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This study presented fabrication of wearable amperometric lactate sensor based on molecularly 

imprinted polymer on Ag-Au nanoparticles (MIP/Ag-Au NPs) modified screen-printed carbon 

electrodes (SPCE) for sweat analysis in healthcare and sport monitoring. For modification of SPCE, 

the chemical synthesized Ag and Au NPs were spin-coated on SPCE, and MIPs electropolymerized on 

Ag-Au NPs/SPCE surface. Structural and morphological analyses by SEM, XRD and EDS confirmed 

that spherical Ag-Au nanoparticles were distributed homogeneously on the of MIP molecules. 

Electrochemical studies by CV and amperometry techniques indicated that the synergetic effect of the 

modification of the Ag-Au NPs with MIP particles were resulted in larger electroactive sites on the 

surface and improve the stability, selectivity and analytical signal because of their direct and fast 

electron transfer between a substrate and electrochemical ions. The linear range, detection limit and 

sensitivity of lactate sensor was obtained of 1-220µM, 0.003µM and 0.88066µA/µM, respectively. The 

performance of the proposed flexible sensor was examined after applied mechanical forces and results 

demonstrated great durability and stability under the twisting and bending. MIP/Ag-Au NPs/SPCE 

sensor was attached to volunteers’ skin for the monitoring of the lactate level during cycle exercise and 

obtained results suggested that MIP/Ag-Au NPs/SPCE as feasible and reliable wearable sensor can be 

used for continuously monitoring of lactate level in sweat.  
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1. INTRODUCTION 

 

Recent developments in microelectronics, nanotechnology and data processing have provided 

new opportunities for application of flexible wearable platforms in a medical device for healthcare 

through continuous monitoring of physiological parameters [1-3]. Recent researches have been 

conducted on promote and miniaturization of physiological monitoring systems to assess the pulse, 
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electrocardiography, skin temperature, blood pressure, oxygen saturation, bodily motion and 

respiratory rate from the human epidermis [4-6]. 

 Wearable chemical and electrochemical sensors are devices that convert chemical and 

electrochemical information into analytical signals [7-9]. Moreover, studies have been indicated that 

wearable epidermal electrochemical sensors can help to analyze the lactate, potassium, glucose, 

ammonia, alcohol, cortisol and urea levels in human sweat for healthcare and sport monitoring [10, 

11]. Between these chemical components, lactate (C3H6O3) as an important component of intermediary 

metabolism is related to sports performance and training regimens which is the byproduct of the 

metabolism of glucose by muscle cells [12, 13].  

During high physical activity and higher exercise intensity, the glucose flux increase into the 

cell because of high contractile demands by skeletal muscle to produce energy which leads to the 

production of a higher level of lactate [14-16]. Furthermore, lactate is a biomarker of tissue perfusion 

and oxygenation because it is a byproduct of anaerobic glycolysis in inadequate oxygen delivery and 

tissue hypoxia [17-19]. Studies have been shown that the lactate concentrations are from 10 to 70 mM 

for sporting applications [20, 21]. Monitoring lactate can help to prevent pulmonary embolism and 

hemorrhagic shock in endurance and high strength activities. Therefore, this study was focused on the 

fabrication of wearable amperometric sensors MIP/Ag-Au NPs/SPCE as lactate sensors for sweat 

analysis in healthcare and sport monitoring. 

 

 

2. MATERIALS AND METHOD 

2.1. Synthesis of MIPs/Ag-Au NPs on screen-printed carbon electrode 

All chemicals were purchased from Sigma-Aldrich (St. Louis MO, USA). In order to 

preparation Ag NPs [22, 23], 0.4g pyrrole monomer and 4.5g AgNO3 (99.0%), 0.5g FeCl3 (99%) was 

dissolved into 50mL of ethylene glycol (≥99%). This mixture was stirred at 120ºC for 2 hours. After 

the reaction, the resulted product was cooled at room temperature, and then 2 mL glycerol (≥99.5%), 

10mL N-methyl pyrrolidone (99.5 %), 5 mL poly(vinylpyrrolidone) (≥99%) and 25mL ethylene glycol 

were added to the resulted product under magnetic stirring and the stirring was continued at room 

temperature for 5 hours. After then, the obtained Ag NPs was centrifuged at 1500 rpm for 5 minutes. 

