new type of smart textiles for wet—thermal
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B INTRODUCTION

The conformal noninvasive biointerface between sensors and
the human epidermis is highly favorable for wearable
electronics, leading to major advances in healthcare monitor-
ing, personalized therapy, and human—machine interaction.'
However, existing wearable devices suffered from uncertain
epidermal comfort or biocompatibility.”” Wet—thermal
management is an important issue of wearable electronics
and has profound impact upon skin comfort,”” which can be
enhanced by tailoring their interfacial wicking behavior,
especially those e-textiles used in damp settin§s such as
humidity,]0 urine,'’ and sweat electronics."”"® In most
traditional fabrics, the wicking behavior is bidirectional; in
other words, moisture can be delivered from the epidermis to
the environment as well as the opposite direction. Con-
struction of an anisotropic surface geometry,g’14 with rough-
ness'” and wettability,'”"” is an effective strategy to achieve
unidirectional biofluid administration.'® These functionalized
textiles have shown great potential in reducing an undesired
wet and sticky experience, accelerating water evaporation, and
tailoring body temperature,”'” which is extremely valuable in
creating a comfortable skin microenvironment for smart
clothing.

Silkworm silk, an ancient natural fiber known as skin-friendly
clothing for centuries, is playing an important role in emerging
research area of e-textiles.”””' In contrast to artificial polymer
fibers, silk materials have the distinct advantages of
biocompatibility, biodegradability, light weight, mechanical
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robustness, and so on. Several advanced functionalized
materials, silk fiber/yarns,””*’ textile,”* and films,”>*° have
been developed as biosupports of e-textiles via physical and
chemical techniques for long-term wearability and clinical
applications. In addition, silk fibroin as the main component
(70—80 wt %) of silkworm cocoon, can also participate in the
formation of an active component of flexible and biocompat-
ible electronics in an intrinsic>”~>* or carbonized manner.”>*'
The varied morphologies and modification strategies for silk
materials are expected to furnish options for designing a wet—
thermal comfort e-textile. However, simultaneous functionality
of skin comfort and healthcare based on silk biomaterials is still
rare, since it is challenging to combine these merits by a single
material-modification technique.

In this paper, we developed a bioinspired silk-based Janus
electronic sportswear with personal wet—thermal comfort as
well as highly effective biofluid analysis. Intrinsically hydro-
philic (with water contact angel, viz, WCA of 0°, Figure S1)
silk fabric successively is subjected to a chemical bath of a
hydrophobic solution and single-side plasma treatment,

creating hydrophobicity (WCA of 139 + 2.1°)-hydrophilicity
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Figure 1. Design of Janus silk e-textile for unidirectional biofluid management and monitoring. (a) Schematic of fabrication process of Janus silk e-
textile, including fabrication of Janus silk biosupport, silk yarn electrode, and weaving of silk yarn electrode onto the hydrophilic side of Janus silk
substrate. (b) Schematic illustrating the Janus wettability of a natural lotus leaf, where upper and lower surfaces are superhydrophobic and
superhydrophilic, respectively. (c) WCA of hydrophobic and hydrophilic surface of the Janus silk. (d) Optical image of a PCB-connected Janus silk
e-textile. Scale bar: 1 cm. (e) Schematic of the Janus silk e-textile functionalized with comfort wearing experience (biofluid extraction, wet—heat

regulation) and multiplexed biosensing.

