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A B S T R A C T   

The patterned LIG flakes are generally not interconnected due to the line gap of the laser ray, leading to lower 
uniform conductivity and fragile graphene. Thus, the fabrication of a highly conductive and mechanically robust 
LIG-based biosensing platform remains challenging. In this study, the fabrication of a flexible electrochemical 
biosensor is reported based on poly (3, 4-ethylene dioxythiophene)-poly (styrene sulfonate) (PEDOT:PSS) 
modified 3-dimensional (3D) stable porous laser-induced graphene (LIG) for the detection of glucose and pH. 
PEDOT:PSS was spray-coated on the LIG to improve electrode robustness and deliver uniform electrical con
ductivity. The as-prepared PEDOT:PSS modified LIG (PP/LIG) was characterized using field-emission scanning 
electron microscopy (FESEM), x-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and Fourier- 
transform infrared spectroscopy (FTIR). Platinum and palladium nanoparticles (Pt@Pd) were successfully elec
trodeposited on PP/LIG, markedly enhancing the electrocatalytic activity for glucose detection. The fabricated 
biosensor exhibited an excellent amperometric response to glucose with a wide linear range of 10 μM � 9.2 mM, 
a high sensitivity of 247.3 μAmM� 1cm� 2, and a low detection limit (LOD) of 3 μM, with high selectivity. In 
addition, the pH sensor was functionalized by the polyaniline (PANI) on PP/LIG, and it also exhibited excellent 
potentiometric response with a high sensitivity of 75.06 mV/pH in the linear range of pH 4 � 7. Ultimately, the 
feasibility of the biosensor was confirmed by the analysis of human perspiration collected during physical ex
ercise. This approach validates the utility of the novel fabrication procedure, and the potential of the LIG- 
conductive polymer composite for biosensing applications.   

1. Introduction 

Diabetes is a prevalent chronic disease caused by inadequate insulin 
secretion, which hinders the capability of cells to absorb glucose from 
the blood(Whiting et al., 2011)(Newman and Turner, 2005). Patients 
with diabetes are recommended to monitor their blood glucose levels 
daily and to take oral medication, and insulin regimen for maintaining 
stable glycemic control (Collaborators, 1991). Human perspiration is an 
intrinsic body fluid that offers valuable information about an in
dividual’s health and fitness based on the levels of several metabolites, 
such as lactate, and glucose, as well as electrolytes, and pH levels 
(Sonner et al., 2015)(Imani et al., 2016). Sweat glucose levels can 

accurately reflect blood glucose levels, with a correlation whereby 0.3 
mM glucose in sweat corresponds to 16.7 mM glucose in the blood 
(Moyer et al., 2012). Besides, pH plays an important role in the patho
genesis of skin diseases like acne vulgaris, ichthyosis, and candida 
albicans infections (Schmid-Wendtner and Korting, 2006). Changes in 
sweat pH levels can provide valuable information regarding atopic 
dermatitis, and fungal infections (Patterson et al., 2000)(Bandodkar 
et al., 2013). Furthermore, type II diabetes patients with kidney stones 
are reported to exhibit lower than normal sweat pH (Nyein et al., 2016) 
Therefore, the accurate measurement of glucose and pH level in sweat is 
necessary for the assessment of certain health conditions. 

Flexible biosensing devices that can be laminated onto the human 
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skin to continuously monitor the physiological biomarkers have drawn 
tremendous attention in both academia and industry (Guo et al., 2017) 
(Gao et al., 2016). At present, flexible electrochemical biosensors pre
sent a promising approach for the noninvasive monitoring of bio
molecules from sweat, owing to their unique advantages of sensor 

miniaturization, high sensitivity, and label-free direct measurement 
(Matzeu et al., 2015)(Bandodkar et al., 2016). Various types of flexible 
electrochemical biosensors have been reported for the monitoring of 
biomolecules in sweat. However, the majority require complicated and 
multistep fabricating processes, such as chemical vapor deposition 

