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A B S T R A C T   

In the wearable electrochemical biosensors, sensing signal duration is significantly dependent on the long-term 
stability of functional materials modified on the flexible substrate, the effect of pH changes of sweat on the 
sensing device and signal fluctuation caused by the bending of sensor. Here, we proposed a wearable biosensor 
based on the lactate-sensing membrane mainly constituted by Prussian blue (PB), reduced graphene oxide (rGO), 
Au nanoparticles and lactate oxidase (LOx). Based on the in-situ layer-by-layer spin-coating preparation method, 
the electrode surface was covered with an extensive and uniform PB/GO membrane with a high stability. After 
the electro-reduction of GO to rGO and the combination of urchin-like Au particles with sufficient tentacles to 
LOx, the sensing membrane showed the improved electron transport from the enzyme active center to the 
electrode. Therefore, the wearable biosensor achieved a high sensitivity of 40.6 μA mM− 1 cm− 2 in a range of 
1–222 μM and a low sensitivity of 1.9 μA mM− 1 cm− 2 in a wide range of 0.222–25 mM, satisfying the 
requirement of the typical test. In addition, with the excellent running and mechanical stability, the lactate 
biosensor was successfully applied on volunteers’ skin for real-time monitoring of perspiration in vivo. The results 
were comparable with ex vivo measurements achieved by a commercial lactate sensor. The wearable electro-
chemical biosensor provides a good candidate in the future for the evaluation of human sweat in sports and 
biomedical fields.   

1. Introduction 

Point-of-care diagnosis has received increasing interests for patients 
and medical staffs due to its portability, easy-to-use and ability for 
instant and accurate diagnosis (Melanson, 2011; Nayak et al., 2017). 
Importantly, it can meet the diagnostic demand at any time without 
space restriction and provide a capability of real-time monitoring 
(Gubala et al., 2012; Sharma et al., 2015). These features have 
contributed to strengthen the health protection of patient as well as 
relieve the strained medical resources. Wearable electrochemical 
biosensor as one of point-of-care diagnoses is becoming a research 
hotspot, especially for the noninvasive testing of sweat, tears, interstitial 
fluid, or saliva in vivo (Gao et al., 2016; Imani et al., 2016; Munteanu 
et al., 2020). Considering the abundant chemical and biological markers 
(such as glucose, lactate, uric acid, K+ and Na+) in sweat, researchers 

have devoted numerous efforts in the development of wearable elec-
trochemical biosensors for sweat analysis (Bariya et al., 2018; Kim et al., 
2019; Nyein et al., 2019; Zhai et al., 2020). Lactate served as a metab-
olite reflecting physiological activity is abundant in sweat, which is at 
the concentration range of 5–20 mM (Bariya et al., 2018). However, 
lactate level may rise sharply through highly-intensive exercise 
(Sakharov et al., 2010; Derbyshire et al., 2012). High concentration of 
lactate in body can easily cause lactic acidosis, muscle soreness and 
organ dysfunction, such as chest tightness, shortness of breath and 
palpitations. Thus, the monitoring of lactate level in sweat is critical for 
health protection, especially for high-intensity exercise. At present, 
some of the following issues still need to be solved for sweat analysis on 
wearable electrochemical biosensors. For example, 1) The peeling of 
sensing materials from working electrode (Lin et al., 2019); 2) The 
corrosion of acidic sweat to the sensing electrode (Lei et al., 2019; Liu 
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et al., 2016); 3) The electrical signal fluctuation caused by the bending 
of substrate (Zhang et al., 2020); 4) The long-term stability and real-time 
monitoring of sweat chemicals. Therefore, preparing a stable sensing 
membrane via the improvement of electrode modification to continually 
produce electric signals in acidic medium is crucial. 

