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1. Introduction

Wearable electronics are devices that can be 
worn or mated with human skin to continu-
ously and closely monitor an individual’s 
activities, including respiration rate, heart 
rate, electrocardiograms, skin temperature, 
and bodily motion.[1–3] Wearable electro-
chemical biosensors that are based on sweat 
analysis present a promising means for 
noninvasive biomarker monitoring. More-
over, recent advances in wearable sweat 
sensors have produced devices that can 
measure sweat metabolites, such as glucose, 
lactate, and alcohol, as well as electrolytes, 
including sodium and potassium ions, and 
pH.[4–13] However, sweat-based sensing still 
poses several challenges. For example, most 
wearable biosensor devices are prepared by 
the all-in-one architecture patterned by tra-
ditional techniques (e.g., electrodeposition 
and screen printing). This configuration 
inevitably results in poor shelf life of the 
whole sensor patch because of rapid deac-
tivation of enzymes and biomaterials upon 
repeated testing.[5–9] On the other hand, the 
sensitivity and stability of sweat biosensors 

are of great challenge as a consequence of the high resistance 
of the substrate and the oxygen-deficiency problem.[9] In addi-
tion, mechanical friction and deformation of devices on the soft 
human skin can delaminate the enzyme layer from the biosensor 
and cause mechanical failure of the wearable devices. Given these 
issues, advanced construction design for wearable sweat biosen-
sors with enhanced sensitivity and stability is needed.

Large-area graphene films, synthesized by a chemical vapor 
deposition (CVD) process, enable many applications including 
large-scale flexible and stretchable electronics.[14] However, 
the low density of electrochemically active defects in CVD-
synthesized graphene limits its application in biosensing.[8,9] 
Recently, a new class of 2D nanomaterials, namely, MXene, 
synthesized by etching out the A layers from the layered Mn+ 
AXn phases, has emerged as a promising graphene analog. 
There are more than 70 known Mn+1AXn or MAX phases, indi-
cating that numerous MXenes of varying compositions could be 
explored.[15–17] MXene’s rich chemistries and unique 2D mor-
phologies[18] have sparked intense interest in the exploitation of 
MXenes for energy storage,[19–22] catalysis,[23] conductive rein-
forcement additives,[24,25] and chemical sensing.[26,27] As a typical 
case in MXene family, Ti3C2Tx MXene has metallic conductivity 

Wearable electrochemical biosensors for sweat analysis present a prom-
ising means for noninvasive biomarker monitoring. However, sweat-based 
sensing still poses several challenges, including easy degradation of 
enzymes and biomaterials with repeated testing, limited detection range 
and sensitivity of enzyme-based biosensors caused by oxygen deficiency in 
sweat, and poor shelf life of sensors using all-in-one working electrodes pat-
terned by traditional techniques (e.g., electrodeposition and screen printing). 
Herein, a stretchable, wearable, and modular multifunctional biosensor is 
developed, incorporating a novel MXene/Prussian blue (Ti3C2Tx/PB) com-
posite designed for durable and sensitive detection of biomarkers (e.g., 
glucose and lactate) in sweat. A unique modular design enables a simple 
exchange of the specific sensing electrode to target the desired analytes. 
Furthermore, an  implemented solid–liquid–air three-phase interface design 
leads to superior sensor performance and stability. Typical electrochemical 
sensitivities of 35.3 µA mm−1 cm−2 for glucose and 11.4 µA mm−1 cm−2 
for lactate are achieved using artificial sweat. During in vitro perspiration 
monitoring of human subjects, the physiochemistry signals (glucose and 
lactate level) can be measured simultaneously with high sensitivity and good 
repeatability. This approach represents an important step toward the realiza-
tion of ultrasensitive enzymatic wearable biosensors for  personalized health 
monitoring.

Wearable Biosensors
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and shows amazing electrochemical activity, which could be 
highly beneficial in sensor development for various diagnostic 
 purposes.[26,28–30] The unique 2D morphology and high biocom-
patibility of Ti3C2Tx drive great motivation to design advanced 
nanohybrid systems with bioreceptors like antigen–antibody, pro-
teins, cells, and enzymes.[31] Ti3C2Tx acts as sensitive detection 
interface that allows facile immobilization of biomolecules for 
designing highly advanced detection systems and exploiting their 
utilization in analytical chemistry.[32,33] Nonetheless, achieving 
the desired signal-to-noise ratio and stability for such sensors, 
especially for in situ detection, remains highly challenging.

