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Abstract—We report on a highly sensitive, selective, and

flexible enzymatic sensor based on Zinc oxide nanoflakes
(ZnO NFs) for noninvasive L-lactate sensing in sweat. A single
step sonochemical process was used to synthesize ZnO NFs
on gold-coated flexible polyethylene terephthalate (PET) sub-
strates. The lactate oxidase enzyme (LOx) immobilized on the
as-synthesized ZnO-NFs-based sensing electrode provided
a high level of selectivity for lactate sensing. The sensor
was tested in the range of 10 pM–20 mM, which covers the
entire physiological range and demonstrated the sensitivity of
11.76 µA/decade/cm2 and the limit of detection (LoD)
of 1.26 nM. The presented sensor does not require a linker
due to the high isoelectric point of ZnO-NFs yet demonstrated
∼55 times better response compared to conventional gold electrodes with a linker. Our statistical analysis showed that
the sensor also has high reproducibility.

Index Terms— ZnO, nano-flakes, L-Lactate, lactate-oxidase, sonochemical, sweat.

I. INTRODUCTION

L -LACTATE is considered as a key biomarker for tis-
sue oxidative stress and indicator of the healthy state

of an individual when the required energy of the tissues
cannot be encountered under regular aerobic states [1]–[4].
The pyruvic acid under anaerobic conditions is the source
of lactic acid (lactate or 2-Hydroxypropanoic acid), which is
commonly found in skeletal muscles, brain, red blood cells,
and kidney [5]. Lactate in human sweat has clinical importance
and has been recommended as an early pointer of pressure
ischemia [6]. Thus, for many health care applications, point-
of-care (PoC) monitoring of lactate levels in fast, accurate, and
non-invasive manner is ultimately important [7]. Fluctuations
of lactate levels from the normal may serve as an indicator
for the diagnosis of the severity of the patient’s health status
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during surgery. Also, monitoring of such fluctuations can be
a potential tool for understanding the physiological condition
of athletes or chronic diabetic or cardiac patients.

Biosensing is the process of sensing bio-compounds through
monitoring the physical, biological, or chemical changes that
they cause with their presence [8], [9]. Two major types
of biosensing techniques are commercially available: optical
and electrochemical. In electrochemical bio-sensing, enzyme
coupling (as biocatalyst) is an important archetype to amplify
signals. Enzymes are easily available and one of the most
effective forms of natural catalysts. Enzymatic biosensors
are simple, direct, fast and provide biocompatibility, high
selectivity, and sensitivity. The lactate oxidase (LOx) and
lactate dehydrogenase (LDH) are the most commonly used
enzymes for lactate assays [10].

Semiconducting metal-oxides and their nanomaterials are
extensively used for biosensing applications to achieve selec-
tivity, sensitivity, portability, miniaturization, simplicity, and
low cost. Among them, ZnO exhibits several unique physical
and chemical features such as chemical stability in physiologi-
cal environments, high catalytic efficacy, biocompatibility, low
toxicity, piezoelectric nature [11], and high isoelectric point
(IEP). Various morphologies of ZnO nanostructures (NSs),
including nanowires [12], nanobelts [13], nanorods [14],
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quantum dots [15], nanoflower [16], and nanowalls [17] have
been employed for immobilizing matrix within the design
of different electrochemical biosensors. These nanostructures
improve the sensor performance metrics such as selectivity,
sensitivity, and stability of several biomarkers, including glu-
cose, galactose, and cholesterol [17], [18]. ZnO nanoflakes
(ZnO-NFs) offer several exclusive advantages compared to
bulk materials. For example, polarized (0001) plane orien-
tation enhances enzyme immobilization, which improves the
sensing performance [19]. A high isoelectric point (9.5) of
ZnO NFs [20], [21] also enhances the immobilization of
biomolecules by eliminating the necessity of an additional
binding layer, and hence providing a steady and shorter path-
way for quick electron transportation increasing the electron
transfer rate. Engineering of the morphology and size of ZnO
NFs help improve the effective surface area and adsorption
capability and functionality [22]. The inherent properties of
ZnO-NFs such as its thermal stability, intrinsic elasticity,
low thermal expansion coefficient, hydrophobicity, structural
resiliency counter to frequent twisting forces, excellent dielec-
tric properties also make it attractive for the applications in
biosensing.

