
Analyst

PAPER

Cite this: DOI: 10.1039/d1an00455g

Received 16th March 2021,
Accepted 5th April 2021

DOI: 10.1039/d1an00455g

rsc.li/analyst

On-demand lactate monitoring towards assessing
physiological responses in sedentary populations†

Ashlesha Bhide,a Kai-Chun Lin, a Sriram Muthukumar b and Shalini Prasad *a

Identification of diseases in sedentary populations on a timely basis before reaching a critical stage is a

continuing challenge faced by emergency care centers. Lactate is a key biomarker for monitoring

restricted oxygen supply essential for assessing the physiological responses of the user for clinical diag-

nostics. The novelty of this work is the development of a non-invasive, mediator-free, stick and remove

biosensor for the on-demand measurement of lactate in passive sweat targeted towards sedentary popu-

lations. The conformable interface of the biosensors with skin can be engineered to extract relevant bio-

chemical signals and quantify the in situ sweat biomarker levels. In this work, we demonstrate a highly

sensitive and specific on-demand biosensor with a fabricated hybrid nanotextured Au/ZnO electrode

stack embedded within a flexible nanoporous material to capture the temporal dynamics of passive sweat

lactate. The biosensor exhibits a lactate specific response in human sweat with a 1 mM lower limit of

detection and a wide dynamic detection range of 1–100 mM (R2 = 0.98). The proposed biosensor has a

sensitivity of 8.3% mM−1 while selectivity studies reveal negative interactions with non-specific molecules.

The sensor stability studies showed an ∼30% degradation in the lactate biosensing response over a 4-day

duration when stored at 4 °C. Non-faradaic electrochemical spectroscopy is employed as the detection

modality to quantify the enzymatic catalysis of sweat lactate at the electrode–sweat interface.

Spectroscopic characterization techniques such as XPS, ATR–FTIR, and zeta potential measurements

confirm the enzymatic assay binding efficacy on a qualitative scale.

1. Introduction

Geriatric and paediatric populations are vulnerable to unfore-
seen circumstances that demand the identification of techno-
logies that can prolong the lives of these sedentary population
subsets. Thus, facile care approaches are required to monitor
the health parameters of sedentary populations calling for the
need of developing on-demand, single-use platforms for point-
of-use testing. Early screening and diagnosis provide initial
heath intervention through safe, non-invasive, and potentially
inexpensive methods for detecting the onset and progression
of diseases. Progression of diseases into an advanced stage
causes delay in procuring effective treatment consequently
requiring laborious invasive, immunological, imaging, and
genomic diagnosis procedures.1 The invasiveness of conven-
tional diagnosis techniques requires frequent painful testing
procedures posing a challenge for regular screening of disease
progression in elderly and infants. Biomarkers have the enor-

mous ability to assess and characterize the extent of disease
towards the development of next-gen non-invasive diagnostic
devices without the requirement of expensive and bulky equip-
ment.2 An increase in blood lactate levels is related to
increased production or decreased lactate clearance further
leading to conditions such as tissue hypoxia and subsequently
leading to septic shock under extreme conditions.3 Hence, an
on-demand, point-of-use, stick and remove biosensor can be
used for the initial quantification of lactate levels further
prompting clinicians to initiate immediate medical actions.

For years, eccrine sweat has been a neglected diagnostic
bodily fluid but with the advent of flexible sensing, sweat
sampling has become an extremely promising non-invasive
diagnostic approach for biomarker analysis. Most efforts have
been focused on the detection of sweat metabolites such as
lactate, glucose, and uric acid as they are present in higher
detectable concentrations while the protein concentrations are
in lower ranges. Low tonicity and acidic pH of sweat allow for
more accumulation of biomarkers in sweat.4 Eccrine sweat is a
valuable source of proteins, metabolites, electrolytes, lipids,
and other non-invasive biomarkers with less susceptibility to
fouling making it a critical tool for frequent monitoring of
disease states in sedentary populations.5 Sweating occurs as a
response to maintain thermoregulation when there is an
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excess rise in the core body temperature. Higher sweat
volumes can be achieved by inducing sweating through stimu-
lation in healthy subjects. The quality and quantity of the bio-
markers are highly dependent on the types of glands and the
region of sweat sampling on the body. Eccrine sweat is present
on the body’s skin with an average density of 100–200 cm−2 on
the surface area of the body with its appearance on the body’s
surface allowing for non-invasive biomarker detection.6

Advancement in passive sweat sampling and iontophoretic
sweat stimulation techniques has unlocked new opportunities
for sweat analytics-based screening devices with the potential
to provide continuous feedback on the health and disease
status. Lactate levels in eccrine sweat are found to be higher
than those in the blood ranging from 425 mM in healthy indi-
viduals to 50–100 mM after exhaustive exercise making sweat
lactate detection a viable alternative for monitoring clinical
conditions.7–10 Most sweat based sensors rely on the localized
pilocarpine stimulation of sweat glands so as to achieve
10–100 µL of sweat volume required for biomarker
detection.11,12 Studies have shown that sweat stimulation
induced using pilocarpine did not significantly show a change
in lactate levels before exercise and during exercise in the exer-
cise group in comparison with the non-exercising group.13

Previously, our group has demonstrated dynamic continuous
monitoring of lactate in ultra-low volumes of passive perspired
sweat on a graphene biosensing platform.14 Recent studies
have shown that real-time lactate biosensing requires high
sweat volumes and the use of redox mediators to widen its
dynamic range of detection12,15–20 (see ESI Table S1†). Most of
the efforts report a dynamic range up to ∼70 mM with the use
of redox probes. However, in our work, we report a non-fara-
daic, mediator-free lactate sensing strategy with an extended
dynamic detection range up to 100 mM by leveraging the pro-
perties of a porous substrate.