Given that all oxidase-based biosensors (e.g., glucose oxi-
dase, lactate oxidase, alcohol oxidase, and cholesterol oxidase) 
consume oxygen,[34–37] enhanced O2-containing environment is 
required. Conventional biosensors are based on electrodes with a 
solid–liquid two-phase interface. Hence, oxygen that is required 
at the enzymatic reaction zone is supplied through a liquid phase 
with a low diffusion coefficient compared to that of oxygen in the 
air, which restricts the upper detection limit of linearity, sensi-
tivity, and accuracy according to Fick’s law of diffusion.[38,39]

This study presents a stretchable, wearable, and modular mul-
tifunctional biosensing system for the simultaneous and highly 
selective screening of a panel of biomarkers in sweat. 2D MXene 
(Ti3C2Tx) nanosheets are first introduced in an oxygen-rich 
enzyme biosensor. The working electrode design is based on the 
use of a Ti3C2Tx/PB composite that is combined with a hydro-
phobic substrate and has a solid–liquid–air tri-phase interface. 
Due to the excellent conductivity and electrochemical activity 
of exfoliated Ti3C2Tx, Ti3C2Tx/PB composites greatly improved 

electrochemical performance compared to graphene/Prussian 
blue (PB) and carbon nanotubes (CNTs)/PB composites toward 
hydrogen peroxide detection. All active sensors (for glucose, 
lactate, and pH value) are independent and replaceable mod-
ules in the sensor platform, in which sensors can be inserted 
and replaced by the desired biomarker to detect. The substrates 
of these active sensors were prepared by superhydrophobic 
carbon fiber to create a tri-phase interface and protect the con-
nector inside the sensor patch from sweat corrosion. The unique 
tri-phase interface design ensures a sufficient supply of O2 and 
increases the stability of biosensors. The wearable sensing patch 
has been tested on human subjects for in vitro perspiration mon-
itoring and showed that glucose and lactate could be measured 
simultaneously with high sensitivity and acceptable repeatability.

2. Results and Discussion

2.1. System Design of the Wearable Multifunctional  
Biosensing Patch

The multifunctional biosensing system must be compact and 
wearable, stable in its function, and highly durable. For una-
voidable inactivation of enzymes and mechanical friction, a 
replaceable sensor component could be an effective strategy to 
prolong the service life of the wearable sensor. These require-
ments motivate a flexible modular biosensing patch that can 
be worn on the wrist with replaceable sensors. The patch-
type wearable device that Figure 1 schematically depicts has a 
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Figure 1. Schematic diagram of the sensor system.
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 skin-conforming and stretchable design, which enables con-
formal contact with the skin for efficient sweat collection and 
high performance under physical deformation. All active sen-
sors (glucose, lactate, and pH) along with the counter elec-
trode and reference electrode are placed in independent and 
replaceable modules (Figure 2b). Therefore, if an electrode is 
used, expired or damaged, a replacement “insert” can simply be 
dropped into place in the sensor platform. Moreover, it will be 
easier to switch the production line from one analyte to the next 
in a manufacturing environment, as Figure S1 (Supporting 
Information) illustrates. After wearing the patch, sweat accu-
mulates in the sweat-uptake layer. The glucose, lactate, and pH 
sensors begin to conduct measurements to determine sweat 
glucose, lactate, and pH levels. The measured pH value is then 
used to adjust the glucose and lactate concentrations through 
the calibration plot at different pH values (Figure S12, Sup-
porting Information).

The integrated system (Figure 2a) consists of three mod-
ules: a sweat-uptake layer, a sensor layer (glucose, lactate, and 
pH sensors), and a cover layer. The sweat-uptake layer is com-
posed of serpentine tunnels and a porous fabric for sweat col-
lection (Figure S1, Supporting Information). Five sensor spaces 
and serpentine tunnels were etched onto the sensor layer for 
inserting active sensors (Figure S1, Supporting Information). 
The cover layer was produced from soft silicone rubber in 
which air holes were intentionally introduced to allow oxygen 
to easily diffuse from the air through the holes and toward 
the active sensor layer (Figure 2c). After assembling the cover 
layer with the sensor layer, liquid metal (made from the non-
toxic liquid-metal alloy Galinstan) was pumped into the serpen-
tine sealed tunnels (Figure S1, Supporting Information). This 
resulted in a multifunctional biosensor with high conductivity 
and mechanical stretchability for stable electrical signal transfer 
in the large-area wearable device configuration. All modules 
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Figure 2. Schematic drawings and corresponding images of the wearable biosensor patch. a) Schematic illustration of the sensor patch system, which 
is composed of a sweat-uptake layer, a sensor layer, and a cover layer. b) Front-side optical image of the sensor array (left and right), reference electrode 
(top), counter electrode (middle), and pH sensor (bottom). c) Back-side optical image of the sensor array. d) Optical images of the sensor wristband 
laminated on human skin.
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were prepared from the highly flexible and stretchable Ecoflex 
sheet, which ensures mechanical reliability and a semi-trans-
parent, skin-like appearance in the wearable device.

Moreover, soft material with a stretchable design provides 
extremely conformal contacts to the human skin under 
deformation without prompting any discomfort. The serpen-
tine liquid metal wire in sealed tunnels strongly enhanced 
the electrical conductivity (less than 0.3 Ω; see Figure S2, 
Supporting Information) in comparison to vapor phase depo-
sition graphene and screen-printing electrodes, and it mini-
mized mechanical fractures during a cyclic stretching test[40] 
(Figure S2, Supporting Information). The Ecoflex band can be 
assembled on the patch to yield a wristband device that offers 
adequate access to perspiration for electrochemical measure-
ments (Figure 2d). Figure 5a provides details of the system 
integration and operations, including portable and wireless 
units.