Recently, a single step sonochemical approach was devel-
oped to synthesize a thin layer of ZnO-NFs virtually on
any substrate [23]. This technique is fast, CMOS friendly,
catalyst-free, inexpensive, and ecologically benign. The reac-
tion rate of the sonochemical approach is 100 times faster
than conventional hydrothermal processes, which enables a
well-oriented growth over an extensive range. The temperature
for the process is low enough to permit the application of
different materials, for example, fabrics, paper, and polymers.
Moreover, it can be integrated to roll-to-roll manufacturing
processes providing low-cost, high volume manufacturing.

In this paper, we present a highly sensitive and selec-
tive enzymatic sensor based on ZnO nanoflakes synthesized
on Au-coated stretchable polyethylene terephthalate (PET)
substrates and decorated with LOx for lactic acid detection
in sweat. The sonochemical synthesis method would allow
fabrication and integration of the demonstrated sensors on
various other flexible substrates, including fabrics and papers.
Combined with their small form factor and biocompatibility,
our ZnO-NF based sensor platform is a strong candidate for
wearable and PoC continuous lactic acid monitoring systems.
Such a wearable integrated system would also include minia-
turized potentiostat and wireless communication components
such as Bluetooth transceivers [24]–[27].

II. MATERIALS AND METHODS

A. Chemicals and Apparatus

The LOx enzyme (Aerococcus viridans species) was
purchased from MYBioSource, USA Hexamethylenete-
tramine [HMT; (CH2)6 N4], thiol-based cross-linker, Zinc
Nitrate hexahydrate [ZNH; Zn (NO3)2 6H2O], dithiobis-
succinimidyl-propionate (DTSP), L-lactic acid, sodium boro-
hydride (NaBH4), were purchased from Sigma-Aldrich (USA).
NaH2PO4 (Sodium phosphate monobasic) and Na2HPO4
(sodium phosphate dibasic) salts through-plane from Sigma

Aldrich, which used to prepare a phosphate buffer solution
(PBS, pH 6.5) for electrochemical studies. Human sweat
samples were purchased from Innovative Research. All the
chemicals which have been used in the experiments were
of analytical grade. CHI604D of CH Instruments, USA (an
electrochemical analyzer) was employed for the Lactate detec-
tion measurements. Nomadic Raman microscope (BaySpec)
with 532 nm laser was used to measure the peak shift before
and after the immobilization to ensure the successful immo-
bilization of LOx enzyme on the ZnO-NFs based electrodes.
Scanning Electron Microscopy (SEM, JOEL 7000FSEM) was
used to image the nanostructures of ZnO surface. NanoIonics
Multiview 2000TS Atomic Force Microscope (AFM) was used
to measure the surface roughness, Selective Area Electron
Diffraction (SAED), and High-Resolution Transmission Elec-
tron Microscopy (HRTEM) were used for imaging of ZnO
nanoflake structures.

B. Fabrication and Surface Functionalization
of ZnO-NFs Electrodes

An ultrasonic bath was used to wash the PET substrates
for 15 min each with IPA (isopropanol) and DI (deionized)
water for the fabrication of the gold (Au)-deposited PET
substrates. Subsequently, they were dried up using nitrogen
gas (N2). By using the e-beam evaporation, gold (60 nm)
was deposited on PET substrates with a thin adhesive layer
of Titanium (20 nm), as shown in Figure 1 (a). The substrates
were cleaned with DI water and dried by N2 gas for ZnO-NFs
growth. The PET/Au/ZnO-NFs based lactate sensing sensor,
as shown in Figure 1(b) and its flexible nature were presented
in Figure 1(c) and 1(d).