Fig. 1. Fabrication procedure of the biosensor. I) Electrode fabrication steps. I.a) LIG patterning for electrodes, I.b) Laser cutting of a PI tape, I.c) Electrodes masking 
and spray coating of PEDOT:PSS, I.d) Manual mask removal. II) pH sensor fabrication procedure. II.a) Passivation layer formation, II.b) PANI deposition on the 
working electrode, II.c) Ag/AgCl paste on the reference electrode (RE), II.d) Layer by layer representation of the pH sensor. III) Glucose biosensor fabrication. III.a) 
Electrodeposition of Pt@Pd nanoparticles on the working and counter electrodes, III.b) GOx immobilization III.c) Permiselective membrane (PSM) layer deposition, 
III.d) All layers of the glucose biosensor. IV) Schematic illustration of the whole device. 
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(Munje et al., 2017), photolithography (Lei et al., 2019), and screen 
printing (Abell�an-Llobregat et al., 2017), which hinders 
mass-production of multi-analytes sensing platforms. 

Recently, LIG has been introduced as an excellent active material for 
use in flexible electrochemical devices, such as energy storage and 
sensor devices, because of its simple fabrication procedure and a large 
surface area (~340 m2/g) (Barman et al., 2020)(Nayak et al., 2016). 
Direct CO2 laser patterning on flexible polyimide film is a one-step, 
cost-effective and scalable method for ablating 3D porous LIG, where 
sp3-carbon atoms of the film are thermally reshaped to sp2-carbon atoms 
(Lin et al., 2014)(Kurra et al., 2019). However, using LIG in biomedical 
applications is challenging owing to its poor robustness. Moreover, 
recurrent bending leads to structural deformation of the graphene 
flakes, thereby deteriorating electrical performance. 

PEDOT:PSS, a well-known conductive polymer, has been applied in 
the biomedical field owing to several unique advantages, such as its 
good electrical conductivity, chemical stability, solution processibility 
and favorable biocompatibility (Takamatsu et al., 2015)(Brugarolas 
et al., 2016). Nonetheless, there is scope for enhancing electrical con
ductivity by various methods; for example by introducing the phase 
separation of PEDOT chains from PSS through the addition of organic 
co-solvents, such as dimethyl sulfoxide, glycerol, and ethylene glycol 
(del Agua et al., 2018)(Guo et al., 2016). There are several influential 
and pragmatic reasons for choosing PEDOT:PSS as an active material for 
the biosensing platform. Firstly, PEDOT:PSS behaves as a redox medi
ator toward several analytes and significantly improves the sensitivity 
(Setti et al., 2005). Secondly, PEDOT:PSS functions as a linker in the 
pores of LIG, increasing electrode robustness by the high ductility of it. 
Finally, the PEDOT chains firmly interconnect the graphene flakes, 
which enhances the electrical conductivity, and the PSS chains become 
intertwined on the edges of flakes. 

The bimetallic nanoparticles have drawn much attention as elec
trocatalyst in the electrode matrix to amplify biological interactions 
(Zhang et al., 2007)(Zhang et al., 2010). In particular, the Pt–Pd alloy 
nanoparticles offer synergistic effects via cooperative interactions 
occurred due to the geometric and electronic effects of the nano
composite, which enhances the electron transfer rate and better 
robustness against intermediate species (Hossain and Park, 2015)(Li 
et al., 2019). In addition, the superior properties of PANI, such as high 
pH-sensitive conductivity, negligible cytotoxicity, and nominal skin 
irritation have led to its extensive use in the production of pH sensors 
(Semwal and Gupta, 2019)(Patil et al., 2019). 

In this research, we report the novel fabrication of an inexpensive 
and multifunctional LIG based flexible electrochemical biosensor for 
both glucose and pH sensing in human perspiration. The highly 
conductive and mechanically robust electrodes are newly fabricated by 
spray coating of co-solvent diluted PEDOT:PSS on the direct patterned 
LIG. The working electrodes are further modified with electroplating 
Pt@Pd nanoparticles for glucose detection, and with the electro
polymerization of aniline for pH detection. The proposed multi-sensing 
device presents another step toward perspiration analysis for the 
continuous monitoring of physiological compounds. 