2.2. Material Strategy and Characterization  
of the Ti3C2Tx/PB Nanocomposite

The electrochemical detection platform is based on the use 
of Ti3C2Tx MXene. A Ti3C2Tx/PB composite was employed 
as an electrochemical indicator to monitor the detection and 
as a catalyst for the selective reduction of hydrogen peroxide 
(Figure S10, Supporting Information) at a typical working 
voltage of −0.1V (vs Ag/AgCl). Ti3C2Tx was synthesized with 
the minimal intensive layer delamination method, by manual 
shaking of the Ti3C2Tx powder suspension in water to achieve 
delamination. This method yielded a stable aqueous colloidal 
solution of Ti3C2Tx. The Supporting Information contains syn-
thesis details, while Figure 3b displays the morphologies of the 
Ti3C2Tx nanosheets. The Ti3C2Tx nanosheet is around 4 µm in 

size. Figure 3c presents the transmission electron micrographs 
of Ti3C2Tx/PB, the synthesis of which is described in the Sup-
porting Information. Shape-controlled and well-dispersed 
PB nanoparticles (≈30 nm) were dispersed on the Ti3C2Tx 
nanosheet surface (Figure 3d).

The size, dispersion, and concentration of the PB nanopar-
ticles vary according to experimental conditions, especially  
(a) the molar ratio of Ti3C2Tx and PB precursor (K3Fe (CN)6),  
(b) reaction temperature, and (c) reaction time. To obtain 
shape-controlled and well-dispersed Ti3C2Tx/PB nanocom-
posites, a series of experiments was designed to synthesize 
the expected nanohybrids. The Supporting Information elabo-
rates on the synthesis procedures. In addition, Raman, X-ray 
diffraction (XRD), and atomic force microscopy (AFM) meas-
urements were performed to characterize the morphology, 
crystal structure, and composition of the Ti3C2Tx nanosheets 
and Ti3C2Tx/PB composite. Figure S7 (Supporting Informa-
tion) conveys the XRD patterns of pure Ti3C2Tx nanosheets, 
PB nanoparticles, and Ti3C2Tx/PB composites. The black trace 
represents Ti3C2Tx nanosheets and exhibits a sharp, intense 
peak (002) at 2θ of 7.1°, which corresponds to d-spacing of 
1.24 nm. The disappearance of the diffraction signal in the 
out-of-plane direction suggests the full exfoliation of Ti3C2Tx 
without crystallographic stacking of Ti3C2Tx nanosheets. 
Meanwhile, the red trace symbolizes Ti3C2Tx/PB and illus-
trates diffraction peaks at 17.37, 24.88, 35.27, and 39.59, 
which can be respectively assigned to the (200), (220), (400), 
and (420) reflections of the PB nanoparticles (JCPDS card 
No. 73-0687). The (002) peak of Ti3C2Tx at 7.1° (2θ) broadens, 
exhibits lower intensity, and shifts to 6.5° in the case of 
Ti3C2Tx/PB nanohybrids, which validates the formation of 
the nanocomposite. Intense peaks correspond to the (200), 
(220), (400), and (420) planes of the PB, which confirm the 
successful hybridization. Figure S7 (Supporting Information) 
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Figure 3. a) Schematic illustration of the oxygen-rich enzyme electrode. b) Transmission electron microscopy images of Ti3C2Tx nanosheets.  
c,d) Transmission electron microscopy images of the Ti3C2Tx/PB composite. e) Scanning electron microscopy image of porous and ultrathin Ti3C2Tx/
PB and CNTs ternary film, with the inset (white box) displaying a zoomed-in scanning electron microscopy image of the holes in the film. f) Magnified 
image of the region marked by a red frame in (e), which depicts the porous and ultrathin Ti3C2Tx/PB and CNTs ternary film.
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contains Raman spectra of delaminated Ti3C2Tx nanosheets, 
PB nanoparticles, and Ti3C2Tx/PB nanocomposites. Finally, 
the blue trace signifies the Ti3C2Tx/PB composite. Typical sig-
natures of Ti3C2Tx are observed at 204, 376, and 578 cm−1, and 
signatures of PB at around 272, 2,092, and 2,155 cm−1, which 
further confirmed the successful synthesis of Ti3C2Tx/PB 
composites.[41–43] As indicated from the AFM measurements 
(Figure S8, Supporting Information), the Ti3C2Tx nanosheet 
has a uniform thickness of 1.8 nm, which includes trapped 
water molecules between the flake and the substrate.[19] The 
step height at the edge of the Ti3C2Tx/PB flake shown in 
Figure S8 (Supporting Information) is about 3.7 nm, which 
represents a two-layer Ti3C2Tx nanosheet. The peaks in the 
height profile of the nanocomposite correspond to the well-
dispersed PB nanoparticles on Ti3C2Tx nanosheet.

