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ABSTRACT: Saliva-based sensors are becoming increasingly
important in medical diagnostics and sports medicine due to the
plethora of biomedically relevant analytes found endogenously
within the fluid and to the inherently noninvasive nature of the , | [Lactate]q
sensing protocols. Salivary lactate and potassium have been shown P ‘ Lactate =
to be key indicators for monitoring fatigue, hydration, and overall ;

health, and frequent monitoring is crucial for preventative %) t(s)
treatment strategies. Low-cost test strip sensors combined with
saliva swab sampling could enable such frequent monitoring, and
to this end, we developed amperometric lactate and coulometric
potassium test strip sensors using laser-induced graphene (LIG), a t(s)

low-cost scalable fabrication method for graphene sensor develop-

ment. To increase the sensitivity of the sensors, platinum nanoparticles (nPt) were deposited on the LIG surface by using a facile
electroless deposition method. Subsequently, a redox mediator with the enzyme lactate oxidase was used for lactate sensing, while a
polymer-based ion-selective membrane was used for potassium sensing. The lactate biosensor displayed a sensitivity of 33.3 + 0.9 uA
mM ™! cm™ and a limit of detection (LOD) of 0.10 + 0.06 mM, while the potassium sensor exhibited a sensitivity of 168.2 uC dec™
and a signal-to-noise ratio (S/N) of 193.3 + 56.2. Both sensors were capable of selectively sensing within the physiologically relevant
range with real pooled saliva samples. Such sensing results demonstrate the potential of nPt-LIG for point-of-care biosensors for
personalized health and athletic performance monitoring.

Pyruvate
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B INTRODUCTION Frequent monitoring of salivary lactate and potassium is of
particular interest for precision health and sports medicine.
Lactate is a well-known metabolic waste product that increases
when adenosine triphosphate (ATP) and oxygen demand
exceeds supply, such as during exercise.” Continuous
monitoring of blood lactate can give real-time information
for training and performance evaluation for athletes or others
engaged in strenuous physical training, such as in the military.
There is also a clinical diagnostics interest to accurately
measure lactate levels due to the association with several
disorders (i.e, heart failure, hereditary disorders, and
respiratory insufficiency).” Moreover, recent research has
demonstrated that salivary lactate displayed a correlation
with blood lactate levels during exercise and hence has the
potential to be used for monitoring fatigue levels.”* Although

The nascent and burgeoning fields of precision and
personalized medicine are enabled by integrating health
monitoring and diagnostics into everyday life. Such routine
testing will require sensor systems that are not only capable of
laboratory-grade accuracy and sensitivity but also affordable,
easy-to-use, and noninvasive so that they can be widely
adopted." Saliva offers a promising biological fluid for precision
health monitoring and diagnostics due to the noninvasive
nature of the sampling (no need for a blood draw at a
laboratory or a fingerstick at home) and due to the abundance
of medically relevant electrolytes, proteins, and immunoglo-
bulins found within saliva.”” Saliva can be extracted at almost
any time and can be easily collected and stored as opposed to
other biological fluids that can be noninvasively extracted (e.g.,
sweat, tears, and urine) but require special collection
procedures or are released only intermittently (e.g, when
one is sweating or when one needs to micturate). Saliva can
also be used for monitoring infections; for example, we
recently demonstrated how a saliva-based immunosensor could
be used to detect COVID-19 infection, a sensor test that
circumvents the need for uncomfortable nasal swabs.*
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salivary lactate levels (~0.3 mM at rest and up to ~4.0 mM
during exercise)®” have been reported at lower levels than
blood lactate, consequently requiring more sensitive devices,
the noninvasive collection of saliva is a big appeal for its use in
diagnostics. Potassium, along with sodium, is one of the major
electrolytes required to maintain a proper water balance.
Clinical studies show that increasing dietary potassium can
lead to lower blood pressure in both normotensive and
hypertensive populations.'” High potassium intake has also
been shown to reduce the risk of strokes and kidney stones and
slow the progression of renal disease.'’ Recent research has
also demonstrated consistent correlations between salivary
potassium and serum osmolality levels and showed that
monitoring salivary potassium could be used to diagnose
dehydration as well as diseases such as chronic kidney
disease.'” A recent study reports investigating saliva as a
diagnostic fluid including the monitoring of the differences
between day-to-day variability, time of collection, and site of
collection.'” The mean potassium levels for the right and left
vestibulum were 23.2 and 23.6 mM, respectively, with a 14.4%
difference in day-to-day means. Mid-morning saliva samples
were shown to have 15—30% lower levels than early-morning
saliva samples. Another group reported the effect of
incremental exercise and showed that salivary potassium at
the beginning was approximately 25 mM and decreased to
nearly 15 mM after 300 min."*

