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ABSTRACT: The integration of microfluidics and electro-
chemical cells is at the forefront of emerging sensors and energy
systems; however, a fabrication scheme that can create both the
microfluidics and electrochemical cells in a scalable fashion is
still lacking. We present a one-step, mask-free process to create,
pattern, and tune laser-induced graphene (LIG) with a
ubiquitous CO2 laser. The laser parameters are adjusted to
create LIG with different electrical conductivity, surface
morphology, and surface wettability without the need for
postchemical modification. Such definitive control over material
properties enables the creation of LIG-based integrated open
microfluidics and electrochemical sensors that are capable of dividing a single water sample along four multifurcating paths to
three ion selective electrodes (ISEs) for potassium (K+), nitrate (NO3

−), and ammonium (NH4
+) monitoring and to an

enzymatic pesticide sensor for organophosphate pesticide (parathion) monitoring. The ISEs displayed near-Nernstian
sensitivities and low limits of detection (LODs) (10−5.01 M, 10−5.07 M, and 10−4.89 M for the K+, NO3

−, and NH4
+ ISEs,

respectively) while the pesticide sensor exhibited the lowest LOD (15.4 pM) for an electrochemical parathion sensor to date.
LIG was also specifically patterned and tuned to create a high-performance electrochemical micro supercapacitor (MSC)
capable of improving the power density by 2 orders of magnitude compared to a Li-based thin-film battery and the energy
density by 3 orders of magnitude compared to a commercial electrolytic capacitor. Hence, this tunable fabrication approach to
LIG is expected to enable a wide range of real-time, point-of-use health and environmental sensors as well as energy storage/
harvesting modules.
KEYWORDS: wettability, graphene, microfluidics, laser scribing, biosensor, supercapacitor

INTRODUCTION

Pumpless paper microfluidics have emerged as one of the most
prominent tools to provide inexpensive and effective fluid
transport for in-field or point-of-care sensors including those
associated with disease diagnostics,1−5 environmental monitor-
ing,6,7 food safety,8 and water testing.9 However, paper
microfluidics are hindered by issues of biofouling and
premature saturation which can significantly impede the
sensitivity, detection limit, and accuracy of sensors as less
than 50% of the total sample volume within the paper
microfluidic typically reaches the detection zone.10,11 A
promising alternative to paper microfluidics is the recent

development of pumpless on-surface fluid transport technol-

ogies known as open microfluidics.
Open microfluidics or open-surface microfluidics permit

fluid transport across a surface not confined by four channel

walls and without the need for absorption through a matrix
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such as cellulose.12,13 Researchers have developed sophisti-
cated techniques to manipulate single droplets of samples and
reagents through the application of electrical fields (i.e., digital
microfluidics) or magnetic fields (i.e., magnetic digital
microfluidics) with open-surface microfluidics.14−17 These
techniques permit exquisite control over chemical reactions
and biological analysis; however, they also require application
of power and/or presample preparation with magnetic
particles, which significantly increase operational complexity.
What is needed for the majority of in-field biosensors is simply
two main capabilities: (1) fluid transport to a detection zone to
enable assay operation (e.g., lateral flow assays used in
pregnancy, allergen, and pathogen detection kits)18,19 and
(2) flow division to enable monitoring of multiple analytes
from a single test sample or multiplexed sensing (e.g.,
metabolic biomarker monitoring in urine,20 pathogen monitor-
ing in food samples).21 Moreover, realizing these two sensor
capabilities on a low-cost scalable platform will ensure its wide-
scale implementation especially where cost margins are
extremely low and price transmission is asymmetric in a
vertical market such as in the food industry22 and where large
data mapping is needed such as with monitoring fertilizer or
pesticide runoff from farm fields to watersheds.23,24

