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ABSTRACT: The development of the high-performance fiber-shaped wearable sensors is of great significance for next-generation
smart textiles for the real-time and out-of-clinic health monitoring. The previous focus has been mainly on monitoring physical
parameters such as pressure and strains associated with human activities. The development of the enzyme-based non-invasive wear-
able electrochemical sensor to monitor biochemical vital signs of health such as glucose level in the sweat has attracted increasing
attention recently, due to the unmet clinical needs for the diabetic patients. To achieve this, the key challenge lies in the design of a
highly stretchable fiber with high conductivity, facile enzyme immobilization, and strain-insensitive properties. Herein, we demon-
strate an elastic gold fiber-based three-electrode electrochemical platform that can meet the aforementioned criteria towards wearable
textile glucose biosensing. The gold fiber could be functionalized with Prussian Blue and glucose oxidase to obtain the working
electrode; and modified by Ag/AgCl to sever as the reference electrode; and the non-modified gold fiber could serve as the counter
electrode. The as-fabricated textile glucose biosensors achieved a linear range of 0-500 uM and a sensitivity of 11.7 pA mM™ cm™.
Importantly, such sensing performance could be maintained even under a large strain of 200%, indicating the potential applications
in real-world wearable biochemical diagnostics from human sweat.

Wearable sensors have attracted increasing attention due to
their potential applications in continuously, real-time, and out-
of-clinic health monitoring.'” Among various health-related
physical and chemical sensors that have been intensely investi-
gated in the past decade, the glucose sensor is of high signifi-
cance, for diabetes is one of the most common chronic diseases,
which leads to catastrophic results nationally and globally.lo’11
Due to the uncontrollable blood glucose level caused by diabe-
tes, patients have to take daily medication based on the guid-
ance of the frequent blood glucose checks. To relieve patients
from physical pain and psychological stress induced by the tra-
ditional blood sampling from the fingertip, the non-invasive and
wearable glucose sensors to monitor sweat glucose, which is
related to blood glucose, > are highly desirable. As human
sweat has complex chemical mixtures, it is crucial to realize
high selectivity, and the enzymatic glucose biosensor is the
prime candidate due to the high selectivity and sensitivity of-
fered by glucose oxidase.'*'®

It is encouraging to see some impressive flexible non-inva-
sive enzyme-based glucose sensors reported recently in the lit-
erature.'*° Ideally, such flexible sensors may function under
stretched states since human skins are highly elastic.”"* Never-
theless, it is nontrivial to design highly stretchable glucose bio-
sensors since conductivity and active surface of electrodes tend
to change by strain.”>” The stretchability of wearable
biosensors may be realized either by the use of intrinsically
stretchable electrodes or the extrinsically stretchable struc-
tures.”*** Extrinsic structural design by the use of serpentine
shapes dominates in the reported electrochemical biosen-
sors.”*” Due to the dynamic nature of the soft, wrinkled, and
irregular skin, it is usually challenging to establish conformal

contact between patches and human skins, especially under se-
vere deformations. In addition, these elastomeric patches are
usually water-proof, possibly resulting in uncomfortable and
unbreathable wearing experience.

The past several years have witnessed the growing interest in
fiber-based wearable electronics, which can be produced by
spinning technique in a scalable manner and lead to textile
wearables that can have excellent wearing experiences.” '
With the aid of the efficient knitting and weaving technologies,
functional fibers can be integrated into multifunctional textiles,
and the order structure of textile is naturally suitable for an
electrochemical sensor composed of three adjacent electrodes.
Besides, the knitting/weaving structures can provide external
stretchability to the device.”? However, to our best knowledge,
a stretchable enzyme-based fiber or textile glucose sensor is not
yet reported, which may be due to the challenge of preparing
highly stretchable, conductive and strain-insensitive fiber elec-
trodes.