2. Material and methods 

2.1. Reagents and instrumentation 

All reagents and apparatus, design of the electrodes are detailed in 
the supporting information (S 2.1 � S 2.3). 

2.2. Fabrication of the flexible electrodes 

For the fabrication of the electrodes, a section of commercial PI sheet 
was selected as the substrate. The PI sheet was cleaned sequentially by 
isopropyl alcohol, methanol, and deionized (DI) water. Then, a CO2 
pulsed laser (power-17 W, speed-6 cms� 1, optimized, details in S 2.4 and 

Table S1) was used to convert the PI (optimized thickness ¼ 100 μm) 
into 3D porous graphene under ambient conditions, as shown as step (I. 
a) of the fabrication procedure (Fig. 1). The mapping and the optical 
image of the LIG electrodes are shown in Figs. S2A and S2B. Next, four 
solutions of PEDOT:PSS and ethylene glycol were prepared with a range 
of weight-percentages (5, 10, 15, and 20 wt %). The sonication probe 
(power-80 W, amplitude-50%) was applied for 30 min to ensure the 
thorough mixing of PEDOT:PSS and ethylene glycol. Subsequently, a 
shadow mask was patterned by laser (power ¼ 100 W), using adhesive 
polyimide tape, as illustrated in step (I.b). The unpatterned LIG area was 
then covered with the shadow mask and the as-prepared solutions were 
spray-coated and cured at room temperature for 24 h, as shown in step 
(I.c). Identical parameters (time: 30s and speed: N2 gas flow) were 
maintained for spray coating the various PEDOT:PSS solutions. The 
coating speed was controlled by N2 gas flow. Finally, the mask was 
peeled off manually from the substrate to obtain the desired PEDOT: 
PSS/LIG (PP/LIG) electrodes depicted in step (I.d). 

2.3. Preparation of the pH sensor 

The fabrication procedure of the pH sensor is shown in Fig. 1(II). To 
passivate the sensor connections, a section of PI scotch tape was 
attached as depicted in step (II.a). The pH sensor consisted of two 
electrodes: the reference and working electrodes. To functionalize the 
working electrode, the PP/LIG electrode was dipped into 0.1 M aniline 
aqueous solution containing 1 M HCl and CV was conducted in the po
tential range of � 0.2 to 1 V for 60 segments at a scan rate of 100 mVs� 1. 
Evidence for aniline electropolymerization is shown in Fig. S3, where 
the CV area increases with increasing numbers of segments. The PANI 
deposited working electrode is shown step (II.b). To assemble the 
common reference electrode for the glucose and pH sensors, a drop of 
Ag/AgCl paste was cast onto the PP/LIG electrode and kept at 60 �C for 
30 min, as presented in step (II.c). Step (II.d) illustrates all the layers of 
the final pH sensor. 

2.4. Preparation of the glucose biosensor 

The fabrication of the glucose biosensor is depicted in Fig. 1(III). The 
Pt@Pd nanoparticles were electrodeposited on both the working and the 
counter electrodes, as shown in step (III.a). The Pt@Pd nanoparticles 
were electrodeposited on the working electrode by CV in the potential 
range of � 0.1 V to � 0.9 V for 20 segments in a 60 mM H2SO4 solution 
containing 2.5 mM of K2PtCl4 and 2.5 mM of PdCl2. To generate the 
counter electrode, the electrodeposition was conducted with CV for 40 
segments to allow facile current flow from working to counter electrode. 
To immobilize enzymes onto the working electrode, 8 μL water solution 
containing 20 mM EDC:NHS (1:1) was drop-cast onto it, the electrode 
was kept at room temperature for 7 h for incubation. Subsequently, 5 mg 
of GOx and 3 mg of chitosan were mixed with 0.6 mL DI water and 
stirred well for 15 min. Then, 9 μL of the as-prepared mixture was drop- 
cast onto it. Afterward, the enzyme-modified electrode, shown in step 
(III.b), was stored inside the incubator at 4 �C overnight. Nafion:DI 
water (1:7, 5 μL) was deposited onto the working electrode as a per
miselective membrane, depicted in step (III.c). The fully-assembled 
sensor was then dried at room temperature for 40 min and stored at 4 
�C prior to using. The layer by layer representation of the glucose 
biosensor is shown in step (III.d). The optical image of the fabricated 
final device is shown in Fig. S2C. 