2.3. Oxygen-Rich Electrode Design with a Three-Phase Interface

CNTs are promising for the reinforcement of interlaminar 
composites due to their extraordinary mechanical and physical 
properties.[44] They are also effective for improving multifunc-
tional characteristics, including electrical and thermal conduc-
tivities of laminated composites.[45] Superhydrophobic carbon 
fiber membranes (CFMs) are commercially available and are 
as attractive as candidates as flexible electrodes, as they offer 
high electrical conductivity, chemical stability, and high perme-
ability. Moreover, CFMs display adequate superhydrophobic 
properties, which prevent water from wetting (see Figure S4, 
Supporting Information), which renders them suitable for the 
construction of a three-phase interface. Based on such attrac-
tive features, we added CNTs to our Ti3C2Tx/PB composite to 
enforce mechanical stability. The CNTs-intercalated Ti3C2Tx/PB 
ultrathin laminar film (≈200 nm; Figure S7, Supporting Infor-
mation) was then transferred onto CFMs to facilitate oxygen 
diffusion.

Figure 3a schematically depicts the oxygen-rich electrode 
with a solid–liquid–air three-phase interface. The oxygen-rich 
electrode in this work consisted of CNTs-intercalated Ti3C2Tx/
PB ultrathin porous laminar film and a conducting super-
hydrophobic carbon fiber bottom layer (CNTs/Ti3C2Tx/PB/
CFMs). The Experimental Section recounts the preparation 
process, which Figure 3e visualizes. A certain mass ratio (typi-
cally between 1:20 and 1:100) of CNTs and CaCO3 particles  
(≈15 µm; Figure S3, Supporting Information) was added to 
the as-prepared Ti3C2Tx/PB nanohybrids to form a dispersion. 
Then, the CNTs-intercalated Ti3C2Tx/PB ultrathin laminar film 
was assembled by vacuum filtration of a specific amount of 
the dispersion on a mixed cellulose ester (MCE) filter mem-
brane (Figure S3, Supporting Information). The CaCO3 parti-
cles were then dissolved through the use of 0.1 m HCl to obtain 
small pores of the film, which facilitate the penetration of O2 
(inset of Figure 3e; Figure S3, Supporting Information). Finally, 
the ultrathin film was transferred to superhydrophobic CFMs 
and dried at room temperature. After dropping the mixed oxi-
dase solution onto the prepared CNTs/Ti3C2Tx/PB/CFMs elec-
trode and drying, the enzyme electrodes were obtained.

Dropping the mixed oxidase solution onto the CNTs/Ti3C2Tx/
PB/CFMs electrode reveals misfit stress between the precipitate 

crystal and the ultrathin film. Such stress can cause the film 
to crack (Figure S4, Supporting Information). Thus, laser cut-
ting was employed to introduce the large pores (≈200 µm) on 
the surface of the ultrathin film and release the misfit stress 
(Figure S3, Supporting Information). During the electrode 
fabrication process, Ti3C2Tx/PB hybrid nanosheets were inter-
locked with each other, and CNTs were intertwined, thereby 
forming the nest-like structures in the restacked Ti3C2Tx/PB 
layers. This established corrugations and nanopores to achieve 
larger surface-active sites and a beneficial effect on enzyme 
immobilization (Figure 3f). This porous and ultrathin structure 
significantly improved sensitivity as well as the reliability of 
the composites under mechanical friction and deformation.

Combining this porous upper layer with the CFM bottom 
layer formed a superhydrophobic electrode with a solid–liquid–
air three-phase interface where oxygen is sufficient and con-
stant, as the previous research has reported.[46] The contact of 
such electrode to the analyte solution creates a solid–liquid–air 
tri-phase interface that allows oxygen to diffuse directly from 
the air phase at the bottom of the electrode to the respective 
enzyme. Given that the diffusion coefficient of oxygen in the air 
phase (2.0 × 10−1 cm2 s−1) is much higher than that in the liquid 
phase (2.1 × 10−5 cm2 s−1),[38] the oxygen level at the tri-phase 
reaction zone remains relatively constant and can be several 
orders of magnitude higher. An oxygen-rich enzyme electrode 
ensures fast analyte delivery and the formation of an abundant 
quantity of H2O2, which in turn strengthens the signal and per-
mits a more precise assay.

The electrochemical properties of the as-prepared CNTs/
Ti3C2Tx/PB/CFMs sensor were measured, and Figure S9 (Sup-
porting Information) depicts the cyclic voltammetry that was 
recorded at different scan rates at the CNTs/Ti3C2Tx/PB/CFMs 
electrode in 0.1 m KCl solution. Evidently, the peak currents 
became proportional to the square root of the scan rate (Figure S9,  
Supporting Information), which indicates diffusion-controlled 
processes. Figure S9 (Supporting Information) provides the 
highly reproducible chronoamperometric response of the 
CNTs/Ti3C2Tx/PB/CFMs H2O2 electrode to H2O2 after incre-
mental additions of H2O2 without interruption. The calibration 
plot in Figure S9 (Supporting Information) illustrates that the 
linear detection range extends from as low as 200 × 10−9 m to 
4.8 × 10−3 m (R2 = 0.999), with a detection limit of 67 × 10−9 m at 
a signal-to-noise (S/N) ratio of 3.