Due to high chemical inertness, excellent biocompatibility
and large surface area, gold nanomaterials have shown qualifi-
cation as a high-performance material in electrochemical de-
vices.” For instance, gold nanoparticles (AuNPs) and gold nan-
owires (AuNWs) have been reported to build high performance
stretchable electrochemical supercapacitors.”*® And recently,
gold nanomaterials-based electrodes were reported to have the
capability in various stretchable biological analyses, indicating
great promise in wearable electrochemical biosensors.”” *

Herein, we demonstrated the preparation and application of
all-gold-fiber-based stretchable three-electrode electrochemical



biosensing platform for enzyme-based wearable glucose detec-
tion. Built upon our earlier success in producing the stretchable
gold fibers by dry spinning and electroless plating,*"** we fur-
ther coated the fibers with a thin layer of Ag/AgCl or Prussian
Blue (PB) by electrodeposition by cyclic voltammetry methods.
Our studies show such coating didn’t alter much the intrinsic
stretchability of functionalized fibers. The Au/AgCl-modified
fiber could serve as the reference electrode; PB-modified fibers
were further modified with glucose oxidase (GOx) to serve as
the working electrode; whereas non-modified gold fibers were
used as counter electrodes. Further winding such functional fi-
bers around elastic fiber cores enabled excellent electrochemi-
cal performances under 200% strains. We could achieve a
sensitivity of 11.7 pA mM™ em™ toward glucose detection un-
der highly stretched state, and a high selectivity to be able to
monitor glucose level in artificial sweat. The results demon-
strated here indicate the potential application in wearable tex-
tile-based biodiagnostics.

EXPERIMENT SECTION

Materials. HAuCl,-3H,0 (Sigma-Aldrich), oleylamine
(OA) (Sigma-Aldrich), triisopropylsilane (TIPS) (Sigma-Al-
drich), n-hexane (Merck), styrene-ethylene/butylene-styrene
(SEBS) (G1651H, Kraton), silicone oil (Sigma-Aldrich), tetra-
hydrofuran (THF) (Thermo Fisher Scientific), acetone (Thermo
Fisher Scientific), ethanol (Thermo Fisher Scientific), 4-Mer-
captobenzoic acid (MBA) (Sigma-Aldrich), L-ascorbic acid (L-
AA) (Sigma-Aldrich), NaBH, (Sigma-Aldrich), sulfuric acid
(H,SO,4) (J.T Baker), K3Fe(CN)4 (Sigma-Aldrich), KCl (Sigma-
Aldrich), NaCl (Sigma-Aldrich), FeCly(Sigma-Aldrich), glu-
cose (Sigma-Aldrich), glucose oxidase (GOx) from Aspergillus
niger, (Sigma-Aldrich), bovine serum albumin (BSA) (Sigma-
Aldrich), urea(Sigma-Aldrich), lactic sodium (Sigma-Aldrich),
uric acid (Sigma-Aldrich), NaH,PO, (Sigma-Aldrich),
Na,HPO, (Sigma-Aldrich), chitosan (Sigma-Aldrich), KNO;
(Sigma-Aldrich), and AgNOj; (Sigma-Aldrich). The elastic fi-
ber core is a commercially available double covered yarn made
of a latex rubber core covered with nylon fibers. And before
using, the elastic fiber core was sequentially cleaned by 1 soni-
cation in acetone, ethanol, and water. 0.1 M phosphate (PBS)
buffer solution containing 137 mM NaCl was used (pH 7.4).
Atrtificial sweat composed of 22 mM urea, 5.5 mM lactic acid,
25 uM uric acid, 10 mM KCl and 137 mM NaCl was prepared
according to literature (pH 5.5).8 The Milli-Q® water was used
in all experiments (resistivity 18.2 MQ cm).

Synthesis of AuNWs. AuNWs were synthesized based on a
reported method.** 88 mg HAuCly-3H,0 and 3 mL OA were
added and dissolved in 40 mL n-hexane. Then 4.2 mL TIPS was
added to form an orange stock solution. The stock solution was
kept at ambient temperature and in the dark for two days until
the color of the solution became dark red, indicating the suc-
cessful synthesis of AuNWs. The synthesis of AuNWs could be
scaled up with the same ratio of chemicals. To obtain a high-
concentration dispersion of AuNWs and remove excessive OA,
9 mL ethanol was added to 3 mL stock solution and the mixed
solution was centrifuged at 6000 rpm for 5 minutes to precipi-
tate AuNWs. The AuNWs were then re-dispersed in THF for
desired concentrations.