3. Results and discussion 

3.1. Physical characterization of the modified LIG electrodes 

The surface morphology, chemical interactions, and elemental 
analysis of Pt@Pd/PP/LIG and PANI/PP/LIG were studied by FESEM, 
Raman spectroscopy, XPS, and EDS. The FESEM image of the porous 3D 
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network of bare LIG, resulting from the expeditious release of gaseous 
products, is shown in Fig. 2A. This porous network facilitates the 
penetration of the highly conductive PEDOT:PSS polymer and provides a 
large electrochemically active surface area (Guangyuan Xu et al., 2018). 
In the case of the 5 and 10 wt% PP/LIG samples, the LIG flakes became 
thicker with increasing weight percentages of PEDOT:PSS, as presented 
in Figs. S4A and S4B. However, In the 15 wt% PP/LIG, PEDOT:PSS was 
not only attached to the LIG pores and flakes, but also functioned as an 
excellent conductive binder, interconnecting LIG flakes and resulting in 
a mechanically robust electrode assembly, as depicted in Fig. S4C. This 
is attributed to the sulfonation of the LIG flakes, which introduces 
negative charges that engage in strong electrostatic interactions with the 
positively charged PEDOT chains (Du et al., 2018). In contrast, for 20 wt 
% PP/LIG, PEDOT:PSS self-combined and stacked together, forming a 

condensed film on the surface, which is vulnerable and suffered me
chanical cracks after a few bendings, resulting in an increase in electrical 
resistance, as depicted in Fig. S4D and Fig. S10B. The FESEM image of 
the optimized electrode for the glucose biosensor, fabricated using 15 wt 
% PEDOT:PSS and 20-segment electrodeposition of Pt@Pd nano
particles, is given in Fig. 2B. The FESEM images (Figs. S5 and S6) for the 
optimization of depositing Pt@Pd nanoparticles are discussed in chapter 
S 3.1. For the pH sensor, PANI was deposited electrochemically onto the 
15 wt% PP/LIG sample. Fig. 2C represents the FESEM image, revealing 
the morphology of the fabricated PANI/PP/LIG. 

The chemical interactions between PEDOT:PSS and LIG were inves
tigated by Raman spectroscopy, presented in Fig. 2D. The spectrum of 
bare LIG exhibits the presence of a D band at ~1349 cm� 1, induced by 
defects in the sp2 coordinated 6-carbon atom rings. The prominent first 

Fig. 2. FESEM images of A) bare LIG, B) Pt@Pd/PP/LIG (the inset is at high magnification showing Pt and Pd nanoparticles), and C) PANI/PP/LIG, D) Raman spectra 
of bare LIG and PP/LIG, E) XPS spectra of (I) bare LIG, (II) PP/LIG,(II) Pt@Pd/PP/LIG with distinct element intensity peaks, F) EDS spectra of Pt@Pd/PP/LIG (the 
inset table shows atom and weight percentages of Pt, Pd, O, C and S). 
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order G peak at ~1581 cm� 1 and the 2D peak at ~2695 cm� 1 emanated 
from the second-order zone boundary phonons (Ferrari et al., 2006). The 
high intensities of IG/ID (3.7) and I2D/IG (0.41) were attributed to defects 
and multilayer structures of the graphene flakes. The conformational 
changes of LIG with the addition of PEDOT:PSS were evident in the 
Raman spectrum of PP/LIG. The spectrum contains several diagnostic 
peaks; C–C inter-ring stretching (~1245 cm� 1), single C–C bond 
stretching (~1556 cm� 1), and strong peaks arising from C––C symmetric 
stretching (~1431 cm� 1) indicating the presence of both PEDOT:PSS 
and LIG on the electrode (Jiang et al., 2017). The intense peak between 
the D and G peaks at a higher wavenumber of ~1431 cm� 1, results from 
the strong π� π interaction of LIG with PEDOT and PSS chains, which 
induces the phase separation of PEDOT:PSS and promotes the alignment 
of PEDOT on the graphene network (Links, 2012). Moreover, the FTIR 
spectra (Fig. S7) of LIG and PP/LIG validate the Raman results. All of the 
PEDOT:PSS significant peaks for S–O (945 cm� 1), S-phenyl (1124 cm� 1) 
bonds in sulfonic acid and C––C (1514 cm� 1), C–C (1270 cm� 1) and C–S 
(706 cm� 1) bonds in the thiophene are well visible in the PP/LIG elec
trode (Liu et al., 2015)(Lee and Choi, 2015). From Table S2, the Raman 
peaks and bonds for LIG and PP/LIG are corroborated by the FTIR peaks 
and bonds, indicating successful coating of PEDOT:PSS on LIG. 

