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ABSTRACT
We describe the optimization of a flexible printed electrochemical sensing platform to monitor sodium ion (Na+), ammonium ion (NH4

+),
and lactate in human sweat. We used previously reported material systems and adapted them to scalable fabrication techniques. In the case
of potentiometric Na+ and NH4

+ sensors, ion-selective electrodes (ISEs) required minimum optimization beyond previously reported proto-
cols, while a reference electrode had to be modified in order to achieve a stable response. We incorporated a carbon nanotube (CNT) layer
between the membrane and the silver/silver chloride (Ag/AgCl) layer to act as a surface for adsorption and retention of Cl−. The resulting ref-
erence electrode showed minimal potential variation up to 0.08 mV in the solutions with Cl concentration varying from 0.1 mM to 100 mM.
Increasing the ionophore content in the NH4

+ ISE sensing membrane eliminated an offset in the potential readout, while incorporating CNTs
into the sensing membranes had a marginal effect on the sensitivity of both Na+ and NH4

+ sensors. Na+ and NH4
+ sensors showed a stable

near-Nernstian response with sensitivities of 60.0 ± 4.0 mV and 56.2 ± 2.3 mV, respectively, long-term stability for at least 60 min of con-
tinuous operation, and selectivity to Na+ and NH4

+. For the lactate sensor, we compared the performance of the tetrathiafulvalene mediated
lactate oxidase based working electrode with and without diffusion-limiting polyvinyl chloride membrane. The working electrodes with and
without the membrane showed sensitivities of 3.28 ± 8 A/mM and 0.43 ± 0.11 μA/mM with a linear range up to 20 mM and 30 mM lactate,
respectively.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0014836., s

I. INTRODUCTION
Non-invasive detection of biomarkers in sweat is of great inter-

est for assessing how the body responds to physical activity and
for clinical diagnostics. The development of flexible wearable sen-
sors that can be placed in close contact with the skin enables sweat
sampling comfortably and quickly as it is secreted out of the skin
without contamination or degradation of the analytes.1 It also allows
for the continuous monitoring of biomarkers, enabling the vision of
personalized, point-of-care health monitoring.2

To date, different sensing methods have been used to build
wearable sweat sensors and their components. Impedance-based

sensors have been shown to be effective in monitoring sweat rate3,4

and could be integrated with sensing components for biomarker
monitoring to correct for the effect of sweat rate on the concen-
tration of biomarker. Sensors based on colorimetric readouts were
coupled with microfluidic sweat collection and removal systems.5–9

Optical sweat sensing was also investigated for protein biomarker
(e.g., cytokine) and sweat pH detection.10,11 However, electrochem-
ical sensors gained the most traction due to their high speci-
ficity, low cost, and commercially available material systems.12–14

Compliant wearable sensors for monitoring single15–24 and multi-
ple3,10,25–30 analytes in sweat were developed using electrochemical
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sensing mechanisms. While the reported work advances the
important aspects of sensor development, sensors that meet all
the requisites of the commercially viable system are yet to be
demonstrated. Such requisites include fast response, sensitivity to
physiologically relevant concentrations of analyte, batch to batch
reproducibility, stable performance for the duration dictated by the
application, specificity, i.e., insensitivity to other analytes present in
sweat, long-term storage, and ideally no calibration requirement.
Sensor design should also be adapted to fit large scale manufacturing
approaches.

In this work, we describe the design and optimization of the
flexible printed sensing platform to monitor lactate, Na+, and NH4

+

in sweat. Tracking the change in the concentration of these species
during the exercise can provide important information for optimiz-
ing an individual’s sport/fitness routine, as well as for the preven-
tion of complications that could be dangerous to the overall health.
Sodium deficit, for instance, is a primary cause of heat cramps31

and in extreme cases can result in a severe medical condition called
hyponatremia. Although the concentration of sodium in sweat is
not directly correlated with its plasma concentration, monitoring
sodium concentration in sweat can act as a good guide for estimat-
ing the loss of this ion in blood and provide guidance regarding the
amount of sodium that needs to be replenished. It has been shown
that an increased concentration of lactate in sweat is a good indicator
of metabolic acidosis, which can develop during prolonged exer-
cise.32 However, high exertion exercises might lead to an increase
in lactate concentration due to the activity of the sweat gland itself
and might not correlate with blood lactate.33,34 A high concentration
of ammonia is an indicator of low levels of carbohydrates35 and can
also be an indicator of other metabolic conditions associated with
the intense physical performance.36 Thus, monitoring concentra-
tions of lactate, ammonium, and sodium ions in sweat has benefits,
especially for monitoring the effects of prolonged or intense physical
activity.

