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ABSTRACT: Highly sensitive and selective analysis of sweat at
ultra-low sample volume remains a major challenge in the field of
biosensing. Manipulation of small volumes of liquid for efficient
sampling is essential to address this challenge. A hybrid Janus
membrane with dual-asymmetry integration of wettability and
conductivity is developed for regulated micro-volume liquid
transport in wearable sweat biosensing. Unlike the uncontrollable
liquid diffusion in a conventional porous membrane, the
asymmetric wettability of porous Janus membrane leads to unique
unidirectional liquid transport with high breakthrough pressure
(1737.66 Pa) and fast self-pumping rate (35.94 μL/min) for
micro-volume liquid sampling. The asymmetric conductive layer
shows excellent flexible conductivity, anti-interference of friction, and efficient electrochemical interface due to the in situ generation
of gold nanoparticles on one side of the membrane. The fabricated Pt-enzyme electrodes on the membrane promises effective testing
range, great selectivity, and high sensitivity and accuracy (correlation efficiency, glucose: R2 = 0.999, lactate: R2 = 0.997), enabling
ultra-low volume (∼0.15 μL) real time measurements on the skin surface. The innovative Janus membrane with unidirectional, self-
pumping, and anti-interference performance provides a new strategy for miniaturized wearable microfluidic sweat electrochemical
biosensor preparation in athletic performance evaluation, health monitoring, disease diagnosis, intelligent medicine, and so forth.

KEYWORDS: Janus membrane, bi-anisotropic conductivity, unidirectional liquid transport, ultra-low volume,
wearable electrochemical biosensor

1. INTRODUCTION

With increasing concerns about individual healthcare and
personal security, wearable biosensors have attracted signifi-
cant attention as new analytical tools for condition monitoring,
due to the advantages of miniaturization, portability, non-
invasiveness, and instantaneity.1−5 To date, apart from the
physical parameters and environmental risks, physiological
information also has been monitored to meet the growing
needs in personalized medicine, precise diagnosis, and athletic
monitoring.6−11 Sweat, one of the easily accessible biofluids
providing rich physiological information, is primarily com-
posed of water, electrolytes (sodium, calcium, potassium,
magnesium, zinc, and chlorides), nitrogenous compounds
(urea and amino acids), proteins, and metabolites (creatinine,
uric acid, glucose, and lactate).12−14 Sweat analysis faces
various technical challenges, including low sample volume,
complex composition of test objects, and non-static testing
conditions.15−19

In recent years, great advances in wearable sweat biosensors
based on different detection approaches have been achieved
for in situ monitoring of chemical and biological biomarkers in
sweat.20−23 Significant progress has taken place in the way of

sample capture. To address the problem of unavoidable
physical frictional interference caused by direct contact
between human epidermis and conductive sensing element,
researchers have proposed different sampling strategies using
well-designed microchannels or porous absorbent materials to
achieve indirect contact of sensing layers with skin.24−26

Compared with the costly and complicated fabrication of
microchannels in traditional microfluidic devices, porous
materials (e.g., textiles and papers) have been proposed to
simplify the microfluidic channel fabrication process in
wearable sweat biosensors.27−30 Among them, porous textiles
can be used for efficient sample collection and flexible
electrode preparation in wearable sweat biosensors.13,31−34

Nevertheless, due to the homogeneous hydrophilic structure
with a disordered micro-liquid channel in three-dimensional
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porous textiles, uncontrollable liquid surface diffusion causes
sample loss and large sampling volume to perform analysis (at
least 10−100 μL) as well as undesirable contamination
problems caused by the backflow of water-soluble chemical
agents.35−37 To address the problem of sample loss,
introducing an asymmetric hydrophobic/hydrophilic interface
combined with well-designed microchannels has been
proposed by traditional microfluidic devices to realize the
micro-liter or nano-liter volume sweat detection.23,38 Besides,
appropriate microchannels in the three-dimensional porous
materials also influence the dynamic liquid transportation. The
development of various materials (e.g., membrane with micro-
pore size) is a useful way to achieve an ideal low-volume
wearable sweat analysis. Our previous work realized the
successful introduction of asymmetry wettability in the
thickness direction into microfiltration membrane. Combined
with Janus interface and micro-pore size, controllable micro-
volume liquid transport function has been brought about in
glucose detection, but is not directly applicable to wearable
sweat biosensors.39 Currently, it is still a challenge for wearable
microfluidic biosensors to detect low-concentration biomarkers
at ultra-low sample volumes (<1 μL) in real time.
Herein, inspired by Janus microfluidic interface of cell