In the electrochemical biosensor, in-situ growth of functional mate-
rials on the working area is considered as an option to produce stable 
sensing behaviors (Ju and Chen, 2015). However, the functional mate-
rials have always been synthesized prior to their modification because of 
complicated synthetic process. Few reports claim that reactants are 
directly modified on the electrode surface to further complete reaction. 
Currently, various functional materials including noble and transition 
metals, conductive polymers, metal-based or carbon-based composites, 
are developing to fabricate high-performance biosensors (Sehit and 
Altintas, 2020; Itthipon et al., 2020) and some recent reviews have also 
summarized the application of functional materials in wearable bio-
sensors (Yang and Gao, 2019; Shrivastava et al., 2020). For example, the 
combination of gold doped graphene with gold mesh greatly improved 
electrochemical activity and formed wearable paths for sweat-based 
diabetes monitoring (Lee et al., 2016). A silk fabric-derived carbon 
textile based on Pt nanoparticles after the immobilization of lactate 
oxidase and chitosan was fabricated for sweat analysis (He et al., 2019). 
Among these materials, Prussian blue (PB) is a classic electron transfer 
mediator with the role of hydrogen peroxide (H2O2) catalyst (Jiang 
et al., 2016; Li et al., 2016). Note that the PB particles possess about 
three times higher catalytic activity than Pt nanoparticles (Cheng et al., 
2020), thus are considered as one of the most effective catalyst (Itthipon 
et al., 2020). More importantly, the facile synthesis of PB particles 
through the instant chemical reaction between Fe3+ and (Fe(CN)6]4- (as 
shown in equation (1)) provides the feasibility for in-situ preparation on 
electrode surface. Furthermore, it usually decomposes in alkaline solu-
tion, but retains the framework in acidic medium (Cheng et al., 2020; 
Chu et al., 2017). These properties create an opportunity for the appli-
cation of PB particles in the wearable analysis of weak-acidic sweat, with 
pH value typically fluctuating between 4.2 and 5.6 (Schmid-Wendtner 
and Korting, 2006). However, the poor conductivity of PB particles 
hinders the electron transfer thus abates the electrochemical activities in 
sensing. To facilitate electron transfer in PB, rGO was introduced to 
provide the effective conducting channels (Jiang et al., 2018; Xuan et al., 
2018). Additionally, the presence of rGO further ensures a long-running 
operation of biosensor after combining with the metal-based (Fe3+, 
Co2+, Cu2+) catalyst, which can easily be adsorbed on graphene sheet 
through coordination complexation (Lee et al., 2013). Therefore, in-situ 
preparation of PB/rGO membrane through layer-by-layer spin-coating 
of the reactants on the electrode surface along with their instantaneous 
reaction (equation (1)) for the formation of a thin stable sensing mem-
brane is expected (Jiang and McFarland, 2004; Ono et al., 2015). As 
compared with other methods which directly used the ready-made PB 
particles to form a sensing layer by spin-coating, this method may 
endow the membrane with a larger capacity of PB particles, simulta-
neously remaining high stability.  

4Fe3+ + 3[Fe(CN)6]4- → Fe4[Fe(CN)6]3                                              (1) 

Generally, enzymes such as lactate oxidase (LOx) served as a bio-
logical recognition molecular are often used in the electrochemical 
biosensors (Pundir et al., 2016). However, the electrons produced from 
flavin adenine dinucleotide (FAD), which is located at the deep enzyme 
active center, are hard to transfer to the electrode surface due to the 
obstruction of protein (Jiang et al., 2019). Thus, metallic nanoparticles 
such as Au nanoparticles are applied as an accelerator for electron 
transfer between the sensing material and enzyme molecule (Jiang et al., 
2020; Shi et al., 2017). In addition, Au nanoparticles also possess 
excellent adsorption capacity for the immobilization of various biolog-
ical macromolecules through thiol-gold bound (Zanini et al., 2017). 
Therefore, urchin-like Au nanoparticles with numerous tentacles are 

adopted to bridge with the deep enzyme active center for the transport 
of electrons with the improved transfer process, due to the abundant 
contacting sites. 

Herein, a wearable biosensor was fabricated by in-situ preparation of 
PB sensing membrane incorporated with rGO and urchin-like Au 
nanoparticles on flexible screen-printing carbon electrodes (SPCE), and 
applied for epidermal sweat lactate detection in vivo. As shown in Fig. 1, 
the surface of flexible electrode was first treated with oxygen plasma for 
10 min to form a hydrophilic layer with hydroxyl groups for the 
improvement of material bonding strength. Then two reactants solution 
(K4Fe(CN)6/GO and FeCl3) were spin-coated successively on the work-
ing area for the formation of a thin stable sensing membrane of PB/GO 
based on the reaction equation (1). After electroreduction of GO to rGO, 
the conductivity of sensing membrane was enhanced. Furthermore, 
urchin-like Au nanoparticles with many tentacles were regulated to 
complex with LOx, bridging the enzyme active center with sensing 
membrane and outputting electrons. With the incorporation of stable 
sensing membrane and urchin-like Au with numerous tentacles, the 
wearable electrochemical lactate biosensor possessed a competitive 
electrochemical behavior in the on-body sweat detection. 