Dry spinning of the AuNWs/SEBS fiber. 20 mg AuNWs,
20 mg silicone oil, and 200 mg SEBS granules were added into
2mL THF, and a well-mixed spinning solution was obtained af-
ter being shaken at 1800 rpm for 2 days. The spinning solution

was transferred into a 3 mL syringe with a gauge 25 needle. The
syringe was set vertically with needle downward on a syringe
pump, and the plunger of the syringe was pushed by the syringe
pump at a fixed rate of 4 mL h'. A stream of spinning solution
was extruded into the air and dried rapidly to form a long
AuNWSs/SEBS fiber, which was then collected with a polyimide
plate beneath the needle.

Electroless plating of the AuFilm. To plate AuFilm on the
surface of the AuUNWSs/SEBS fiber, a AuUNWSs/SEBS fiber was
pre-stretched to 300% and immersed into an electroless plating
solution containing 2.4 mL absolute ethanol, 0.1 mL of 60 mM
MBA solution, 2.64 mL of 25 mM HAuCl,-3H,0 aqueous so-
lution, and 0.4 mL of 400 mM L-AA aqueous solution. After
10 min, the pre-stretched AuNWs/SEBS was cleaned with wa-
ter and then immersed in 25 pM NaBH, aqueous solution for 10
min to remove absorbed MBA. Finally, the fiber was washed
with water and released to original length to form a stretchable
Au fiber with wrinkled AuFilms.

Preparation of the Au/Ag/AgCl reference electrode. The
above-obtained stretchable Au fiber was modified with
Ag/AgCl to work as a reference electrode in the biochemical
sensor.”*> A stretchable Au fiber was immersed in 5 mM
AgNOs/ 1 M KNO;s solution as an electrolyte. A layer of Ag
was electrochemically deposited onto the stretchable Au fiber
electrode by cyclic voltammetry from -0.9 to 0.9 V versus a
commercial Ag/AgCl electrode at 0.1 V s for 14 cycles (a Pt
wire was used as the counter electrode). For chlorination, the
fiber electrode was immersed in 10 mM KCl1/0.1 M HCI solu-
tion, and 4 cycles of cyclic voltammetry from -0.15 to 1.05 V
versus a commercial Ag/AgCl electrode at 50 mV s™ were ap-
plied (a Pt wire was used as the counter electrode).

Preparation of the glucose sensing electrode. The glucose
sensing electrode was prepared by depositing PB and immobi-
lizing GOx onto the stretchable Au fiber.® Firstly, an aqueous
solution of 2.5 mM FeCl;, 2.5 mM K;3Fe(CN)g, 0.1 M KCl, and
0.1 M HCI was prepared, and a stretchable Au fiber was im-
mersed in the solution. Then the PB mediator layer was electro-
chemically deposited onto the stretchable Au fiber by cyclic
voltammetry from 0 to 0.5 V versus a commercial Ag/AgCl
electrode for 3 cycles to form a Au/PB fiber (a Pt wire was used
as the counter electrode). Secondly, an aqueous solution of 40
mg/mL GOx and 10 mg/mL BSA in 0.1 M PBS buffer, and an
aqueous solution of 1 wt % chitosan in 2 wt % acetic acid was
prepared. Then 3 pL of GOx/BSA solution was carefully drop-
casted onto the Au/PB fiber. Finally, after drying the fiber elec-
trode under ambient conditions, 12 pL chitosan solution was
drop-casted onto the fiber electrode to form a Au/PB/GOx/Ch
fiber electrode.

Assembly of the glucose sensor. A non-modified Au fiber,
a Au/Ag/AgCl fiber, and a Au/PB/GOx/Ch fiber worked as a
counter electrode, a reference electrode, and a working elec-
trode, respectively. Each fiber electrode was winded helically
onto an individual elastic fiber core with the assist of two rota-
tional motors, and the winding angle was measured by a pro-
tractor. One copper wire was connected to each fiber electrode.
After winding, three helix fiber electrodes were patterned par-
allel for sensing glucose.