The XPS spectra of LIG, PP/LIG, and Pt@Pd/PP/LIG (Fig. 2E) indi
cated an elemental composition of predominantly carbon (C), oxygen 
(O), sulfur (S), platinum (Pt), and palladium (Pd). The XPS spectrum of 
LIG shows a dominant carbon peak over the oxygen peak. The C1s 
spectrum of LIG illustrates that the carbon peak of the PI film is divided 
into several peaks with binding energies of approximately 284.5 eV, 
285.42 eV, 286.89 eV, and 288.5 eV, which are attributed to C––C, C–C, 
C–O, and C––O, respectively (Fig. S8A) (Zhang et al., 2018). The XPS 
survey spectrum of the PP/LIG indicates the presence of C1s, O1s, and 

S2p signals, implying that the PEDOT:PSS is chemically bonded onto the 
LIG pores and flakes. Furthermore, the XPS survey spectrum of 
Pt@Pd/PP/LIG confirmed the existence of all surface chemical elements 
through their distinctive peaks. The high-resolution C1s spectrum 
(Fig. S8B) of Pt@Pd/PP/LIG contained five distinct peaks, including 
those arising from the aromatic C––C of PEDOT at 284.55 eV, the 
aliphatic C–C of the PSS chains at 285.5 eV, the C–O/C–S peaks at 
286.56 eV, and the C––O/C––S peaks at 288.8 eV (Guo et al., 2013) 
(Merche et al., 2010). The redshifts of all the C1s peaks of the 
Pt@Pd/PP/LIG sample, compared to the bare LIG C1s peaks, suggested 
strong π� π bonding between the PEDOT chains and LIG, as well as 
confirming the electrostatic interaction between the hydrophilic groups 
of the PSS chains and LIG. The high-resolution spectrum of two major 
peaks in the S2p spectra (Fig. S8C), including shake-up peaks at binding 
energies of 163–165 eV and 167–170 eV, correspond to the sulfur signal 
of PEDOT and PSS moieties, respectively (Kim et al., 2018). Figs. S8D 
and S8E represent the XPS spectra of Pt and Pd nanoparticles electro
deposited on the PP/LIG electrode. The two asymmetric peaks for Pd 3d 
were attributed to Pd5/2 and Pd3/2, with binding energies of 335.36 eV 
and 340.6 eV, respectively(Choe et al., 2015). Deconvolution of the Pt 4f 
peaks, having binding energies of 71.19 eV and 74.52 eV, correspond to 
spin orbits of 4f7/2 and 4f5/2, respectively(Sharifuzzaman et al., 2019). 
These results proved the existence of Pt@Pd nanoparticles as well as the 
authenticity of CV electrodeposition. Furthermore, the elemental 
composition of Pt@Pd/PP/LIG was investigated through EDS mapping, 
as shown in Fig. 2F. The atomic percentages of C, O, S, Pd, and Pt were 
mapped as 91.12%, 2.44%, 2.19%, 1.35%, and 2.90%, respectively, 
agreeing well with the XPS results. 