Current methods to detect both potassium and lactate are
generally not conducive to the frequent, low-cost, at-home, and
in-field testing that precision health requires. Centralized
laboratories can accurately detect lactate using a variety of
methods including chromatography and enzyme-based spec-
trophotometric or colorimetric methods.'> While these
methods are sensitive and selective, they require trained
personnel and expensive equipment hindering the ability for
continuous point-of-care monitoring. Industry has started
offering portable electrochemical lactate sensors (e.g, the
Lactate Plus by Nova Biomedical) that circumvent these
drawbacks, but they require the user to perform a fingerpick to
measure lactate blood levels. Current commercial lactate
sensors are not designed for salivary lactate sensing and use
uncomfortable/painful methods to draw blood for testing that
are not conducive to wide-scale adoption. Likewise, potassium
is generally measured in laboratory settings with liquid
junction potassium ion-selective electrodes (ISEs). Such liquid
junction ISEs require regular maintenance and conditioning to
maintain their accuracy and reliability including periodically
replenishing the electrolyte solution of the reference electrode
and cleaning/replacing the liquid junction itself.'® Potentio-
metric solid-contact ion-selective electrodes (ISEs) have
shown promise for point-of-care monitoring of salivary
electrolytes by circumventing the regular maintenance and
conditioning required by liquid junction ISEs."”~"* Moreover,
these so-called solid-contact ISEs typically operate in a wide
range of ion concentrations with a low limit of detection
(LOD) with the added benefit of facile miniaturization and less
complexity and cost than liquid junction ISEs. However, issues
with signal stability and reproducibility of the standard
potential (E°) require frequent recalibration, which could
limit the use in complex sample analysis.'®*° Constant-
potential coulometry is a recently proposed alternative®' to
traditional potentiometric ISEs for ion detection and may
overcome some limitations associated with ISEs. Since the
electrode potential is held constant, any change in the primary

ion activity causes a reducing/oxidizing current to flow due to
the potential change at the membrane/sample interface and
solid contact. The current can be integrated to obtain the
cumulated charge (Q), which has a linear relationship with the
logarithm of the primary ion activity.””

Material choice for the underlying electrode has a significant
effect on the performance of subsequent biosensors. Graphene-
based electrodes offer a promising solution for developing
effective salivary lactate and potassium electrochemical sensors
due to their high surface area (2630 m® g™'), mechanical
strength (Young’s modulus ~1100 GPa), electrical conductiv-
ity (~64 mS cm™"), chemical stability, biocompatibility, and
tunable properties.”>”>> However, the complexity and cost
associated with their fabrication have impeded their
implementation into single-use test strip sensors. Even high-
yield mechanical and/or chemical exfoliation of graphene from
graphite followed by solution-phase printing of electrodes can
be costly due to the complexity of ink formulation and the
need for postprint annealing requirements.26’27 However, laser-
induced graphene (LIG) circumvents the need to exfoliate
graphene from graphite or to create a solution-phase graphene
ink by converting sp® carbon found in carbon-rich substrates,
such as polyimide into conductive sp>-hybridized carbon found
in graphene through a laser scribing technique.28 Moreover, we
have demonstrated that the surface area and wettability of the
LIG can be tuned to greatly improve the sensitivity of
electrochemical enzymatic biosensors (detection limits down
to the picomolar range) and reduce the water layer buildup
between the ISE membrane and the electrode, which improves
the accuracy of the sensor readings.””>" LIG has also been
used in a wide variety of electrochemical sensing applications
including in food safety,32 environmental monitoring,29
wearable health sensors,”® and even for urinary potassium®*
and salivary lactate sensing.”> However, a LIG electrochemical
sensor system capable of monitoring metabolites and electro-
lytes, such as lactate and potassium, in actual human pooled
saliva samples has not been previously explored. Such a system
would allow for facile dual monitoring of fatigue and
dehydration through a noninvasive technique.