2. Experiment section 

2.1. Reagents and apparatus 

Potassium ferricyanide (K4Fe(CN)6•3H2O), ferric chloride (FeCl3), 
and LOx (EC 1.13.12.4, 20 units per mg, from Pediococcus sp.) were 
purchased from Sigma-Aldrich company. Gold (III) chloride trihydrate 
(HAuCl4•3H2O), lactate, ascorbic acid (AA), uric acid (UA), urea, po-
tassium chloride (KCl), potassium dihydrogen phosphate (KH2PO4), 
dipotassium hydrogen phosphate (K2HPO4), sodium chloride (NaCl) and 
chitosan were bought from Shanghai Macklin Biochemical Co., Ltd. 
Silver nitrate (AgNO3) was received from Shanghai Qiangshun Chemical 
Reagent Co., Ltd. Hydrochloric acid (HCl) were achieved from Shanghai 
Lingfeng Chemical Reagent Co. Ltd. (China). Screen printing carbon 
electrodes (SPCE) with 0.785 cm2 of working electrode were obtained 
from Shenzhen Shengtianfeng Technology Co. Ltd. The working elec-
trode and counter electrode were printed with conducting carbon ink, 
while the reference electrode was printed with silver/silver chloride ink. 
Commercial artificial sweat (pH = 6.5) was provided by Shenzhen 
Jiangcheng Instrument Co. Ltd, mainly containing 10 mM lactate, 85 
mM NaCl, and 16 mM urea. 0.1 M phosphate buffer saline (PBS) with pH 
of 6.5 was prepared by KCl, KH2PO4 and K2HPO4. 

Field emission scanning electron microscope (FESEM, Hitachi, 
SU8010) and Field emission transmission electron microscopy (FETEM, 
F200S) were used to investigate the morphology of PB sensing layer and 
Au nanoparticles. Fourier-transform infrared (FTIR, Tensor II, USA, 
wavelength range: 400-4000 cm− 1) and Raman spectrometer 
(Renishaw, InVia Qontor, England, laser wavelength: 633 nm, laser 
power 1%) was applied to character the functional group of PB. Contact 
angle instrument (Biolin, Theta, Sweden) was used to study the hydro-
philicity of working electrode surface. Lactate Scout 4 was bought from 
EKF diagnostics company to detect lactate in sweat. 

2.2. The fabrication of PB/rGO sensing layer 

The SPCE was treated at O2 plasma for 10 min before spin coating. 
0.1 mg/mL GO containing 5 mM K4Fe(CN)6 was labeled as solution A 
and 5 mM FeCl3 solution was labeled as solution B. The spin-coating was 
performed under 200 rpm/min in the first 10 s and 2000 rpm/min in the 
last 50 s, for solution A and B, respectively. Each sensing layer was 
obtained with successive spin-coating of 20 μL solution A and 20 μL 
solution B, based on the above reaction equation (1). A mask was used to 
cover the SPCE except the working electrode to avoid any pollution from 
PB/GO during spin-coating. After repeating coating for the formation of 
multilayers (5, 10, 20 and 30 layers), GO was finally electro-reduced 
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under − 0.9 V for 10 min in 0.1 M PBS (pH = 6.5). Note that a mass 
production might be feasible upon incorporation with a glue dispensing 
machine for electrode modification, and parallel connection of multiple 
electrodes under DC power for electro-reduction of GO (Shang et al., 
2015). 

2.3. The synthesis of urchin-like Au 

The urchin-like Au nanoparticles were synthesized according to our 
previous work (Tran et al., 2017). Briefly, 180 μL of 10 mM HAuCl4, 20 
μL of 10 mM AgNO3 and 30 μL of 1.0 M HCl were successively added into 
30 mL deionized water. After stirring, 1.5 mL of 10 mg/mL AA was 
added and kept stirring for 10 min. Then, 14 mL of 1.0 wt% chitosan in 
10 v/v% acetic acid solution was added into the above solution with 
sonication for 10 min. Finally, the solution was placed in a dark room 
overnight. Deionized water was utilized to remove the excessive impu-
rities through centrifugation at 5000 rpm/min. 

2.4. The construction of electrochemical lactate biosensor 

In the construction of lactate biosensor, 10 μL of urchin-like Au so-
lution nanoparticles were mixed with 10 μL LOx (10 U/100 μL). After 8 h 
storage in refrigerator, the 20 μL hybrid solution was dropped on the PB/ 
rGO layer surface and dried under 4 ◦C. Finally, 10 μL of 0.4% chitosan 
solution was immobilized on working electrode surface to enhance 
stability of enzyme layer and anti-fouling ability. The lactate biosensor 
chip was stored under 4 ◦C in refrigerator before use. 

2.5. Electrochemical measurement 

Electrochemical tests were all performed on electrochemical work-
station (CHI 660E) from Shanghai Chenhua Instrument Co. Ltd. Cyclic 
voltammetry (CV) and chronoamperometry measurements were con-
ducted in 0.1 M PBS (pH = 6.5). The working potential of 

chronoamperometry was set as − 0.05 V according to the reduction 
potential. Electrochemical impedance spectroscopy (EIS) was performed 
in 5 mM (Fe(CN)6]4-/3- (1:1) solution containing 0.1 M KCl. Working 
frequency range was set from 0.1 Hz to 1000 kHz with the initial running 
voltage of 0 V and amplitude of 5 mV. 