Fig. 3. A) Changes in sheet resistances (before and after bendings) of LIG electrodes modified with various weight percentages of PEDOT:PSS, B) Optical images for 
bending conditions of the fabricated 15 wt% PP/LIG electrode, C) CV performance analysis of bare LIG, Pt@Pd/LIG, PP/LIG, and Pt@Pd/PP/LIG, D) EIS fitted curves 
of bare LIG, Pt@Pd/LIG, PP/LIG, and Pt@Pd/PP/LIG (the inset shows the equivalent circuit used in EIS fitting). 
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3.2. Electrical characterization of the PEDOT:PSS modified LIG 
electrodes 

The electrical conductivities of the electrodes modified with various 
weight ratios of PEDOT:PSS were assessed form the sheet resistances 
measured with a four-point probe. Fig. 3A depicts the variation in sheet 
resistances with varying weight ratios of PEDOT:PSS. The electrical 
conductivities were calculated from the sheet resistance and the elec
trode thickness, using the following equation: 

Electrical conductivity ðS = cmÞ¼
1

Sheet resistanceðΩ=cmÞ � thicknessðcmÞ
(1) 

The electrode thickness (35 μm) was deduced from the cross-section 
image of the electrode shown in Fig. S9. The 5 and 10 wt% of PP/LIG 
electrodes exhibited conductivities of 111.6 Scm� 1 (~25.6 Ω/sq.), and 
140.6 Scm� 1 (~20.4 Ω/sq.), respectively. The conductivities were not 
marginally improved compared to bare LIG, owing to a lower concen
tration of PEDOT:PSS. In the case of 15 and 20 wt%, where LIG pores 
and flakes were covered by PEDOT:PSS, conductivities increased to 
164.2 Scm� 1 (~17.4 Ω/sq.), and 214.8 Scm� 1 (~13.3Ω/sq.), respec
tively. However, Crack analysis was performed for the 15 and 20 wt% 
samples after 100 bendings. The maximum bending angle was approx
imately 150�, as illustrated in Fig. 3B. The microscopic images of the 15 
and 20 wt% samples after 100 bendings are shown in Fig. S10. It was 
found that the conductivity of the 15 wt% sample remained largely 
unchanged, as it did not crack during bending (Fig. S10A). On the other 
hand, the conductivity of the 20 wt% sample decreased to 149.58 
Scm� 1 (~19.1 Ω/sq.), as a result of cracks, introduced during repeated 
bending, as illustrated in Fig. S10B. 

3.3. Electrochemical characterization of the modified LIG electrodes 

Electrochemical characteristics of the developed electrodes were 
analyzed by CV and EIS. The electrochemical performances for opti
mizing the weight ratio of PEDOT:PSS and the number of CV segments 
for Pt@Pd electroplating are detailed in chapter S 3.2 (Figs. S11 and 
S12). The CV curves of bare LIG, Pt@Pd/LIG, PP/LIG, and Pt@Pd/PP/ 
LIG measured in 5 mM K3[Fe(CN)6] are shown in Fig. 3C. The CV area of 
the Pt@Pd/PP/LIG electrode was the highest, indicating superior elec
trocatalytic activity. Furthermore, the effective surface areas of the 
various electrodes were calculated from the CV curves using the 
Randles-Sevick equation (Zahed et al., 2019). 

IP¼ 2:69� 105AD1=2n3=2γ1=2C (2) 

Where, n is the number of electrons participating in the redox re
action, D is the diffusion coefficient of the electrolyte (6:7� 0:02�
10� 6cm2=s), C is the concentration of the electrolyte (mol/L), γ is the 
scan rate (Vs� 1). The electroactive surface area (A) of the bare electrode 
is 0.31 cm2, and that for the PP/LIG is 0.38 cm2. The electrodeposition of 
Pt@Pd nanoparticles onto PP/LIG further increased the effective surface 
area (0.84 cm2) as well as the electron transfer rate. The synergistic 
effect of bimetallic nanoparticles is discussed in detail in S 3.3 (Fig. S13). 