In this work, LIG was developed into an enzymatic lactate
biosensor and a constant-potential coulometric potassium
sensor. The LIG was fabricated on polyimide (PI, Kapton) in a
one-step lasing process with a CO, laser (4 = 10.6 ym) that
did not require reagents or postfabrication annealing. An
electroless deposition method was used to deposit platinum
nanoparticles on the surface of the LIG and confirmed using X-
ray photoelectron spectroscopy (XPS) and energy-dispersive
X-ray spectroscopy (EDS). Lactate oxidase (LOx) or a
polyvinyl chloride (PVC)-based ion-selective membrane was
coated on the surface of the LIG to form lactate and potassium
sensors, respectively. After calibration and selectivity studies,
each sensor was calibrated in samples with diluted pooled
saliva. Flexibility studies were also performed to evaluate the
ability of the sensors to operate under stresses caused by
bending such as those that would be encountered by implanted
oral sensors. Hence, the results obtained in this study suggest
that LIG with platinum nanoparticles can act as a simple
method for scalable production of noninvasive salivary health
Sensors.

B METHODS AND MATERIALS
Materials. Chloroplatinic acid hexahydrate (>37.5%), 10X
phosphate-buffered saline (PBS), ammonium hydroxide (28—30%
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Figure 1. Schematic of LIG fabrication and electroless platinum deposition followed by functionalization with enzymes or ionophores. Saliva
samples were then analyzed for lactate using amperometry, where a high concentration (red curve) generates a larger current relative to a lower
concentration (black curve). Potassium detection was performed using constant-potential coulometry that uses cumulated charge during current

pulses for potassium quantification.

(w/w)), potassium chloride, and sodium l-lactate (>98%) were
purchased from Fisher Scientific (Massachusetts). Tetrathiafulvalene
(TTF, 97%), formic acid, chitosan (75—85% deacetylated), calcium
chloride, magnesium chloride, sodium chloride, and all chemicals used
for the ion-selective membrane were purchased from Millipore Sigma
(Darmstadt, Germany). Lactate oxidase was purchased from AG
Scientific (California). A polyimide (PI) film with S mil thickness was
purchased from McMaster-Carr (Ohio). Solutions were prepared
using dejonized (DI) water with ~18.2 MQ cm resistivity, and all
chemicals were analytical grade.

LIG Fabrication and Platinum Deposition. LIG was fabricated
with a 75 W M2 Fusion Epilog (Colorado) CO, laser. Polyimide was
cleaned with ethanol, dried with high-purity nitrogen, and treated
with the laser in raster mode at 7% speed, 6% power, and 1200 DPI in
air (23 + 1 °C) at a +2 mm offset from the focal point. The electrodes
were passivated with a fast-drying lacquer, leaving a working area of 3
mm. The electrode leads were coated with a conductive silver ink (Cl-
1001, Engineering Materials Systems Inc., Ohio). Platinum deposition
was done inside a fume hood following our previously published
method®® based on the reduction of chloroplatinic acid by formic acid
at room temperature. Briefly, 180 mg of chloroplatinic acid was added
to 30 mL of formic acid and DI water (1:9), and the pH was adjusted
to 2.5 with ammonium hydroxide. The LIG electrodes were
submerged in the solution, and beakers were covered with parafilm
for 16 h until the solution turned from yellow to clear. Once the
reaction was complete, the electrodes were rinsed with DI water and
allowed to air-dry in a fume hood.

LIG Functionalization. LOx Biosensors. The platinum LIG was
drop-coated twice with 0.02 M TTF in acetone/ethanol (1:9),
followed by 60 mg mL ™" lactate oxidase (LOx). Finally, 0.6% (w/v)
chitosan (75—85% deacetylated) in 0.1% (v/v) acetic acid was drop-
coated on the sensor and stored at 4 °C for 24 h. Each coating was
drop-coated using a pipette containing 3 4L and allowed to dry for
approximately 45 min.

Potassium lon Sensors. Two 3 uL applications of 0.02 M TTF in
acetone/ethanol (1:9) were applied to the Pt-LIG. Inside a fume

20803

hood, a mixture of 1.9 mg of valinomycin, 0.6 mg of potassium
tetrakis(4-chlorophenyl) borate, $8.4 mg of polyvinyl chloride (PVC),
and 127.7 uL of dioctyl sebacate (DOS) was dissolved in 1 mL of
tetrahydrofuran (THF, anhydrous, >99.9%) and vortexed for
approximately 1 min until homogenized. A 3 uL application of the
membrane was drop-coated on top of the TTF layer and allowed to
dry overnight in a fume hood. The electrodes were conditioned in 0.1
M KCl for 48 h before testing. Ionic strength was calculated using eq
S1, and the extended Debye—Hiickel approximation (eq S2) was used
to calculate all activity coeflicients.