Porous substrates such as polyamide offer higher current
density and capacitance due to their enlarged surface area to
volume ratio in comparison with flat substrates. The dimen-
sionality of the electrode materials also enhances the kinetics
of electrochemical reactions.21 Nanoporous membranes allow
for nanoconfinement of biomolecules within small volumes to
increase the frequency of interactions with the biomolecules
and the functionalized electrode surface. The sensitivity of bio-
markers can be enhanced by macromolecular crowding in the
nanopores which influences the conformal stability of the
protein, enhances the folding process, accelerates enzyme reac-
tion kinetics, and prevents protein denaturation.22 The speci-
ficity in detecting the target biomarker is achieved by the
excluded-volume effect wherein the inert macromolecules
crowd the nanopore and reduce the randomness in the motion
of the target biomolecules.23 A decrease in the entropy of a
crowded solution increases the thermodynamic activity of the
solution resulting from the volume exclusion effect thus allow-
ing specific probe–target analyte interactions.24 Aside from the
biocompatibility provided by the polyamide required for inte-
gration in flexible devices, another important aspect of using
porous substrates is their capability to capture ultralow sweat

volumes, drive the passively produced local sweat from the epi-
dermis to the functionalized electrode interface, and provide
the user with instantaneous feedback. Experimental studies
and simulation carried out previously by the group have
shown that passive eccrine sweat is transported rapidly
through the entire cross-section of the polyamide substrate
steadily within 30 seconds in a radial profile through capillary
action.25

Zinc oxide nanostructures have been explored extensively in
recent years for biosensing applications (glucose, H2O2, and
cholesterol) because they offer advantages such as faster
response time and sensitivity of detection. The nanotextured
surface of ZnO provides a greater surface area of probe–target
biomarker interaction, biocompatibility, structural and chemi-
cal stability, fast electron kinetics, and strong adsorption
ability due to its high isoelectric point.26 The direct charge
tunnelling between the ZnO nanostructures and the active site
of the enzyme reduces the need to use a redox mediator.27 The
ZnO surface is positively charged at physiological pH allowing
for immobilization of negatively charged proteins to be
adsorbed on its surface by electrostatic forces of attraction.28

The electronic properties of ZnO allow for the sensitive detec-
tion of biomarkers in small volumes with a wider dynamic
range of detection while tailoring the polar termination of the
ZnO surface enhances the selectivity of the biosensor. The zinc
and oxygen terminations of the ZnO nanostructures have been
demonstrated to be efficient for the functionalization of anti-
bodies and enzymes through dithiobis succinimidyl propio-
nate (DSP) linker chemistry.29 This work demonstrates the
operation of a biosensor with the capability of providing an
on-demand measurement to the user for monitoring elevated
lactate levels. Highly sensitive and specific lactate detection is
accomplished by capitalizing on the interaction between the
low volumes of passive sweat entrapped in the pores of the
substrate and the nanotextured hybrid Au/ZnO electrodes
aiding in signal amplification for ultra-sensitive lactate
detection.

2. Results and discussion
2.1. Enzymatic assay functionalization and structural
characterization of the biosensing substrate

Lactate detection in eccrine sweat is achieved by the catalytic
oxidation of L-lactate into pyruvic acid and H2O2 through
lactate oxide (LOx) embedded within the nanopores and
immobilized on the nanostructured ZnO active sensing region
by a crosslinker as shown in Fig. 1a. The production of H2O2

contributes to the impedance changes which are monitored by
electrochemical impedance spectroscopy. The fluid wicking
profile of the nanoporous substrate in contact with 3 µL of
passive sweat is shown in Fig. 1b. The sweat is introduced into
the pores through the face opposite to the sensing region and
is transported through the pores to interact with the enzyme.
The mechanism guiding the fluid transport is a function of
pore diameter, thickness, contact angle, packing density and

Paper Analyst

Analyst This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 0
7 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pr

in
ce

 E
dw

ar
d 

Is
la

nd
 o

n 
5/

16
/2

02
1 

10
:4

5:
51

 A
M

. 
View Article Online

https://doi.org/10.1039/d1an00455g


pore arrangement which drives the transport of sweat across
the membrane and influences the biosensor metrics. The SEM
image in the inset provides evidence for the intercalated pore
structure that aids in the navigation of the passive sweat
expressed from the epidermis to the detection region by lateral
diffusion.