membranes with liquid transmission capability, a hybrid
configuration with asymmetry wettability and bi-anisotropic
conductivity for ultra-low-volume, high precision, membrane-
based wearable sweat electrochemical biosensor was developed
(as shown in Figure 1). The asymmetric wettability of the
hybrid Janus membrane (HJM) was prepared by successive
dip-coating [polydopamine (PDA)] and roller-assisted liquid
printing (fluoropolymer), achieving unidirectional liquid
transport and self-pumping micro-volume sample collection
without backflow contaminations. The asymmetric conductive
layer composed of in situ-generated gold nanoparticles was
developed by interfacial floating combined with platinum

colloid catalyzed electroless plating, resulting in excellent
flexible conductivity and anti-interference based on nondirect
contact mass transfer. In summary, membrane-based Pt-
enzyme-HJM electrodes were developed for electrochemical
testing of glucose and lactate, two common metabolites in
sweat. This study has developed a new strategy in lightweight
wearable electrochemical biosensors for ultra-low-volume
sweat analysis, which can be further applied to athletic
performance evaluation, health monitoring, disease diagnosis,
intelligent medicine, and so forth.

2. EXPERIMENTAL SECTION
2.1. Materials. Polyethersulfone (PES) flat sheet membranes

(average pore size 0.95 μm) were supplied by O’Happure Membrane
Technology Co., Ltd. (Nanjing, China). Dopamine hydrochloride
(DA, 98%), potassium ferricyanide {K3[Fe(CN)6], AR}, potassium
ferrocyanide trihydrate {K4[Fe(CN)6}·3H2O, AR), coumarin 6
(HPLC), and rhodamine B (AR) were produced from Aldrich
(Shanghai, China). Petroleum ether (60−90 °C, AR), ethanol (AR),
hydrochloric acid (HCl, AR), potassium chloride (KCl, AR),
disodium hydrogen phosphate (Na2HPO4, AR), potassium dihy-
drogen phosphate (KH2PO4, AR), sodium borohydride (NaBH4,
AR), cupric sulfate (CuSO4, AR), urea (AR), lactate (AR), glucose
(AR), ascorbic acid (AR), pyronin G (BR), hydrogen peroxide 30%
aqueous solution (H2O2, AR), 25% glutaraldehyde solution (GA,
BR), and polyvinylpyrrolidone K30 (PVP K 30, GR) were all
obtained from Sinopharm Chemical Reagent Co., Ltd. (China).
Chloroplatinic acid hexahydrate (H2PtCl6·6H2O, AR), lead (II)
acetate trihydrate [Pb(CH3COO)2·3H2O, AR], chloroauric acid
(HAuCl4), and stearyl trimethyl ammonium chloride (STAC, AR)
were all purchased from Macklin Biochemical Co., Ltd. (Shanghai,
China). Glucose oxidase (GOx, 239 U/mg) from Aspergillus niger was
supplied by Yuanye Biotech Co., Ltd. (Shanghai, China). Lactate
oxidase (LOx, ≥90 U/mg) from Aerococcus viridans was produced
from Sangon Biotech Co., Ltd. (Shanghai, China). The commercial
hydrophobic fluorine-based waterproof spray TS-10 was purchased
from Guangdong Hec Technology Holding Co., Ltd (Guangdong,

Figure 1. Schematic diagram of the HJM with dual-asymmetry integration of wettability and conductivity for wearable electrochemical sweat
monitoring.
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China). Tris(hydroxymethyl)aminomethane (Tris, UP) was obtained
from Amresco (OH, USA). The commercial nylon mesh (average
pore size 25 μm) was purchased from market and used as a porous
substrate to transfer hydrophobic coating by liquid surface tension. All
of these reagents were used without further purification.
2.2. Membrane Preparation. The HJM with asymmetric