3. Results and discussions 

3.1. The fabrication and characterization of the PB/rGO sensing 
membrane 

A uniform sensing layer with large specific surface area was typically 
required to construct a sensitively stable biosensor. In this biosensor, 
PB/rGO membrane on the electrode surface was in-situ prepared after 
the pretreatment of SPCE electrode with O2 plasma for the formation of 
hydrophilic surface with sufficient hydrogen bonds. The contact angle of 
the flexible substrate was decreased from 54.8◦ to 4◦ after the O2 plasma 
treatment as shown in Fig. S1. The hydrogen bonds were generated on 
the substrate under O2 plasma for the strong binding with the graphene 
sheets. Noted that the flexible SPCE electrode showed high surface 
roughness with Sa value (mean roughness) of 158.2 nm, which was 
about 30 folds higher than the typical ITO electrode (Sa = 5.143 nm) 
(Fig. 2A and Fig. S2). The rough surface offered more surface areas for 
the deposition of sufficient PB nanoparticles thus achieved high elec-
trochemical response (Hu et al., 2016; Lee et al., 2016). Compared with 
the particle morphology of SPCE surface (Fig. 2B), the PB/GO mem-
brane modified electrode showed the GO layer covered with PB particles 
(Fig. 2C). The FTIR, Raman and XRD were employed to characterize the 
20 layers of PB/GO composite membrane. Noted that the Raman and 
XRD characterization were conducted on the PB/GO membrane coated 
ITO substrate with the same preparation process to avoid the signal 
interference from carbon element on SPCE electrode. In Fig. 2D, the 
FTIR peak at 2080 cm− 1 was ascribed to the stretching adsorption of 
–CN– in PB (Indra et al., 2018), which is corresponding to the stretching 

Fig. 1. Schematic illustration of the as-prepared wearable electrochemical lactate biosensor.  
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vibration peak (Fig. 2E) at 2130 cm− 1 in Raman spectra (Salazar et al., 
2016). Besides, the other peaks in Fig. 2E were respectively due to the 
Fe–C stretching vibrations of PB (537 cm− 1, 605 cm− 1). The typical peak 
at 1340 cm− 1 (D band of GO) was originated from the defects and dis-
order in sp3-hybridized carbon bonds. And the peak at 1580 cm− 1 (G 
band of GO) was due to the first-order scattering of sp2-hybridized 
carbon atoms (Akhavan, 2015). Compared with the G band of single 
graphene sheet (1585 cm− 1) (Akhavan, 2015), the G band of the com-
posites shifted into the low wavenumbers due to the multiple coating of 
GO. The XRD peaks in Fig. 2F located at 17.1◦, 24.1◦ and 40.0◦ were 
respectively corresponding to crystal faces of PB (200, 220, 420, JCPDS 
No. 73–0687) (Wu et al., 2006). The peaks of characteristic groups were 
all appeared in composite membrane of PB/GO, indicating the suc-
cessful synthesis of the sensing membrane using in-situ spin-coating 
preparation method. 

As mentioned in the introduction, the PB nanoparticles offer strong 
catalytic activity to H2O2, however thick layer of PB nanoparticles may 
hinder the electron transfer due to the weak conductivity. Therefore, the 
optimization of the membrane thickness was investigated to possess a 

high sensitivity to H2O2. The sensing film with different thicknesses 
were fabricated by precisely controlling the number of spin-coating 
layers. In Fig. 2G, the catalytic activities of the PB/GO composite 
membrane with the layer numbers of 5, 10, 20, 30 were investigated by 
CVs in 0.1 M PBS (pH = 6.5). Note that the potential range of CVs 
measurements (− 0.3 V ~ 0.6 V) was applied to have a closed loop of CV 
curves at low number layer of PB/GO. The current intensities of redox 
peaks and peak separation ΔE were continuously increased with the 
increased number of layers. However, the maximal current intensity 
showed negligible changes when the film reached to more than 20 layers 
(Fig. 2G). It was mainly because the surface coverages of PB reached 
saturation at around 20 layers. The surface coverage (τ) of the deposited 
PB could be evaluated according to the following equation (2) (Liu et al., 
2014).  

τ = Q/nFA                                                                                     (2) 

where Q is the total charge of a single peak, n is the electron transfer 
number in the redox process, F is the Faraday constant and A is the 