Researchers have begun to address the challenge of creating
low-cost, pumpless open microfluidics capable of both
unidirectional fluid flow and flow that is capable of dividing
along multifurcating paths.25,26 One of the more promising
avenues of research in this field is the development of
technologies capable of capillary-force driven fluid transport
using spatial gradients of defined surface wettability.27,28 Such
microfluidics are generally created by developing narrowing,
wedge-shaped hydrophilic tracks surrounded by superhydro-
phobic walls that permit movement of fluid along the tracks by
net Laplace pressure.29,30 These open microfluidics eliminate
the need for fluid to percolate through a porous matrix as is the
case with paper microfluidics, and hence significantly reduces
or completely eliminates channel saturation and biofouling.
Moreover, the superhydrophobic sidewalls are inherently
antifouling and therefore further reduce biomolecule adsorp-
tion on the channels, which can reduce the target analyte from
reaching the detection zone of the biosensor.31,32 However,
creating open microfluidics by tuning the wettability of
surfaces typically requires complex and costly fabrication
techniques including postchemical treatments, such as wax
printing,2,33 photolithography with UV masks,28,34,35 chemical
modification (self-assembly monolayer chemistry), deep
reactive ion etching,36,37 or brush painting of a “fluorine”
containing layer.38−40

The 2D carbon material known as graphene holds
tremendous promise in creating low-cost, scalable open
microfluidics in addition to myriad electronic applications
owing to its advantageous material properties such as
extremely high in-plane electrical and thermal conductivity,
high specific surface area, and rich surface chemistry.
Conventional methods to produce graphene including
chemical vapor deposition are expensive and low-yielding
processes as they require high temperatures (upward of 1000
°C), vacuum chambers, and/or cleanroom processing such as
metal vapor deposition of precursor metals.41,42 However,
recent methods to inkjet, aerosol, or screen print graphene
flakes obtained from chemical exfoliation of bulk graphite offer
a low-cost, scalable process to produce graphene circuits that
exhibit a high degree of electrical conductivity (<100 Ω sq−1),

albeit lower than conventional graphene fabrication methods,
that are useful for a variety of electronic devices.43−46

However, these graphene fabrication methods require
postprint annealing techniques such as high temperature
thermal annealing (∼200−400 °C),47−49 photonic annealing,50
and laser annealing51,52 to carbonize ink binders such as ethyl
or nitrocellulose, evaporate ink solvents, and reduce residual
graphene oxide. Such multistep (i.e., print and then anneal)
fabrication adds to the complexity and cost of the
manufacturing process. Moreover, transforming the surface
wettability of graphene to hydrophobic or near super-
hydrophobic often requires post-treatment (spray coating,
brush painting, dip coating) of a fluorine containing layer or
patterning with a rapid-pulse laser53 to achieve the desired
wettability, which as a result adds to the complexity of the
fabrication process.
Recently, more scalable techniques to create printed

graphene open microfluidics that are capable of fluid transport
and fluid division have been explored.54 This research on
graphene open microfluidics demonstrated unidirectional fluid
transport and fluid division within a cross and tree pattern via
superhydrophilic/superhydrophobic wettability patterning.54

Indeed, this work represents a promising step forward in
developing low-cost, scalable open microfluidics capable of
overcoming the aforementioned hurdles associated with paper
microfluidics. However, the manufacturing of these open
microfluidics requires a two-step process, spin-coating
graphene ink films followed by superhydrophobic patterning
by scribing micron-sized grooves into the graphene with a CO2
laser, and it remains unclear if graphene-based biosensors
could be directly incorporated into these patterns.
Herein, we report a one-step, graphene-based fabrication

technique that is capable of creating open microfluidics and the
electrode components needed for electrochemical biosensing
and energy storage modules all through a scalable CO2 laser
scribing technique. More specifically, this manuscript demon-
strates how a laser scribing process can be used to convert
polyimide into electrically conductive, hydrophilic graphene
(i.e., laser-induced graphene (LIG)) that is used for the open
microfluidic fluid tracks and the circuits for subsequent
electrochemical sensing. Next, a lower power double lasing
process is introduced that can transform the surface wettability
of the graphene to one that is near superhydrophobic and
consequently is used to create the sidewalls to complete the
open microfluidics. These fabrication techniques are then
implemented to create an all LIG open microfluidic cross
pattern that is capable of dividing a single fluid sample into
four branches to four distinct, independently electrically
addressable LIG biosensors. The fabricated hydrophobic/
hydrophilic structure of the patterned LIG prevents uncon-
trolled fluid spreading and enables appropriate electrode
functionalization based on application. The hydrophobic
electrodes are then distinctly functionalized with ion-selective
membranes for potassium (K+), nitrate (NO3