A stable reference electrode is a key requirement for achieving
reliable Na+ and NH4

+ potentiometric sensors. The reference elec-
trode for potentiometric sensors should be insensitive to the changes
in chloride ion (Cl−) concentration. Such printed reference elec-
trodes are conventionally achieved by depositing polymeric mem-
brane saturated with chloride salt on top of the Ag/AgCl layer.37–42

Polyvinyl butyral (PVB)/sodium chloride (NaCl) membrane drop-
casted on top of the Ag/AgCl layer has been widely used for wear-
able potentiometric sensors.16,23,27,29,43–47 Using a reference electrode
based on PVB polymer for wearable potentiometric sensors was
first explored by Guinovart et al.38 and was consequently widely
adopted partially due to its straightforward fabrication protocol. The
PVB reference solution is prepared by dissolving PVB and NaCl
into methanol, mixing, and then casting the PVB reference solution
onto the Ag/AgCl electrodes. The general issue with such electrodes
is that when submerged in aqueous solutions, chloride ions tend
to diffuse from the membrane into the solution. The concentra-
tion of Cl− decreases, which in turn leads to the drift in potential,
thus compromising the stability of the sensor readout. To achieve
a stable response, Guinovart et al. performed a preliminary condi-
tioning step, where the electrodes were immersed in 3M KCl for
12 h.38 While conditioning has a favorable influence on the stability
of the electrode in different electrolyte concentrations, requirement
for prolonged conditioning complicates the manufacturing/usability

of the sensors for wearable applications. The consequent literature
reports on wearable potentiometric sensors with the PVB-based ref-
erence rarely report data for the characterization of the reference
electrode or continuous sensor operation for at least 60 min without
the potential drift.16,23,29,44,45 To mitigate the diffusion of the chlo-
ride ions, we incorporated a carbon nanotube (CNT) layer between
the membrane and the Ag/AgCl layer to act as a surface for the
adsorption and retention of chloride ions. This effective modifica-
tion led to a stable, reproducible reference electrode. Coupling the
reference electrode with ion-selective electrodes (ISEs) for Na+ and
NH4

+ enabled printed wearable potentiometric sensors with a near-
Nernstian response. The sensors showed stable response when con-
tinuously operated for 60 min and required minimum optimization
beyond previously reported protocols. Particularly, adding differ-
ent weights fractions of CNTs into the sensing membrane of ISEs
resulted in a marginal improvement in the electrochemical perfor-
mance. This is in contrast to the literature reports where CNTs are
incorporated into the sensing membrane of potentiometric sensors
to act as an ion to electron transducer.48–50

Optimization of the working electrode constitutes the most sig-
nificant effort for realizing an amperometric lactate sensor. We com-
pared the performance of the lactate working electrode with and
without diffusion-limiting PVC membrane. A diffusion-limiting
membrane is important because the enzymatic reaction is fast, and
the rate at which the lactate is reduced to pyruvate at the working
electrode, and thus, the sensor response is limited by a mass transfer
of lactate to the electrode surface. Mass transfer, in turn, is deter-
mined by the bulk concentration of lactate, area of the electrode,
diffusion, and convection.51 For the applications considered in this
work, the wearable sensor needs to be placed directly on the skin and
continuously measure lactate concentration under the variable sweat
flow rate for the duration of an exercise. Therefore, the transport
of lactate to the electrode surface would be challenging to control.
The membrane ensures that the sensor response is unaffected by
the motion of sweat since diffusion within the membrane is sig-
nificantly lower than the external diffusion.52 Furthermore, in our
previous work, we showed that biologically relevant concentrations
of sodium, potassium, and calcium ions present in sweat affect the
enzyme activity and, thus, the sensitivity of the lactate sensors.53 The
membrane reduces the relative variation of the sensor’s sensitivity
with respect to variations of the enzyme activity.53 The 3 mm diam-
eter electrodes with and without the membrane showed sensitivities
of 3.28 μA/mM and 0.43 μA/mM with a linear range up to 20 mM
and 30 mM lactate, respectively.