For the NFs synthesis, a single step sonochemical approach
reported in [23] was employed. A solution mixture with
20 mM ZNH and 20 mM HMT was prepared by stirring with
a magnetic stir bar at the speed of 350 rpm at room tem-
perature and pressure for 5 minutes. By using a commercial
high-intensity ultrasound set up, the submerged substrate in
the solution was then irradiated for 15 minutes of four cycles
at the intensity of 30 Wcm−2 and the frequency of 20 kHz.
The temperature of the aqueous mixture of ZNH and HMT was
maintained at ≤ 50 ◦C. Lastly, DI water and N2 were used for
cleaning the substrate after each cycle. ZnO-NFs have good
adherence to the substrate (PET). We have analyzed several
ZnO-NFs based PET substrates by using SEM before and after
the electrochemical tests and did not observe any delamination.

ZnO-NFs-based flexible electrodes were surface functional-
ized by immobilizing lactate oxidase via electrostatic physical
adsorption owing to the difference between the IEP of the
enzyme (4.2) and ZnO (9.5). This difference eliminates the
need for an intermediary thin film as a linker. 0.1 M PBS
(pH 6.5) having a concentration of 27 mg/mL of the enzyme
was used to prepare a LOx solution. The PET/Au/ZnO-NFs
based electrodes had the working area of 0.5cm × 0.5cm.
10 μL of LOx was used on the working area of the electrodes
for the immobilization of lactate oxidase. The electrodes were
carefully washed with PBS and DI water to eliminate any
unbound enzyme immediately after the immobilization. The
fabricated sensors were then preserved at 4◦C in a refrigerator.
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Fig. 1. (a) Enzymatic lactate sensor: Fabricating and immobilizing process (b) Working mechanism and redox reaction of enzymatic lactate sensor,
(c) PET/Au/ZnO-NFs based electrode and (c) flexibility of PET/Au/ZnO-NFs electrode.

C. Material Characterization of ZnO-NFs
Based Electrodes

SEM was used to image the nanostructures of ZnO surface,
during the several phases of electrode fabrication. Uniform
and well-oriented synthesis of ZnO-NFs on the gold-deposited
PET substrates were observed, as presented in Figure 2(a)
and 2(b). The average lateral dimensions of ZnO NFs were
1μm × 1 μm and thickness of 20nm. Figure 2(c) presents
that the surface of the electrode became smoother after LOx
immobilization. The morphological modification indicates that
the LOx has been properly introduced over the ZnO-NFs
matrix. The selective area electron diffraction (SAED) and
high-resolution transmission electron microscopy (HRTEM)
studies in Figure 2(d), and 2(f) were performed using an
electron microscope, with 300KeV electron beam. The selec-
tive area electron diffraction (SAED) analysis in Figure 2(d)
was carried out using commercial software (Single Crystal).
The SAED measurements depict that the 2D ZnO nanoflakes
exhibit hexagonal wurtzite structure with a = 3.25Å and
c = 5.21 Å, oriented along (0001) plane and the lateral growth
direction perpendicular to the (011̄0) plane. The HRTEM
images are taken at the major edge of the flakes showed that
the fringes are almost parallel to the edge with a lattice spacing
of 2.74Å. To measure the surface roughness, an atomic force
microscope (AFM) was used as shown in Figure 2(e). A Cr tip
having a diameter of 20 nm was used for this purpose, which
functioned at the resonance frequency of 34.95 kHz. After
the immobilization of the enzyme, LOx/ZnO-NFs/PET/Au
electrode exhibited an average surface roughness of 0.321 μm
while the roughness of the surface of PET/Au /ZnO-NFs
electrode was higher with an average surface roughness
of 1μm. The decrement in roughness value was owing to
the introduction of the LOx enzyme which occupies the
porous electrode surface. The peak of the Raman spectra
was found at ∼ 600 cm−1 for PET/Au/ZnO-NFs electrode
using Raman Spectroscopy (shown in Figure 2(g)), which

can be attributed to the second-order longitudinal optical
phonon vibration [28]. LOx/ZnO-NFs/PET/Au electrode was
also analyzed with Raman Spectroscopy (Figure 2(h)), which
demonstrated additional peaks compare to that characteristic
of wurtzite ZnO-NFs. Moreover, the shifting of this peak
to ∼1600 cm−1 is an evidence of successful immobilization
of LOx enzyme on ZnO-NFs based electrode. The composi-
tion of the element of the nanoflakes is confirmed by EDS
(energy-dispersive X-ray spectroscopy) data demonstrated in
Figure 2(i), which showed that the nanoflakes are purely ZnO
with no observed contaminations.