−), and
ammonium (NH4

+) fertilizer ion sensing and hydrophilic
electrodes with an enzyme for organophosphate pesticide
sensing. Such a multiplexed biosensor system demonstrates
how a single river water sample can be used to monitor
fertilizer and pesticide runoff from point-of-use sites such as
farm fields, golf courses, and lawns into watersheds, which
consequently presents a significant environmental challenge
around the world by contaminating aquatic communities55 and
drinking water supplies56 while causing harm and destruction
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to beneficial insects and mammals.57 Finally, the improved
energy density of the developed micro supercapacitors is
demonstrated through the creation of LIG-based interdigitated
electrodes with distinct surface wettability. This controlled
tuning of the LIG wettability improves the electrode−
electrolyte interface, which is important for a wide range of
energy applications such as batteries, water splitting catalysts,
and solar water desalination systems.

RESULTS AND DISCUSSION
Fabrication and Characterization of Laser-Induced

Graphene (LIG). A CO2 laser was used to convert polyimide
substrate to laser-induced graphene (LIG), and the resultant
sheet resistance of graphene was measured as the density per
inch (DPI) of the laser was adjusted (200, 400, 600, and 1200
DPI) (Figure 1a,b). Figure 1b shows the sheet resistance of
LIG created with a single lasing (LIG-SL) as a function of laser
pulse density with speed and power fixed (15% speed; 7%
power). The sheet resistance decreased greatly from over 10
kΩ sq−1 to less than 100 Ω sq−1 with increased laser pulse
density. This was attributed to the overlapped lasing at high
DPI as we reported previously.58 The electrochemical
reactivity of the LIG, as monitored via cyclic voltammetry
with the ferricyanide/ferrocyanide redox probe, continued to
increase as the DPI increased and the peak-to-peak potential
separation continued to decrease from 331 mV to 149 mV
(Figure 1c), demonstrating effective electron transfer kinetics.
Next, scanning electron micrographs (SEMs) and water
contact angle measurements demonstrated how variance in
the DPI influenced the surface morphology and wettability of
the LIG (Figure 1d). The laser trace reduces with increased
DPI and results in more uniform morphology with less height
difference. The continuous sheetlike LIG was formed at higher
DPI (600 and 1200 DPI) in contrast of isolated fiberlike LIG

formed at low DPI (less than 600 DPI). The height of LIG was
also decreased from 1 mm (200 DPI) to 25 μm (1200 DPI). It
should be noted here that this height is the height of the LIG
pattern from the top of the graphene structures to the base of
the graphene surface. The water contact angles are also
reduced from 127° (hydrophobic) to 0° (superhydrophilic).
Such superhydrophilicity was attributed to lasing in ambient
conditions where atmospheric oxygen can more readily oxidize
the edge of the LIG with increasing DPI/laser energy.59,60

It should be noted that a number of different techniques
have been developed to create hydrophobic LIG including
lasing in an inert gas chamber59 and chemical modification of
the LIG surface by forming a PDMS composite.60 However,
these methods typically require a controlled inert gas
environment or the use of various chemical processes which
are difficult to scale. Recently, Sodano’s group reported
wettability patterning of LIG by tuning the pulse density of
the laser with no chemical modification.61 However, hydro-
phobic LIG produced by low DPI typically suffered from high
electrical resistance (300−3000 Ω sq−1), sluggish electro-
chemical redox behavior (Figure 1b,c), and a fragile surface
due to the insufficient temperature required for LIG to
undergo a fiber to sheet shape conversion.62 Hence, controlled
wettability tuning of graphene with high electrical conductivity
and mechanical robustness is desired for many applications
including the biosensors and energy storage modules presented
herein.
Here, we present a straightforward in situ second lasing

method to create near superhydrophobic graphene. This
method allows the formation of the highly conductive (15−
30 Ω sq−1) LIG base layer, followed by another lasing pass at
lower fluence to alter the morphology of the LIG facial layer to
achieve the desired electrical conductivity and surface
wettability. The second lasing creates a near superhydrophobic