Material Characterization. Scanning electron microscopy
(SEM) images were taken using a FEI Teneo LoVac field emission
SEM (FESEM) at an accelerating voltage of 1 kV and a beam current
of 25 pA. Raman spectroscopy measurements were performed using a
Horiba XploRA Plus confocal Raman microscope with a 532 nm laser
operating at 1.2 mW and a S0X objective (0.5 NA). The spectra were
collected from 600 to 3000 cm™" with 600 grooves mm ™' grating. Six
Raman spectra were collected at six randomly selected locations, and
each Raman spectrum was collected with a 30 s acquisition and three
accumulations. All Raman peaks in each spectrum were fitted to a
Lorentzian function in Igor Pro 6.37. The Ip/Ig and I,p/Ig ratios were
calculated from the fitting results. X-ray photoelectron spectroscopy
(XPS) analysis was performed using a Kratos Amicus/ESCA 3400
instrument and irradiated with 240 W unmonochromated Mg Ka X-
rays. The 3D optical profile image was captured using an S-neox
system from Sensofar with a TU Plan Fluor 20X.0.45a objective from
Nikon to obtain fast, noninvasive assessment sample geometry. A
series of 100 nm steps through the vertical range of the sample height
in combination with confocal-based exclusion of the out-of-focus light
allows a series of vertical images to be collected and used to
reconstruct the three-dimensional image of the sample with a high
degree of accuracy.

Electrochemical Characterization. Galvanostatic charge—dis-
charge (CC) experiments were performed on a CH Instruments
(Texas) electrochemical analyzer model CHI7018E. Cyclic voltam-
metry (CV), amperometric i—t measurements, and constant-potential
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Figure 2. (a) SEM image showing platinum nanoparticles on the porous surface of the LIG. (b) XPS survey of bare LIG (black) showing typical O
1s and C 1s peaks and platinum LIG (red) showing reduced O 1s and C 1s peaks with an additional Pt peak. (c) 3D microscopy image of a bare
LIG electrode using an S-neox system from Sensofar showing the 3D structure of the material with an approximate average height of ~25 um.

coulometry were performed on a PalmSens 4 potentiostat (the
Netherlands). For all experiments, an external Ag/AgCl electrode (3
M KCl liquid junction) functioned as the reference electrode, and a
platinum wire electrode (99.95% Pt, 0.5 mm diameter) functioned as
the counter electrode.

CV analysis was performed in 5 mM ferro/ferricyanide in 0.1 M
KCl at 10, 20, 40, 60, 80, and 100 mV s~ from —0.4 to 0.8 V, and
electroactive surface area (ESA) calculations were made with eq S3.
CC measurements were performed using 1 M H,SO, and seven
current densities from 15 to 45 A cm™ for bare LIG and 6—20 mA
cm™? for platinum LIG. Specific areal capacitance (CA, mF cm™2) was
calculated using the CC curves and eq S4.

Amperometric i—t curves were performed in 10X PBS (pH = 7.4)
at physiologically relevant levels®” of lactate concentrations in saliva
(0.4—1.5 mM). Scans were performed by applying +0.3 V for 60 s.
Coulometric detection of potassium was completed by performing
amperometric i—t curves from physiologically relevant levels 107%° to
1071% M KCl in 0.05 log steps with a background of 107> M KCL.
During the experiments, an applied potential of 0 V was used with 300
s between KCI additions, and a stir bar operated at 300 rpm.
Interference of ascorbic acid, uric acid, and glucose was tested for the
lactate biosensor in 10X PBS, and Ca**, Mg**, and Na* were tested for
the K" sensor with a background of 15 mM KCIL. The functionality of
the potassium sensors was first confirmed in traditional potentio-
metric mode using a Ag/AgCl (3 M KCl) reference electrode.

Pooled Saliva Analysis. Pooled human saliva samples were
provided by the Research and Education in Disease Diagnostics and
Intervention (REDDI) Lab at Clemson University. Samples for the
lactate biosensor were diluted to 10% saliva with 10X PBS, and
samples for the potassium sensor were diluted to 10% saliva with DI

water. Calibrations were performed using the parameters mentioned
above from 0.4 to 2.5 mM lactate and from ~10 to 25 mM potassium.

Data Analysis. All measurements were made in triplicate and were
reported as the mean + standard deviation. One-way analysis of
variance (ANOVA) and Student’s t-test were performed with JMP
Pro v.1S statistical software (SAS Institute, Cary, NC) using a
significance level of 0.0S. All figures were generated in SigmaPlot 14
(Systat Software Inc., San Jose, CA).