II. RESULTS AND DISCUSSION
We employed scalable fabrication methods such as inkjet print-

ing, screen printing, and drop-casting for the fabrication of the sweat
sensor platform. Lactate is monitored through amperometric mea-
surements that require a three-electrode setup. The potential is set
between the working and reference electrode to facilitate the elec-
trochemical reaction between the enzyme lactate oxidase present in
the working electrode and lactate in sweat. The resulting current
is then detected. Potentiometric measurements of sodium ion and
ammonium ion are performed by measuring the potential difference
between reference and ion selective electrodes, thus requiring a two-
electrode design. ISEs are composed of ionophores that reversibly
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bind Na+ and NH4
+ ions, ideally resulting in a Nernstian response

to the change in ion concentration. Figure 1(a) shows the schematic
of the sweat sensing platform consisting of a three-electrode lactate
sensor and two-electrode Na+ and NH4

+ sensors sharing the same
reference electrode.

A. Sensor fabrication
Working transducer electrodes for both potentiometric and

amperometric sensors, as well as the counter electrode for the
amperometric sensor, were fabricated by inkjet printing commer-
cially available gold nanoparticle ink onto 25 μm thick PEN sub-
strates [Fig. 1(b)]. The 25 μm PEN substrate was chosen due to its
conformability to the skin and its ability to withstand the sintering
temperature of gold nanoparticle ink (250 ○C). The reference elec-
trodes for the potentiometric and amperometric sensors consisted
of commercial Ag/AgCl ink, screen-printed onto the same substrate
[Figs. 1(c) and 1(d)]. Figure S1 in the supplementary material shows
the scanning electrode microscope images of the top and side view
of the screen-printed Ag/AgCl trace. In the case of the potentiomet-
ric sensors, an additional layer of CNTs dispersed in tetrahydrofu-
ran (THF), followed by a polyvinyl butyral (PVB)/sodium chloride
(NaCl) membrane, was drop-cast on top of the Ag/AgCl layer. The
sensing membranes for the sodium and ammonium working elec-
trodes were prepared by drop-casting the respective ionophore solu-
tions or ionophore/CNT suspensions onto the gold working elec-
trodes. The working electrode for the lactate sensor consists of the
mediating layer, fabricated by drop-casting CNT/TTF suspension
onto the gold electrode (3 mm diameter), followed by lactate oxidase
enzyme immobilized in the chitosan/CNT suspension.

B. Optimization of Na+ and NH4
+ potentiometric

sensors
Potentiometric sensors rely on the determination of the poten-

tial between ion-selective and reference electrodes. The reliable per-
formance of these sensors highly depends on the stability of the
reference electrode in different ionic environments. The reference
electrode is conventionally achieved by depositing a polymeric
membrane saturated with the chloride salt on top of the printed
Ag/AgCl traces.15,29,30,54,55

1. Reference electrode
To determine the optimum thickness of the Ag/AgCl traces,

we compared the performance of the screen-printed traces with
three thicknesses: 12 μm, 25 μm, and 50 μm. Figure 2(a) shows
the potential response of the 12 μm (red), 25 μm (green), and

50 μm (black) Ag/AgCl traces tested against a single junction com-
mercial Ag/AgCl reference in concentrations of NaCl solution rang-
ing from 10−4 M to 10−1 M. The linear fit for the response of
the corresponding electrodes is shown in Fig. 2(b). Ag/AgCl traces
show fast, reversible response with sensitivities of 56.6 mV/decade,
55.5 mV/decade, and 54.2 mV/decade for the 12 μm, 25 μm, and
50 μm thick electrodes, respectively. Thus, Ag/AgCl traces with
thickness in the 12 μm–50 μm range show behavior close to the ideal
Nernstian behavior (59 mV/decade). However, thinner electrodes
are preferred for improved flexibility, and therefore, 12 μm Ag/AgCl
traces were used to fabricate printed reference electrodes.