Characterization. Morphology characterizations were car-
ried out on an FEI Helios Nanolab 600 FIB-SEM at 5 kV and
86 pA, and a Philips CM 20 TEM at 200 kV. Electrical signals
were collected by an electrochemical system (VersaSTAT 3,
Princeton Applied Research). The sensing performance of the
glucose sensor was characterized in 0.1 M PBS buffer solution
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or artificial sweat in chronoamperometry for 60 seconds at -
0.15 V versus Au/Ag/AgCl fiber electrode at different strains.
The selectivity of the glucose sensor was tested in the presence
of interfering solutes, namely, 50 uM uric acid, 10 uM ascorbic
acid, and 5 mM sodium lactate. The operational stability of the
biosensor was continuously tested at a fixed glucose concentra-
tion of 100 uM for 6h. The storage stability of the biosensor
was tested at the same glucose concentration of 100 uM for 8
days. After each use, the sensor was washed with water and
stored at 4°C. Yunmeng Zhao (healthy male, 28-year-old), the
only volunteer for the on-body sweat glucose test, has given the
full consent for the demonstration of the fiber-based wearable
electrochemical biosensor and releasing results to the public.
The fiber-based glucose sensor was attached to a textile forearm
band. Before the test, the volunteer did indoor exercise for 20
min to generate sweat. The chronoamperometric response of the
on-body sweat glucose test was recorded at -0.15 V for 60 se-
conds at three status, pre-meal, post-meal 1h, and post-meal 2h.

RESULTS AND DISCUSSIONS

Fabrication of the fiber electrodes and the glucose sensor.
In the first step of fabrication, ultrathin AuNWs were synthe-
sized based on a modified method.”*** The ultrathin AuNWs
have a diameter of only 2 nm and large aspect ratio over 1000
(shown in Figure S1). As reported previously, the AuNWs have
great dispersibility and compatibility with low polar solvents
and polymers.** Then by using a recently reported dry spin-
ning method (shown in Figure S2), the highly elastic co-block
polymer poly(styrene-ethylene-butadiene-styrene) (SEBS) fi-
bers containing 8.33 wt% of AuNWs could be produced at a
large scale.*' In brief, AuNWs and SEBS were mixed well in
tetrahydrofuran (THF) and then extruded out of a gauge 25 nee-
dle into the air vertically. Due to the low boiling point of THF,
the extruded stream of solution dried into elastic AuNWs/SEBS
fiber in the air.

Figure 1a schematically illustrates the fabrication process of
the stretchable Au fiber based on the AuNWSs/SEBS fiber. The
as-spun AuNWSs/SEBS fiber was characterized by scanning
electron microscope (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) mapping (Figure S3). Confirmed with EDX,
the Au element from AuNWs were exposed on the surface of
the fiber, providing seeds for the electroless gold deposition
with strong adhesion. The as-spun AuNWs/SEBS fiber was
then pre-strained to 300% and immersed into an electroless
plating solution of gold, which contained a gold precursor, a
complexing agent, and a reducing agent, for 10 min. During the
immersion, the AuNWs exposed on the surface of the
AuNWSs/SEBS fiber provided the initial nucleation areas for the
electroless plating process, leading to a dense layer of gold de-
posited onto the surface of the fiber.*' After the plating, the fiber
was washed with water and immersed into a wet nanowelding
solution containing NaBH, The wet nanowelding process
cleaned the surface of the deposited gold and led to the fusion
of deposited gold particles into a strong and ductile AuFilm.*’
After being released to the original length, the fused AuFilm
wrinkled and cracked due to the dimension change, but still at-
tached firmly to the fiber due to the strong adhesion between
gold and elastomer due to Moss-like AuNWs rooted gold struc-
ture, forming the final stretchable Au fiber electrode with wrin-
kled AuFilm."

The average conductivity of the stretchable Au fibers was
about 93 S cm™, and the stretchable Au fibers could be used as

electrochemical fiber electrodes due to their chemical inertness
and the high conductivity. The as-prepared stretchable Au fiber
could directly work as the counter electrode as well as working
and reference electrodes after chemical modifications. For the
working electrode, at first, Prussian Blue (PB) was electrode-
posited onto the stretchable Au fiber for a Au/PB fiber to facil-
itate electron transport between redox enzymes and gold sur-
face (Figure 1b). Glucose enzyme was then drop-casted onto
the Au/PB fiber followed by a permeable film of chitosan (Ch),
forming a final Au/PB/GOx/Ch fiber as the working electrode.
The Au/Ag/AgCl fiber reference electrode was built by electro-
depositing a layer of Ag onto the Au fiber, and then the Ag was
chloridized into AgCl in an electrochemical cell (Figure 1c).