B RESULTS AND DISCUSSION

Biosensor Fabrication. Figure 1 shows the fabrication
process that began by lasering the polyimide film under
ambient conditions (air, 23 + 1 °C) using a CO, laser with a
10.6 um wavelength to produce LIG electrodes. Next,
platinum nanoparticles (nPt) were formed on the LIG using
the reduction of chloroplatinic acid (H,PtCly) by formic acid
(HCOOH) following our previous protocol.”® Once the nPt-
LIG was obtained, tetrathiafulvalene (TTF) was drop-coated
on the surface of the LIG. Enzymes (lactate oxidase, LOx) or
ionophores (valinomycin) were deposited on the surface to
form sensors sensitive to lactate and potassium, respectively.
LOx was embedded in a layer of chitosan to prevent leaching,
while valinomycin was diluted in a poly(vinyl chloride)
(PVC)-based membrane and drop-coated on the surface.
Saliva samples were then analyzed for lactate concentration
using amperometry and potassium concentration using
constant-potential coulometry.

Material Characterization. Platinum (Pt), although more
expensive than gold (Au) or silver (Ag), is commonly used due to
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Figure 3. (a) CV scans for bare LIG in S mM ferri/ferrocyanide with 0.1 M KCI. Distinctive redox peaks are observed around 259.65 and 169.73
mV. (b) CC curves for bare LIG in 1 M H,SO, at seven current densities from 15 to 45 A cm™2 (c) CV scans for nPt-LIG in 5 mM ferri/
ferrocyanide with 0.1 M KCl displaying a predominately capacitance current response when compared to bare LIG. (d) CC curves for nPt-LIG in 1

M H,SO, showing a higher capacitance compared to bare LIG at seven current densities from 6 to 20 mA cm™.
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several advantages including the unreactive nature with water, acids,
and bases and the lack of oxidation in air.** Traditional methods such
as electron beam lithography and chemical vapor deposition (CVD)
techniques can be used to deposit nPt for sensors and fuel cells along
with electroless and electrochemical deposition. Electroless deposition
of platinum offers a simple method to produce nPt through the
reduction of Pt from a salt solution onto an electrode surface.” In this
study, formic acid was used to reduce Pt onto LIG using
chloroplatinic acid, where the reaction speed and nPt density are
highly dependent on the pH, as high H" presence hinders reaction
progress and leads to higher nPt density. Three pH levels (1.0, 2.5,
and 4.0) were tested with a pH of 2.5, displaying the densest and most
consistent coverage of nPt (Table S1). The morphology was studied
by SEM, as shown in Figures 2a and Sla, where nPt growth can be
seen on the LIG substrate. An SEM image of bare LIG and results
from Raman spectroscopy are shown in Figure S2a,b, respectively.
The Raman spectrum exhibited three characteristic peaks typical of
graphene-based materials produced through CO, laser irradiation.
These peaks correspond to the D, G, and 2D bands. The D peak, at
approximately 1348 cm ™!, implies the presence of structural defects or
bent regions within the graphene structure. The G peak, at around
1587 cm™, corresponds to the in-plane vibrations of sp®> carbon
atoms, and the 2D peak, located at roughly 2689 cm™, indicates the
stacking of graphene sheets.** The corresponding ratio I/Ig = 1.0 +
0.1 indicates a high degree of graphene disorder, usually due to breaks
in the translational symmetry, typical of porous LIG.* Additionally,
the ratio Lp/Ig = 0.5 + 0.1 suggests that the graphene formed
displays a multilayered structure.”® Surface elemental composition
analysis was performed with XPS (Figure 2b) for bare LIG (black)
and for platinum LIG (red), with both samples displaying peaks
centered at approximately 286 and 533 eV attributed to C 1s and O
1s, respectively.* The platinum LIG has an additional doublet peak at

approximately 74 eV (low energy band) and 77 eV (high energy
band) attributed to Pt 4f,,, and Pt 4f; 5, respectively“’43 (Figure S3).
Deposition of nPt was further validated through energy-dispersive X-
ray spectroscopy (EDS), shown in Figure S1b,c with the characteristic
Pt Ma peak at slightly over 2 keV.">** The average resulting mass
percentage from EDS analysis was 67.74 + 2.70% Pt and 32.26 +
0.40% C, which is much higher than the electrochemical deposition of
Pt (Figure S4, n = 3). Figure 2c shows a 3D image of the Pt-LIG and
the subsequent height profile, which resulted in a material thickness of
~25 pum, which has been previously reported as the approximate
thickness of LIG.*®