wettability and conductivity was prepared by asymmetric modifica-
tion. First, basic Janus membrane (BJM) with asymmetric wettability
was prepared by successive dip-coating (PDA) and roller-assisted
liquid printing (hydrophobic coating). PES membrane was immersed
into Tris-HCl solution containing 2 mg/mL dopamine at 25 °C to
form a PDA layer. After 24 h deposition, the PDA-coated membrane
was thoroughly washed by deionized water for 8 h, followed by the
asymmetric hydrophobic modification of TS-10 fluoropolymer by
roller-assisted liquid printing three times. A commercial nylon mesh
was used as the medium of hydrophobic liquid transfer. Second, HJM
was fabricated from BJM by electroless gold plating catalyzed by
platinum colloid. Due to the enhanced interface floated performance
of BJM (Figure S1), the asymmetric conductivity of HJM could be
derived from floating and reacting on the surface of electroless gold
plating bath. For the preparation of Pt colloids sol, 0.05 mM H2PtCl6·
6H2O and 10 mg PVP were dissolved in 96.5 mL water. Then, 1 mL
of 0.2 mM NaBH4 was poured into the mixture with vigorous stirring,
and the solution was left to stand at room temperature for 24 h before
use. BJM was floated on 1 mg/mL STAC solution for 1 min and Pt
colloid sol for 10 min to immobilize Pt nanoparticles on the
membrane surface, respectively. After drying for several minutes at
room temperature, the membrane was floated on a plating bath
containing 10 mM HAuCl4 and 20 mM H2O2 for 1 h. The reaction of
Pt nanoparticles facilitates gold deposition, as shown in eq 140

2HAuCl 3H O Pt 2Au 2O 8HCl4 2 2 2+ ⎯→⎯ + + (1)

Thus, a nanostructure conductive BJM with asymmetric wettability
and conductivity was successfully prepared.

2.3. Membrane Characterization. Field emission scanning
electron microscopy (SEM; Hitachi S4800, Shimadzu) with an
energy-dispersive X-ray detector was conducted to observe the surface
morphologies and element distributions of membranes. Attenuated
total reflectance Fourier transform infrared spectroscopy (ATR−
FTIR; Nicolet 6700, Thermo Fisher) and X-ray photoelectron
spectroscopy (XPS; PHI-5000C, PerkinElmer) were performed to
analyze the chemical structures and compositions of membranes.
Laser confocal scanning microscopy (LCSM; TCS SP5, Leica) was
used to distinguish the asymmetric structure of the Janus membrane
by dying with certain fluorochromes (coumarin 6 and rhodamine B).
The water contact angles (WCA) of membranes were measured by a
contact angle system (DropMeter A-100P, MAIST Vision Inspection
& Measurement Co., Ltd). The volume of the water droplet was set at
5 μL. An electrochemical workstation (CHI660a, CH Instruments)
was used to take all the electrochemical measurements at room
temperature. Ag/AgCl and Pt wire were used as reference electrode
and counter electrode, respectively.

2.4. Determination of Water Flux. A lab-made scale device was
used to evaluate the flow rate of water through membrane at different
pressures. The minimum hydrostatic pressure (breakthrough pressure,
PB.P) was evaluated based on the water flux. The water flux (F) was
calculated using eq 2.

F
V

A t P
=

* * (2)

Figure 2. Dual-asymmetry integration structure. (a−c,f−h) Surface and cross-sectional morphologies of HJM by SEM and LCSM. Carbon (C),
gold (Au), and platinum (Pt) elements distribution on the surface of HJM by EDX. (a,d,f) Conductive (hydrophilic) surface; (b,e,g) Insulate
(hydrophobic) surface. For LCSM observation, the hydrophobic layer was dyed with coumarin 6. The hydrophilic side was dyed with rhodamine B
for better observation of asymmetric wettability gradient in the cross section of HJM.
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where V, A, t, and P are the volume of permeate liquid, the effective
membrane filtration area, time, and applied pressure, respectively.
2.5. Fabrication of Nanostructure Pt-Enzyme-HJM Elec-

trode. At first, the conductive HJM was immersed in a solution
containing 0.5 M HCl, 2.5 mg/mL H2PtCl6, and 1.85 mg/mL
Pb(CH3COO)2 for the electrodeposition of Pt nanoparticles onto the
Au nanostructure at 2.5 V for 300 s. The electrodeposited Pt
nanoparticles were used for catalytic reaction and improved the
sensitivity of the electrode.
Second, enzyme-immobilized HJM membrane after Pt nanoparticle