The interfacial properties of electrodes were investigated by elec
trochemical impedance measurements. Fig. 3D presents the EIS spectra 
of the modified electrodes: bare LIG, Pt@Pd/LIG, PP/LIG, and Pt@Pd/ 
PP/LIG, tested using the 5 mM Fe(CN)6

3� redox probe. The inset figure 
represents the Randles equivalent circuit model used to fit experimental 
results. In this circuit, Rs, Rct, and CPE represent the solution resistance, 
electron transfer resistance, and constant phase element, respectively. 
The semicircle diameter of the Nyquist plot corresponds to the charge 
transfer resistance (Rct). All modified electrodes demonstrated distinct 

Fig. 4. Electrochemical investigation of the fabricated glucose biosensor. A) Amperometric response with a range of glucose concentrations from 3 μM to 9.2 mM, B) 
Calibration plot for the biosensor, C) Selectivity test of the biosensor, D) Relative responses (S/S0) calculated from the chronoamperometry response by the ratio of 
instant current (S) to initial current (S0); the inset figure shows currents in 0.1M PBS containing 1 mM glucose at the 1st (with and without I mM glucose injection), 
10th, 20th, 30th test. 
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diameter semicircles, indicating differing Rct. The Rct values for bare 
LIG, Pt@Pd/LIG, PP/LIG, and Pt@Pd/PP/LIG were 335.2Ω, 299.6Ω, 
126.2Ω, and 119.8Ω, respectively. The low Rct value of 119.8Ω obtained 
for Pt@Pd/PP/LIG, implies superior electron transfer properties 
compared to that of other electrodes. 

3.4. Electrochemical investigation of the fabricated glucose biosensor 

Fig. 4 represents the electrochemical performance of the fabricated 
glucose biosensor. The working mechanism of the biosensor is sche
matically described in Fig. 1(IV). The electrocatalytic oxidation of 
glucose and the effect of scan rates on the biosensor are discussed in 
chapter S 3.4 (Fig. S14). Fig. 4A contains the chronoamperometry curve 
for the successive injection of glucose into the 0.1 M PBS (pH ¼ 7.4). The 
concentration of glucose injected was in the range of 3 μM–9.2 mM. 
Fig. 4B shows the calibration plot obtained from the anodic current re
sponses with a correlation coefficient (R2) of 0.996 and an excellent 
sensitivity of 247.3 μA/mM� 1/cm� 2. The LOD was calculated to be 3 
μM, using the formula LOD ¼ 3Sb/S (where Sb is the standard deviation 
of the blank signal, and S is the sensitivity) (Mani et al., 2016). The 
response of the biosensor for 1 mM glucose reached a steady-state within 
3.6 s, which is regarded as the response time (Fig. S15). 

Besides, Fig. 4C illustrates the selectivity test of the biosensor to 
determine 0.1 mM glucose in the presence of interference molecules: 
0.1 mM acetaminophen, 0.1 mM urea, 10 μM ascorbic acid, 2 μM uric 
acid, 1 mM KCl, 10 mM NaCl, and 5 mM lactate. The sensor did not 
respond with any significant signals to the injection of interference 
molecules, exhibiting good selectivity for glucose. Fig. 4D lists 30 rela
tive responses to 1 mM glucose with the same biosensor, calculated by 
the ratio of instant current to initial current (S/S0) (RSD ¼ 2.13%). The 
inset figure shows substantially higher current responses for the 1st, 
10th, 20th, and 30th test. This behavior would reduce any interference 

by background noise, as well as uphold the sensitivity for a longer 
period. The reproducibility test and the effect of temperature on the 
biosensor are described in chapter S 3.5 (Fig. S16). Based on the ana
lyses, the biosensor exhibited a sensing performance comparable to 
other state-of-the-art glucose biosensors, as detailed in Table S3. 

3.5. Electrochemical investigation of the fabricated pH sensor 

Fig. 5 illustrates the electrochemical performance of the fabricated 
pH sensor under ambient conditions. The fabricated reference electrode 
was calibrated against commercial Ag/AgCl (3M KCl). The potential 
shift of the fabricated electrode was approximately 150 mV, as seen in 
Fig. S17. The sensing performance was monitored in terms of open 
circuit potential (OCP) vs time. Fig. 5A depicts the OCP values with the 
variation in pH of standard buffer solutions, for increasing and 
decreasing pHs, ranging from 4 to 7 and 7 to 4. This experiment proved 
the reversibility of the pH sensor. The sensor yielded a linear response 
with an excellent sensitivity of 75.06 mV/pH, and a high regression 
coefficient (R2 ¼ 0.998), as evident in Fig. 5B. The sensitivity was 
calculated from the slope of the calibration curve, which exceeded the 
Nernst limit. It has been reported that the sensitivity depends on the 
phases of PANI and the electrode manufacturing process (Kulkarni and 
Kale, 2014). Therefore, the reason for the high sensitivity of the pH 
sensor exceeding the Nernst limit was likely due to the effective elec
tropolymerization of aniline on the highly conductive electrode of 
PP/LIG. 