Fig. 2. The AFM (A) and SEM (B) images of SPCE substrate. The SEM image (C) of the PB/GO modified electrodes and inset in C is the magnification. (D) The FTIR 
spectra of the bare SPCE electrode, PB and PB/GO modified SPCE electrodes. (E) The Raman spectra of the bare ITO electrode, PB, GO and PB/GO modified ITO 
electrodes. (F) The XRD spectra of the bare ITO electrode, PB and PB/GO modified ITO electrodes. The CVs (G) and EIS (H) of the SPCE electrode modified with 
different number (5, 10, 20 and 30) of PB/GO layers. Inset in G is the relationship between the surface coverage of PB on the electrode surface and the number of PB/ 
GO layers. Inset in H is the equivalent circuit used to plot the resistances of the electrodes. (I) The relationship of the membrane thickness and the sensitivity to H2O2 
with the number of PB/GO layers. Error bars represent the stand deviations of measurements from three different electrodes. 
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electrode surface. The surface coverages at different number of layers 
(5–30) were respectively calculated as 3.0, 8.7 and 19.2 and 20.6 nM 
cm− 2 (the inset in Fig. 2G). The EIS characterizations of the four elec-
trodes were performed in 5 mM (Fe(CN)6]4-/3- (1:1) solution containing 
0.1 M KCl to demonstrate the changes of the charge transfer resistance 
(Rct) on the electrode, based on the classic Randle circuit (the inset in 
Fig. 2H). In Fig. 2H, the Rct of four electrodes with different number (5, 
10, 20 and 30) of PB/GO layers were estimated as 9, 23, 35 and 64 Ω, 
respectively. The increasing Rct with layer thickness was in accordance 
with the ΔE changes as indicated in CVs measurement in Fig. 2G. Before 
the chronoamperometry measurement, the working potential of PB/GO 
membrane was determined according to the change of CVs in absence 
and presence of 0.1 mM H2O2. Obviously, the current intensity of 
reduction peak at − 0.05 V was increased accompanying with the 
decreased oxidation peak after the addition of H2O2 (as shown in 
Fig. S3a). In addition, the chronoamperometry measurements carried 
out under different working potentials (Fig. S3b) also showed the 
highest response with the working potential at − 0.05 V. Therefore, we 
selected the reduction potential of − 0.05 V as the working potential. The 
H2O2 catalytic activities of the above four electrodes were determined 
by the continuous addition of 10 μM H2O2 during the chro-
noamperometry measurement (Fig. S4). The current intensity main-
tained a staircase increase upon increasing the concentration of H2O2 
with the catalytic sensitivity reaching the maximum of 583.0 μA mM− 1 

cm− 2 at the layer number of 20 and film thickness of 149 nm (Fig. 2I). 
The degradation in catalytic activity for the increased number of layers 
to 30 was due to the excessive deposition of poor conductive PB parti-
cles. In addition, the increased amount of oxygen groups in GO was also 

an important factor for performance degradation. In order to eliminate 
the effects, GO was electro-reduced under − 0.9 V in 0.1 M PBS (pH =
6.5). Apparently, the Rct decreased from 35 Ω to 26 Ω with the reduction 
of GO to rGO as observed in Fig. S5A. Moreover, the sensitivity to H2O2 
catalysis was improved from 583.0 μA mM− 1 cm− 2 (GO) to 677.2 μA 
mM− 1 cm− 2 (rGO) (Fig. S5B). The higher response for rGO was ascribed 
to the improved electron transfer rate (Liang et al., 2019), eliminating 
the oxygen-containing functional groups. 

3.2. The stability of the as-prepared PB/rGO sensing membrane 

Generally, the pH of sweat fluctuated between 4.2 and 5.6 and the 
variation of pH may affect the catalytic activity of biosensor. In addition, 
the weak-acidic sweat had a certain corrosive effect on the framework of 
sensing materials, causing a sharp drop in performance. Therefore, the 
pH stability of PB/rGO membrane was required to obtain the stable 
electrical response during the epidermal perspiration detection. 
Different electrolytes (pH = 4, 5, 6 and 7) were used to investigate the 
effect of pH to the H2O2 catalysis of PB/rGO membrane. As observed in 
Fig. 3A, the sensitivities of PB/rGO membrane-based electrodes were 
calculated as 691.4, 678.4, 670.5 and 677.2 μA mM− 1 cm− 2 at pH of 4, 5, 
6 and 7, respectively. The small variation on the sensitivities indicated 
that the PB/rGO membrane possessed an excellent stability to pH vari-
ations of sweat. It was mainly because that the framework of PB could 
still maintain the integrity in the weak acidic sweat (Ricci et al., 2003). 
Besides, the mechanical stability of the flexible biosensor modified by 
PB/rGO membrane was investigated by comparing the change of current 
intensity with the repeated bending of biosensor (Fig. 3B). These curves 