(WCA of 0°) gradient on the opposite layer of the silk
substrate (Figures la,c). Such Janus wettability mimics the
asymmetric structure of the lotus leaf, which remains dry on
the hydrophobic side and wet on the hydrophilic side (Figure
1b). However, silk-based electrodes are achieved by incorpo-
rating conductive carbon paint onto hexafluoroisopropanol
(HFIP)-stabilized-degummed silk yarn. The resulting con-
ductive silk yarn is selectively woven into the hydrophilic side
of the above Janus silk substrate as biofluid-sensing electrodes
and connected connected to a printed circuit board (PCB,
Figure 1d) for data recording, processing, and transmission.
The synergistic effect of the Janus silk substrate and silk yarn
electrodes can not only unidirectionally remove excessive
biofluid from the skin and thereby create a comfortable
epidermis microclimate (eliminating a wet and sticky environ-
ment, regulating body temperature, etc.) but also contribute to
multiplexed biofluid analysis with a lower volume and faster
response compared to conventional fabric materials (Figure
le). Through this work, we aim to unveil the delicate
relationship among unidirectional biofluid wicking, a comfort-
able physiological microenvironment, and sensing perform-
ance.

B RESULT AND DISCUSSION

Unidirectional Water Transport Properties and
Mechanism of the Janus Silk Substrate. Commercial silk
textile is essentially made of fibroin, which has abundant
functional groups, such as hydroxyl groups in the amino acid
residues (e.g, serine) linked with peptide bonds.”* Hydroxyl
groups have proved capable of providing reaction sites with a
silane coupling agent.”® Here, we adopted a simple hydro-

phobization strategy for silk textile by dip-coating it in an
octadecyltrichlorosilane (OTS) solution, where the micro-
scopic mechanism is shown in Figure 2a. Briefly, the
modification process is based on a typical hydrolysis reaction
involving formation of a Si—O bond between hydroxyl of
fibroin and OTS. Raw silk textile was made of smooth fiber
with diameter ranges from 150 to 300 um (Figure 2b). After
modification, the hydrophobic silk showed a much rougher
surface (Figure 2¢), and its element components were
confirmed in X-ray photoelectron spectroscopy (XPS) in
Figure 2d. Beyond abundant C, N, and O elements, weak
peaks of Si (~103, 154 eV) and CI (~198 eV) emerged in the
spectra of the modified silk material. Figure 2e shows the
Gaussian-fitted high-resolution Si 2p spectrum, wherein the
low binding energy around 102.7 eV is from the intrinsic Si—C
bond of OTS.** Another peak can be found about 103.8 eV
corresponding to the Si—O bond, which can be attributed to
the successful coupling link between fibroin and OTS.”
Janus silk with opposite wettability was constructed by one-
side plasma treatment for directional moisture wicking. Once
touched by the hydrophobic surface, water rapidly passed
through and wetted the other hydrophilic side. By comparison,
the microdroplet spread as soon as it contacted the hydrophilic
silk side without penetrating the hydrophilic silk surface
(Figure 2f and Movie S1). Such wettability differences were
also confirmed by immersing the Janus silk into blue ink. The
hydrophilic layer showed a much higher wicking height
(Figures S2a) and larger spreading diameters (Figures S2b,c)
than the hydrophobic surface, regardless of the droplet volume
from 20 to 200 uL. We attempt to understand the mechanism
of asymmetric wicking property of such a Janus silk biosupport
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Figure 2. Unidirectional moisture-wicking phenomenon and mechanism of Janus silk biosupport. (a) Schematic of the chemical reaction between
OTS and silk fibroin. SEM images of silk textile (b) before and (c) after OTS modification. (d) XPS of OTS-functionalized silk textile and (e)
corresponding high-resolution Si 2p spectrum. (f) Time-lapse images showing the phenomenon of unidriection water transportation (all the images
originated from Movie S1). (g) Capillary model for understanding the driving force toward water droplet inside the Janus silk and (h) the

corresponding finite element simulations.