To make the reference electrode insensitive to the change in Cl
concentration, we combined the Ag/AgCl layer with a PVB mem-
brane.38 The thickness of the membrane is an important param-
eter in the electrode architecture. The membrane must be thick
enough to maintain a high concentration of the chloride ions at
the electrode surface and prevent the efflux of the ions into the
external solution. At the same time, an electrode with a thicker
membrane might require extensive conditioning to achieve stable
response. The potential response of the reference electrodes with dif-
ferent membrane thicknesses to change in the concentration of NaCl
solution is presented in Fig. S2(a). Varied volumes of PVB solu-
tion were deposited to obtain membranes of different thicknesses.
Reference electrodes are not sensitive to changes in concentrations
below values of 10 × 10−3 M. The electrodes exhibited a linear
response in the region of higher concentration values with a slope of
−11 mV/decade, −35 mV/decade, and −37 mV/decade for the mem-
branes formed from 10 μl, 8 μl, and 4 μl of the polymer solution,
respectively. Thicker electrode membranes were less sensitive to the
change of salt concentration. However, increasing thickness of the
membrane resulted in longer equilibration time, as confirmed by
Figs. S2(b) and S2(c) showing the corresponding potential readouts
for the electrodes with 4 μl and 8 μl membranes. The electrodes
were immersed in solutions of different NaCl concentrations and
the response was recorded for 10 s following the immersion. Elec-
trodes with 8 μl membranes show poor reversibility and delayed
response. Therefore, incorporating the PVB membrane on the refer-
ence electrode was ineffective for achieving electrode stability, likely
due to the diffusion of chloride ions from the membrane into the
solution.

To improve the reference electrode stability, we modified the
PVB membrane using CNTs. CNTs have been previously incor-
porated into the membrane of the reference electrode to achieve
stable response.27,29,47 CNT layer can act as a surface for Cl adsorp-
tion and, thus, facilitate the retention of the ions at the electrode
surface. We tested two approaches: in the first case, CNTs were

FIG. 1. (a) Schematic of the sweat sensing platform. Schematic of the (b) inkjet printing and (c) screen printing. (d) Image of the PEN substrate with inkjet printed gold
transducer and screen printed Ag/AgCl reference electrodes.
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FIG. 2. Potential response (a) and the corresponding linear fit (b) of the 12 μm, 25 μm, and 50 μm screen printed Ag/AgCl traces tested against a single junction commercial
Ag/AgCl reference in concentrations of NaCl solution ranging from 10−4 M to 10−1 M. (c) Schematic and (d) comparison of sensitivity to changes in the NaCl concentration
of the reference electrodes fabricated with CNTs dispersed in the membrane (blue), the electrodes with the CNT layer (red), and electrodes without the membrane (black).

dispersed in the membrane of the reference electrode; in the second
case, a CNT layer was created between the membrane and Ag/AgCl.
In order to form a CNT layer, homogeneous CNT/THF suspen-
sion was obtained using the block copolymer PEO-PPO-PEO (F127)
as a surfactant, and then the resulting suspension was deposited
via drop-casting to form the layer. Figure 2(c) shows the schemat-
ics and Fig. 2(d) compares the sensitivity to changes in the NaCl
concentration of the reference electrodes fabricated with CNTs dis-
persed in the membrane (blue), the electrodes with the CNT layer
(red), and electrodes without a membrane (black). Reference elec-
trodes fabricated with CNTs dispersed in the membrane exhibit an
unstable response in the region of lower (0.1 mM–1 mM) NaCl
concentrations and show a linear response in the region of higher
(10 mM–100 mM) salt concentrations, with overall variations in
the potential ranging from 0.08 mV to 0.13 mV. The electrodes
with the CNT layer show a significantly improved constancy with
the overall potential variation ranging between 0.075 mV and 0.08
mV. Thus, by introducing a CNT layer between the PVB mem-
brane and the Ag/AgCl layer, we obtained a reference electrode with
minimal sensitivity to variations in the concentration of the NaCl
solution.

2. Sensing electrode
Coupling the reference electrode with ISEs for Na+ and

NH4
+ enabled printed wearable potentiometric sensors with a

near-Nernstian response [Fig. 3(a)]. ISEs were prepared by first
combining ion-selective ionophore solutions or ionophore/CNT
suspensions with PVC as a polymer additive and then drop-
casting onto the gold transducer electrodes to form ion-selective

membranes. Ionophores reversibly bind Na+ or NH4
+ ions, ideally

resulting in a Nernstian response, i.e., demonstrate a sensitivity of
59.1 mV/decade, i.e., a 59.1 mV change for every factor of ten change
in the concentration of the ion.

While sensing electrodes for the potentiometric sensors require
minimum optimization beyond previously reported protocols for
sensor fabrication, tuning ionophore content in the sensing mem-
brane further improved the sensor performance. Figures 3(b) and
3(c) show the calibration curves of the NH4

+ sensing electrodes
with 3% and 0.2% ionophore content tested against a commercial
reference electrode, respectively. Concentrations of NH4Cl solu-
tion varied between 10−5 M and 10−1 M. Both types of ion-
selective electrodes showed a near-Nernstian response. Electrodes
with 0.2% ionophore showed an offset of 0.1 V in the potential read-
out. The offset can be accounted for by calibrating sensors before
use, but calibration is overall undesirable for the wearable sensor
devices.