Fig. 3. (A) The sensitivities of PB/rGO membrane-based SPCE measured in buffer at different pH of 4, 5, 6 and 7, with the error bars representing the standard 
deviations of three independent measurements. (B) I-T curves of the PB/rGO membrane-based electrodes measured at different bending cycles (20, 40, 60, 80, 100, 
120, 140, 160, 180, 200). Inset: local magnification and the relationship between the relative current response and bending times. (C) CVs of PB/rGO membrane- 
based electrode measured in 0.1 M PBS (pH = 6.5) with the scan rate of 50 mV s− 1. (D) The current intensities of redox peaks versus the cycling numbers for different 
electrodes, including PB/rGO (in-situ), PB (in-situ) and PB (ex-situ). 
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reached a steady state at about 10 s, illustrating the fast electron transfer 
in PB/rGO membrane. After the repeating bending (200 times), the 
current intensity remained constant with a slight change from 99.2% 
(the 20th) to 93.3% (the 200th) as shown in the inset of Fig. 3B. The 
results illustrated the good mechanical stability of PB/rGO membrane 
fabricated by in-situ spin-coating method. Noted that the deformation 
caused by the bend was usually greater than that of body movement. The 
running stability of PB/rGO membrane was also verified by comparing 
the change of redox peak intensity during the 100 times of CV scans 
(Fig. 3D). The CVs of PB/rGO (in-situ), PB (in-situ) and PB (ex-situ) 
membranes at different cycling numbers were respectively recorded in 
Fig. 3C and Fig. S6. The ex-situ preparation method referred to the direct 
spin coating of ready-made PB on the electrode surface. Obviously, the 
initial peak intensity of PB/rGO composite membrane fabricated by 
in-situ preparation was much higher than that of single component PB 
membrane fabricated by in-situ and ex-situ preparation. Moreover, the 
reduction peak of PB/rGO membrane (in-situ) exhibited the minimal 
current changes after 100 cycles, decreasing with 9% (Fig. 3D). The peak 
intensities at other preparation methods showed the decrease of 16% 
(in-situ PB) and 92% (ex-situ PB), respectively. Thus, the in-situ pre-
pared PB/rGO membrane on flexible electrode possessed the best 
running stability, ensuring the continuous epidermal monitoring. 

3.3. The detection of lactate on the PB/rGO/Au/LOx based biosensor 

LOx was the recognition molecule for the catalysis of lactate in the 
as-prepared wearable biosensor. However, the active center of FAD was 
located at the deep center of the enzyme which may hinder the electron 
transfer. To transport quickly electrons from center, urchin-like Au 
nanoparticles with great quantities of one-dimensional tentacles 
(Fig. 4A) were prepared to incorporate with enzyme. In the TEM image 

of single Au nanoparticle (Fig. 4B), the tentacles provided numerous 
sites for the interaction with enzymes, while the Au element mapping 
and the EDX analysis confirmed the successful synthesis of Au nano-
particles with well-distributed Au elements (Fig. 4C and Fig. S7). The CV 
and chronoamperometry measurements were both applied to investi-
gate the effect of urchin-like Au nanoparticles on performance. In 
Fig. 4D, the intensity of redox peaks showed a decrease after the 
immobilization of LOx due to poor conductivity, but increased after the 
incorporation with Au nanoparticles. The detection sensitivity of PB/ 
GO/LOx, PB/rGO/LOx and PB/rGO/Au/LOx were obtained by chro-
noamperometry measurements upon the consecutive addition of 10 μM 
lactate in 0.1 M PBS (pH = 6.5) (Fig. 4E). Each addition of lactate caused 
a steady step increase of current intensity and the PB/rGO/Au/LOx 
showed the highest electric response to lactate. The sensitivities for PB/ 
GO/LOx, PB/rGO/LOx and PB/rGO/Au/LOx biosensors were respec-
tively calculated as 26.4, 31.6 and 42.0 μA mM− 1 cm− 2, as shown in 
Fig. 4F. The comparison of PB/GO/LOx and PB/rGO/LOx illustrated the 
importance of the conductive basement (rGO), and the comparison of 
PB/rGO/LOx with PB/rGO/Au/LOx indicated the improvement of 
electron induction and transfer at the presence of urchin-like Au 
nanoparticle. 

The linear range of PB/rGO/Au/LOx membrane-based lactate 
biosensor was determined by measuring the current responses to 
different lactate concentrations of 1 μM, 5 μM, 10 μM, 100 μM and 5 
mM. With increasing the concentrations of injected lactate, the current 
intensity exhibited a staircase increase in Fig. 5A. Moreover, the current 
density of PB/rGO/Au/LOx membrane-based biosensor was propor-
tional to lactate concentration with the first linear range of 1–222 μM 
and second linear range of 0.222–25 mM according to the calibration 
curve in Fig. 5B. The sensitivities were calculated as 40.6 μA mM− 1 cm− 2 

(31.9 μA mM− 1) at the first linear range and the detection limit (LOD) 