Electrochemical Characterization. Metal nanoparticles
are commonly used to improve the electrical and catalytic
properties of electrode surfaces, improving the performance of
subsequent biosensors.”> Cyclic voltammetry (CV) was used
to electrochemically characterize the bare LIG and nPt-LIG at
different scan rates (10, 20, 40, 60, 80, and 100 mV s~!). For
the bare LIG, distinct anodic and cathodic peaks are present at
approximately 259.65 and 169.73 mV, respectively (Figure 3a),
and increased linearly with the square root of the scan rate
(Figure SS), suggesting an electrochemical system that is
diffusion-governed.*® The voltage peak-to-peak separation at
10 mV s™" was 89.92 mV, which is slightly higher than that of a
reversible system (AE, < 60 mV).”” Simultaneously, the
observed increase in the potential peak-to-peak separation
indicates limitations in electron transfer.*® Hence, current is
controlled by a combination of mass transport and electron
transfer, which discloses a quasi-reversible electrochemical
system.”” The electroactive surface area (ESA) was calculated
using Randles—Sevcik theorem (eq S3) and resulted in an ESA
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Figure 4. (a) Amperometric i—t curves for lactate sensing from 0.4 to 1.5 mM and the resulting linear calibration plot (inset, R* = 0.9798). (b)
Percent change in current relative to the baseline for 0.4—6.2 mM lactate showing signal saturation after 2.5 mM. (c) Real-time selectivity study
showing negligible current change for 5.2 mM ascorbic acid (AA), 6.8 mM uric acid (UA), and 0.2 mM glucose followed by an addition of $ mM
lactate and a large current increase. (d) Percent change in current relative to the baseline signal for S mM lactate (blue), 6.8 mM AA (red), 5.2 mM
UA (green), and 0.2 mM glucose (purple), with lactate displaying the largest change in current. Data represents mean + standard deviation (1 = 3).

of 16.92 + 0.75 mm?, 139.32% larger than the geometric area
(7.07 mm?), which is a similar result to previously reported
works with LIG electrodes.””*® The larger ESA compared to
the geometric area is likely due to the porous nature of the 3D
graphene structure, which increases the surface area and
exposes more edge planes of the graphene to the redox
solution, facilitating easier electron transfer.*”*° CV scans for
the nPt-LIG did not display apparent redox peaks and
approached a quasi-square shape as a capacitance current
appeared to dominate the reaction (Figure 3c). Galvanostatic
charge—discharge curves in 1 M H,SO, were used to further
study the capacitive response of both the bare LIG and nPt-
LIG at various current densities of 15—45 A cm™ and 6—20
mA cm™? respectively. The bare LIG (Figure 3b) had an
average areal capacitance (C,) of 0.312 mF cm™, which
increased to 122.55 mF cm™ after platinum nanoparticle
deposition (Figure 3d). The high capacitance of the LIG is
likely due to the highly conductive 3D structure of the LIG,
increasing the surface area and providing easy access for the
electrolyte to form a Helmholtz layer.”’ These properties are
likely increased with platinum nanoparticle deposition, leading
to an increase in capacitance.

Lactate Biosensor. A lactate biosensor was developed with
the nPt-LIG by first drop-coating the redox mediator TTF,
which has been previously reported as a mediator for lactate
biosensors.’” Furthermore, studies without TTF where
dissolved oxygen species are the electron carriers resulted in

a negligible response to lactate. Once the TTF layer was dry,
60 mg mL™" LOx was applied to the surface of the electrode by
pipet to act as the selective compound for lactate in a sample
solution. A final layer of 0.6% chitosan (w/v, 75—85%
deacetylated) in 0.1% (v/v) acetic acid was applied to prevent
leaching of the mediator and enzyme. The biosensor was
stored at 4 °C overnight before use. Results of lactate sensing
without nPt and TTF are shown in Figure S6, demonstrating
the lack of response in the absence of the two components. CV
scans in 10X PBS were also performed after each
functionalization step (Figure S7). An increase in capacitance
current after platinum deposition was displayed, and two
anodic oxidation peaks were observed after TTF deposition,
corresponding to the formation of a TTF radical cation and a
dication.”> Once LOx and chitosan are applied to the surface, a
reduced capacitive current is observed. Figure 4a shows the i—t
curves for the lactate biosensor in 10X PBS (0.4—1.5 mM) and
an applied potential of +0.3 V. The electrons generated during
the enzyme-catalyzed oxidation of lactate to pyruvate are
carried to the surface of the LIG by TTF, causing an increase
in current with increasing lactate concentration (shown in
Figure 4a inset).”* The LOD (36 method, eq S5) was
calculated as 0.10 & 0.06 mM and the sensitivity as 33.3 + 0.9
uA mM™ cm™ in 10X PBS, similar to other LIG-based lactate
biosensors.” The LOD is higher than in studies using screen-
printed electrodes; however, the upper end of the dynamic
range reported for these biosensors is lower, suggesting that
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Figure S. (a) i—t curves for potassium detection from 11 to 22 mM with a background of 10 mM K*. (b) Cumulated charge versus the logarithm of
activity for potassium sensors obtained by integrating the area under the i—t curve for each current pulse (R* = 0.9908). (c) i—t curves showing
real-time selectivity of the potassium sensors using 15 mM Na*, Mg**, and Ca®* as interferents. Data represents mean + standard deviation (n = 3).