D. Working Principle of ZnO-NFs Based Lactate Sensor

Electrochemical sensing techniques based on catalytic elec-
tron transfer mechanism was used in the presented lactate
sensor. The electron transfer is associated with the catalytic
conversion of the substrate to the product. LOx, the redox
enzyme, acts as an electrocatalyst, enabling the flow of the
electrons between the substrate molecule and the electrode
containing no intermediary layer, as shown in Figure 1
(a, right).

Because of the redox reaction in the presence of L-lactic
acid in biofluids, the output response of the sensor changes.
Due to the oxidation of LA in the existence of the introduced
LOx, unbalanced pyruvic acid is formed in the aqueous
solution. This acid is instinctively transformed into pyruvate
and H2O2, as given in Figure 1 (b) and the redox pair equations
(1), (2) and (3) [29], [30]:

L-lactic acid+ O2 L Ox−−→ Pyruvic acid+ H2O2 (1)

H2O2 −→ O2 + H+ + e− (2)
1

2
O2+2H+ + 2e− ←→ H2O (3)

Thus, enzymatic biosensors usually offer selectivity, since
their range of operating potential is closer to the redox poten-
tial of the enzyme itself which prevents interfering reactions.
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Fig. 2. (a) SEM image of PET/Au/ZnO-NFs (b) FSEM image (3D) of PET/Au/ZnO-NFs (c) SEM image of PET/Au/ZnO-NFs/LOx (d) SAED pattern
of ZnO-NFs (e) AFM image of PET/Au/ZnO-NFs (f) HRTEM at the edge of a flake (g) Raman spectra on PET/Au/ZnO-NFs electrode and (h) Raman
spectra of PET/Au/ZnO-NFs/LOx electrodes (i) EDS data ensures the grown of nano flakes are pure ZnO.

A three-electrode system was used in the sensing exper-
iments. The PET/Au/ZnO-NFs/LOx biosensor was used as
the working electrode, Ag/AgCl, 0.1M KCl was used as a

reference electrode and Pt served as an auxiliary electrode.
3mL PBS (pH 6.5) was employed for all measurements.
In such a setup, since the PBS (0.1M) is saturated with oxygen,
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Fig. 3. (a) CV studies of LOx immobilized ZnO NFs biosensor for LA concentration varying from 10 pM to 20 mM (b) Linear curve fitting
(c) Responses of PET/Au/ZnO-NFs/LOx electrode (solid blue circles) and PET/Au/DTSP/LOx electrode (solid red squares) for L-lactic acid detection.

the lactic acid (LA) is oxidized in presence of LOx at the
electrolyte/ZnO-NFs-based electrode interface, and the pyru-
vic acid and H2O2 is produced as the byproducts. Later, H2O2
disintegrates into O2 and H+ ions and generates electrons.
These electrons are rapidly transferred through the electrode
forming a current that is measured as the sensor response.
Contrarily, the reduction occurs in the auxiliary electrode in
the presence of O2 and H+ ions, and H2O is produced.

III. RESULTS AND DISCUSSIONS

A. Calibration of the Enzymatic Lactate Sensor
Based on ZnO-NFs

Cyclic Voltammetry (CV) technique was employed to
examine the electrochemical phenomenon of electrodes and
to determine the sensitivity of the fabricated LOx/ZnO-
NFs/Au/PET electrodes over a range of LA concentration.

Six different concentrations of LA within the range
of 10 pM – 20 mM were introduced in the presence of 10 μL

of LOx on the PET/Au/ZnO-NFs based working electrode.
The CV measurements were taken in the potential range of
−0.1V – 1.2V at a scan rate of 50mVs−1 (For example, both
the oxidation and reduction peaks were observed for the 10mM
of LA in Figure 3 (a), inset). During the experiments, the
sensor’s output signals (oxidation peaks) varied significantly
with the variation of LA concentration. With the increase of
the LA concentration, a gradual increment of oxidation peaks
was observed as shown in Figure 3 (a).