Figure 1. Fabrication scheme and the effect of laser pulse density on the electrical, electrochemical, and wetting behaviors of the laser-
induced graphene (LIG). (a) Schematic of the LIG fabrication. The effect of density per inch (DPI) on the (b) sheet resistance, (c)
electrochemical activity based on cyclic voltammetry curves, and (d) microstructure and surface wettability of LIG created with a single
lasing (LIG-SL) shown via SEM imaging and water contact angle measurements, respectively. The inset of SEM images shows the single
water droplet (5 μL) on the corresponding LIG surface.
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surface regardless of what setting was used in the first lasing,
which yields more freedom of tuning the physical (structure
and morphology), chemical (functional groups), and electrical
(resistance) properties. Hereafter, power, speed, and fluence
will be reported as percentages. Nevertheless, the relationship
between percent power, speed, and fluence for the CO2 laser is
characterized with a camera and a power meter to achieve a
measurable correlation between the laser settings and the
actual energy that is hitting the surface of the polyimide.
To study the effect of laser power on the LIG wettability, the

laser power for double lasing (DL) was varied from 1% to 7%
(corresponding to 3−130 J cm−2) with the rest of the
parameters (speed, DPI, focal distance) unchanged. The
double lasing alters the morphology of the LIG as shown in
Figure 2a. Less surface protuberances are observed for DL
power 3−6% samples compared to single lasing sample (0%
DL power) and lower DL power samples (1−2% DL power).
To clarify, high magnification images of LIG-DL created with

0% double lasing power and 7% double lasing power show the
low hairlike surface perturbations at higher laser power than at
lower laser power (Figure S11). The sheet resistance of the
LIG-DL with various DL power were taken at ambient
condition (25 °C) on a Hall effect measurement system and
plotted in Figure 2b. The sheet resistance slightly decreased
from 0% to 5% DL power, which could be attributed to the
further reduction of LIG with the double lasing process,
consequently improving electrical conductivity. However, the
sheet resistance increased significantly with high DL power
(7%), which could be attributed to the oxidation of LIG at
high power. Moreover, these sheet resistance values represent
the average readings from measurements along the lasing track
and perpendicular to the lasing track. When measured
separately, the sheet resistance reading perpendicular to the
raster direction is about 25% higher than the parallel direction.
Figure 2c shows the cyclic voltammetry response of the
corresponding LIG-DLs as working electrode versus Ag/AgCl

Figure 2. Characterization of LIG properties after the double lasing (DL) process: (a) the SEM images of LIG-DL created at different double
lasing power (1−7%) with a 200 μm scale bar, and their corresponding (b) sheet resistance, (c) cyclic voltammetry characterization of LIG-
DL samples within ferricyanide mediator solution (4 mM Fe(CN)6

3− and 0.1 M KCl), and (d) advancing and receding water contact angles
(CA). (e) Small-angle X-ray scattering (SAXS) spectrum of polyimide (PI) and LIG-SL from single lasing (SL) at 15% speed, 7% power. (f)
Raman spectra comparing LIG-SL and LIG-DL and (g) XPS survey spectra comparing LIG-SL and LIG-DL.
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in 0.1 M KCl containing 4 mM K3[Fe(CN)6]/K4[Fe(CN)6] at
a scan rate of 50 mV/s. The peak currents decreased with the
increased DL power from 0% to 3%, which could be attributed
to the reduced contact between electrode surface and
electrolyte due to the increased hydrophobicity of LIG-DL
electrodes. However, above 4% DL power, the peak currents
increase again due to the improved wetting. Interestingly, the
peak-to-peak separation was reduced from 271 mV (0% DL
power) to 149 mV (3% DL power) with the increased
hydrophobicity, which indicates an improvement in electron
transfer kinetics. Laser fluence between 15.67 and 60.73 J cm−2