3. Sensitivity and detection range
Since CNTs can serve as an effective ion to electron transduc-

ers,48–50 we also studied the effect of adding different weights frac-
tions of CNTs into the sensing membrane of ISEs. For this study,
we employed the optimized reference electrodes (as discussed in
Sec. II B 1) that comprise a CNT layer between the reference PVB
membrane and the Ag/AgCl layer. Figure 3 compares the open
circuit potentials and calibration curves of [(d)–(f)] sodium and
[(g)–(i)] ammonium sensors with 0% and 2% CNTs dispersed in
the sensing membrane. Concentrations of the NaCl solution varied
from 10−3 M to 10−1 M and concentrations of the NH4Cl solution
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FIG. 3. (a) Schematic of the potentiometric sensor. Calibration curves of the NH4
+ sensing electrodes with (b) 3% and (c) 0.2% ionophore content tested against commercial

reference and counter electrodes. [(d) and (g)] Open circuit potentials and [(e), (f), (h), and (i)] calibration curves of [(d)–(f)] Na+ and [(g)–(h)] NH4
+ sensors with [(c) and

(f)] 0% and [(b) and (e)] 2% CNTs dispersed in the sensing membrane in the electrolyte solutions with physiologically relevant concentrations of the corresponding ions.
Concentrations of the NaCl solution varied from 10−3 M to 10−1 M, and concentrations of the NH4Cl solution varied from 10−4 M to 10−1 M.

varied from 10−4 M to 10−1 M. Sodium sensors with 2% and 0%
of CNTs had sensitivities of 60.0 ± 4.0 mV/decade (N = 7) and 62.9
± 5.6 mV/decade (N = 7), respectively. Ammonium sensors had sen-
sitivities of 55.3 ± 2.7 mV/decade (N = 8) and 56.2 ± 2.3 mV/decade
(N = 8) for sensors with 0% and 2% CNTs, respectively. The addi-
tion of CNTs in the sensing membrane resulted in a marginal
improvement in sensitivity and response time. ISEs with 2% CNTs
showed the least variability in response to varied salt concentrations
(Fig. S3).

While previous studies were successful in achieving poten-
tiometric Na+ or NH4

+ sensors with a near-Nernstian behav-
ior,7,16,23,29,44,45 the stability under continuous operation for at least
60 min was rarely reported. Figures 4(a) and 4(b) show the long-
term potential response of the ammonium [Fig. 4(a)] and the

sodium [Fig. 4(b)] sensors with 0% and 2% CNTs content in the
sensing membrane when continuously operated for 60 min. Na+

and NH4
+ sensors were tested in 50 mM NaCl and 1 mM NH4Cl

solutions, respectively, representing the averages of the physiolog-
ically relevant concentrations of the corresponding ions in sweat.
The sensors were conditioned for 25 min before the measurement.
All sensors showed a stable long-term stability for at least 60 min of
operation, which is the average duration of the workout. The CNT
content did not seem to affect the sensor stability.

4. Selectivity analysis
Sweat is rich with a plethora of ions, and it is important to

ensure that they do not interfere with sensor response. Figures 4(c)
and 4(d) show the selectivity of the ammonium [Fig. 4(c)] and
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FIG. 4. [(a) and (b)] Long term stability of the (a) NH4
+ and (b) Na+ sensors without CNTs and 2% CNTs dispersed in the sensing membrane. [(c) and (d)] Selectivity of the

(c) NH4
+ and (d) Na+ and sensors without CNTs in the sensing membrane.

sodium [Fig. 4(d)] sensors without CNTs in the sensing membrane.
Here, we measure the Na+ and NH4

+ sensors’ response in the solu-
tions of the respective Na+ and NH4

+ ions while adding physiologi-
cally relevant concentrations of the standard ionic interfering species
found in sweat—K+ and NH4

+ for Na+ sensor, Na+ and K+ for
NH4

+ sensor, as well as physiologically average amounts of sweat
components—creatinine, glucose, uric acid, and ascorbic acid. Solu-
tions of 8 mM KCl and 30 mM NaCl were added to the 10 mM
solution with NH4

+ sensor. Similarly, for Na+ sensor, solutions of
8 mM KCl and 5 mM NH4Cl were added to the 10 mM NaCl solu-
tion, followed by adding 0.084 mM creatinine, 0.17 mM glucose,
0.059 mM uric acid, and 0.01 mM ascorbic acid to solutions with
both sensors. These species introduced a minimal variation in sen-
sor potential, indicating no interference. Additionally, we compared
the performance of Na+ sensor in the solutions of NaCl in artificial
sweat comprised from the aforementioned species with that in water
and did not observe a statistically significant difference in sensitivity
(Fig. S4).