To assess the analytical performance level of the H2O2 
sensor, control experiments were conducted to compare the 
H2O2 sensing performance of our sensor with typical gra-
phene/PB and CNTs/PB composites-based sensor (prepara-
tion details are provided in the Supporting Information). The 
sensitivity of MXene/PB-based H2O2 sensor (52.3 µA mm−1) is 
largely increased as compared to CNTs/PB (40.5 µA mm−1) and 
graphene/PB (29.7 µA mm−1) (Figure S13, Supporting Informa-
tion). Moreover, the characteristic features of the H2O2 sensor 
were compared to other PB-based H2O2 sensors (see Table S1, 
Supporting Information). Such comparison revealed that the 
sensor we introduce exhibited improved electrochemical per-
formance in terms of linearity, detection limit, and sensitivity 
when compared to previously reported models toward H2O2 
reduction. The high sensitivity (408.3 µA mm−1 cm−2) in turn 
yields in a low detection limit. The excellent conductivity and 
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activity of Ti3C2Tx as well as the porous structure with a tri-
phase interface all contribute to enhanced linearity, sensitivity, 
and accuracy.

2.4. Electrochemical Characterization of Individual Sensors

The oxygen-rich biosensors were prepared by immobilizing 
the respective oxidase on the porous and ultrathin CNTs/

Ti3C2Tx/PB/CFMs electrode. The prepared electrodes were then 
inserted into the sensor platform at the positions of the blue 
circular disks in Figure 1.

The glucose sensor consisted of a CNTs/Ti3C2Tx/PB/CFMs 
electrode that was modified with the enzyme glucose oxidase 
(Gox). It was calibrated by using artificial sweat with glucose 
in concentrations that ranged from 10 × 10−6 m to 1.5 × 10−3 m.  
The detection sensitivity was 35.3 µA mm−1 cm−2, as determined 
by chronoamperometry (Figure 4a). The inset in Figure 4a 
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Figure 4. a) Chronoamperometric response of the glucose sensor to increasing glucose concentrations from 0 to 1.5 × 10−3 m in phosphate-buffered 
saline (pH = 6), with the inset displaying a calibration curve of the glucose sensor based on sampling the current at 30 s. b) Typical chronoampero-
metric responses of the glucose sensor as a function of time with 60 iterations, with the inset figure displaying the chronoamperometric response at 
10th, 20th, 30th, and 40th tests; relative responses (%) were calculated by normalizing the current to the initial current obtained at 30 s following the 
potential step. c) Chronoamperometric response of the same batch of glucose sensors obtained at 30 s in phosphate-buffered saline with 300 × 10−6 m  
glucose to check the repeatability of sensors. d) Chronoamperometric response of the lactate sensor to increasing lactate concentrations from 0 to  
22 × 10−3 m in phosphate-buffered saline (pH = 6.0), with the inset displaying a calibration curve of the lactate sensor based on sampling the current 
at 30 s. e) Typical chronoamperometric responses of lactate sensor as a function of time with 60 iterations, with the inset figure displaying the chrono-
amperometric response at 10th, 20th, 30th, and 40th tests; relative responses (%) were calculated by normalizing the current to the initial current 
obtained at 30 s following the potential step. f) Chronoamperometric response of the same batch of lactate sensors obtained at 30 s in phosphate-
buffered saline with 12 × 10−3 m lactate to check the repeatability of sensors. g) Open circuit potential changes of the pH sensor and the performance 
of the pH sensor in standard buffered solutions whose pH changes were 7.08→6.01→6.48→4.76→5.74→5.12→4.11→7.55→8.17→7.08 (dotted line, 
COP at pH = 7.08). h) Calibration curve of the pH sensor. i) Measured pH levels of the same batch of pH sensors in phosphate-buffered solution at 
pH = 6.0 (dotted line, pH levels measured by commercial pH assay).
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contains the calibration plot. The detection limit of the glu-
cose sensor is 0.33 × 10−6 m at a S/N ratio of 3 (Figure S10,  
Supporting Information). The glucose concentrations in sweat 
reflect glucose levels of hypoglycemic, hyperglycemic, and 
healthy people.[47–49]

The lactate sensor is also based on the use of a CNTs/
Ti3C2Tx/PB/CFMs electrode that was modified with the 
enzyme lactate oxidase. It was calibrated through the use of 
artificial sweat with lactate in concentrations that ranged from 
0 × 10−3 m to 22 × 10−3 m (typical human lactate concentra-
tions in arm sweat)[51,53] with high electrochemical sensitivity 
(11.4 µA mm−1 cm−2), as determined by chronoamperom-
etry. The inset of Figure 4d presents the calibration plot. The 
detection limit of the lactate sensor is 0.67 × 10−6 m at a S/N 
ratio of 3 (Figure S10, Supporting Information). Figure 4b,e 
lists 60 successive measurements of 1 × 10−3 m glucose and  
15 × 10−3 m lactate, respectively, using the same biosensor. Rela-
tive standard deviations (RSDs) of 5% and 1.9% were observed 
for these measurements. It is worth noting that the net currents 
of the signals (insets of Figure 4b,e) are substantially higher 
compared to the previously reported wearable sensor patches. 
This would reduce any interference by electromagnetic fields or 
background noise as well as enhance the sensitivity.