Next, Ag NPs were rinsed with deionized water and ultrasonically dispersed in ethanol (99.8%) to 

achieve the 10 mg/mL of dispersed Ag NPs mixture, respectively. Subsequently, the dispersed Ag NPs 

were stored at dark and room temperature for further use. 

 For the synthesis of Au NPs using the microwave heating method [24], 1 ml HAuCl4 (≥99.9%) 

solution and 1 ml Na3C6H5O7 (≥99%) solution was ultrasonically added to 20ml deionized water. 

Then, the solution was transferred into the microwave oven chamber (KMFD264TEX, Electrolux Co., 

Stockholm, Sweden) at 190 W for 15 minutes. The obtained powder was ultrasonically dispersed in 

ethanol to obtain the 10 mg/mL of dispersed Au NPs suspension. 

The screen-printed carbon electrode (SPCE, Dalian Thrive Mining Co., Ltd., China) was used 

as a substrate which was fabricated on flexible polyethylene terephthalate (PET) substrate. To 
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modification the SPCE with MIPs/Ag-Au NPs, the mixture of 0.1mL of the dispersed Ag NPs and 

0.1mL of the dispersed Au NPs in the equal ratio was dropped onto the SPCE and were spin-coated at 

a rotating speed of 400 rpm for 1minute. Next, the electrode was dried at 70ºC for 60 minutes. 

Subsequently, the electropolymerization was applied for deposition of MIPs was on the Ag-Au NPs 

spin-coated SPCE using the cyclic voltammetry (CV) technique on CHI660E electrochemical 

workstation (CH Instruments Inc., China) in three-electrode cell under applied potential range from 

−0.5 V to +0.5 V at a scan rate of 30 mV/s in for 50 cycles in the prepared polymeric electrolyte. 

Three-electrode cell was contained carbon as working electrode, Pt wire as counter electrode and 

Ag/AgCl as a reference electrode. The electropolymerization electrolyte was prepared from 0.04 g 3-

aminophenyl boronic acid (99%), 0.1g lactic acid as template and 0.2 g NaCl (99%) which were 

ultrasonically dissolved in 15 mL of 0.1 M PBS solution pH 7.3. For pre-polymerization, the prepared 

solution was kept in the darkness for 5 hours.  After electropolymerization, the MIP/Ag-Au NPs/SPCE 

was immersed in acetonitrile (99%) at room temperature for 2 minutes to remove the embedded 

template molecules and create recognition imprinted cavities which allow better access to the analyte 

molecules [25]. 

 

2.2. Characterization 

CV and amperometry experiments were conducted on CHI660E electrochemical workstation 

using a three-electrode system which contained prepared electrodes as working electrode, Pt wire as 

counter electrode and Ag/AgCl as a reference electrode. 0.1M PBS was used as an electrolyte for 

electrochemical studies which prepared from an equal volume ratio of 0.1 M NaH2PO4 (99%) and 0.1 

M Na2HPO4 (99.95%). Scanning electron microscopy (SEM; Hitachi S-4700II, Tokyo, Japan) and X-

ray diffraction (XRD; Bruker-AXS, Billerica, MA, USA) analyses were used to characterization the 

structural and surface morphologies of the prepared electrodes. Energy dispersive x-ray spectroscopy 

(EDS) analysis was performed for study the elemental and chemical study of the samples using a 

Bruker X Flash 6 solid-state EDX. 