(3% and 5% DL power) leads to a change in the wettability
change of the LIG surface. No change of wettability was
observed on LIG-DL with a fluence less than 15.67 J cm−2 (2%
DL power). However, the LIG-DL turns hydrophobic when
the fluence is greater than 15.67 J cm−2, and a laser sparking on
the polyimide/LIG surface was observed during the lasing
process. With the increased fluence, the hydrophobicity
decreased as the contact angle reduced from 143° at 3% DL
power to 21.3° at 5% DL power, and when the fluence is
greater than 84 J cm−2 (6% DL power), the LIG-DL becomes
superhydrophilic again (CA = 0°, Figure 2d insets). The
contact angle hysteresis, a reflection of the activation energy
required for movement of a droplet from one metastable state
to another on a surface can be measured by the difference
between advancing and receding contact angles.63 For 3% DL
power, hysteresis was relatively small (5.1°) compared to LIG-
DL fabricated with 4% and 5% DL power (over 20°). To study
the effect of fluence on the wettability of LIG, a fluence below
15.7 J cm−2 and above 60.7 J cm−2 was also applied, and no
hydrophobic effect was observed. At low power, there was not
sufficient energy to modify the LIG surface, and at high energy,
strong oxidation is present which is similar to the LIG created
by single lasing. Based on these results, we conclude that the
speed 20% and power 3% is the most suitable setting for the
double lasing process. Also, it should be noted these laser
settings produced near superhydrophoic graphene (static water
contact angle of ∼143°) that is used in the subsequent open
microfluidics and electrochemical sensors presented in this
manuscript. The resulting near superhydrophobic graphene
surface is most likely due to the reduction in superficial oxygen
species and the micro/nanostructuring of the graphene
surface.54 This near superhydrophobic graphene demonstrates
a high degree of water droplet repulsion even 2 weeks after
electrode synthesis (Movie 1). The micro supercapacitor,
which will also be presented later in this manuscript, was
prepared with LIG-SL as it offers better wetting surface
properties between the electrode and aqueous electrolyte and
greater capacitance.
The wettability of a solid surface is strongly influenced by

both the physical structure (or surface roughness) and surface
chemistry. In general, the wetting of liquid on textured surfaces
typically exhibit one of two states: (i) the Wenzel wetting
state,64 in which water is in full contact with the textured
surface, or (ii) the Cassie−Baxter wetting state,65 in which
water is in contact with the peaks of the textured surface and
air pockets are trapped in between. To further study the effect
of double lasing, small-angle X-ray scattering (SAXS), Raman,
and XPS analyses were conducted. From SAXS, the (002)
reflection peak of graphitic crystal plane at 26.3° indicates the
presence of stacked graphene layers after the lasing of
polyimide (Figure 2e).66 There was not a peak at 26.3° on
the unlased polyimide sample. Raman spectroscopy obtained

from LIG also supports the presence of graphene (the presence
of 2D peak). Three main peaks (D, G, and 2D) are present
with the D peaks at ∼1350 cm−1 due to the defects and
bending, the G peak at ∼1580 cm−1 indicative of sp2-bonded
carbon atoms, and the 2D peak at ∼2700 cm−1 characteristic of
graphene, consequently indicating the presence of few-layered
graphene (Figure 2f). The hydrophobic LIG also has the
expected peak position with a slightly higher D/G ratio (1.1 ±
0.1 compared to 1.01 ± 0.07) and a lower 2D/G ratio (0.38 ±
0.05 compared to 0.51 ± 0.03) due to the further bending of
the LIG surface after double lasing. The high DPI and power
offer higher degrees of laser irradiation which is critical for
producing highly conductive graphene. However, such high
temperature lasing in ambient air allows oxygen atoms to
naturally react with the carbon atoms on the graphene that
creates a variety of hydrophilic oxygen-containing functional
groups (e.g., carboxyl, hydroxyl, and carbonyl) on the LIG
surface. These oxygen-containing functional groups have an
excellent affinity toward water droplets, which makes the single
lasing sample superhydrophilic. This is evident from the XPS
survey of LIG before and after double-lasing (Figure 2g).
Higher O 1s content is observed with the single lasing sample
while the oxygen content decreased from 15.85% to 4.01%
after the second lasing. The increased C−C peaks, which are
well-known to be hydrophobic, lead to the increased
hydrophobicity of the LIG-DL. The deconvoluted peak from
the C 1s spectra of the as-prepared graphene oxide is attributed
to CC/C−C bonds (284.6 eV), epoxy (C−O)/hydroxyl
(C−OH) bonds at 286.6 eV, carbonyl (CO) bonds at 287.9
eV, and carboxyl (C (O)−OH) bonds at 289.2 eV. From C
1s spectra, the asymmetric shape of the main peak at 284.0 eV
and the presence of the high binding energy pi−pi* satellite
show that the C in both samples are mainly sp2 type (Figure
S2a). This is confirmed by the D parameter analysis shown in
the C KLL spectra (Figure S2b). The separations between the
maxima and minima in differentiated Auger spectra from both
samples are close to that from sp2 graphite. To further
investigate such changes in hydrophobicity, cross-sectional
SEM images (Figure S3) were used to study physical structure
of the LIG before and after double lasing. Both methods create
a porous structure with an increased film thickness, and
numerous microfibers with a diameter less than 1 mm were
formed by double lasing. Such microstructures at different
scales lead to the increased hydrophobicity of LIG. The
synergistic effect of the microstructure surface and the
hydrophobic property of the surface functional groups is
critical for superhydrophobicity.54,67 The LIG-DL with 3% DL
power presents hydrophobic behavior with an average static
contact angle of 143° which is very close to superhydrophobic
(static contact angle ≥145°)68 without significantly affecting
the electrical conductivity. We further demonstrate the impact
of such wettability tuning of LIG by creating multiplexed
biosensors as well as a flexible energy storage device.