2.2. ATR–FTIR analysis for the confirmation of enzymatic
assay functionalization on the lactate biosensing platform

Attenuated total reflectance spectroscopy provides detailed
insight into the protein interactions occurring at the elec-
trode–electrolyte interface. The interactions between the
various layers of the enzymatic assay chemistry are character-
ized by a unique spectral fingerprint which is associated with
the appearance or shift in certain absorption peaks. The ATR–
FTIR spectra of the nanostructured ZnO surface modified with
DSP and DSP–LOx chemistry within the spectral range of
600–4000 cm−1 are shown in Fig. 2a and b, respectively. The
peak related to the ZnO nanotextured surface appears at
587 cm−1 and is shown in ESI Fig. S1b.† The DSP linker is an
amine-reactive crosslinker consisting of NHS–ester groups at
the ends of its spacer arm and a cleavable disulfide bond. The
peaks appearing at 670 cm−1 and 705 cm−1 represent the
vibrations of the CH2 bond that form the backbone of DSP.
The peaks at 1022 cm−1 and 1315 cm−1 are assigned to the
stretching vibrations of the ester linkage and the symmetric C–

N–C stretch of NHS present in DSP, respectively. Other signifi-
cant identifier groups present in DSP appear at 1674 cm−1 repre-
senting the asymmetric carbonyl stretch of the NHS ester group.
The absorption bands at 1407 cm−1 and 1438 cm−1 are charac-
teristics of the vibrations of the methylene scissors present in
DSP. The bending vibrations of the alkane stretch (C–H) are
indicated by the two peaks at 2915 cm−1 and 3000 cm−1. The
DSP linker binds to the enzyme at the NHS end by breaking the
CvO bond to form a stable amide bond and releasing the suc-
cinimidyl group. This process is indicated by the appearance of
peaks at 1020 cm−1 (C–N stretch) and 1200 cm−1 (C–C stretch)
associated with the aminolysis of NHS groups in DSP with
primary amines in the enzyme. The peak at 1044 cm−1 indicates
the C–O vibrations in LOx. The peaks at 1633 cm−1 and
1538 cm−1 indicate the presence of amide I and amide II bonds
of LOx. The amide I band appears due to the C–O stretching of
the peptide linkage present in the backbone of the protein. The
amide II band appears due to the combined stretching of the
N–H and C–N bonds of the peptide group.

Another surface analysis technique called X-ray photo-
electron spectroscopy is utilized to gain an in-depth under-
standing of the elemental composition of the interface being
probed. XPS analysis was performed to ensure the binding of
the thiol crosslinker to the sensing element. Fig. 3a–c show
the XPS spectra of bare ZnO and the DSP modified ZnO
surface for the Zn 2p3/2, O 1s, and N 1s peaks, respectively.
The Zn 2p3/2 peak for bare ZnO appears at 1021.4 eV; it shifts
to 1021.8 eV for the DSP modified ZnO surface indicating the
formation of Zn–S bonds. The O 1s peak for bare ZnO observed
at 530.8 eV shifts to 531.4 eV and can be attributed to the
CvO group of the NHS terminus. The peak appearing at 533.4
eV indicates the presence of C–O in the NHS terminus of DSP.
The N 1s peak appears at a binding energy of 400.4 eV after
modifying the ZnO surface with DSP which is a signature of
the nitrogen species present in the NHS ester.

Fig. 1 (a) Enzymatic assay chemistry immobilized on the ZnO active
sensing region for the detection of L-lactate. Created with BioRender.
com. (b) Fluid wicking profile of the nanoporous polyamide substrate.
The inset shows the SEM image of the substrate.

Fig. 2 (a) ATR–FTIR spectra of ZnO–linker (DSP) binding; (b) ZnO–

linker (DSP)–enzyme (LOx) binding.
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2.3. Zeta potential analysis for the investigation of enzymatic
assay stability in varying sweat pH buffers

The zeta potential quantifies the effective electric charge
present on the surface of a particle. We utilize zeta potential
measurements to characterize the electrical double layer
formed at the sensing element–sweat interface and the
modulations arising at the interface due to the LOx–lactate
interaction. The surface charge states of a particle suspended
in a solution are highly dependent on factors such as varying
pH values, ionic strengths, and temperatures. The zeta poten-
tials of bare ZnO nanoparticles and DSP–LOx functionalized
ZnO nanoparticles in contact with the sweat of pH 6 and pH
8 are shown in Fig. 4a. The zeta potentials of bare ZnO nano-
particles in the sweat of pH 6 and pH 8 are 6.9 ± 0.4 mV and
2.55 ± 0.5 mV, respectively. Higher potential is observed for
ZnO particles suspended in the sweat of pH 6 than pH 8 due
to the excess H+ ions of the sweat buffer surrounding the
ZnO nanoparticles. After DSP–LOx functionalization, the zeta
potentials in the sweat of pH 6 and pH 8 alter to −13.68 ±
0.6 mV and −13.45 ± 0.3 mV, respectively. The zeta potentials
of DSP–LOx modified ZnO nanoparticles in varying pH sweat
buffers change to negative potentials from the positive poten-
tials of bare ZnO nanoparticles. At pH 6 and 8, the positive
surface charge of ZnO nanoparticles favours electrostatic
coupling of the negatively charged enzymes to its surface.30

Fig. 4b shows the zeta potential response of the enzyme func-
tionalized ZnO nanoparticles to increasing lactate dose con-
centrations in the sweat buffer of pH 6 and 8. The zeta
potentials of zero doses for the sweat of pH 6 and 8 were
−13.46 ± 0.45 mV and −13.44 ± 0.6 mV, respectively. For
1 mM lactate concentration, the zeta potentials for the sweat

of pH 6 and 8 are observed to be −13.11 ± 0.52 mV and
−13.2 ± 0.45 mV, respectively. At 100 mM lactate concen-
tration, the zeta potentials for the sweat of pH 6 and 8
increase to −12.41 ± 0.52 mV and −12.39 ± 0.12 mV, respect-
ively. In the sweat of pH 6 and 8, the zeta potentials tend to
become less negative with increasing lactate concentrations
due to the production of pyruvic acid making the sweat
buffer environment more acidic. The results obtained from
the zeta analysis indicate successful immobilization of
enzymatic assay chemistry on the ZnO surface and exhibit a
pH-stable performance.