 

 

3. RESULT AND DISCUSSION 

Figure 1 shows the SEM images of Ag-Au NPs/SPCE and MIP/Ag-Au NPs/SPCE. Figure 1a 

exhibits the SEM images of the Ag-Au NPs spin-coated SPCE which indicated uniformly formation of 

Ag-Au nanoparticles with a size of 100-200nm on the porous surface of SPCE. As observed from 

Figure 1b, the metal nanoparticles are distributed homogeneously on the MIP molecules with a high 

surface coverage. MIP surface with a higher surface area, more cavities and pore volume leads to a 

higher adsorption capacity [26, 27]. Elimination of the template molecules in MIP network with 

strategically positioned functional groups in binding sites causes to more interacting with the very 

small analyte molecules in a strong and the selective way [28, 29]. 
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Figure 1. SEM images of (a) Ag-Au NPs/SPCE and (b) MIP/Ag-Au NPs/SPCE. 

 

 

Figure 2 presents the XRD patterns of SPCE, Au NPs/SPCE, Ag NPs/SPCE, Ag-Au NPs/SPCE 

and MIP/Ag-Au NPs/SPCE. As seen, the XRD patterns of all samples show diffraction peak at 26.19° 

which is associated with (002) plane of graphitic structure of SPCE(JCPDS card No. 12-0212).  XRD 

pattern of  Au NPs/SPCE in Figure 2b displays diffraction peaks at 38.29°, and 41.97° that these are 

related to (111) and (200) planes of face-centered cubic (fcc) phase of Au nanoparticles, respectively 

(JCPDS card No. 03-0921) [30]. XRD pattern ofAg NPs/SPCEinFigure2c shows diffraction peaks at 

38.1°, 44.3° and 64.5°which  attributed to (111),  (200),(220) and  (311) planes of fcc phase of Ag 

nanoparticles (JCPDS card No. 04-0783). The XRD patterns of Au–Ag NPs/SPCE, and MIP/Ag-Au 

NPs/SPCE are shown in Figures 2d and 2e display the same patterns with the diffraction peaks at 

38.02°, 44.11°, 64.89° and 77.29° indicating to (111), (200) and (220) crystallographic planes of Au–

Ag alloy NPs crystalline in nature [31, 32]. The XRD patterns of MIP/Ag-Au NPs/SPCE shows lower 

peak densities due to amorphous phases of the polymer system in MIP [33]. 

 

 

 

Figure 2. XRD patterns of (a) SPCE, (b) Au NPs/SPCE, (c) Ag NPs/SPCE, (d) Ag-Au NPs/SPCE 

and(e) MIP/Ag-Au NPs/SPCE. 
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EDS spectra of MIP/Ag-Au NPs are presented in Figure 3. As observed, there are the Ag and 

Au elements in the EDS spectrum. Moreover, the signals of C and O elements are observed that related 

to MIP layer [34]. The results of SEM, XRD and EDS analyses confirm to successful formation the 

bimetallic Ag-Au NPs  and hybrid structure MIP/Ag-Au NPs/SPCE. 

 

 

 

 

Figure 3. EDS spectra of MIP/Ag-Au NPs/SPCE. 

 

 

 

 

Figure 4. CV curves of SPCE, Ag-Au NPs/SPCE and MIP/Ag-Au NPs/SPCE in 0.1M PBS pH 7.4 at 

20 mV/s scan rate (a) before and (b) after addition of 5µM lactate solution. 

 

Figure 4 displays the CV curves of SPCE, Ag-Au NPs/SPCE and MIP/Ag-Au NPs/SPCE in 

0.1M PBS pH 7.4 at 20 mV/s scan rate before and after addition of lactate solution. Before the addition 

of lactate solution (Figure 4a), the CV curve of SPCE show no significant peak. The CV of Ag-Au 

NPs/SPCE and MIP/Ag-Au NPs/SPCE show two cathodic peaks at 0.08V and 0.20V that attributed to 

oxidation of Ag0 into Ag+ and Au0 into Au+ [35], respectively, and two anodic peaks at 0.02 V and 

0.15 V that attributed to the reduction of Ag+ to Ag0 and reduction of Au+ to Au+ [35], respectively. As 

seen, there is the higher surrounded area by CV curves of the MIP/Ag-Au NPs/SPCE that it related to 
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the higher effective surface area of the electrode due to the formation of the microporous framework 

and more accessible imprinted cavities [36, 37]. Moreover, the synergetic effect of the modification of 

the Ag-Au NPs with MIP particles has resulted in a larger electroactive sites on surface and improve 

the analytical signal because of their direct and fast electron transfer between a substrate and 

electrochemical ions that is in agreement with the results of SEM analyses [38, 39]. 