C. Characterization of the working electrode
for the printed flexible lactate sensor

The design and optimization of the working electrode consti-
tutes the most significant effort in the lactate sensor development.
Figure 5(a) shows the schematics of the working electrode. It consists
of three layers sequentially deposited onto the flexible substrate. The
top layer comprises sensing component (LOx) immobilized in the
polysaccharide chitosan to prevent its efflux into the sweat. The bot-
tom layer is a gold transducer electrode. The mediating layer, com-
posed of a TTF mediator and CNTs, is incorporated between LOx
and the transducer. We chose TTF due to its well-characterized per-
formance in enzymatic sensors55–57 and compatibility with dermal
applications.15

When the lactate from sweat comes in contact with the enzyme
on the electrode, the flavin adenine dinucleotide (FAD) of the
enzyme oxidizes it to pyruvate, while the dinucleotide itself gets
reduced. The enzyme is then oxidized back to its original form by
TTF+, at the same time TTF+ is reduced to TTF. Then it is con-
verted back to TTF+ on the electrode. Two electrons are produced as
a result of this reaction, as shown in Eqs. (1)–(3). Thus, the detected
current is directly proportional to the concentration of lactate,

Lactate + LOx (FAD) ⇔ Pyruvate + LOx (FADH2), (1)

LOx (FADH2) + 2TTF +
⇔ LOx (FAD) + 2TTF + 2H + , (2)

2TTF⇔ 2TTF + + 2e−. (3)

The system’s redox potentials vary depending on the composi-
tion of the electrode. Overall, to avoid interference from electroac-
tive species in sweat, the applied positive potential should not exceed
0.45 V.56 We determine the operating potential of the working elec-
trode through cyclic voltammetry (CV). To reduce the number of
variables, we used a commercially available silver/silver chloride
(Ag/AgCl) electrode as a reference and platinum wire as a counter
electrode.

Figure 5(b) shows the CV plots for the mediated working elec-
trodes tested with and without the presence of lactate. The curve
without lactate (red) has one oxidation (top) and one reduction (bot-
tom) peak corresponding to the oxidation and reduction of TTF. On
the addition of lactate, the oxidation peak increases in size, while
reduction peak decreases. The oxidation peak increases because the
lactate in the solution is oxidized in addition to TTF contributing
to the higher current. The reduction peak is reduced because reac-
tion (3) (right to left) is inhibited by larger amounts of TTF that are
present, because the reaction in Eq. (2) is also inhibited by large
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FIG. 5. Schematics of the lactate sensor working electrode components (a) without and (d) with the diffusion limiting membrane. (b) CV plots for the mediated working
electrodes tested with (green) and without (red) the presence of lactate, and CV plot of the unmediated electrode (gray). (c) Calibration curves of the four lactate working
electrodes without the membrane. (e) Chronoamperometric response to increasing lactate concentrations from 5M to 35M in the increments of 5M. (f) Calibration curves of
the five lactate working electrodes with the diffusion limiting membrane.

amounts of Lox(FADH2) caused by reaction (1). The maximum
current is achieved at ∼0.2 V, which is significantly lower than the
theoretical 0.6 V required to operate the sensor without TTF.58 The
gray curve of Fig. 5(b) confirms that the electrode fabricated with-
out TTF and operated in the same potential range is unresponsive
to the addition of lactate. Therefore, in the consequent measure-
ments, electrodes were fabricated with TTF mediator and 0.2 V
potential step (vs Ag/AgCl commercial reference) was used for the
measurement of sensor sensitivity.

Figure 5(c) shows the calibration curves of four lactate work-
ing electrodes without the membrane. The electrodes had a linear
range up to 20 mM and the sensitivity of 3.28 ± 8 μA/mM for a
3 mm diameter electrode. The response of the electrodes was highly
reproducible with the relative standard deviation of 2.5%. Further-
more, the sensitivity of the fully printed sensor is in good agreement
with that of the working electrode tested with commercially avail-
able counter and reference electrodes [Fig. S5(a)]. The sensor shows
a stable performance for at least an hour of continuous operation
[Fig. S5(b)].