It is known that the stretchability of a device can be achieved
by the use of intrinsically stretchable active materials or extrin-
sically by virtue of stretchable structure.” The wrinkled
AuFilms on each electrode were stretchable and to enhance fur-
ther the overall stretchability of the glucose sensor, the three
electrodes were winded helically around elastic fiber cores
(Figure 1d). By assembling three helical fiber electrodes to-
gether, the stretchable fiber-based glucose sensor was obtained.
The three-electrode electrochemical glucose sensing fibers
could be woven into commercially available textiles in a facile
manner. We demonstrated this simply by weaving the func-
tional fibers into an everyday elastic sock (Figure S4).

Characterization of the fiber electrodes. The wrinkled and
cracked AuFilm was characterized by SEM and shown in Fig-
ure S5a. The wrinkled surface of AuFilm provided a large sur-
face area to enhance the electrochemical performance. And the
electrochemically active surface area (EASA) and the rough-
ness factor (RF) were characterized to investigate the electro-
chemical performance of the stretchable Au Fiber. To remove
the potential surface contaminants, the Au fiber was scanned in
1 M H,SO, at a fixed scan rate of 0.1 V s for 20 cycles until
stable cyclic voltammetry (CV) curves were generated. The CV
curves of the stretchable Au fiber is shown in Figure S6, which
is a typical CV curve of gold with the oxidation peak of gold at
about 1.3 V and reduction peak of gold oxide at about 0.9 V.
The EASA and RF were calculated based on the integration of
the %(}Egrge of reducing gold oxide, according the Equation [1] -
[3]:

EASA = Q/c [1]
Q=A/v (2]
RF = A/S (3]

Where Q is the required charge for reducing gold oxide in the
negative sweep, c is the required charge for reducing a mono-
layer of Au oxide (386 pC cm ), 4 is the integration of the
reduction peak of gold oxide, v is the scan rate of the CV sweep,
and S is the geometric surface area of the fiber electrode. The
EASA of the Au fiber was 0.552 cm® with an RF of 11.0, ex-
hibiting large active area.

As shown in Figure S5b-c, the Au/Ag/AgCl fiber and Au/PB
fiber had similar wrinkled surfaces with the Au fiber. Figure S7
shows that the chemical map of Fe element matched well with
surface morphology of the Au/PB fiber, demonstrating the pres-
ence of GOx. In the Raman spectrum, three characteristic peaks
of Prussian Blue were evident, demonstrating the successful
modification of Prussian Blue. Shown in Figure S5d, the coated
GOx and Ch formed a uniform thin layer on the wrinkled sur-
face. These wrinkled surfaces with uniform deposition or coat-
ing indicated the intrinsically stretchable nature of the fiber
electrodes.



In situ SEM images of the Au fiber, Au/Ag/AgCl fiber, and
Au/PB fiber from 0 to 200% strain are shown in Figure S8a-c,
respectively. It is notable that all three fiber electrodes showed
similar morphology change under strain. With increasing strain,
the wrinkled films flatted, and the cracked films were getting
closer to each other. And at 200% strain, the wrinkled films be-
came almost flat and the cracks nearly disappeared, leading to
a great retention of the conductive pathways. The unique mor-
phology changes of wrinkle flatting and crack disappearing en-
abled the fiber electrodes with high intrinsic stretchability,
which was ideal for electrochemical sensing.

The helical structure is a highly effective strain buffering
structure, which has been widely used in various traditional me-
tallic springs and advanced wearable electronics.” To optimize
the stretchability of the helical structure, the electrical perfor-
mance of the fiber electrode with different winding angles were
carefully investigated in the stretching test. Figure 2a shows
that although the straight fiber electrode had a good stretchabil-
ity of 200% with only 58% increase of resistance, compared to
these helical fiber electrodes, the straight fiber electrode still
had the smallest stretchability. As expected, with the larger
winding angle, the fiber electrode was more stretchable. And
the 80° helix fiber exhibited a stretchability of 400% with only
a 40% increase in resistance, indicating a great potential to be
used as a stretchable electrochemical sensing platform.