electrodeposition was needed for glucose and lactate detection. The
enzyme immobilization process on the HJM membrane is mainly
based on physical adsorption combined with chemical cross-linking.
Glutaraldehyde was selected as a chemical cross-linking agent for
further cross-linking the adsorbed enzyme aggregates to achieve an
excellent and durable product. The optimization of enzyme content
was decided after experiments (Figure S2). For glucose detection, a
mixture solution of GOx (1 wt %) and GA (1 wt %) was pre-cross-
linked before 5 μL solution was coated on the surface of the electrode
after Pt nanoparticle electrodeposition and repeated twice. When
detecting lactate, LOx (0.5 wt %) was directly coated on the surface of
the electrode twice and then further cross-linked by GA (1 wt %). All
the modified Pt-enzyme-HJM electrodes were dried at 37 °C for 0.5 h
after enzyme immobilization process and stored at 4 °C when not in
use.
2.6. Pt-Enzyme-HJM Electrode Performance Test. All the in

vitro tests of glucose and lactate were carried out in a PBS solution
(pH 7.4). The corresponding I−t response curves were recorded in 40
mL PBS under 0.5 V working potential with different concentrations
of glucose or lactate added every 300 s. The electroactivity of the
electrode was evaluated by recording cyclic voltammogram (CV) in a
0.1 M NaCl solution containing 5 mM Fe(CN)6

3−/4− in the potential
range from −0.2 to +0.5 V.41 The artificial sweat was formed with 10
mM Na2HPO4, 1.75 mM KH2PO4, 137 mM NaCl, 2.65 mM KCl, and
different concentrations of glucose/lactate.8,20 The simulated

perspiration and metabolite detection test were taken on the surface
of a planar filter paper by adding different concentrations of glucose/
lactate. The in situ tests of glucose and lactate were performed on the
skin, while a certain volume of artificial sweat was used to pre-wet the
epidermis. The experiments were approved by the Institutional
Research Ethics Committee of Hangzhou Normal University (2020-
7001). The glucose/lactate was then oxidized by GOx or LOx, and
the resultant electrooxidation current (eqs 3−5) was recorded with
CHI260 electrochemical workstation.42,43

Glucose O H O GOx gluconic acid H O2 2 2 2+ + ⎯ →⎯⎯⎯⎯⎯ + (3)

Lactate O LOx pyruvic acid H O2 2 2+ ⎯ →⎯⎯⎯⎯ + (4)

H O Pt 2H O 2e2 2 2⎯→⎯ + ++ − (5)

3. RESULTS AND DISCUSSION
3.1. Structure of the HJM Membranes. The micro-

structure and material composition have significant influence
on both liquid transportation and electrochemistry perform-
ances. Compared with the original membrane and BJM in
Figure S3, the conductive/hydrophilic surface of HJM (Figure
2a) was covered with a layer of particles with the diameter
range of 80−165 nm without blocking the original membrane
pore. Only few local aggregations of particles were observed on
the insulate/hydrophobic surface of HJM (Figure 2b). From
the cross-sectional image of HJM (Figure 2c), the thickness of
the continuous nanoparticles layer was about 35 nm. Besides, a
highly porous and sponge-like structure was also observed in
the cross-sectional image, which was important for the efficient
sweat up-taking and sensitive electrochemical detection. The
composition of the continuous nanoparticle layer could be