To assess the analytical performance of the sensor patch, 
characteristic features of the sensor were compared to other 
wearable sensor arrays (see Table S2, Supporting Information). 
The sensor arrays that we introduce exhibit improved electro-
chemical performance in terms of detection limit and sensi-
tivity when compared to previously reported models toward 
 glucose and lactate detection in human sweat.

Four glucose/lactate electrodes were randomly selected from 
a batch of samples and tested under the same experimental con-
dition in three iterations. The RSDs of the glucose and lactate 
biosensor toward 300 × 10−6 m glucose and 12 × 10−3 m lactate 
were 4.8% and 4.7%, respectively, as Figure 4c,f demonstrates. 
The RSDs for electrode-to-electrode reproducibility of four elec-
trodes that were tested under the same conditions were 2.9% 
and 3.0%, respectively. These results indicate a high reproduc-
ibility of these sensors, which suggests that this sensing plat-
form can utilize them as replaceable inserts.

Selectivity tests were performed to examine the effects of other 
common interfering species that exist in human sweat. The 
performance of the glucose sensor was not compromised in the 
presence of ascorbic acid, uric acid, and lactic acid (Figure S11,  
Supporting Information) in concentration values that are typi-
cally found in sweat. Similarly, ascorbic acid, uric acid, and 
glucose did not interfere with the lactate sensor (Figure S11, 
Supporting Information). The glucose (with 200 × 10−6 m glu-
cose) and lactate sensors (with 6 × 10−3 m lactate) functioned 
for several days without additional calibration under ambient 
conditions (Figure S12, Supporting Information).

The actual pH value strongly affects the performance of 
enzyme-based sensors (Figure S12, Supporting Information). 
Thus, simultaneous monitoring of pH values can enhance the 
accuracy of such sensors. The pH sensor is based on an ion-
selective electrode (ISE) that consists of polyaniline (PANI) 
coated working electrode (Figure S4, Supporting Information) 
and an Ag/AgCl reference electrode. It relies on the depro-
tonation of PANI and measures changes in the open circuit 

potential between an ISE and a reference electrode.[51] The pH 
sensor was tested on standard buffer solutions of varying pH 
and displayed acceptable reliability from repeated use at dif-
ferent pH levels (Figure 4g). The calibration plot of the pH 
sensor (Figure 4h) indicates a sensitivity of −70 mV pH−1 with 
good linearity (R2 = 0.998). Four pH electrodes were randomly 
selected and tested under the same experimental condition 
in three iterations. The RSD of the pH sensor toward the 
buffer solution (pH = 6) was 0.8% for three successive meas-
urements, while the RSD for electrode-to-electrode reproduc-
ibility of four electrodes was 2.0% when measured under the 
same conditions (Figure 4i). Simultaneous pH sensing can 
correct this pH-dependent deviation of the enzyme-based 
sensors.

The influences of oxygen diffusion on the detection accu-
racy of biosensors were also investigated. Before the assay of 
a 1 × 10−3 m glucose solution, oxygen in the analyte solution 
was purged by bubbling with argon for 30 min. Figure S11 
(Supporting Information) reports that the current output 
of the sensor with an open-air hole was high and remained 
stable. However, if the air hole was sealed, the current output 
was low and fluctuated for nearly 20 min. From the calibra-
tion plot of current versus lactate concentration that Figure S11 
(Supporting Information) contains, an increased linear detec-
tion range (up to 22 × 10−3 m) as well as higher sensitivity was 
achieved when the air hole was open.

Biosensors with a sealed air hole have only a solid–liquid 
two-phase interface, whereby oxygen is supplied through the 
liquid phase with a low diffusion coefficient and fluctuant con-
centration. Hence, the supply of oxygen that is required in the 
enzymatic reaction zone is limited in accordance with Fick’s 
law, which restricts the upper detection limit, linearity, sensi-
tivity, and accuracy. In contrast, biosensors with an open-air 
hole possess a tri-phase reaction interface to achieve an ade-
quate and constant oxygen supply and, consequently, a signifi-
cantly higher detection sensitivity.

2.5. In Vitro Perspiration Monitoring on a Human Subject

The promise of the wearable multifunctional biosensor patch 
was demonstrated by monitoring sweat during 10–30 min 
of intense cycling activity (Figure 5b). The wristband sweat 
sensor was connected to a portable electrochemical analyzer 
with an internally integrated power supply, which supplied 
power to the patch (Figure 5a). Real-time analysis was then 
wirelessly transmitted to a remote mobile device, such as a 
smartphone or a tablet computer, and finally displayed in a 
custom-developed cellphone application (Figure 1). It takes 
an average of 2 min for the sweat-uptake layer of the patch 
to collect sweat for measurements. When the sweat-uptake 
layer absorbs enough sweat, the glucose, lactate, and pH sen-
sors measure their respective concentrations. The pH sensing 
improves the detection accuracy, and the patch can be used 
multiple times by replacing the sensor “inserts” and sweat col-
lection film in the sweat-uptake layer (Figure S1, Supporting 
Information).