2.4. Electrochemical characterization of the lactate
biosensing platform for analytical performance evaluation in
synthetic and human sweat

Electrochemical impedance spectroscopy has increasingly
gained interest in characterizing protein–protein interactions
in complex biological matrices. EIS has several advantages
such as high sensitivity, non-destructive sensing, quantifi-
cation of the signal registered due to protein interactions from
the background noise produced by the complex biological
medium, and the capability to discriminate between interfacial
and bulk processes.31 Herein, the impedance spectrum is
recorded within a narrow frequency range by applying a small

Fig. 3 XPS spectra of the bare ZnO and linker (DSP) modified ZnO
surface for (a) Zn 2p3/2 peak, (b) O 1s peak and (c) N 1s peak.

Fig. 4 (a) Zeta potential of bare ZnO and linker (DSP)–enzyme (LOx)
modified ZnO nanoparticles in synthetic sweat of pH 6 and 8. (b) Zeta
potential response of the enzyme functionalized ZnO nanoparticles to
increasing lactate dose concentrations in synthetic sweat of pH 6 and 8.

Paper Analyst

Analyst This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 0
7 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pr

in
ce

 E
dw

ar
d 

Is
la

nd
 o

n 
5/

16
/2

02
1 

10
:4

5:
51

 A
M

. 
View Article Online

https://doi.org/10.1039/d1an00455g


AC perturbation signal and then measuring the AC current
produced by the electrochemical changes occurring from the
immobilized biorecognition element–target analyte inter-
actions. The data extracted from the EIS analysis can be
mapped to distinct frequency regimes consisting of solution
resistance (Rs), resistance to charge transfer between the elec-
trode surface and the solution (Rct), resistance to diffusion of
species to and from the bulk solution (Zw), and the double
layer capacitance (Cdl). The numerical values of these individ-
ual frequency-dependent impedance parameters can be
extracted by fitting the EIS spectrum to the Randle’s equivalent
circuit [see ESI Fig. S2†]. We have used the non-faradaic mode
of EIS for reporting the LOx enzyme–lactate interactions
wherein the ionic charges are confined to the electrode and no
true charge transfer is observed at the electrode–electrolyte
interface making the system more capacitive in nature.32 The
formation of an electrical double layer at the electrode–electro-
lyte interface is the origin of capacitance in the system.
Adsorption of the biorecognition element and its interaction
with the target analyte induce a change in the dielectric pro-
perties at the electrode–electrolyte interface by displacing
water and hydrated ions from the near vicinity, or from the
changes in the protein structure conformation which are
detected through capacitance probing. The total double layer
capacitance of the system is generated from the capacitances
contributed by the semiconducting film, the biorecognition
element film, and the target analyte–biorecognition element
interactions.

Although, human subject testing is considered an ideal vali-
dation for performance testing of the lactate detection plat-
form, constraints such as variation in the sweating mecha-
nism, sweat collection times and regions in the same subjects
can affect the repeatability in measurements during the system
development and characterization phase of the platform.
Hence, synthetic sweat is utilized to standardize the sensing
protocol and expedite the development of the platform. We
have calibrated the performance of the lactate detection plat-
form for increasing lactate concentrations of 0.1–100 mM in
synthetic sweat of pH 6 and 8 to understand the effect of sweat
pH variance on lactate biosensing. The impedance response is
represented as the change in impedance at a given concen-
tration from the baseline impedance at zero dose (sweat
devoid of lactate). The percentage change in impedance for
increasing lactate dose concentration spiked in sweat is rep-
resented by the following equation:

% change in impedance ¼ 100

� Zbaseline � Zdoseð Þ=Zbaselineð Þ:

The signal detection frequency was chosen to be 10 Hz as
the maximum signal to noise response was obtained within
the 1–100 Hz regime with stable noise variation. The percen-
tage change in impedance for lactate spiked in synthetic
sweat of pH 6 (SS6) from 0.1 mM to 100 mM varied from 4.5 ±
2.2% to 37.6 ± 3.3% as shown in Fig. 5a. The specific signal
threshold (SST) calculated using an SNR of 3 was computed to