Figure 3. Asymmetric wettability and unidirectional liquid transport performance. (a) Evolution of WCAs; (b) pure water flux for both sides of
HJM; (c,d) diagram of force analysis when water permeated from hydrophilic side and hydrophobic side. The main imbalanced forces involved in
unidirectional liquid transport process are the hydrostatic pressure (FP), hydrophobic force (Fh) and capillary force (Fc).
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directly revealed by EDX scan images in Figures 2d and S4 and
Table S1. Gold (Au) element was uniformly distributed on the
membrane surface with 22.82 at. % content, indicating the
successful in situ generation of gold nanoparticles by
electroless plating. Comparing the EDX results of the two
sides of HJM, more intensive distribution of carbon (C)
element with 74.36 at. % contents was derived from the
insulate/hydrophobic side (Figure 2e), showing the reser-
vation of organic substance. ATR−FTIR and XPS (Figure S5,
Tables S1 and S2) characterized the chemical structure and
surface composition of membranes before and after mod-
ification. The difference elements from ATR−FTIR and XPS
results further verified the unique hybrid construction of HJM
with asymmetric wettability and conductivity. LCSM has been
used to verify the asymmetric hydrophobic and hydrophilic
structure of HJM. The hydrophobic layer was stained with oil-
soluble fluorescent dye (coumarin 6) by the roller-assisted
surface hydrophobic modification. The hydrophilic surface
remained dark (Figure 2f), while the hydrophobic surface of
HJM was stained with fluorescent dye (Figure 2g), indicating
the successful realization of one-side surface modification. For
further evaluation of asymmetric wettability gradient, the cross-
sectional image of HJM was also observed after the hydrophilic
side was stained with rhodamine B (Figure 2h). The thickness
of the hydrophobic layer was lesser than the hydrophilic layer.
Overall, in situ electroless gold nanoparticle plating achieved
asymmetric modification on HJM while retaining the
asymmetric wettability.
3.2. Unidirectional and Self-Pumping Liquid Trans-

port of the HJM Membranes. For ultra-low microfluidic
sweat sensing, requirements like low sample volume, fast mass
transport, and no backflow of soluble chemical reagents should
be all met. Hence, a bioinspired structure with opposite

wettability was introduced to the porous membrane to realize
unique unidirectional liquid transport performance. By
monitoring the status of the water droplet during the
permeation process, dynamic WCA was used to verify the
wettability of HJM surfaces. As displayed in Figure 3a, after the
water droplet contacted with the hydrophobic side, WCA
declined gradually, while the water droplet permeated through
the membrane without surface diffusing. This result verified
the existence of a hydrophobic coating layer and ensured the
positive liquid transport (penetration from the hydrophobic
side to the hydrophilic side) from the hydrophobic surface. On
the hydrophilic side of HJM, the WCA decreased from 59 to
9° in 2.8 s, indicating the quick spread of the water droplet on
the hydrophilic surface. Pure water flux has also been measured
to characterize the unidirectional liquid transport performance
of HJM, which was a critical factor in ultra-low-volume sweat
sample analysis. As shown in Figure 3b, the pure water flux
from the hydrophobic side generally increased with the applied
pressure. When the permeation process started from the
hydrophilic side, no obvious water could be detected until the
applied pressure reached 2000 Pa. The minimum applied
pressure needed for water to penetrate the membrane can be
defined as breakthrough pressure (PB.P). A tested breakthrough
pressure of about 1737.66 Pa was needed for water to
penetrate the membrane in the negative direction (penetration
from the hydrophilic side to the hydrophobic side).
Simplified physical force analysis was considered for a better

understanding of this unidirectional liquid transport of HJM, as
presented in Figure 3c,d. Imbalanced forces composed of
hydrostatic pressure (FP), hydrophobic force (Fh), and
capillary force (Fc) remained in the interface with opposite
wettability. For the hydrophilic side, with the hydrostatic
pressure and capillary force, water reached the interface

Figure 4. Self-pumping performance and micro-volume liquid permeation. (a) Picture of the self-pumping process of HJM from the hydrophobic
side (∼4 μL); (b) change of wetting diameter and droplet height during the self-pumping process; (c) change of droplet volume during the self-
pumping process; (d) diagram of self-pumping force analysis. The main physical forces involved in the self-pumping process are the capillary force
(Fc), hydrophobic force (Fh), and gravity force (Fg). (e,f) Penetration starts from the hydrophobic side, the wetting morphology of the hydrophobic
surface and hydrophilic surface; (g,h) penetration starts from the hydrophilic side, the wetting morphology of the hydrophilic surface and
hydrophobic surface. The tracer solution was dyed with pyronin G and the volume of the droplet was 1 μL.
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between the hydrophilic and hydrophobic layers. Subse-
quently, the penetration was blocked by the hydrophobic
force, until the applied pressure was high enough (PB.P) to
overcome the resistance. The value of breakthrough pressure is
mainly related to the capillary forces, which can be calculated
by the Young−Laplace equation. After considering the
influence of pore size and surface chemistry of the membrane,
the equation can be rewritten as eqs 6 and 7.39,44

P P
r

R

2
cos

2 (1 cos )
( 1)( 1 2 sin )