Over time, the heightened resistance to cycling caused 
the subject to exert an increasing level of effort in order to 
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maintain a constant cycling speed and resulted in the genera-
tion of sweat (Figure 5c). The measurements began when the 
sweat covered the working electrodes, the reference electrode, 
and the counter electrode. As the cycling resistance increased 
(20 min), the concentration of lactate in the sweat increased 
as well (Figure 5f,i), which suggests a correlation between 
physical exercise and after a physiological delay, lactate gen-
eration. The final stage of the cycling involved a 3 min cool-
down period, at which point the lactate concentration that the 
biosensor measured diminished. This decrease was due to the 
sweat dilution factor phenomenon and the decreased cycling 
intensity.

The sweat pH levels also varied during physical movements 
(Figure 5e,h), which was mainly caused by the excretion of 
lactic acid. Both lactate and pH biosensor patch data for the 

subject resemble the expected sweat-lactate/pH profile for 
increasing workout intensity.[50] The sweat glucose values cor-
rected for effects of pH before and after the consumption of 
two bananas agree well with reported blood and sweat glucose 
levels[53] (Figure 5d,g). Three glucose/lactate/pH working elec-
trodes were inserted into the patch and exhibited acceptable 
repeatability.

The findings of these in vitro perspiration monitoring 
studies illustrate that our wearable multifunctional biosensor 
can simultaneously monitor sweat glucose, lactate, and pH. It 
also shows the MXenes-based biosensor maximizes enzyme 
activity. The data also demonstrate that three-phase interface 
design facilitates the supply of oxygen to the enzyme electrode, 
which allows for a larger linear detection range and ultrahigh 
sensitivity toward the biomarkers.

Small 2019, 1901190

Figure 5. Real-time on-body evaluation of the sensor patch indicating the pH levels, lactate, and glucose concentrations. a) The wearable sweat-
monitoring patch is connected to a portable electrochemical analyzer that supplies power and controls the patch and can wirelessly communicate with 
commercial mobile phones via Bluetooth. b) The wearable sweat-monitoring patch is connected to a portable electrochemical analyzer on the skin.  
c) Cycling resistance profile for on-body tests. d) Measured chronoamperometric responses of glucose sensors and pH changes before and after meals 
with three different glucose sensors. e) Measured pH level of pH sensor at different times during the exercise. f) Measured chronoamperometric 
responses of lactate sensor at different times during the exercise. g) Comparison of glucose and pH levels before and after meals with three different 
glucose and pH sensors. h) Comparison of pH levels at different times during the exercise with three different pH sensors. i) Comparison of lactate 
levels at different times during the exercise with three different lactate sensors.
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3. Conclusion

A wearable multifunctional sweat-based biosensor patch was 
developed incorporating Ti3C2Tx/PB composite for durable and 
sensitive detection of biomarkers in sweat. With unique 2D 
morphology and metallic conductivity of Ti3C2Tx, the Ti3C2Tx/
PB composite shows distinctly improved electrochemical 
activity and stability for measuring hydrogen peroxide. The 
system integrates a skin-conforming stretchable biosensor with 
three replaceable sensor units into a single, on-body wearable 
platform. The access of oxygen to the enzymatically active layer 
is unlimited, which ensures maximized activity of the enzymes 
and results in a larger linear detection range, ultrahigh sen-
sitivity, and accuracy toward the parameters of glucose and 
lactate. A pH sensor was also incorporated to account for vari-
ations in local pH values. The system outperformed previously 
reported graphene/PB and CNTs/PB-based biosensors, espe-
cially for in situ detection on human subjects. We believe that 
this work represents an essential step toward the realization of 
ultrasensitive enzymatic wearable biosensors for early disease 
identification and personalized health care.

4. Experimental Section
Fabrication Process of the Device Substrate: The wearable device 

fabrication began with CO2 laser etching (10.6 µm) of the Ecoflex 
substrate (Ecoflex 00-30, silicone rubbers, Smooth-On, Inc. Homemade 
1.0 mm film). The depth of the serpentine tunnels was about 0.3 mm 
on the sweat-uptake layer and 0.5 mm on the sensor layer, and the 
width of the tunnels on both layers was 0.8 mm. Two air holes with a 
diameter of 3 mm were fabricated via laser etching on the cover layer. 
After 10 min of ultraviolet treatment, the cover layer, sensor layer, and 
sweat-uptake layer were combined and exposed to 80 °C for 2 h and  
100 °C for 1 h. Tiny copper foils with designed structures (0.1 mm, 
cut out by Yb fiber laser, 1.06 µm) were planted into the combined 
layers and worked as the wire connector. Liquid metal alloy (Changsha 
Santech Materials Co., Ltd, China) was then injected into microfluidic 
channels, which were located in the sensor layer, to form a stable 
microwire of liquid metal.