Fig. 4. (A) The SEM image of urchin-like Au nanoparticles and digital photos of urchin as inset. (B) The TEM image of single Au nanoparticle and (C) the corre-
sponding Au element mapping. (D) CVs of PB/rGO, PB/rGO/LOx and PB/rGO/Au/LOx based biosensors measured in 0.1 M PBS (pH = 6.5) at a scan rate of 50 mV 
s− 1. (E) The chronoamperometry measurements of PB/GO/LOx, PB/rGO/LOx and PB/rGO/Au/LOx based biosensors with the successive addition of 10 μM lactate at 
− 0.05 V. (F) The sensitivity comparison of the as-prepared lactate biosensors in Fig. 4E. Error bars indicate the standard deviations from three times of 
measurements. 
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down to 0.8 μM was achieved based on the equation (3):  

LOD = 3σ/S                                                                                   (3) 

where σ is the relative standard deviation of blank sample, S is the 
sensitivity of the lactate biosensor. Noted that on case if there was 
baseline drift, the signal should be subtracted with the amount of drift. 
The high sensitivity of 40.6 μA mM− 1 cm− 2 and the low detection limit 
of 0.8 μM are both competitive with the reported lactate biosensors as 
shown in Table S1. The low detection limit may attribute to the excellent 
electron transfer bridged from the enzyme center to the urchin-like Au 
nanoparticles and graphene, including the edge effect of graphene 
which improved the electron transferring through their edges (Akhavan 
et al., 2012). In addition, the low working potential of − 0.05 V also 
reduced the energy consumption and the signal interference compared 
with the other working potentials. Furthermore, the second linear range 
of 0.222–25 mM with a sensitivity of 1.9 μA mM− 1 cm− 2 covered the 
normal physiological level. Noted that the detection range may be 
further improved through increasing the sensing area and the amount of 
loaded enzyme. Excellent electrochemical behaviors were attributed to 
the improved strategy of electrode modification and the bridge of 
urchin-like Au particles with enzyme. In addition, we also investigated 
the sensor response of the as-prepared wearable lactate biosensor in 
commercial artificial sweat (10–25 mM) upon spiking various concen-
tration of lactate. As observed in Fig. S8, the sensor response in artificial 
sweat were comparable with that measured in PBS. Furthermore, 
glucose, UA, AA, Urea, KCl and NaCl were selected as the interferents to 
investigate further the selectivity of lactate biosensor. In Fig. 5C, the 
curve appeared an obvious current step when 5 mM lactate was injected, 
while the current variations caused by 50 μM glucose, 4 mM UA, 20 μM 
AA, 20 mM Urea, 10 mM KCl and 100 mM NaCl were negligible. Noted 
that the concentrations of these interferents were selected based on the 

range of their typical concentrations in sweat (Bariya et al., 2018). In 
order to further exhibit the feasibility for lactate detection, 40 μL of 10 
mM lactate aqueous solution (pH = 3.0) and 40 μL of commercial arti-
ficial sweat containing 10 mM lactate (pH = 6.5) were successively 
added into 40 mL electrolyte (PBS, pH = 6.5). Therefore, the final 
concentration of lactate for each injection was considered as 10 μM. As 
shown in Fig. 5D, the current steps resulted from lactate aqueous solu-
tion (the first four injections) were almost consistent with that of arti-
ficial sweat (the last four injections). The comparison indicated the 
as-prepared lactate biosensor possessed excellent selectivity and feasi-
bility for further noninvasive detection of epidermal perspiration. 

In addition, the current responses of five independent biosensors to 
lactate concentrations were employed to evaluate the lactate repro-
ducibility. The results showed the relative standard deviation (RSD) of 
4.6% at a low concentration of 10 μM and the RSD of 5.9% at a high 
concentration of 5 mM (Fig. 5E), indicating the satisfied reproducibility 
of the as-prepared biosensors. Furthermore, the long-term stability of 
three biosensors (Fig. 5F) was investigated by measuring the sensitivity 
every 4 days over 20 days. The sensitivity remained 88.3% of the initial 
value after multiple use in 20 days, indicating the outstanding long-term 
stability of the lactate biosensors. 

3.4. The real-time monitoring of lactate level on human epidermal 
perspiration 

The epidermal measurement was conducted through fixing the 
flexible lactate biosensor on forehead at the assistance of medical ad-
hesive tape and connecting with a home-built portable device, which 
included a battery (Fig. S9A) and a circuit board (Fig. S9B) assembled by 
an electric chip and a Bluetooth module for the collection, denoise, 
storage and transmission of the data as shown in Fig. 6A and 6B. A 

Fig. 5. (A) The current responses of PB/rGO/Au/LOx based biosensor to different lactate concentrations (1 μM, 5 μM, 10 μM, 100 μM and 5 mM). (B) The calibration 
curve for the detection of lactate in A. (C) The selectivity of the as-prepared biosensor by measuring the current responses to 5 mM lactate, 50 μM glucose, 4 mM UA, 
20 μM AA, 20 mM Urea, 10 mM KCl and 100 mM NaCl. (D) The amperometric responses for lactate solution and commercial artificial sweat with 10 μM lactate. (E) 
The current responses of five independent lactate biosensors caused by 10 μM and 5 mM. (F) The sensitivities of three lactate biosensors measured every 5 days over 
20 days. Error bars represent the standard deviations of three independent measurements. All the amperometric measurement were carried out under the working 
potential of − 0.05 V in 0.1 M PBS with the pH of 6.5. 