After addition of 5µM lactate solution (Figure 4b), the CV curves exhibit the oxidation peak of 

lactate at 0.23, 0.14 and 0.1 V for SPCE, Ag-Au NPs/SPCE and MIP/Ag-Au NPs/SPCE, respectively 

that attributed to electrochemically oxidation of lactate is oxidized to pyruvate [40, 41]. Comparison 

between the CV responses of SPCE and Ag-Au NPs/SPCE presents the Ag-Au NPs role on the 

increase of two times peak current to the determination of lactate that it may be related to higher 

conductivity and effective surface area of metallic nanoparticles on SPCE [42, 43].The comparison 

between the CV curves of Ag-Au NPs/SPCE and MIP/Ag-Au NPs/SPCE reveals that the imprinted 

polymer matrix enhances the electrocatalytic currents due to generation cavities  with certain ligands 

on the polymer that can act as specific receptors (binding sites) which can be directly attached to the 

analyte [44]. The combination of spin-coated Ag-Au NPs and MIP remarkably promotes the 

conductivity, and create the specific molecular recognition sites of cavities positioned in polymer 

network on Ag-Au NPs surface improves delectability [42, 44]. 

 

 

 

 

Figure 5. First, second and 50thCV curves of SPCE, Ag-Au NPs/SPCE and MIP/Ag-Au NPs/SPCE in 

0.1M PBS pH 7.4 containing 5µM lactate solution at 20 mV/s scan rate. 

 

The stability of response of SPCE, Ag-Au NPs/SPCE and MIP/Ag-Au NPs/SPCE to addition 

5 µM lactate solution was examined through the record of continues CV scans in 0.1 M PBS pH 7.4 at 

20 mV/s scan rate. Figure 5 displays the first, second and 50th scans of electrodes which indicated the 

change of peak current between the first and second scans is negligible. However, the decrease in 

oxidation current peaks after continues 50 scans is36%, 27% and 7% for SPCE, Ag-Au NPs/SPCE and 

MIP/Ag-Au NPs/SPCE, respectively, indicating the great stability of MIP/Ag-Au NPs/SPCE because 

of MIP’s inherent advantages such as high mechanical stability and direct bonding of the MIP during 

electropolymerization of  polymer on metallic nanoparticles using monomers with double bonds or 
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molecules [45]. Therefore, the further electrochemical studies were conducted on MIP/Ag-Au 

NPs/SPCE as lactate sensors. 

Figure 6 shows the amperometric response and obtained calibration graph of MIP/Ag-Au 

NPs/SPCE to successive addition of 10µM lactate solution in 0.1 M PBS pH 7.4 at 0.1 V.As seen; the 

amperometric response is linearly increased with increasing the lactate concentration from 1 to 220 

µM. In addition, the detection limit and sensitivity are obtained of 0.003µM and 0.88066 µA/ µM, 

respectively. The obtained sensing results in this study are compared with the other reported lactate 

sensors in literature in Table 1. As observed, the highest sensitivity is belonging to the MIP/Ag-Au 

NPs/SPCE that is related to the synergetic effect of the Ag and Au NPs with MIP which create high 

conductivity and large electroactive sites on the SPCE surface. 

 

 

 

Figure 6. (a) Amperometric response and (b) obtained calibration graph of MIP/Ag-Au NPs/SPCE to 

successive addition of 10µM lactate solution in 0.1 M PBS pH 7.4 at 0.1 V. 

 

 

Table 1. Comparison between the obtained sensing results in this study and the other reported lactate 

sensors in literatures 

 

Electrode  Technique  Linear 

Range 

(µM) 

limit of 

detection 

(µM)  

Sensitivit

y 

(µA/µM) 

Ref. 