by a theoretical explanation and finite element analysis (FAS).
To simplify these analyses, we hypothesize that the micro-
cosmic interface between moisture and silk fabrics is a capillary
model with gradient wettability. Both of the two analytical
outcomes (Figures 2gh and S3 and Movie S2) show that
liquid can fill the capillary from hydrophobic to hydrophilic
side, and not vice versa (the analytical process were detailed in
the Experimental Section of Supporting Inforation).
Unidirectional Biofluid Wicking for Comfortable
Wearable Somatosensor. The wearing of a somatosensor
of the Janus silk biosupport was experimentally examined,
involving local epidermis humidity, skin adhesion in wet
conditions, and thermal management. Prior to applying it to a
human epidermis, we assessed the cytotoxicity of the silk
materials. Figure 3a illustrates fluorescence microscopy images
of stained NHDF cells in blank and Janus silk groups after 24 h
of incubation. The two groups of cells showed comparable
morphology and quantity, and a similar phenomenon was also
observed in MCF-7 cells (Figure S4). We then compared the

on-body sweat absorption performance of pristine silk and
Janus silk. Both fabrics were attached on a volunteer’s sweaty
forearm for 1 min and then uncovered. A certain amount of
sweat remained on the epidermis, especially at the boundary
between bare silk and skin (Figure 3b, top). However, the skin
faced with the hydrophobic side of Janus silk was almost dry,
and no obvious perspiration remained (Figure 3b, bottom).
The local relative humidity of the Janus silk (~67, 52, and
62%) significantly decreased in all three individuals compared
to that of pristine silk (~78, 66, and 75%, Figure 3c).
Conventional wetted textiles involving pristine silk, cotton,
polyester, and wool showed varying degrees of skin adhesion
force ranging from 14.6 to 18.5 mN cm 2. By comparison, the
Janus silk clothing possessed a negligible epidermis adhesion
force (low to around 0 mN cm™% Figure 3d). These data
indicated that a dry interface between Janus silk biosupport
and the human epidermis was formed, where unfavorable wet
sticking was eliminated.
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Figure 3. Characterization of wearing of the somatosensor of Janus silk clothing. (a) Typical fluorescence microscopy image showing the live/dead
assay of NHDF cells after incubation for 24 h with different silk materials. Scale bar: 200 ym. (b) On-body sweat absorbance between pristine and
Janus silk. (c) Local relatively humidity of the skin after covering with pristine and Janus silk. (d) Wet adhesion force of Janus silk and various
conventional fabrics. (e) Temperature of the pristine and Janus silk on wetted epidermis over exercise and rest periods.

Thermal management by fabrics is another significant factor
of epidermal comfort. Figure 3e plots a whole temperature
evolution trend of the silk clothing placed on human skin as a
function of time, including exercise and rest stages. In the
exercise stage (from 0 to 10 min), the temperature of area
covered by Janus silk surface was slightly lower than that of the
pristine silk surface (e.g, ~1.5 °C lower at 10 min). The
potential reason could be that sweat generated during the
exercise period was delivered and diffused to the outer
hydrophilic layer of Janus silk, therefore accelerating the
evaporation rate and taking away excessive heat.'” In the rest
stage (from 10 to 30 min), conversely, the average temperature
of the area covered by Janus silk was generally higher (e.g.,
~1.8 °C higher at 30 min) than that of pristine silk. In the rest
stage, biofluid completely evaporated from the Janus silk but
remained inside the pristine silk. As a result, the dry Janus silk
has a lower thermal conductivity compared to that of wet
pristine silk,*° providing a warmer wearing experience than the
traditional fabrics when rest.

Characterization of the Integrated Janus Silk E-
Textile. Following biofluid wicking analysis, the electronic
elements of the Janus silk e-textile were then systematically
investigated. Figure 4a displays the schematic fabrication of the
conductive silk yarn electrodes. Commercial degummed silk
yarns were first incubated with HFIP in airtight containers at
60 °C for 24 h followed by coating commercial carbon paint