To evaluate the electrochemical })erformance of the fiber
electrode, a redox couple, Fe(CN)637 *"was used. As shown in
Figure 2b-c, the CV curves of the straight fiber electrode and
the 80° helix fiber electrode were recorded from 0 to 200%
strain in 5 mM Fe(CN)637/47. Each CV curve showed a typical
couple of redox peaks, however, the straight fiber and the 80°
helix showed different behaviors under strains. To more clearly
and visually present the difference between the electrochemical
performances of the two fiber electrodes, two key parameters,
the redox peak separation, and the reduction peak retention,
during stretching cycles were recorded as shown in Figure 2d.
The redox peak separation of the straight fiber increased from
0.19 V to 0.29 V during 0 to 200% strain, which can be at-
tributed to the increase of resistance under strain. In this pro-
cess, the reduction peak current increased by about 71% at
200% strain compared to 0% strain due to the increase of sur-
face area during straining. Thus, though the straight fiber elec-
trode showed the capability of working in the strain range of
200%, the increase in the peak separation and the reduction
peak current made it less ideal as a stretchable sensing elec-
trode. In comparison, in the strain range of 200%, the CV curves
of the 80° helix fiber overlapped, showing almost identical re-
dox peak separations and negligible fluctuation of reduction
peak currents. Furthermore, as shown in Figure S9, the 80° helix
fiber could be stretched up to 400% without significant change
in CV curves. The durability of the helix fiber electrode was
tested by 1000 continuous stretching/releasing cycles. As
shown in Figure 2e, the CV curves exhibited negligible
changes, indicating great reliability and durability. The strain-
insensitive electrochemical performance made the 80° helix fi-
ber electrode a promising candidate for the stretchable electro-
chemical sensing. Therefore, the 80° helix fibers were used as
the platform for the 3-electrode glucose sensor.

The performance of the Au/Ag/AgCl fiber reference elec-
trode was tested in an open circuit potential test versus a com-
mercial bulky Ag/AgCl reference electrode in a 0.1 M phos-
phate (PBS) buffer solution. At 0% strain, the Au/Ag/AgCl fi-
ber electrode showed a stable open circuit potential around 43
mV (Figure 2f). This open potential could be well maintained

even under the 200% strain, leading to a highly stretchable and
reliable reference for the glucose sensor.

Characterization of the stretchable fiber-based glucose
sensor. Figure 3a illustrates the structure of the working elec-
trode of the glucose sensor. Two main reactions occur at the
interface between the electrode and solution. In the first reac-
tion, glucose is oxidized with the assist of the GOx and two
products, gluconic acid and H,O, are generated. PB could facil-
itate the electron transfer between GOx and gold surface, ena-
bling low-potential detection of H,O,. The low-potential detec-
tion is critical for electrochemical sensing in the sweat because
the high potential may cause signal interferences.'® The chron-
oamperometry at -0.15 V was deployed to investigate the sen-
sitivity toward glucose of the stretchable fiber-based glucose
sensor. As shown in Figure 3b, the glucose sensor was demon-
strated with clear and quantitative response to the increasing
concentrations of glucose. Shown in Figure 3c, the calibration
plotting and fitting exhibit a linear response toward glucose in
the range of glucose level in the sweat (from 0 to 500 uM, R* =
0.992). And a sensitivity of 11.7 pA mM™ cm” was achieved.
A limit of detection (LOD) of 6 uM was calculated referring to
the Equation [4]:51

LOD = 35,/S [4]

Where S is the standard deviation of the blank signal, and S is
the sensitivity.

We further evaluated the glucose sensing performance under
stretched states, which is critical for real-world on-body appli-
cations where sensors may be deformed for routine human ac-
tivities. This was investigated by chronoamperometry. The cal-
ibration plots of the glucose sensor from 0 to 200% strain are
shown in Figure 3d. Notably, within 200% strain, the sensor
recorded comparable currents for respective glucose concentra-
tions.

The performance of our glucose sensor was compared with
those of previous flexible and stretchable glucose sensors (Ta-
ble S1). Among various parameters, we note that the workable
strain range of our sensor was much wider than those of the
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previously reported fiber-based glucose sensor.