B.P C.P
γ θ

γ θ
μ μ θ

= − = −

= −
− − + (6)

R D
R

1μ
φ

= + =
(7)

where γ, r, θ, R, and μ are the liquid surface tension, membrane
pore radius, contact angle between the liquid and the surface,
cylinder radius, and dimensionless parameter, respectively.
Apart from that, μ can be replaced by the reciprocal of
membrane surface porosity (φ), as in eq 7. D represents the
half spacing between the adjacent cylinder.
In this study, the water surface tension was 72.8 dyn/cm,

membrane pore radius was 0.95 μm, WCA on pure
hydrophobic coating was 125°, and the rough surface porosity
of hydrophobic side was 8.36% taken from SEM images. The
theoretical breakthrough pressure can be calculated as 1744.94
Pa, which is similar to the experimental value of 1737.66 Pa.
Sweat capture is the first step for precise detection of

biomarkers in wearable electrochemical sweat biosensors.
Apart from the unidirectional liquid transport performance,
the efficiency of sample collection and micro-volume liquid
transport is also of vital significance for detection at ultra-low
volume in real time. Active liquid self-pumping performance of
membranes for sweat collection was tested. As presented in

Figure 4a, when the water droplet contacted the hydrophobic
side of HJM, the droplet generally penetrated through the
porous membrane. The volume of droplet decreased linearly at
a fixed speed of 35.94 μL/min (Figure 4c). According to the
evolution of wetting diameter and droplet height (Figure 4b),
no surface diffusion was observed during the dynamic self-
pumping process, showing a great potential for efficient sample
collection. All the results indicated that the self-pumping
process was driven by a stable and continuous force. The main
physical forces involved in the self-pumping process are the
capillary force (Fc), hydrophobic force (Fh), and gravity force
(Fg). Among them, capillary force (Fc) and gravity force (Fg)
play an opposite role in active liquid sucking, described in eqs
8 and 9, respectively.

F r2 cosc π γ θ= (8)

F r h2 gg
2π ρ= (9)

where γ, r, θ, ρ, g, and h are the liquid surface tension,
membrane pore radius, contact angle between the liquid and
the surface, liquid density, gravitational acceleration, and
droplet height, respectively. The calculated capillary force was
far larger than the gravity of the droplet itself, realizing the
possibility of active self-pumping. Apart from theoretical
calculation, LCSM images showed that water permeation
could be achieved at a volume as low as 1 μL from the
hydrophobic side without liquid backflow (Figure 4e−h).
Micro-volume liquid focusing effect was further detected and
the liquid absorption process was recorded (Figure S6). This
effective transport of liquid is desired for sweat metabolite
detection.

3.3. Asymmetric Conductivity and Anti-Interference
Performance of the HJM Membranes. The stability of
electric signal output is a key requirement for wearable sweat
electrochemical sensors. Therefore, both flexibility and

Figure 5. Asymmetric conductivity and anti-interference performance. (a−d) Surface resistance of HJM tested by a four-probe tester. (e)
Conductivity of HJM at different bending angles. Current stability of uniform conductivity and HJM when friction interference was applied in
different directions. (f,f′) x-axis direction; (g,g′) y-axis direction.
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conductivity are required for sweat monitoring on the three-
dimensional curved sensing surface. The electrical resistance of
hydrophobic and hydrophilic surfaces of HJM were measured
by a four-point probe tester.45 The resistance of the
hydrophobic surface shown in Figure 5b was out of the
measurement range, showing as open circuit, whereas the
resistance of the hydrophilic surface was only 1.583 Ω (Figure
5d) equivalent to a resistivity of 5.54 × 10−6 Ω·cm. The
different conductivities of the HJM surfaces proved the
successful formation of continuous conductive layers on the
hydrophilic side by floating electroless plating. The currents of
HJM during the different bending processes were recorded.
Constant current is observed in Figure 5e, with the results of
steady LED lighting (Figure S7), indicating the great flexibility
and stable conductivity of HJM.
The accuracy of detection in sweat biosensors can also be

influenced by the signal interference of physical friction
between the sensing element and the epidermis. An effective
solution is to avoid the direct contact between the conductive
materials and the epidermis, which is the original design intent
of HJM with asymmetric conductivity. In Figure 5f−g′, the
continuous current is recorded and compared between
uniform conductivity membrane and HJM under friction in
both x- and y-axes directions. The current curve of HJM was
relatively smooth without obvious abrupt change in current,
showing a promising anti-interference performance in wearable
applications.