(carbon black as main conductive ingredient, see the
Experimental Section in Supporting Information). HFIP was
used to partially dissolve the surface of the degummed silk
yarns according to previous works.””*® Therefore, the adhesion
force between silk yarns and carbon ink were further enhanced,
and the electrical resistance maintained stable after bending up
to 800 cycles (Figure SS). Although the commercial carbon
paint used in this work was highly viscous (Figure S6a), the silk
yarn with a direct coating of carbon paint (without HFIP
treatment) was vulnerable to external mechanical deformation,
whose electrical resistance significantly increased upon
applying only 200 bending cycles. On the basis of the above
dip-coating process, the as-prepared silk yarn electrode can be
continuously wound onto a roller (Figure S6b) after drying.
Figure S7 demonstrates the SEM images of resulting electrode
inat different magnifications, where the silk yarn coated with a
dense carbon layer could be clearly observed. Two strands of
yarns were combined for generating higher electrochemical
capacity as revealed in the cyclic voltammetry (CV) measure-
ment in Figure S8. The whole system demonstrated fine
structural integrity without any detachment of the woven silk
yarn under stretching, folding, and rolling (Figure S9). SEM
images in Figure 4b show that the carbon-paint-coated silk
fiber was merely woven into the top layer (hydrophilic side) of
the silk biosupport and tightly bound with whole textile
substrate. The pristine textile and Janus silk e-textile showed
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Figure 4. Characterizations of the silk yarn electrodes. (a) Schematic of conductive silk yarn electrode fabrication, including incubation in HFIP
and coated with carbon ink. (b) SEM image of the corresponding enlarged view of silk yarn electrode just woven onto the hydrophilic side of silk
fabric. CVs in different amount (1, 3, S, 15, and 25 uL) of electrolyte solutions (containing 5 mM [Fe(CN)4]*~ and 0.4 M KCl, scan rate of 200
mV s~ with a commercial Ag/AgCl electrode) onto (c) pristine and (d) Janus silk. (e) Cross-sectional fluorescence image and intensity analysis
showing vertical distribution of moisture in pristine and Janus silk, respectively.

similar mechanical curves upon tensile strength test. The
corresponding endurable tensile force and elongation at break
were 187.64 and 186.76 N and 67.95 and 61.93%, respectively
(Figure S10), indicating that all the modification procedures
did not affect the internal structure and mechanical properties
of the silk fibers.

One distinct advantage of such Janus e-textile system lies on
their low-volume biosensing, which was investigated by a
volume-dependent cyclic voltammetry CV experiment. As
illustrated in Figure 4c,d, [Fe(CN)¢]*~ redox peaks generally
increased along with the applied solution volume. However,
the required solution volume was different in pristine and
Janus silk. A § L aliquot of [Fe(CN)]*~ solution was just
enough for the electrode woven in the hydrophilic side of
Janus silk to generate obvious redox peaks. By comparison, in
the case of the electrodes woven in pristine silk, 15 uL was the
lowest amount necessary to observe similar CV curves (Figure
4c). Therefore, the critical volume threshold for available
electrochemical signal was remarkably reduced from 15 to 5 uL
(Figure 4d) after modification with Janus wettability. To

further verify this outcome, S yL of rhodamine B solution was
added as a tracer dye to visualize the moisture distribution in
the cross section of two silk materials (Figure 4¢). Apparently,
in pristine silk, the dyestuff exhibited a homogeneous but
relatively low distribution, while higher moisture accumulation
on the hydrophilic side of Janus silk was observed. The
fluorescent intensity of 0—250 ym was remarkably higher than
that of 250—500 ym.

The electrochemical performances of each silk-based yarn
sensor were individually examined with respective analyte
solutions based on initial or modified silk yarn electrode
systems (Figure S11). The modified active layers on silk fiber
were shown in the SEM images in Figure S12. UA (0—200
uM) could be directly analyzed with differential pulse
voltammetry (DPV, current peaks at ~0.39 V),*” and glucose
was measured chronoamperometrically in 0—250 uM glucose
solutions (Figure Sa,b). The corresponding calibration curves
exhibited favorable linearity and sensitivity (1.703 and 0.49
nA/uM for UA and glucose, respectively). Potentiometric
responses of the pH and K sensors were recorded in
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Figure S. On-body evaluation of the Janus silk e-textile toward personalized sweat management and monitoring. Electrochemical sensing curves of
each sensor, including DPV and chronoamperometric responses of (a) UA and (b) glucose, as well as OCP responses of (c) pH and (d) K,
respectively. Insets: the corresponding calibration plots of each sensor. (e) Photography of a volunteer wearing Janus silk e-textile, where silk yarn
electrode was linked with a PCB on the shoulder during cycling exercise. (f) System-level block diagram of the PCB. (g) Discrete and multiplex
detection of UA, glucose, pH, and K" in the sweat with Janus silk and neighboring pristine silk. (h) Schematic showing that for collecting given
sweat volume on electrode the required time on Janus silk is less than that on pristine silk due to the unidirectional moisture wicking behavior. (i)
Schematic and actual measurement of sweat content on the electrode side of Janus silk and neighboring pristine silk region by MMT.