Preparation of Oxygen-Rich CNTs/Ti3C2Tx/PB/CFMs Electrode: The 
CNTs dispersion (CNTs, purity: >95%, XF Nano, Inc, China) was first 
prepared by mixing 50 mg of CNTs powder, 0.5 g of sodium dodecyl 
benzene sulfonate, and 500 mL of deionized water before sonicating the 
mixture for 24 h under a power of 2 kW. The as-prepared CNTs dispersion 
was centrifuged for 15 min at 12 000 rpm, and the supernatant solution 
(0.07 mg mL−1) was collected for the following experiments. The 
CNTs/Ti3C2Tx/PB/CaCO3 film was prepared via a wet process by which  
120 µL of Ti3C2Tx/PB nanocomposite (1 mg mL−1), 1 mL of homemade 
CaCO3 particles suspension (3mg mL−1), 2 mL of CNTs dispersion 
(0.07 mg mL−1), and 200 mL of distilled water were mixed and filtered 
onto an MCE filter membrane (0.2 µm pore size and 4 cm diameter). 
The CNTs/Ti3C2Tx/PB/CaCO3 film was cut into small circles with 6 mm 
diameters and 250 µm microholes on the surface by the CO2 layer, 
and CaCO3 particles were removed via acid etching (hydrochloric acid, 
0.1 m) for 10 min to create the CNTs/Ti3C2Tx/PB porous film. This film 
was then released from the MCE filter membrane and transferred onto 
superhydrophobic carbon fiber paper (TGP-H-030, Fuel Cell Earth) to 
obtain the oxygen-rich CNTs/Ti3C2Tx/PB/CFMs electrode.

Preparation of Oxygen-Rich Glucose and Lactate Sensor: 2 mg mL−1 
of chitosan (medium molecular weight, Sigma-Aldrich) solution was 
prepared by dissolving the chitosan in 2 wt% acetic acid (99%, Sigma-
Aldrich). The chitosan solution was mixed with 25 mg mL−1 of Gox 
(2.07 U mg−1; Sigma-Aldrich) in phosphate-buffered saline (pH = 7), 

bovine serum albumin (BSA) (10 mg mL−1 aqueous solution, Sigma-
Aldrich), and diluted 1.0 wt% aqueous glutaraldehyde (Grade I, 25% 
in DI water, Sigma-Aldrich) with a volume ratio of 2:4:1:1. Then, 10 µL  
of the mixture was drop-casted onto the CNTs/Ti3C2Tx/PB/CFMs 
electrode followed by drying the electrodes under ambient conditions. 
The as-prepared sensors were stored in the refrigerator at 4 °C. For 
the lactate sensor, the 2 mg mL−1 chitosan solution was mixed with 
30 mg mL−1 of lactate oxidase (80 U mg−1; Creative Enzymes, USA) in 
phosphate-buffered saline (pH = 7), BSA (10 mg mL−1), and diluted 
1.0 wt% aqueous glutaraldehyde (Grade I, 25% in DI water, Sigma-
Aldrich) with a volume ratio of 2:4:1:1. Subsequently, 20 µL of the 
mixture was drop-casted onto the CNTs/Ti3C2Tx/PB/CFMs electrode, 
which was dried under ambient conditions. The thickness of the enzyme 
layer was around 100 and 300 nm for the glucose and lactate sensor, 
respectively. The as-prepared sensors were stored in the refrigerator at  
4 °C when they were not in use.

Preparation of pH Sensor: Carbon nanotube film was prepared via 
a wet process whereby 2 mL of CNTs dispersion (0.07 mg mL−1) and 
200 mL of distilled water were mixed and filtered onto an MCE filter 
membrane (0.2 µm pore size and 4 cm diameter). Then, the CNTs film 
was cut into small circles with 3 mm diameters by the CO2 layer. This 
circular film was subsequently released from the MCE filter membrane 
and transferred onto superhydrophobic carbon fiber paper (TGP-H-030, 
Fuel Cell Earth). An aqueous solution of 0.1 m aniline (99.5%, Sigma-
Aldrich) in 1 m of HCl was prepared. The CNTs/CFMs electrode was 
dipped into the solution, and the potential was swept from −0.2 to 1 V 
versus a commercial Ag/AgCl electrode for 40 segments at a scan rate 
of 0.1 V s−1.

Preparation of Reference and Counter Electrodes: Ag/AgCl ink (product 
#011464, ALS Co., Ltd, Japan) was painted onto the superhydrophobic 
carbon fiber paper (diameter: 3 mm, TGP-H-030, Fuel Cell Earth) and 
oven-dried at 120 °C for ≈15 min. A platinum thin film (≈50 nm) was 
deposited onto the superhydrophobic carbon fiber paper (diameter:  
3 mm) by sputtering for the counter electrode.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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