In the presence of immobilized lactate oxidase, LA con-
verted into pyruvic acid as a mid-product and later formed
pyruvate and H2O2 as byproducts following the equation
(1). For the effectiveness of a biosensor, factors such as
electron transfer rate and enzyme binding play major roles.
For all the experiments, pH was set to 6.5 which is typical
for sweat. At that pH level, the ZnO-NFs with an IEP of
9.5 exhibit a positive surface charge while LOx with an IEP of
4.2 exhibits a negative charge, together which lead to a stable,
linker-free binding. Six different concentrations (10 pM, 1 nM,
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Fig. 4. Nyquist plots of EIS response of PET-Au-ZnO NFs-LOx when the immobilization of series concentrations of five samples: 1 nM to 20 mM
concentrations. The inset shows the equivalent circuit model and (b) Dose responses of total impedance output for calibrating sensor for different
concentration (1 nM – 20 mM) of lactic acid.

1 μM, 1 mM, 10 mM, and 20 mM) were considered for
the current vs. concentration curve, as shown in Figure 3 (b)
where the output current for each concentration was measured
ten times.

The fabricated electrochemical lactate sensor presented
a linear response (in logarithmic scale) within the range
of 10 pM to 20 mM of L-lactic acid concentrations, as shown
in Figure 3 (b). The sensitivity of the enzymatic lactate
biosensor was determined to be 11.76 μA/decade/cm2. The
trend of the curve is significantly linear, and the coefficient
of determination (R2) was found as 0.93. The limit of detec-
tion [31] of the sensor was determined as ∼1.26 nM. Also, the
sensor showed linearity within the physiological range having
with R2 = 0.97 (Figure 3 (b), inset).

DTSP linker layer was used to prepare PET/Au/DTSP/LOx
electrodes having a similar size of the described linker-free
PET/Au/ZnO/LOx electrodes to compare their responses.
The comparative response measurement results are shown in
Figure 3(c). The removal of the intermediary linker layer due
to the advantage of the high isoelectric point of ZnO, the ZnO-
NFs-based electrode exhibited ∼55 times better response.

B. Electrochemical Impedance Spectroscopy (EIS)
Measurements

For the analysis of complex electrical properties of a
system, EIS is considered as a robust and surface-sensitive
tool. Impedance spectra can be analyzed with an equivalent
electrical circuit to extract the values of its components,
which model the interfacial phenomena [32]. Figure 4 (a)
represents the Nyquist plot of the EIS spectra of PET/Au/ZnO-
NFs/LOx electrodes for different concentrations (1 nM, 1 μM,
1 mM, 10 mM, and 20 mM) of lactic acid. We performed
the EIS measurements in the 1000 Hz -100KHz frequency
range, by applying an AC voltage of 0.239 V using CHI604D
impedance analyzer. The Z View software was used to fit
EIS data and equivalent circuit parameters. The equivalent

circuit, shown in Figure 4 (inset), was satisfactorily fitted for
the EIS data with the values given in Table I. In the model,
Rs signifies the cell resistance, R1 indicates the resistance at
the interface between the ZnO-NFs/Au /PET/LOx electrode
and the electrolyte where ions are generated, Constant Phase
Element (CPE-T1) represents impedance of bio-active area of
the electrode, CPE-T2 represents the impedance of the surface
of the electrode without functional groups.

The Nyquist plot in Figure 4(a) presents the real and imag-
inary parts of the impedance for the varying concentrations
of LA. There is a significant reduction in R1 with the increas-
ing LA concentration. This observation supports the reasoning
for the increasing cumulative current with the increasing LA
concentration in Figure 3. The cumulative impedances for the
five different concentrations of lactic acid (1nM – 20 mM)
were determined from the real and imaginary impedances and
plotted in Figure 4 (b). For each concentration, the impedance
was determined five times. The impedances were extracted
from the maximum values of the R1 with the frequency range
of 1000 Hz -100 kHz and the initial voltage of 0.239 V. The
calibration plot resulted in a substantially linear relationship
with the coefficient of determinant, R2 = 0.95.