3.4. Electrochemical Performance of the Pt-Enzyme-
HJM Electrodes. For the fabrication of the electrochemical
electrode, single-side electro-deposition of Pt nanoparticles was
applied to form the catalysis layer, which was significant for
improving sensitivity and selectivity of detection.46 The
morphology of HJM after electro-deposition was observed by
SEM (Figure S8). Nanoflower cluster was decorated on the Au
layer, and the composition was detected by EDX (Figure S9,
Table S4), indicating the successful deposition of the Pt
catalytic layer. The analysis of elements on the membrane
surface was taken by XPS (Figure S10, Table S5), further
confirming the existence of the catalysis layer. In order to
further verify the effectiveness of Pt deposition and catalysis
activity, CVs of the bare HJM and Pt-decorated HJM electrode
were recorded in a mixture solution of 5 mM Fe(CN)6

3−/4−

and 0.1 M NaCl. Compared with the bare electrode, increased
electron transfer rate (ΔEp) and catalytic current were
presented (Figure S11) in the modified electrode, due to the
larger catalytic area of the Pt nanoflower cluster after electro-
deposition.
In order to test the electrochemical monitoring performance

of this HJM-based wearable biosensor, glucose and lactate
were chosen as two typical targets of physiological metabolites
in sweat. After specific enzyme immobilization, the Pt-enzyme-
HJM electrodes were successfully prepared. The electro-
chemistry performance of Pt-enzyme-HJM electrodes was
first measured in PBS solution with successive addition of

Figure 6. Electrochemical performance. (a,b,d,e) Chronoamperometric responses and sensitivity of glucose and lactate electrode to the respective
analyte solutions in PBS. (c,f) Chronoamperometric response of the interference test for the glucose and lactate electrodes in PBS at a potential of
0.5 V with the addition of 0.1 mM glucose/5 mM lactate, 0.03 mM urea, 5 mM lactate/0.1 mM glucose, 0.01 mM ascorbic acid, and 0.1 mM
glucose/5 mM lactate. (g,i) Simulation detection of glucose and lactate on the skin surface. (h,j) Comparison of the glucose and lactate
concentrations between the solution and simulation, based on the corresponding chronoamperometric response.
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target analytes. With increasing concentration of analytes,47 the
currents of electrodes increased generally and reached a steady
value. The membrane-based electrode after platinized showed
low catalysis performance of the glucose among the test range
(Figure S12). Oxidization by GOx enzyme played the main
role in detection. A linear relationship was calculated over the
glucose concentration range from 0.01−1.55 mM glucose
concentration with a 0.999 correlation coefficient and 1.89 μA·
mM−1 sensitivity (Figure 6a,b). In the detection of lactate
(Figure 6d,e), the Pt-enzyme-HJM presented a linearity
sensing between 0 and 20 mM (R2 = 0.997) and a sensitivity
of 29.2 nA·mM−1. Both the detection ranges were designed
according to the normal physiological condition in sweat.
Compared with other works (Tables S6 and S7), desirable
sensitivity for both glucose and lactate could be achieved,
mainly due to high catalytic activity area of in situ Au/Pt
nanoparticle generation on HJM. Also, the Pt-enzyme-HJM
electrodes presented desirable operation stability when the test
was repeated 6 times (Figure S13).
Because of the various electroactive species in sweat, sensing

selectivity is also significant for accurate electrochemical
detection. Urea, glucose, ascorbic acid, and lactate were
injected into the solution as the interferents (Figure 6c,f).48

The Pt-enzyme-HJM showed a current response to the
addition of corresponding target analysts, while no obvious
current change was recorded with the addition of interferences,
indicating the specific recognition of electrodes.
For further ensuring the self-pumping, selectivity, and

sensitivity performance of the Pt-enzyme-HJM electrodes,
wearable sweat metabolite detection was performed on a
simulated skin surface with an artificial perspiration process. In
this experiment, a piece of wetting filter paper containing
simulated sweat was used as the simulated skin surface.