MIP/Ag-Au NPs/SPCE   Amperometry 1 – 220 0.003 0.88066 This 

work 

nickel-metal organic 

framework 

Amperometry 1000–4000 5  0.02953 [46] 

MIP/Au NPs/rGO/GCE DPV 0.0001–

0.001 

0.09  0.19 [47] 

nicotinamide adenine 

dinucleotide/lactate 

dehydrogenase /Nano-

CeO2/GCE 

Amperometry 200–2000  50 0.57119  [48] 

hollow sphere structured Amperometry 0.5 – 88.5  0.023  0.1179  [49] 
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NiS 

Lactate oxidase/dithiobis-

N-succinimidyl 

propionate/macroporous 

Au film 

Amperometry 100– 1300 3.93  0.00149  [50] 

Lactate 

dehydrogenase/Meldola 

blue/MWCNT 

Amperometry 1000–

10000  

7.5 0.000415 [51] 

Lactate 

oxidase/mesoporous 

silica/Co 

phthalocyanine/SPCE 

Amperometry 74.0 −1500 18.3  - [52] 

 

 

The repeatability and selectivity of MIP/Ag-Au NPs/SPCE as lactate sensor was investigated 

using amperometry technique in 0.1 M PBS pH 7.4 at 0.1 V in successive addition of lactate and 

several metabolic substances in the human sweat as interfering agents such as urea (10mM), glucose 

(0.17mM), pyruvic acid ( 0.18mM), uric acid (0.05 mM),KCl (6 mM), NaCl (30mM), CaCl2 (5mM), 

MgCl2(0.08mM) and NH4Cl(5 mM) in their physiological concentration [53]. The lactate level in 

human sweat has been reported from 16 mM on the face to over 30 mM in normal people on the thigh 

during strenuous exercise [54]. It is observed from Figure 7 that the amperometric response is 

considerably increased after the first addition of 1 μM lactate solution (~0.88 µA) and recorded 

amperometric responses of the sensor to the interference substances are negligible, indicating the 

interfering agents do not interfere with the detection of lactate on MIP/Ag-Au NPs/SPCE. Finally, the 

amperometric response is increased for the second addition of 1 μM lactate solution as last addition 

(~0.91 µA) that it implied to good repeatability and high stability of MIP/Ag-Au NPs/SPCE to the 

determination of lactate. In the electropolymerization process, the polymeric chains and template 

molecules are trapped within the 3D polymer matrix.  

 

 

 

 

Figure 7. The amperometry response of MIP/Ag-Au NPs/SPCE in 0.1 M PBS pH 7.4 at 0.1 V in 

successive addition of lactate and several metabolic substances in the human sweat as 

interfering agents 
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After removing the template, ideally leaving selective recognizing sites that is complementary 

to the target species. In the presence of lactate molecules, the polymer matrix of MIP is cross-linked 

with the surface sites that can bind selectively to certain ligands on the polymer [38, 44, 45]. 

Moreover, the amperometric response of the second addition of lactate solution is slightly more than 

its first addition that it could be related to the increase of the ionic concentration in the solution after 

the addition of salt interferents [55]. 

The performance of the proposed flexible lactate sensor was examined after applied 180° 

twisting and bending as mechanical forces.  Figure 8 shows the relative amperometric response (I2/I1) 

of MIP/Ag-Au NPs/SPCE in 0.1 M PBS pH 7.4 at 0.1 Vafter15 times of twisting or bending, where I1 

and I2 are the amperometric currents of the electrode before and after applied mechanical forces, 

respectively. It is observed that the relative responses show recovery of 0.986 and 0.978 after subjected 

twisting and bending 150 times, respectively. Thus, MIP/Ag-Au NPs/SPCE demonstrates great 

durability and stability under the twisting and bending that it is an important parameter for continuous 

monitoring of lactate levels during exercise on the body's skin. 