Fig. 5 (a) Calibration dose response of lactate in synthetic sweat of
pH 6. (b) Calibration dose response of lactate in synthetic sweat of pH 8.
(c) Calibration dose response of lactate in human sweat. (d) Extracted
double layer capacitances for 0.1 mM–100 mM lactate concentrations in
synthetic sweat of pH 6 and 8, and human sweat.
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be 9.5%. The limit of detection of lactate in synthetic sweat of
pH 6 was found to be 1 mM with an R2 of 0.98. The percen-
tage change in impedance for lactate spiked in synthetic
sweat of pH 8 from 0.1 mM to 100 mM varied from 4.8 ± 4.5%
to 35.1 ± 1.8% as shown in Fig. 5b. The limit of detection was
found to be 1 mM as the percentage impedance change
recorded from 0.1 mM lactate in synthetic sweat of pH 8 falls
under the 8.6% signal threshold level. The coefficient of deter-
mination R2 was found to be 0.97. The dynamic range for
lactate detection in synthetic sweat of pH 6 and 8 was found
to be 1 mM to 100 mM. The overall percentage change in
impedance for lactate dose concentrations in synthetic sweat
of pH 6 and 8 varies between ±1 and 4%. The Nyquist plots
for the target lactate dose concentration range of 0.1–100 mM
spiked in synthetic sweat of pH 6 and 8 are shown in ESI
Fig. S3a and S3b†, respectively. The imaginary impedance
increases concomitantly with increasing lactate concentrations
resulting from the charge storage capacitive properties of the
double layer. These modulations arise from the permittivity
changes within the double layer which quantifies the LOx
enzyme–lactate interactions at the electrode–sweat electrolyte
interface and can be validated from the extracted capacitance
values obtained from fitting the experimental Nyquist plot to
the Randle’s circuit as shown in Fig. 5d. The double layer
capacitance values demonstrate a dose-dependent increase in
response to increasing lactate concentrations. For 0.1 mM to
100 mM lactate dose concentrations, the Cdl values vary from
0.5 µF to 0.96 µF for synthetic sweat of pH 6 and 0.44 µF to
1.2 µF for synthetic sweat of pH 8. Fig. 5c shows the cali-
bration dose response curve for the detection of lactate in
human sweat. The variation in percentage change in impe-
dance from 0.1 mM to 100 mM lactate concentrations was
found to be from 0.4 ± 0.28% to 27 ± 2.2%. The sensitivity of
the biosensor is calculated to be 8.3 ± 0.92%/mM. The selecti-
vity of the immobilized LOx enzyme in specifically detecting
lactate molecules specifically in a complex human bodily fluid
was established through cross-reactivity studies. The cross-
reactive study was performed with cortisol as the detection
molecule on the lactate biosensing platform. The percentage
change in impedance obtained from the cross-reactive inter-
actions of cortisol with the LOx enzyme was found to be from
1.1 ± 3.6% to 6.8 ± 3.4% for cortisol concentrations from
0.1 mM to 100 mM. The impedance responses obtained from
0.1 mM lactate and cortisol overlap while the responses
obtained from non-specific cortisol concentrations from
1 mM to 100 mM lie below the responses obtained from
specific lactate interactions giving a confirmation that the
developed enzymatic assay is specific to the target analyte
lactate. The signal threshold was calculated to be 4.3% and
the smallest detectable lactate concentration (LOD) was found
to be 1 mM making the biosensor capable of detecting lactate
within the established physiologically relevant range of
4–80 mM in human sweat.33 The Nyquist plot for increasing
lactate dose concentrations in human sweat is shown in ESI
Fig. S3c.† The extraction of double layer capacitance varies
from 0.38 µF to 0.46 µF for lactate dose concentrations from

0.1 mM to 100 mM as shown in Fig. 5d. The variations in
charge transfer resistance resulting from the increased lactate
binding in synthetic sweat of varying pH values and human
sweat are shown in ESI Fig. S3d.† The performance calibration
outcomes of the lactate biosensing platform demonstrate
reliable and specific detection of lactate within the physiologi-
cally relevant range present in human sweat primarily orig-
inating from the permittivity changes within the double layer.
The enhanced sensitivity of detection can be attributed to the
nanoporosity of the flexible membrane used for detection
which influences transport kinetics, reduces the diffusion
time, and provides a high surface area to volume ratio. The
macromolecular confinement stabilizes protein, retains
protein conformation, and enhances protein–bioreceptor
interactions. Selectivity is achieved by leveraging the size-
based exclusion feature of the membrane that rejects the
interfering lipids and ions present in human sweat allowing
for small molecule detection.34

2.5. Sensor stability and continuous lactate monitoring

Majority of the biosensing platforms suffer from instability as
the immobilized proteins or enzymes are liable to undergo
alterations under inappropriate storage conditions further
affecting the biosensor’s sensitivity. The evaluation of the bio-
sensor’s stability is crucial for the assessment of its perform-
ance metric particularly in the use of single-use, disposable
sensors. The stability metric gauges the retainment of the bio-
sensor’s activity when stored under specific conditions to
avoid performance degradation.35 The biosensor strips were
immobilized with the LOx enzyme at room temperature and
the performance of the lactate biosensor stored at 4 °C until
use was measured over 4 days as shown in Fig. 6a. Every day a
new biosensor strip was taken out from 4 °C to measure the
impedance response of varying lactate concentrations spiked
in human sweat. The mean % impedance changes produced
over 4 days for 1, 10, and 100 mM lactate concentrations were
found to be 11.9 ± 0.96, 18.4 ± 2.05, and 27.0 ± 2.0, respect-
ively. The lactate biosensor’s performance decreased by ∼30%
over the 4-day period while the % coefficient of variation in
this duration was computed to be well within 20% variation
limit as set by CLSI standards indicating stable sensor
operation.