Design and Fabrication of LIG-Based Multiplexed
Electrochemical Biosensors with Open Microfluidics.
The wettability tuning of LIG, while retaining advantageous
electrical properties, make it an ideal candidate for creating
low-cost open microfluidics sensing devices. Graphene-based
electrochemical sensors are inherently well-suited to monitor
both small ions and large chemical compounds, owing to
graphene’s high surface area, fast electron transport, and rich
surface chemistry.69 Laser scribing has been used to directly
obtain graphene nanomaterials from different substrates for
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fluid transport and energy applications.70−73 The fabrication
schematics of all the key components of the multiplexed
sensing device: laser induced graphene-open microfluidics
(LIG-OM), laser induced graphene-ion-selective electrode
(LIG-ISE), and laser induced graphene-pesticide sensor
(LIG-PS) are detailed in Scheme 1a−d. The first lasing
converts polyimide into superhydrophilic OM tracks as well as
the electrochemical sensors. These patterns are easily created
through the use of a computer aided design (CAD) file that is
uploaded into a computer that controls the laser (Figure 3a).
The second lasing selectively converts the boundary of OM
track and electrodes for ISEs from superhydrophilic to near
superhydrophobic. This step is critical for ISEs to reduce
water-layer formation which consequently limits sensor drift
and increases sensor longevity.74−76 Four types of sensors are

fabricated within the multiplexed sensing platform, namely, a
potassium ion-selective electrode (K+ ISE), a nitrate ion-
selective electrode (NO3

− ISE), an ammonium ion-selective
electrode (NH4

+ ISE), and an enzymatic-based pesticide
sensor, while a solid-state polyvinyl butyral (PVB)-based Ag/
AgCl reference electrode is used in conjunction with all of the
sensors.77 The ISEs were created by drop coating a polymetric
ion-selective membrane that is distinctly selective to each of
the mentioned ions onto the LIG-DL electrodes while the
enzyme acetylcholinesterase (AChE) was cross-linked with
glutaraldehyde and drop coated onto a LIG-SL electrode for
the detection of organophosphate pesticides (parathion) (see
the Experimental Section). A video demonstrates how a fluid
sample (water containing green fluorophore for visualization)
deposited from a pipettor divides and moves to the four

Scheme 1. Schematic of the All in One Open-Microfluidics Multiplex Biosensing Platform Fabrication and Functionalization
for Ion and Pesticide Sensing

Figure 3. Open circuit potential response of the (a) potassium ion-selective electrode (K+ ISE), (b) nitrate ion-selective electrode (NO3
−

ISE), and (c) ammonium ion-selective electrode (NH4
+ ISE) to KCl, KNO3, and NH4Cl solutions, respectively, within the concentration

range from 10−6 M to 10−2 M. The corresponding (e−g) calibration plots and (i−k) selectivity tests with 2 mM of fixed interference ions.
Electrochemical response of the pesticide sensor. (d) The current vs time response to different concentrations of parathion, (h)
corresponding calibration plot, and (l) selectivity test of acetylcholinesterase sensor comparing atrazine, dicamba, glyphosate,
thiamethoxam, dinotefuran, imidacloprid, clothianidin, paraoxon, and parathion. Error bars represent the standard deviation with n = 3.
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sensors at the ends of the open microfluidic track (Movie 2).
The open circuit potential (OCP) response of the K+ ISE,
NO3

− ISE, and NH4
+ ISE to KCl, KNO3, and NH4Cl

solutions, respectively, within the concentration range varying
from 10−6 M to 10−2 M, were acquired in deionized water (DI)
(Figure 3e−g). All ISEs show near-Nernstian behaviors with
sensitivities of 60.87 mV/dec, −57.87 mV/dec, and 51.66 mV/
dec for K+, NO3