We further assessed the selectivity of the glucose sensor in
the artificial sweat using the chronoamperometry. In the artifi-
cial sweat, some interfering molecules including uric acid,
ascorbic acid, and sodium lactate were added to concentrations
which are comparable to those in the human sweat. The corre-
sponding chronoamperometric responses were collected. Fi-
nally, the stock solution of glucose was added, and the response
of the sensor was also collected. Figure 4a shows that although
the interfering species caused some minor fluctuation in the
electrochemical responses, the glucose sensor showed sharp re-
sponse towards the addition of glucose, attributed to the selec-
tive oxidation of the immobilized GOx and relatively low po-
tential with the assistance of PB."**' In addition, the sensitivity
of the glucose sensor in artificial sweat was demonstrated by
altering glucose concentration (Figure 4b). For the concentra-
tion range of 0 to 500 uM, we could achieve a sensitivity of 13.9
pA mM™ cm™ by a linear fit (R* = 0.993). This was comparable
to the sensitivity achieved in the PBS buffer solution.

Besides sensitivity and selectivity, we also evaluated the
stability of the sensor. The operational stability and the storage
stability of the glucose sensor were shown in Figure S10. The
sensor gave stable chronoamperometric responses in 6-hour op-
eration and 8 days of storage.



We demonstrated the feasibility of the fiber-based glucose in
the on-body test to monitor sweat glucose. The fiber-based glu-
cose sensor was attached to a textile forearm band, which held
the sweat to soak the sensing fibers (Figure S11a-b). As a proof-
of-concept device, the glucose sensor was used to examine the
change of glucose level in the sweat before and after a meal. As
shown in Figure S1lc, our wearable chronoamperometric glu-
cose sensor exhibited increased current level one hour after the
meal, but decreased two hours after the meal. This amperomet-
ric responses are consistent with glucose level in the sweat ex-
pected for a healthy human.

CONCLUSIONS

In conclusion, this work demonstrated the first proof-of-con-
cept device of a highly stretchable gold fiber-based glucose sen-
sors for monitoring glucose in the sweat. The effective combi-
nation of intrinsic stretchability of highly conductive gold fiber
with the extrinsic helix structure led to a strain-insensitive re-
producible electrochemical performance from 0 to 200% strain.
Gold fibers enabled facile surface functionalization allowing
textile-integration of three-fiber electrodes. The glucose biosen-
sors could function in highly stretched states and in artificial
sweats, demonstrating promising applications in real-world
wearable biological diagnostics anytime anywhere.
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Figure 1. Schematic illustration of the fabrication process of the stretchable fiber-based glucose sensor. a-c) Schematic illustrations of the
fabrication processes of the stretchable Au fiber (counter electrode), the Au/PB/GOx/Ch fiber (working electrode), and the Au/Ag/AgCl
fiber (reference electrode), respectively. d) Schematic illustration of the three-electrode glucose sensor. ¢) Schematic illustration of the glu-
cose sensors integrated into an elastic textile.
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Figure 2. The electrical performance of the stretchable fiber electrodes. a) Normalized resistance-strain curves of the straight Au fiber, the
helix Au fiber with 40, 60 and 80° winding angles, respectively. b) Electrochemical performance of the straight Au fiber from 0 to 200%
strain in 5 mM Fe(CN)¢® . ¢) Electrochemical performance of the 80° helix Au fiber electrode from 0 to 200% strain in 5 mM Fe(CN)g .
d) Comparison of the electrochemical performance of straight and the 80° helix Au fiber in redox peak separation and reduction peak reten-
tion. e) CV curves during 1000 cycles of 200% stretching/releasing on the 80° helix fiber. f) Open circuit potential of the Au/Ag/Ag reference
fiber versus a commercial Ag/AgCl reference electrode in 0.1 M PBS buffer solution.
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Figure 3. Glucose sensing performance of the stretchable fiber-based glucose sensor in PBS buffer. a) Schematic illustration of the fiber
working electrode and the two main reactions on the interface of the electrode and the solution. b) Chronoamperometric responses of the
stretchable fiber-based glucose sensor to the increasing glucose concentrations from 0 to 500 uM. ¢) Corresponding calibration plot of b).
d). Calibration plot of the chronoamperometric responses of the stretchable fiber-based glucose sensor from 0 to 200% strain.
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Figure 4. Glucose sensing performance of the stretchable fiber-based glucose sensor in artificial sweat. a) Interference study by subsequent
additions of 50 uM uric acid, 10 uM ascorbic acid, 5 mM sodium lactate and 300 uM glucose. b) Chronoamperometric responses of the
stretchable fiber-based glucose sensor to the increasing glucose concentrations from 0 to 500 uM. The inset shows the corresponding cali-
bration plot. Medium, artificial sweat.
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