It is imperative to understand the long-term sensing per-
formance of the biosensing platform making it essential to
establish the passive sweat patterns in average people during
sedentary phases. The average passive sweating rate of one
consenting sedentary subject was recorded using a commercial
sweat rate sensor (VapoMeter, Delfin Technologies, Ltd) over a
60-minute duration. The average passive sweat rate in the
sedentary phase was found to be 19.7 ± 3.2 g m−2 h−1 as
shown in the inset of Fig. 6b. The passive sweat volumes calcu-
lated from the sweat rates of the three subjects are calculated
to be 0.03–0.05 µL cm−2 min−1. Considering a sweat gland
density of ∼200 cm−2 present on the forearm, the passive
sweat volume rates can be translated into 3–6 µL sweat volume
which is adequate for on-demand, single-use biosensing. The
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response of the platform to continuous benchtop dosing of
lactate spiked in human sweat to mimic the continuous mode
of passive sweat based-lactate detection in real-time is shown
in Fig. 6b. The biosensor was dosed with 3 µL lactate concen-
tration in the range of 20–80 mM in a 5-minute loading inter-
val with an incremental percentage change in impedance
observed for every dose loading step. The output percentage
impedance increases from 5 to 22%, 32 to 45%, and 47 to 49%
for 20, 40, and 60 mM lactate loading, respectively. At 80 mM,
the sensor begins to reach an inflection point at 56% owing to
excess lactate ions causing charge screening. The developed
lactate biosensing platform is responsive to accumulative
lactate concentrations up to 80 mM in passive human sweat
over a 45 min duration before the sensor begins to show signs
of saturation.

2.6. Human subject on-demand evaluation of the lactate
biosensing platform

The translation of the lactate biosensing platform from a
benchtop environment to its utility as an on-demand platform
for sedentary lifestyle can be studied by characterizing its per-
formance when placed in close proximity to the human epider-
mis such that there is direct interaction with the sweat bio-
marker of interest. The underlying idea is to capture the tem-

poral dynamics of sedentary lifestyle in its entirety from an
inactive state to a less active state yet producing passive sweat.
The electrochemical performance of the developed lactate bio-
sensor was evaluated to estimate the lactate levels from three
consenting human subjects recruited as per IRB compliant
protocols. Eccrine sweat glands play an important role in ther-
moregulating the temperature of the body when sweat is pro-
duced in response to activity. The density of the eccrine gland
present in the forearm region is 225 ± 25 glands per cm2 and
is chosen to be an ideal location for placing the sensor.36 The
lactate levels were extracted after a 60-minute duration of
being sedentary or a lightly intense active phase by correlating
the obtained impedances to the impedance ranges obtained
from the constructed calibration dose response curves (see the
Materials section for the detailed protocol). Signals generated
from the interaction of the lactate produced in human eccrine
sweat with the LOx enzymatic assay are authenticated by simul-
taneously testing for lactate on a control sensor without any
LOx functionalized on it. Fig. 7a shows the impedance values
extracted from the human subjects before and after activity on
the LOx functionalized and control sensors, respectively. The
impedance responses generated before and after activity from
the catalytic interaction of the lactate produced in human
sweat with the LOx enzyme lie within the ranges of

Fig. 6 (a) Stability performance of the lactate biosensing platform over
a 4-day duration. The dashed line at 20% represents the acceptable vari-
ation limit as set by CLSI standards. (b) Continuous detection of lactate
in passively expressed human sweat. The inset shows the passive sweat
evaporation pattern in an average person during a sedentary phase.

Fig. 7 (a) Extracted impedance values from human subjects before and
after activity on LOx functionalized and control sensors. (b) Sweat lactate
levels of human subjects extracted after activity on LOx functionalized
sensors.
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28.5–29.5 KΩ and 26.9–27.4 KΩ, respectively, while the impe-
dance ranges produced by the control sensor before and after
activity are found to be 44–193 KΩ and 23–41 KΩ, respectively.
Additionally, the transition in the phase response from a resis-
tive phase angle prior to activity to a capacitive phase angle post
activity confirms our claim of double layer capacitance modu-
lation occurring during the enzymatic catalysis of lactate [see
ESI Fig. S4a–c†]. A significant difference is found in the impe-
dance levels presented by the pre- and post-activities of the
lactate sensor with a p-value of 0.017 (assuming p < 0.05). The
decrease in the impedance after the catalytic interaction of the
lactate with the LOx enzyme corroborates with our observations
made in human sweat calibration studies. The percentage
changes corresponding to the extracted sweat lactate levels pro-
duced by the lactate sensor lie within the 10–18% range. As
shown in Fig. 7b, the sweat lactate levels extracted from the per-
centage impedance changes observed on the LOx functionalized
sensors for subjects 1, 2, and 3 were found to be 4.87 mM,
9.07 mM, and 21.2 mM, respectively, validating the catalysis of
sweat lactate by the immobilized LOx on the sensor surface. The
responses generated by the enzymatic and non-enzymatic
control sensors indicate that the biosensing platform is selective
to detecting only lactate present in sweat over other sweat con-
stituents. Table 1 provides the detailed summary about the
activity of the human subjects and the ranges of their vital para-
meters. Factors that affect the sweat lactate production in
human subjects depend on the sweat rates, intensity of the exer-
cise, lactate excretion, and the heart rate.37