−, and NH4
+, respectively. The limit of

detection (LOD) of each ISE is also calculated to be 10−5.01 M,
10−5.07 M, and 10−4.89 M for K+, NO3

−, and NH4
+, respectively

(Figure 3i−k). The high selectivity of a potentiometric sensor
is a key factor to ensure the practical applications of ISEs in
complex sample matrixes. For this purpose, cross interference
among the selected ions was tested by using the fixed
interference method (FIM) where the concentration of the
target analyte ion is varied in a background of a fixed
concentration (2 mM) of chosen interference (Figure 3m−
o).78 These LIG-based sensors show comparable sensitivity
and selectivity to other carbon-based solid contact ISEs (Table
1).58,69,79−81 By tuning the wettability of LIG from super-
hydrophilic to near superhydrophobic, the formation of a water
layer was significantly suppressed, thus leading to reduced
sensor to sensor variations (Figure S4). In fact, the LIG-DL
nitrate ion selective sensors displayed a negligible change in the
limit of detection and sensitivity after repeated weekly testing
for 2 months (Figure S5). The same LIG-DL nitrate ion
selective sensors also displayed a negligible change in
sensitivity after 1 year in dry, ambient storage (Figure S6). It
should be noted that for solid contact ion selective electrodes,
water from measurement samples can migrate into the
interface between the polymeric sensing layer and the
transduction layer, which in this case is the developed LIG
electrode.74 This water layer then accumulates ions, reaching a
new equilibrium concentration with each sample test and can
lead to selectivity, stability, and drift issues in the ISE
response.82 The strain resistance of LIG-ISE fabricated as
LIG-DL was performed by measuring the response of the
NO3

− ISE to KNO3 (1 mM) under three different bending
conditions, 10, 50, and 100 cycles (Figure S7).83 The
difference in potential measured in nitrate solution was
evaluated before and after bending the sensors on rods with
diameters of 5 mm, 10 mm, and 20 mm. The only curvature
that showed a significant difference between cycles (p = 0.003)
was the rod of 5 mm. For this rod, the sensors were disabled
after 100 cycles, the most drastic condition tested. Neverthless,
even for this harshest bending condition, the sensors could
endure up to 50 cycles. Apart from this, all sensors exhibited
consistent performance for the other curvatures, for up to 100
cycles. This test demonstrates flexibility of the sensors under
harsh conditions and hence such sensors show promise for use
in the field.69,84

For pesticide sensing, electrochemical measurements were
performed on an all LIG three electrode setup (see the
Experimental Section) with amperometry, which measured the
signal induced by acetylthiocholine chloride (ACTH) at a
working potential of 0.2 V vs Ag/AgCl, considering that higher
potentials caused fouling of the electrode surface. Each sensor
was tested using parathion concentrations from 40 pM to 360
pM. Results were obtained from the current−time plot for
successive concentration additions, and the average response of
three sensors were plotted (Figure 2h,l,p). The response
yielded the parathion sensitivity as parathion irreversibly
inhibited AChE in each addition, thus causing a decreased
signal as the reaction between ACTH and AChE was limited.
The sensor exhibited an extremely low LOD of 15.4 pM, the
lowest LOD for any parathion sensor to date,85 as well as a
linear range of 40−120 pM that is similar to other carbon
nanomaterial-based sensors made with graphene nanorib-
bons86 (LOD, 0.5 nM; linear range, 5 nM−2780 μM),
reduced graphene oxide-palladium87 (LOD, 7.4 nM; linear
range, 0.1−125 μM), and screen printed modified graphene88