respective standard solutions (open circuit potential, OCP)
with pH of 4—7 and K* of 12.5—-200 mM, respectively (Figure
Sc,d). Quasi-near-Nerstian sensitivities of 62.25 mV/lg (H")
and 67.44 mV/lg (K*) were also observed.** These sensors
also showed fine selectivity and reproducibility, as shown in
Figures S13 and S14.

On-Body Evaluation of the Integrated Janus Silk E-
Textile. On-body biofluid sensing was finally carried out to
assess the feasibility and versatility of the Janus e-textile as a
comfortable smart sportwear. A healthy volunteer who wore
the silk clothing was asked to exercise on a stationary bicycle in
an ambient setting (Figure Se). Only local silk fabrics were
modified with Janus wettability, and other domains remained
as pristine silk to better compare their sensing performances.
Discrete variations in sweat UA, glucose, pH, and K" were
recorded by a connected PCB once a minute, where the PCB
can be closed attached to the textile without any detachment
using a double-sided adhesive tape. The collected data further
underwent signal transduction, conditioning, processing, and
wireless transmission onto a smartphone (Figure Sf). In
general, similar concentration ranges of these sweat markers
throughout the exercise were observed in the electrode woven
in the Janus silk and the neighboring pristine silk region.
However, the response times were different. For Janus silk,

readouts were available after about 8 min of exercise, a shorter
time than that of the neighboring pristine silk zone (~10 min,
Figure Sg). To explain this bioassay difference, the biofluid
contents on the electrode side during the exercise period were
recorded by a moisture-management tester (MMT, Figure
Shyi). The biofluid content continuously increased until the
hydrophilic side was saturated. During this process, the sweat
content on the electrode side of the Janus silk was generally
higher than that of pristine silk. Thus, for a given amount of
sweat on the electrode side, the required collection or response
time at the same exercise intensity and body parts was reduced
in Janus silk. These results prove that our Janus silk e-textile
could perform on-body monitoring task and more importantly,
accelerate sweat sampling and analytical efficiency by
benefiting from its unidirectional water-wicking property
compared to that of traditional clothing.

B CONCLUSION

In conclusion, this study proposed a silk-based sportswear that
optimizes skin comfort and electrochemical-sensing perform-
ance. The anisotropic wettable material was constructed on a
silk fabric substrate, providing directional biofluid wicking
accompanied by pleasant wet—thermal comfort. HFIP-
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stabilized and carbon-modified silk yarn electrodes were woven
in the hydrophilic side and served as the electrochemical
sensing element. The unidirectional biofluid transport from the
hydrophobic side to the hydrophilic side of the silk yarn
electrode created a comfortable physiological microenviron-
ment by tailoring epidermal humidity and temperature and
allowed for biofluid sensing. As an example of downstream
application, multiple sweat targets such as UA, glucose, pH,
and K" were analyzed and wirelessly transmitted onto a user
interface by integrated circuit techniques with reduced biofluid
volume and wicking time. Given the versatile design
mechanism, it is expected that such a comfortable Janus silk
e-textile can be reconfigured into new type of wound dressing,
disposable diaper, and breathing mask for probing the health

status and clinical requirement of individuals and society.
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