3. Experimental section
3.1. Materials and reagents

Polyamide substrates of pore size 200 nm and thickness 60 µm
were obtained from GE Healthcare Life Sciences (Piscataway,
NJ, USA). The linker molecule dithiobis succinimidyl propio-
nate (DSP), dimethyl sulfoxide (DMSO), and 1× phosphate
buffered saline (PBS) were purchased from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). Sodium L-lactate (∼98%
purity) and ZnO nanopowder (<100 nm) were purchased from
Sigma-Aldrich (St Louis, MO, USA). Lactate oxidase (80 U
mg−1) was purchased from Toyobo USA. α-Cortisol antibody
and hydrocortisone were purchased from Abcam (Cambridge,
MA, USA). Synthetic sweat was prepared from the method
described in M. T. Mathew et al.38 The pH range was adjusted
by varying the concentrations of lactic acid and ammonia.

Single donor human sweat of pH ∼6 was purchased from Lee
Biosolutions Inc. (Maryland Heights, MO, USA). No preserva-
tives were added to this product and it was stored at −20 °C.
All lactate dilutions were made in synthetic sweat of pH 6 and
8, and in human sweat.

3.2. Sensor fabrication

The fabrication process of the lactate biosensor involves thin
film deposition of 150 nm thick gold interdigitated electrodes
on a flexible nanoporous polyamide membrane using a
Temescal e-beam evaporator tool (Ferrotec, Livermore, CA,
USA). Further, a 100 nm thick semi-conducting ZnO thin film
was sputtered onto the overlap region between the interdigi-
tated gold electrodes using AJA Orion RF magnetron with a
99.999% ZnO target (Kurt J. Lesker, Pittsburgh, PA, USA).

3.3. Lactate biosensor calibration

3–5 µL volume of 10 mM DSP linker was diluted in DMSO and
incubated on the sensor surface for 3 hours. All solutions are
dispensed from the backside of the sensor. 3–5 µL PBS wash
was carried out to remove any unbound linker. The linker func-
tionalized surface was treated with 4 mg ml−1 of lactate oxidase
and incubated for 90 minutes. The lactate-free synthetic sweat
was applied to the sensing region to obtain baseline impedance
measurement. Furthermore, lactate dilutions of concentrations
of 0.1, 1, 10, 50, and 100 mM were made in synthetic and
human sweat buffers. The lactate doses were incubated on the
sensor surface for 5 minutes to allow for the catalysis reaction
to occur. The lactate doses were applied serially from low to
high concentrations to construct the calibration response curve.
The cross-reactivity study was performed in a similar manner
with cortisol dose concentrations of – 0.1, 1, 10, 50, 100 mM
made in human sweat buffer being introduced serially on the
sensing surface. EIS measurements were performed using a
potentiostat (Gamry Instruments, Warminster, PA, USA) after
the application of a 10 mVAC excitation signal with a frequency
sweep of 1 Hz to 1 MHz. All measurements were carried out
under ambient temperature conditions. All data are represented
as mean ± relative standard deviation (RSD). A sample set of n =
3 was used throughout this research for building CDRs in syn-
thetic and human sweat buffers.

The stability study was performed by immobilizing the
lactate oxidase enzyme on four sensors and storing it at 4 °C
until use. Each day a new sensor was tested by serially applying
1, 10, and 100 mM lactate doses made in human sweat and
EIS measurements were recorded at 10 Hz.

The continuous dosing study was performed by dispersing
20, 40, 60, and 80 mM lactate doses made in human sweat on
the sensor successively. Each lactate dose concentration was
added twice at the rate of 3μL every 5 minutes over a total dur-
ation of 45 minutes. Single frequency EIS response was
recorded at 10 Hz.

3.4. ATR-IR spectroscopy

The infrared spectra collected to establish the successful
functionalization of the lactate detection enzymatic assay were

Table 1 Summary of the activity of the human subjects and the ranges
of their vital parameters

Subject 1 Sedentary
Subject 2 Sedentary
Subject 3 Light activity
Heart rate 110–120 bpm
Temperature 36–37.5 °C
spO2 95–100%
Blood pressure 120/80–135/80
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recorded using a Thermo Scientific Nicolet iS-150 FTIR
spectrometer (Waltham, MA, USA) in Attenuated Total
Reflectance (ATR) mode. The tool consists of a KBr window
and a deuterated triglycine sulphate (DTGS) detector. A
Harrick VariGATR sampling stage with a 65° germanium
crystal was used to obtain the spectra. The spectra were col-
lected with a resolution of 4 cm−1 for 256 scans in a wave-
length range of 4000 cm−1 to 600 cm−1. The ATR-IR samples
were prepared on a ZnO deposited polyamide membrane by
functionalizing the lactate detection enzymatic assay.

3.5. X-Ray photoelectron spectroscopy

XPS spectra were recorded using a PHI 5000 Versa Probe II
(ULVAC-PHI, Inc., Methuen, MA, USA) with monochromatic Al
Kα radiation (hν = 1486.6 eV) at a 45° takeoff angle with
respect to the sample surface. All spectra were obtained with a
0.2 eV step size and a 23.50 eV pass energy. The base pressure
in the analysis was maintained at 1.6 × 10−8 Torr. Sample
preparation was carried out on a silicon wafer by functionaliz-
ing the lactate detection enzymatic assay. Furthermore, the
prepared samples were dried in a vacuum chamber. All
binding energies were corrected for the charge shift using the
C1 s peak of graphitic carbon (BE = 284.8 eV) as a reference.