Eventually, specific molecular recognition was realized on the
hydrophilic Pt-enzyme catalysis layer. Three different concen-
trations of glucose and lactate (low, middle, and high) were
chosen, according to the corresponding level in the
physiological range of sweat. The response current toward
glucose and lactate is recorded in Figure 6g,i, used for the
relevant calculation of concentrations from as-mentioned
calibration curves. Apart from the current change, comparisons
between the solutions and simulation experiments were done
to demonstrate the accuracy of biosensors. As shown in Figure
6h, the deviated values of tested glucose concentration were 5,
5, and 12%, indicating desired accuracy of electrodes. In the
detection of lactate (Figure 6j), 6.2, 2, and 1.7% bias were
observed in low, middle, and high concentrations, respectively.
Hence, the Pt-enzyme-HJM electrodes showed great potential
in wearable sweat electrochemistry monitoring.

3.5. In Situ Sweat Metabolite Detection. The feasibility
of the practical application of hybrid biosensors was performed
by in situ detection of glucose and lactate. A miniaturized
electrochemical workstation circuit was used to meet the needs
of detection (Figure S14). The I−t curves were obtained from
artificial sweat, while the biosensors were directly attached to
the skin (Figure 7a). Specially, certain artificial sweat was pre-
wetted on the epidermis for filling the sensing areas of
biosensors (a low detection volume of ∼ 0.15 μL). The critical
volume threshold (0.15 μL) for the available electrochemical
detection was verified by a volume-dependent chronoampero-
metric experiment (Figure S15). The micro-volume sweat
droplet was then up-taken into the porous electrode, where the
glucose was electrochemically oxidized on the Pt-enzyme
catalysis layer, leading to current changes, as presented in
Figure 7b. Figure 7c shows the amperometric curves of sweat
with different glucose levels in the range of 0.01−1 mM. The

Figure 7. In situ monitoring of glucose and lactate on the skin surface. (a) Wearable biosensor attachment to the epidermis; (b) detection
mechanism based on directional and self-pumping; (c,e) amperometric response curves of glucose and lactate; (d,f) sensitivity of glucose and
lactate.
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relationship between the recorded current and concentration
(Figure 7d) matched with a linear regression equation (R2 =
0.992), indicating high sensitivity, anti-interference, and micro-
volume self-pumping performance of the biosensors. Besides, a
similar current response was observed in lactate detection in
the concentration range of 0−20 mM (Figure 7e). From
Figure 7f, the linear relationship of lactate was derived with a
correlation efficiency of 0.980. The Pt-enzyme-HJM could also
be used for metabolite detection in real sweat with a shorter
response time and sufficient monitoring accuracy (Figure S16).
All in all, the hybrid biosensor integrated excellent liquid
collection and metabolite detection function with desirable
sensitivity, selectivity, and anti-interference, displaying great
applicability in wearable sweat electrochemistry detection at
ultra-low volume in real time.

4. CONCLUSIONS
A Janus membrane-based wearable biosensor with dual-
asymmetry integration of wettability and conductivity was
prepared by successive dip coating (PDA), roller-assisted
liquid printing (fluoropolymer), and floating electroless gold
plating. The breakthrough pressure of HJM was 1737.66 Pa,
and the rate of water self-pumping was 35.94 μL/min. Due to
the asymmetric wettability of HJM, unidirectional and self-
pumping liquid transport performance were achieved simulta-
neously, preventing soluble chemical reagent backflow and
effective sample collection in wearable sweat monitoring. The
asymmetric conductive layer was generated from in situ
generation of gold nanoparticles by platinum colloid-catalyzed
gold electroless plating, showing superior flexible conductivity,
excellent anti-interference of friction, and efficient electro-
chemical interface. Furthermore, Pt-enzyme-HJM electrodes
showed great electrochemical performance in the detection of
glucose and lactate with effective testing range, great selectivity,
and high sensitivity and accuracy (correlation efficiency,
glucose: R2 = 0.999, lactate: R2 = 0.997) in electrochemical
detection. Moreover, the real time detection on the skin
surface at ultra-low volume (∼0.15 μL) was also realized. In
summary, HJM with dual-asymmetry integration of wettability
and conductivity shows great potential in the miniaturization
of wearable sweat electrochemical biosensors for real-time
measurement and multiplex analysis in athletic performance
evaluation, health monitoring, disease diagnosis, intelligent
medicine, and so forth.
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