 

 

 

 

Figure 8. Relative amperometric responses of MIP/Ag-Au NPs/SPCE in 0.1 M PBS pH 7.4 at 0.1 V 

after repeated inward (a) twisting and (b) bending 150 times. 

 

 

For fabrication of the wearable three-electrode electrochemical lactate sensor, MIP/Ag-Au 

NPs/SPCE as working, Ag/AgCl ink as reference and Pt as counter electrodes were printed on the thin 

film. A thin line of MIP/Ag-Au NPs/SPCE as working, a thin line of carbon as counter and a thin line 

of Ag/AgCl inks as reference were manually deposited onto the PET. The prepared 

wearable lactate sensor with a sweat cell was attached to the arm of volunteer aged twenty years 

through stretchable polydimethylsiloxane (200 μm) thin film. Heart rates were continuously recorded 

and monitored during cycle exercise (Figure 9a). The change of sweat lactate content was monitored 

by amperometry technique every 10 minutes during the cycling exercise. Figure 9b shows that there is 

no amperometric signal during the first 10 minutes of exercise because of insufficient sweat. After 10 

minutes of cycle exercise, the amperometric signal is increased because of sufficient sweat and the 
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lactate production from the sweat. There is a gradual decrease of amperometric signal after 30 minutes 

which is related to the decrease of heart rate and exercise intensity. After 30 minutes exercise, the 

concentration of lactate in sweat can be estimated as 17.2 mM by considering the calibration plots in 

Figure 6b. These measurements were repeated for 4 young volunteers aged 18 to 20 years and results 

displayed the similar amperometric responses (Table 2). The obtained results suggested that MIP/Ag-

Au NPs/SPCE as feasible and reliable wearable sensors can be used for continuously monitoring 

lactate levels in sweat. In addition, it wasn’t observed any irritation or inflammation of the skin during 

the electrochemical measurements. 

 

 

 

 

Figure 9. (a) Heart rates of volunteer during cycle exercise; (b) the amperometric signal of MIP/Ag-

Au NPs/SPCE to change of sweat lactate content in 0.1 M PBS pH 7.4 at 0.1 V 

 

Table 2. Analytical results of amperomertry studies of MIP/Ag-Au NPs/SPCE to determination lactate 

content in prepared real samples of sweat of 5 young volunteers aged 18 to 20 years in 0.1 M 

PBS pH 7.4 at 0.1 V after 30 minutes. 

 

Sample concentration of lactate in sweat (mM) RSD (%) 

S1 17.2 1.02 

S2 16.9 0.96 

S3 17.2 0.88 

S4 17.1 0.98 

S5 17.3 1.05 

 

 

 

4. CONCLUSION 

This study was focused on the fabrication of wearable amperometric sensors MIP/Ag-Au 

NPs/SPCE as lactate sensors for sweat analysis in healthcare and sport monitoring. For modification of 

SPCE, the chemical synthesized Ag and Au NPs were spin-coated on SPCE, and MIPs 

electropolymerized on Ag-Au NPs/SPCE surface. Results of structural and morphological analyses 

showed that spherical Ag-Au nanoparticles were distributed homogeneously on the MIP molecules. 

Results of electrochemical studies illustrated that the synergetic effect of the modification of the Ag-
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Au NPs with MIP particles resulted in larger electroactive sites on the surface and improve the 

stability, selectivity and analytical signal because of their direct and fast electron transfer between a 

substrate and electrochemical ions. The linear range, detection limit and sensitivity of lactate sensor 

were obtained of 1-220 µM, 0.003 µM and 0.88066µA/µM, respectively. The performance of the 

proposed flexible sensor was examined after applied mechanical forces and results demonstrated great 

durability and stability under the twisting and bending. MIP/Ag-Au NPs/SPCE sensor was attached on 

volunteers’ skin for the monitoring of the lactate level during cycle exercise and obtained results 

suggested that MIP/Ag-Au NPs/SPCE as feasible and reliable wearable sensor can be used for 

continuously monitoring of lactate level in sweat.  
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