3.6. Zeta potential study

Zeta potential measurements were carried out in synthetic
sweat of pH 6 and 8 to validate the enzymatic assay
functionalization on the ZnO sensing surface using Malvern
ZetaSizer Nano ZS (Malvern Panalytical, Malvern, UK). The
zeta potential was calculated from the measured electrophor-
etic mobility using the Smoluchowski approximation:

μ ¼ ðε� ζÞ=η
where μ is the electrophoretic mobility; ε is the dielectric con-
stant; ζ is the zeta potential; and η is the viscosity of solution.
Initially, the zeta potentials of the zinc oxide nanoparticles
suspended in synthetic sweat of pH 6 and 8 were measured.
Furthermore, 10 µL of ZnO nanoparticles, 10 µL of DSP made
in DMSO, and 10 µL of lactate oxidase enzyme were incubated
for three hours at room temperature followed by the addition
of 970 µL of synthetic sweat of pH 6 and 8. All measurements
were performed in triplicate. The zeta potentials for lactate
concentrations of – 0, 1, 10, and 100 mM made in synthetic
sweat of pH 6 and 8 were recorded to ensure the functionality
of the enzymatic assay immobilized on the ZnO surface.

3.7. Vapometer sweat rate measurements

One healthy volunteer (age: 20–30 years) was recruited for
sweat rate measurement study using an FDA approved com-
mercial device VapoMeter (Delfin Technologies, Ltd, Kuopio,
Finland) that measures the transepidermal water loss and the
sweat evaporation rate. The subject was asked to wear a
trimmer band on the forearm at the site of sweat rate measure-
ment to induce passive sweat. Measurements were carried out
every 2 minutes for 60 minutes. Written and informed consent
was obtained from the subject prior to the study. All trials were

conducted with strict compliance to the IRB protocol (#19–23)
approved by the Institutional Review Board of University of
Texas at Dallas.

3.8. Human subject testing

Three healthy volunteers (age: 20–30 years) were recruited for
this study. Written and informed consent was obtained from
the subjects prior to the study. All trials were conducted with
strict compliance to the IRB protocol (#18–116) approved by
the Institutional Review Board of University of Texas at Dallas.
The study conducted involves less than minimal risk. The
recruited volunteers had no history or existing heart con-
ditions, diabetes, or muscular pain. The site of sensor place-
ment on the forearm was cleaned with alcohol wipes prior to
securing the control and the LOx functionalized sensors with a
medical grade adhesive. The volunteers were asked to wear a
trimmer belt on their arm to induce sweating for the
60-minute duration of being sedentary or during the light
activity phase. The impedance baselines of the control and
LOx functionalized sensors were measured prior to human
subject trials. After the 60-minute duration, the sweat lactate
levels were determined by connecting the sensor to the Gamry
for impedance measurements. The instantaneous lactate
levels were calculated by measuring the percentage change in
impedance before and immediately after 60 minutes. The
sensors were carefully unmounted from the forearm of the vol-
unteers and the impedance data were recorded using a poten-
tiostat (Gamry Instruments, Warminster, PA, USA) at 10 Hz
frequency.

4. Conclusions

The timely recognition of diseases by means of non-invasive
fluids such as eccrine sweat would be critical in providing
rapid treatment and improving the survival rates for patients
that further develop complications. The design and develop-
ment of on-demand, point-of-use sensing platforms will aid in
the measurement of biomarker levels for better care of seden-
tary population. Lactate detection has grown out of the stage
of infancy to become a molecule of interest in health and
disease monitoring. Emergent flexible sensing technologies
have shifted their focus from fitness tracking towards real-time
physiological biomarkers in non-invasive bodily fluids for
disease detection. Aside from being a workhorse biomarker for
endurance testing in the sports arena, increased lactate pro-
duction is indicative of clinical conditions caused by restricted
oxygen supply. The key highlight of this work is the epidermal
functionality and performance of a sweat lactate sensor on a
surface engineered nanoporous platform with low volume
detection capability for on-demand measurements. The semi-
conducting properties of nanotextured zinc oxide films have
been leveraged for the sensitive detection of lactate in a
complex human sweat buffer through the non-faradaic EIS
technique. EIS gives a microscopic understanding of the
enzyme–target analyte interaction dynamics characterized by
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the charge perturbations occurring in the double layer. The
lactate biosensor exhibited an LOD of 1 mM and a dynamic
detection range of 1–100 mM in human sweat. A highly
specific response to lactate was observed with minimal cross-
reactivity from the non-specific molecules present in human
sweat. Stability and continuous dosing studies indicate the
robustness and the long-term capability of the biosensing plat-
form in detecting lactate in human sweat. The on-demand
feature of the biosensing platform provided a rapid quantifi-
cation of sweat based-lactate levels when placed on human
subjects. ATR–FTIR and XPS analyses give a confirmation on
the enzymatic assay immobilization on the ZnO sensing
surface. The modification in the surface charge at the elec-
trode–electrolyte interface as a consequence of enzymatic assay
binding and synergistic interactions between enzyme–lactate is
characterized by the zeta potential.
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