We then characterized the performance of the same work-
ing electrode after incorporating a diffusion limiting membrane
[Fig. 5(d)]. We used PVC, a polymer widely utilized to fabricate
sweat sensor components,15,29,30,54,55 as a membrane material. The
PVC membrane was drop-casted from the solution on top of the
electrode. Figure 5(e) shows the chronoamperometric response of
the working electrode to increasing lactate concentrations from 5
mM to 35 mM in increments of 5 mM. The electrode shows a fast

stable response reaching a steady state after ∼10 s. Figure 5(f) shows
the calibration curves of the five lactate working electrodes with the
diffusion limiting membrane. Incorporating the membrane resulted
in a decreasing sensitivity from 3.28 μA/mM to 0.43 μA/mM for
a 3 mm diameter electrode. The relative standard deviation in the
sensitivity values increased from 2.5% for the sensors with no mem-
brane to 25% for the sensors with the membrane. The PVC mem-
brane did not eliminate the interference of the salt (NaCl tested) with
the sensor response (Fig. S6).

III. OUTLOOK
We describe the optimization and fabrication of a flexible sens-

ing platform to monitor lactate, Na+, and NH4
+ ions in sweat based

on the electrochemical sensing. We demonstrated the effect of a
diffusion-limiting PVC membrane when implemented in a TTF
mediated LOx based working electrode on the sensor performance.
Such a membrane would be critical in applications where a wearable
sweat sensor needs to be placed directly onto the skin to perform
continuous measurements of lactate. This is because the variations in
the sweat rate might lead to variations in the transport rate of the lac-
tate to the electrode surface, and hence, causing variations in the sen-
sor readout. The membrane ensures that the sensor response is unaf-
fected by the motion of sweat since diffusion within the membrane
is significantly lower than the external diffusion. Incorporating the
membrane resulted in a decrease in sensitivity from 3.28 μA/mM to
0.43 μA/mM for a 3 mm diameter electrode. This is expected because
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the addition of a membrane decreases the transport rate of lactate to
the electrode. Incorporating the membrane also led to variability in
sensor performance. The relative standard deviation in the sensitiv-
ity values increased from 2.5% for the sensors with no membrane to
25% for the sensors with the membrane. The possible reason for the
variability is the difference in the membrane morphology between
devices that leads to variability in the transport characteristics of the
membrane, and consequently, to variability in sensor performance.
Additionally, the PVC membrane did not eliminate the interference
of the salt (NaCl tested) with the sensor response.

Potentiometric sensors rely on a reference electrode that is
insensitive to the changes in Cl concentration. Such printed refer-
ence electrodes were previously realized by depositing a polymeric
membrane saturated with a chloride salt on top of the Ag/AgCl
layer. However, we did not achieve a stable sensor performance
through this method, likely due to the diffusion of the chloride
ions from the membrane into the solution. We addressed this issue
by incorporating the CNT layer between the membrane and the
Ag/AgCl layer to act as a surface for the adsorption and retention
of Cl−. This modification led to a stable, reproducible reference
electrode. Coupling the reference electrode with ISEs for Na+ and
NH4

+ enabled printed wearable potentiometric sensors with a near-
Nernstian response. After incorporating 2% weight fraction of CNTs
and tuning ionophore content in the sensing membrane, the poten-
tiometric sensors had sensitivities of 60.0 ± 4.0 mV (N = 7) and 56.1
± 2.2 mV (N = 8) per decade of concentrations for Na+ and NH4

+

sensors, respectively. Both sensors showed a stable response after
25 min of conditioning in 50 mM NaCl and 1 mM NH4Cl solutions
before measuring. Furthermore, the sensors were stable for at least
60 min of operation.

Thus, potentiometric Na+ and NH4
+ sensors described in this

work demonstrated fast response, sensitivity to physiologically rele-
vant concentrations of analytes found in human sweat, reproducibil-
ity, insensitivity to other analytes present in sweat, and, impor-
tantly, stable performance under continuous operation for at least
1 h– (approximate duration of the exercise). Future work includes
on-body measurements and long-term storage studies. The lactate
sensors, on the other hand, require addressing the issue of interfer-
ence with salts found in sweat, as well as reproducibility of sensors
with diffusion limiting membrane before performing the on-body
measurements.