they may be limited in monitoring higher levels of lactate such
as during physical activity.””~” Table S2 shows a comparison
of figures of merit for the nPt-LIG lactate biosensor and other
recently published works. The change in current generated
relative to the baseline signal for 0.4—6.2 mM lactate is shown
in Figure 4b. The biosensor signal plateaus slightly above 2.5
mM lactate, demonstrating the usability of the biosensor even
in conditions of relatively high lactate levels for saliva. Figure
4c shows the real-time response of the lactate biosensor to
common interferents ascorbic acid (AA), uric acid (UA), and
glucose, which is followed by an addition of S mM lactate that
causes a current increase. The selectivity was further confirmed
by studying the relative amount of current generated from each
analyte (Figure 4d), showing that lactate generated approx-
imately +750% change in current with the interferents (AA,
UA, and glucose) and negligible change in the signal.
Durability is an essential quality wearable and implantable
biosensors need for use but also in general for any type of in-
field sensors, as the sensors may experience stress from flexing
during packaging, shipping, and use. The effect of bending
cycles over 3D-printed rods®® of three diameters was studied
for the lactate biosensors (Figure S8) with no significant
difference in performance as the biosensor goes through repeat
bending cycles.

Potassium Sensor. Constant potential coulometry is an
alternative ion detection method with the potential to address
limitations of traditional potentiometry including stability and
reproducibility.”’ The method relies on a transient current flow
induced by activity changes of the primary ion, which can be
integrated to obtain the cumulated charge (Q).”* The
logarithm of the ionic activity has a linear relationship to the
total cumulated charge during the current pulses. A poly(vinyl
chloride) (PVC) membrane with valinomycin, a selective
ionophore for potassium, was drop-coated on the surface of the
nPt-LIG after treating the surface with TTF to act as the solid
contact facilitating ion-to-electron transduction.”” The nPt-
LIG sensors were first calibrated in potentiometric mode, as
shown in Figure S9, where a sensitivity of 40.8 + 0.6 mV dec™
was displayed. Figure Sa shows the raw transient current
response to increasing amounts of potassium activity (11-22
mM) within the electrochemical cell. After integration, the
cumulated charge was plotted versus the log activity of
potassium, resulting in the linear response seen in Figure Sb.
The sensitivity was calculated as 168.2 uC dec™, displaying the
usefulness of the method for detecting small changes, as
evident by the large signal produced with 0.05 log step changes
in potassium activity. For the lowest concentration tested (11
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mM), the signal-to-noise ratio (S/N), defined as the peak
signal over the standard deviation of the blank,*® was 193.3 +
56.2, indicating a nearly 200 times larger signal generated for
the concentration relative to the noise. Table S3 compares the
figures of merit for the nPt-LIG potassium sensor with recently
published electrochemical sensor reports. Results for coulo-
metric sensing using bare LIG and LIG without nPt or TTF
are shown in Figure S10, showing the lack of a response for
potassium. Previous studies have established a correlation
between salivary and plasma potassium levels and the
usefulness of saliva as an alternative noninvasive fluid for
disease diagnostics.”'~®* The potassium levels used in this
study were physiologically relevant to diagnostic levels of
conditions such as type II diabetes, renal failure, and
hyperthyroidism, which have shown association with salivary
potassium levels.”*®® The selectivity of the sensor was tested
by using common cations found in saliva (Na’, Mg**, and
Ca’"), as shown in Figure Sc. The transient currents generated
for these cations relative to the baseline were 592.8% (Ca"),
2491.7% (Mg®"), and 623.5% (Na*) smaller than the current
observed for potassium.