D. Jiang et al.                                                                                                                                                                                                                                    



Biosensors and Bioelectronics 210 (2022) 114303

8

smartphone was used to connect with the device through Bluetooth for 
the following data recording. The current response of the devices to 100 
μM lactate measured by the home-built portable devices showed com-
parable results with that measured with electrochemical workstation 
(Fig. S10). The volunteers were guided to run at different rates and their 
heart rates were also recorded along with the current changes 
(Fig. 6C–E). During the first period of exercise, no current response (I =
0) was observed due to the lack of perspiration on the epidermis which 
resulted in open circuit of three biosensors. After different intensity of 
exercise depending on the volunteer’s running rate, the skin became 
moist and the current response started to increase due to the emergence 
of perspiration and gradual buildup of lactate from the sweat 
(Fig. 6C–E), reaching the maximum at about 10 min. For volunteer 1 
(Fig. 6C), the lactate levels were respectively estimated as 10.6 mM (8 
min), 11.4 mM (9 min) and 13.6 mМ (10 min) according to the cali-
bration curve in Fig. 5B. The results were comparable with the sweat 
lactate measured ex vivo by the commercial sensor (Lactate Scout 4) at 
the corresponding time points of 10.4, 10.2 and 12.8 mM (Fig. 6F). 
Similar results were also obtained for the other two volunteers’ mea-
surements in Fig. 6G–H, indicating the good accuracy. The distinct 
lactate concentrations to different volunteers were ascribed to their in-
dividual difference on metabolism and the exercise intensity. The 
wearable sensor also showed good robustness upon 50 min running test 
(Fig. 6I–J). As shown in Fig. 6I, the lactate biosensor maintained a stable 
current after 10 min exercise due to the continuous secretion of sweat 
from volunteer 4, and decreased 5 min after stop running. Two cycles of 
running test were also carried out as shown in Fig. 6J, which showed 
current intensity increased again upon the second cycle of running at the 
speed of 6 km/h and decreased with low speed of running. During the 
body movement, new sweat was secreted from sweat gland under skin to 
contact with electrode surface and gradually flowed out of the reaction 
area due to the small gap between the sensor substrate and skin, 

resulting in the renewal of sweat on the electrode. There was no 
detectable irritation and inflammation on the skin after wearing the 
biosensors for 6 h (Fig. S11). Overall, the as-prepared lactate biosensor 
showed the feasibility for the in vivo real-time monitoring of perspiration 
lactate during exercise, which provided the possibility for future appli-
cations in sports and biomedical monitoring. 

4. Conclusions 

In this work, a wearable electrochemical lactate biosensor for the 
real-time monitoring of sweat lactate on epidermis was constructed by 
in-situ spin-coated preparation of PB/rGO sensing membrane. Due to the 
method of layer-by-layer spin coating, the maximum deposition of PB/ 
rGO membrane was obtained with high catalysis and excellent stability, 
especially after countless bends and cycles. The PB/rGO membrane was 
further incorporated with urchin-like Au nanoparticles to achieve a high 
response to lactate, due to the improvement of electron transfer from the 
deep enzyme center to the electrode. The lactate biosensor showed a 
competitive sensitivity of 40.6 μA mM− 1 cm− 2 in a range of 1–222 μM 
and a sensitivity of 1.9 μA mM− 1 cm− 2 in a range of 0.222–25 mM. 
Moreover, the biosensor with incorporation of homebuilt electric de-
vices with Bluetooth module realized the real-time monitoring of 
perspiration lactate on body. However, a wearable biosensor which can 
monitor multiple analytes and parameters simultaneously need to be 
further developed. In addition, mass production of the biosensor might 
be further investigated via improvement of the preparation method. 
Generally, such a kind of epidermal biosensor offers an opportunity in 
future for the evaluation of other sweat metabolites, and potentially 
applied for the monitoring of human physiological conditions in sports, 
military and healthcare fields. 

Fig. 6. (A) Schematic showing the operation of the lactate biosensor. (B) A simple circuit diagram of the lactate-sensing device. (C), (D) and (E) were the heart rates 
and the real-time current changes of volunteers 1–3 during running. (F), (G) and (H) were the results measured in vivo with the as-prepared lactate sensors and that 
measured ex vivo with the commercial sensors for volunteers 1–3. Insets were the corresponding digital photos of the results taken by commercial sensors. (I) and (J) 
The real-time monitoring of sensor current and volunteers’ heart rates during running at different speeds. 
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