IV. EXPERIMENTAL SECTION
SelectophoreTM grade sodium ionophore X, bis(2-ethylhexyl)

sebacate (DOS), sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]
borate (Na-TFPB), polyvinyl chloride (PVC), tetrahydrofuran
(THF), polyvinyl butyral, analytical grade salts of ammonium
chloride and sodium chloride (99.5%), nonactin (ammonium
ionophore I), 2-nitro- phenyl-octyl ether (o-NPOE) with >99%
purity, chitosan, acetone, ethanol, uric acid, ascorbic acid, glucose,
creatinine, and acetic acid were obtained from Sigma Aldrich. Lac-
tate oxidase was obtained from Toyobo. Carbon nanotubes were
obtained from Carbon Solutions, Inc., in the form of iP-Single
Walled Carbon Nanotubes. A pH 7.0 buffer was obtained from
Fisher Scientific.

Gold electrodes were inkjet-printed using Harima Nanopaste
(Au) NPG-J gold ink in a Dimatix inkjet printer at ambient

conditions. The resulting gold electrodes were annealed at 250 ○C
for 50 min. Ag/AgCl was screen-printed using Engineered Materials
Systems, Inc., CI-4001 ink. After printing, the Ag/AgCl electrodes
were baked at 110 ○C in a vacuum oven for 2 h. The electrodes
were printed on 25 μm thick PEN substrates. Printed electrodes
were encapsulated using a laser-cut Teflon tape. The tape insu-
lated the conductive traces that lead to circuitry connections and
ensured that the sensor components deposited from the solution
were contained within the circular areas of 3 mm diameter (area of
0.070 68 cm2). In the case of the potentiometric sensors, an addi-
tional layer of carbon nanotubes (CNT) dispersed in THF, followed
by PVB/NaCl membrane drop-casted on top of the Ag/AgCl layer.
Homogeneous CNT/THF suspension was achieved using the block
copolymer PEO-PPO-PEO (F127) as a surfactant. 0.01 g of CNTs
and 0.05 g of F127 were dissolved in 10 ml of THF and sonified
for one hour in an ice bath using a Branson Digital Sonifier probe
set on 15% power. The 4 μl of the mixture was drop-casted in two
2 μl increments on the printed Ag/AgCl electrode surface. The PBV
and NaCl membrane were made by dissolving 1.58 g of PVB and
1 g of NaCl in 20 ml of methanol and sonifying the resulting mix-
ture for 30 min in an ice bath at 15% power. 4 μl of the solution was
then drop-casted in two 2 μl increments on top of the CNT layer,
resulting in the membrane thickness of ∼5 μm.

The ammonium-selective membrane solution consisted of 0.2
wt. % of nonactin, 69.0 wt. % of o-NPOE, and 30.8 wt. % of PVC,
as described elsewhere.16 The sodium-selective membrane solution
consisted of 1 mg sodium ionophore X, 0.55 mg Na-TFPB, 33 mg
PVC, and 65.45 mg DOS dissolved in 660 ml of THF.23

To make the mediating layer for the lactate sensor, carbon nan-
otubes were dispersed in ethanol at 1.25 mg/ml and sonified for
20 min at 40% amplitude using a Branson Digital Sonifier probe.
Meanwhile, TTF was dissolved in acetone at 25 mg/ml. 400 μl of
TTF was added to 2 ml CNT dispersion, and the resulting solution
was sonified for 20 min at 40% amplitude. The TTF/CNT disper-
sion was then deposited on the working electrode surface. To make
the enzyme layer, chitosan was dissolved in 1% acetic acid in water
(0.6% chitosan by weight for optimized sensors), and CNTs were
added (1% by weight for optimized sensors). This mixture was soni-
fied for 20 min at 40% amplitude. In a separate vial, lactate oxidase
was measured out and dissolved in Fisher pH 7.0 buffer (for opti-
mized sensors, 1500 U/ml). The lactate oxidase mixture was mixed
1:1 with the chitosan and CNT mixture and deposited on top of
the mediating layer (1 drop of 10 μl for optimized sensors). The
sensors were then dried overnight in an environmental chamber
at 35 ○C.

SUPPLEMENTARY MATERIAL

See the supplementary material for the SEM of the screen-
printed Ag/AgCl traces, effect of the reference membrane thickness
on the potential response, variability in sensitivity with CNT con-
centration in sensing membrane, Na+ ISE measurements in sweat,
continuous operation of lactate sensor, and calibration curves of the
lactate working electrodes with the diffusion limiting membrane.
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