C. Measurements of Repeatability and Reproducibility

The working electrode of the fabricated lactate sensor was
immersed in three different concentrations of lactate (1 nM,
1mM, and 20 mM) solution for ten different times. A nominal
deviation was evident from the current data of these concen-
trations. For each concentration, the standard deviation (SD)
of the data was below 7 μA, whereas the relative standard
deviation (RSD) of these measurements were below 4%.
Also, the average differences of the current (�A) in between
the signals was 13.46 μA (1 nM and 1 mM) and 17.29 μA
(1 mM and 20 mM), respectively. However, it was evident
that the currents values were separated from each other with
minimum overlaps.
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Fig. 5. (a) Repeatability study of a single ZnO NFs based enzymatic lactate sensor for three different concentrations: 1 nM, 1 mM, and 20 mM
(b) Two identical sensors used for reproducibility study for the concentrations of 20 mM.

TABLE I
IMPEDIMETRIC PARAMETERS OBTAINED THROUGH EXPERIMENTAL RESULTS OF DIFFERENT CONCENTRATIONS

OF LACTATE IN EIS MEASUREMENTS FOLLOWING THEORETICAL FIT

TABLE II
DETERMINATION OF LACTATE IN HUMAN SWEAT USING THE ZNO-NFS/AU /PET/LOX ELECTRODE.

Bland-Altman plot [33] was used to analyze the repro-
ducibility of the sensor as shown in Figure 5(b). Here, this plot
demonstrated a relationship between the average and differ-
ence of two sets of amperometric data for the reproducibility
test. In this study, each data set contained ten measurements of
each of two different sensors. The entire study was executed
following a specific concentration of lactate (20 mM) for
all the measurements of both data sets. A student t-test was
also executed to corroborate the reproducibility results from
the above two different data sets (10 measurements each) of
two identical lactate sensors. The results showed that the p
(T <= t) value for the data sets was 0.08 (> 0.05). Based
on the p-values, it is evident that the data sets supported the

null hypothesis. Hence, we inferred that the results from both
sensors’ data were reproducible.

D. Measurements of Lactic acid in Biological Samples
To assess the performance of our sensor for real-life

cases, we measured the lactate concentration in human sweat
samples. Six different human sweat samples (S1, S2, S3,
S4, S5, and S6) obtained from de-identified subjects. Lactate
levels in the samples that were determined using standard
lactic acid assay protocols prior to our analysis, as listed in
Table II. The samples were diluted with 0.01 M PBS solu-
tion before the measurements. We then measured the lactate
levels in the samples through electrochemical analysis using
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the PET-Au-ZnO-NFs-LOx electrode and their corresponding
linear calibration curves obtained from the standard assay con-
centrations. The results were compared to the values obtained
previously by standard protocols and are also listed in Table II.
It can be seen from Table II that our biosensor provided
recovery rates between 70.5 % - 93.06 % and the RSD
values between 1.38% - 14.91%. These results showed that
ZnO NFs-based enzymatic biosensor could provide reliable
lactate detection (average of ∼85% recovery) in human sweat
samples.

IV. CONCLUSION

A linker-free electrochemical biosensor, consisting of ZnO
NFs with immobilized lactate oxidase, has been successfully
demonstrated for monitoring L-lactate in sweat. A wide range
of linearity (with R2 of 0.97) covering the physiological range
has been observed with a sensitivity of 11.76 μA/decade/cm2

and a limit of detection of 1.26 nM. The enzymatic sensor
also showed good repeatability for three sample concentra-
tions. The SD and RSD values of the measurements for
each concentration were < 7 μA and < 4%, respectively.
The reproducibility data for two identical sensors were found
within the LoA of the Bland-Altman plot with a statistically
significant p-value of 0.08 that derived from the student t-test.
The sensor was also tested with real human sweat samples for
future implementation on wearables. The average recovery was
found ∼85% with < 10% of RSD, which supports the fact that
the proposed sensors are reliable for real-life applications. The
proposed method and device would help to realize wearable
and PoC platforms for continuous lactate monitoring.
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