Pooled Saliva Analysis. Pooled human saliva samples
were provided by the Research and Education in Disease
Diagnostics and Intervention (REDDI) Lab at Clemson
University for the analysis of the performance of both sensors
in a complex solution. Samples for the lactate biosensor were
diluted to 10% with 10X PBS, and samples for the potassium
sensor were diluted to 10% with DI water. Calibration of the
lactate biosensor was performed using the parameters
mentioned above from 0.4 to 2.5 mM lactate. The biosensor
displayed linear behavior within this range of concentration, as
shown in Figure 6a, where the calculated sensitivity was 34.7
#A mM™" cm™% The potassium sensors were tested in 10%
pooled saliva diluted with DI water. Calibrations were
performed using the parameters discussed above from 10 to
25 mM potassium. The sensors were able to detect potassium
in the complex samples (Figure 6b), as current pulses were
observed for the concentrations tested. A significant reduction
of the sensitivity in the pooled saliva samples was observed, as
the calculated average sensitivity was 4.52 uC dec™'. This
could be due to interference from ions and metabolites present
in the saliva samples. Nevertheless, both sensors were able to
detect the respective analyte in pooled human saliva samples at
levels relevant to sports medicine and clinical diagnostics.'**°
To further improve the platform into an actual point-of-care
salivary biosensor, future studies should focus on optimizing
enzyme and ionophore deposition, sensing conditions, and
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calibration plot (inset, R* = 0.9653). (b) Current response versus the logarithm of activity for potassium (10—25 mM) sensors in 10% pooled saliva
diluted with DI water. The cumulated charge (inset, R* = 0.9341) was obtained by integrating the area under the i—t curve for each current pulse.

Data represents mean + standard deviation (n = 3).

sample preparation. Properties of the LIG including mechan-
ical durability, biocompatibility, and potential for biofouling
will also need a thorough investigation to ascertain the ability
of LIG to act as a wearable or implantable salivary diagnostic
device.”” The testing of various mediators may also prove
beneficial and could improve the sensitivity of both sensors.

B CONCLUSIONS

Saliva is a favorable biological fluid for noninvasive sensing for
a wide range of analytes related to health diagnostics and
athletic performance. Lactate, a metabolic waste product, and
potassium, an abundant electrolyte, are two analytes with
associations with hydration, disease diagnostics, and fatigue
levels. In this study, a one-step reagent-free laser induction
process that circumvents the need for postprint annealing was
used to fabricate laser-induced graphene (LIG) electrodes on a
polyimide film. The LIG was covered with platinum nano-
particles (nPt-LIG) via an electroless deposition process,
improving the electrical properties of the 3D porous LIG
structure. The nPt-LIG electrodes were coated with a layer of
the organosulfur compound tetrathiafulvalene (TTF) to act as
the redox-active solid contact for the potassium sensor and as
an electron carrier for the lactate biosensor. The sensors were
functionalized with enzymes or ionophores for the selective
monitoring of lactate and potassium, respectively, in actual
pooled saliva samples. The enzymes were entrapped within a
chitosan matrix to prevent leaching, and the neutral potassium
ionophore, valinomycin, was dissolved in a poly(vinyl chloride)
(PVC) membrane that coated the nPt-LIG structure. The
lactate biosensor displayed a sensitivity of 33.3 + 0.9 uA mM ™!
cm ™ and a limit of detection (LOD) of 0.10 + 0.06 mM, while
the potassium sensor exhibited a sensitivity of 168.2 uC dec™
and a signal-to-noise ratio (S/N) of 193.3 + 56.2 at 107"°* M
potassium. Both sensors were able to detect each respective
analyte at physiologically relevant levels in 10% pooled saliva
samples, demonstrating the sensing capabilities in complex
solutions encountered by point-of-care biosensors. The
analysis time of 1 and 5 min for lactate and potassium,
respectively, is significantly less than techniques performed at
centralized laboratories, where samples are collected, stored,
and transported, leading to results potentially taking several
days. Furthermore, both sensors displayed low detection limits
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and high sensitivities while showing minimal interference from
other analytes commonly found in saliva, demonstrating their
selectivity. The further development of salivary LIG sensors
could help realize the true potential of saliva for real-time
personalized healthcare monitoring and disease diagnostics and
increase the understanding of mechanisms controlling saliva
composition and correlations between saliva and blood
composition. Improvement in point-of-care salivary biosensors
could also reduce patient reliance on centralized laboratories
for health analysis, potentially lead to early detection of
negative health events, and improve life quality for the users.
The readily modifiable surface of the nPt-LIG offers a versatile,
low-cost platform to develop effective noninvasive point-of-
care biosensors for a wide range of analytes found in saliva.
The nPt-LIG electrodes can be easily combined with
microfluidic systems for real-time monitoring and diaégnostics
such as our recent work with wearable sweat sensors.””
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