Fig. 5C shows the selectivity results of the pH sensor in the presence 
of other ions, including Kþ, NH4

þ, Znþ, and Naþ. There were no signifi
cant changes in OCPs for other ions, as hydrogen ions were detected by 
deprotonation on the PANI modified electrode. Fig. 5D shows the rela
tive responses for 30 successive measurements in pH 6 buffer solution 
using the same pH sensor. The inset figure shows OCP responses for the 

Fig. 5. Electrochemical investigation of the fabricated pH sensor. A) OCP versus time curves for buffer solutions with a pH range from 4 to 7, including a reversibility 
test, B) Calibration plot of the pH sensor, C) Selectivity test of the pH sensor, D) Relative responses (S/S0) were calculated by the ratio of instant OCPs (S) to initial 
OCPs (S0) with 30 iterations (the inset figure showing OCPs at 1st, 10th, 20th, 30th, tests). 
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1st, 10th, 20th, and 30th tests. The net potentials of OCP signals and the 
sensitivity were substantially higher compared to other reported pH 
sensors (Table S4). The reproducibility test and the effect of temperature 
on the pH sensor are described in chapter S 3.6 (Fig. S18). The above 
results indicate that the developed sensor is capable of valid pH analysis. 

3.6. Real sample analysis 

The feasibility of the biosensor was verified by its application for 
monitoring human perspiration. Fig. 6 represents the performance of the 
biosensor for sweat glucose and pH detection. The subject had perspired 
during physical exercise and collected a few hundred microliters of 
sweat under three different conditions: before meal, right after meal, 
and 2 h after meal (Fig. S19A). Before every perspiration event, the 
subject’s blood glucose concentration was measured using a conven
tional glucometer. Fig. S19B is an optical image of the experimental set- 
up with a sweat drop of 200 μL on the as-developed biosensor. Fig. 6A 
displays the chronoamperometric responses obtained directly from 200 
μL of sweat and 0.1 M PBS. The current response in the 0.1 M PBS buffer 
was significantly lower because it contained fewer constituents, unlike 
sweat. Notably, the glucose biosensor exhibited a distinct increased 
current response for the after-meal sweat sample, as compared to the 
before-meal sweat sample. In addition, the response for the 2 h after- 
meal sweat sample decreased compared to that of the right after meal 
sample. The blood glucose level increased immediately following a meal 
due to the immediate release of insulin and amylin into the bloodstream, 
and subsequently decreased with time. Sweat glucose followed a similar 
trend, as evident in Fig. 6B. Furthermore, the sweat pH values also 
varied (Fig. 6C and D), due to the rate of excretion of lactic acid during 
exercise before and after meal. The sweat glucose concentration could 
be corrected for the effects of pH before and after meal ingestion. 

4. Conclusion 

As a novel class of multifunctional material, LIG was successfully 
rendered mechanically robust and highly conductive by the spray- 
coating of PEDOT:PSS on its surface. This flexible substrate was 
further modified with Pt@Pd nanoparticles for glucose detection, and 
with PANI for pH detection. The biosensor exhibited high sensitivity and 
clinical linearity for both glucose and pH detection. Besides, it also 
exhibited excellent flexing stability and highly selective sensing of 
glucose and pH. The variation of glucose and pH concentration in 
perspiration upon meal ingestion and exercise was successfully moni
tored. This work revealed a promising basis for developing other flexible 
biosensors for monitoring important physiological compounds in 
perspiration. Furthermore, the proposed biosensor can be integrated 
with a flexible printed circuit board to develop a miniaturized sweat 
monitoring system. 
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