(LOD, 52 pg/L; linear range, 0.1−1000 ng/L). It is reported
that small enzymatic concentrations (∼200 units/mL) when
sensing pesticides yields low limits of detection as well as a
limited linear range.89−91 This means that with smaller
amounts of enzyme on the surface of the electrode, less
pesticide is needed to fully inhibit the enzyme activity
correlating to a lower linear range as compared to an inhibitory
sensor with a higher enzyme concentration. The sensor was
tested against 40 nM of possible interference pesticides
including the commonly applied herbicides atrazine, glyph-
osate, dicamba, and 2,4-dichlorophenoxyacetic acid; the
heavily used neonicotinoids imidacloprid, thiamethoxam,
clothianidin, and dinotefuran; and finally, with paraoxon
which is a metabolite of parathion. These results show that
40 nM of the target parathion yielded approximately a 50%
change in current as compared to the leading interference
species, paraoxon, which yielded a current change of
approximately 10% (Figure 2p). This indicates that the
biosensor exhibits a high affinity for parathion compared to
other commonly applied pesticides and hence could be used in
a wide variety of locations even within major agricultural
regions where numerous pesticide types are frequently used.
Next, the multiplexed sensors were tested in a local river

water sample (from South Skunk River, Ames, IA, January
2021) to evaluate sensor performance within complex
biological matrixes. The OCP response to 1 mM target ion
in river water and 1 mM target ion in deionized water were
compared for all three ISEs. The signal obtained in river water
was 104%, 98%, and 102% for the K+, NO3

−, and NH4
+ ISEs as

compared to the signal obtained in deionized water using the
respective calibration curves (Table S1). For the pesticide
sensor, an 84% signal recovery was observed in river water

Table 1. Performance Summary of the Potassium (K+), Nitrate (NO3
−), and Ammonium (NH4

+) Ion Selective Electrodes
(ISEs) Fabricate Using LIG-DLa

ISE sensitivity (mV/dec) detection limit (M) standard potential E° (mV) selectivity coefficients

K+ 60.87 ± 0.41 10−5.01±0.02 521.40 ± 39.10 +Klog
i ,NH
pot

4 −1.2 ± 0.1

NO3
− −57.87 ± 1.43 10−5.07±0.01 39.75 ± 13.14 −Klog i ,Cl

pot −2.0 ± 0.2

NH4
+ 51.66 ± 3.06 10−4.89±0.08 369.50 ± 35.35 +Klog

i ,K
pot

−0.7 ± 0.2

aValues given are averages of three replicates ± standard deviations.
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(Figure S8). The overall sensing performance of the developed
multiplexed sensors demonstrates the practical application of
rapid in-field water sample tests with high accuracy compared
to commercial liquid junction-based ion selective electrodes
that are geared to water analysis typically in a laboratory.
Moreover, the electrochemical parathion sensor overcomes the
challenges associated with commercially available environ-
mental biosensors that are geared toward rapid assessment in
the field (e.g., OrganaDx by MyDx). These field-based

environmental sensors generally require pipetting into multiple
wells for multiplexed sensing and rely upon colorimetric test
results which can be easily misread under different lighting
conditions, do not report concentration readings as the test
gives only a yes/no result, and can be fouled/misread due to
particulate matter found in field samples.92

Design and Fabrication of LIG-Based Micro Super-
capacitors. To demonstrate the broad impact of wettability
tuning in other applications, micro supercapacitors (MSC)

Figure 4. (a) Scheme of the laser-induced graphene micro supercapacitor (LIG-MSC) and photo of LIG-MSC-SL. (b,c) Cyclic voltammetry
(CV) curves of LIG-MSC-single lasing (LIG-MSC-SL) and LIG-MSC-double lasing (LIG-MSC-DL) at scan rates of 10, 20, 50, 100, 200 mV/
s. (d,e) Galvanostatic charge−discharge (GCD) curves of LIG-MSC-SL and LIG-MSC-DL at current densities of 0.1, 0.2, 0.5, 1, 2, 5 mA/
cm2. The comparison of electrochemical performance between LIG-MSC-SL and LIG-MSC-DL, (f) CV curves at a scan rate of 100 mV/s,
(g) GCD curves at a current density of 1 mA/cm2, (h) specific capacitance calculated from GCD curves, and (i) capacity retention under
5000 GCD cycles at a current density of 1 mA/cm2. Ragone plot showing the (j) areal and (k) volumetric energy and power density of the
devices.
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were prepared with superhydrophilic and near superhydro-
phobic LIG in interdigitated electrode (IDE) patterns (Figure
4a). Two types of laser induced graphene micro supercapacitor
electrodes were fabricated: superhydrophilic LIG created by
single lasing (LIG-MSC-SL) and hydrophobic LIG created by
double lasing (LIG-MSC-DL). The MSC electrodes were first
created by scribing the polyimide (PI) substrate with a CO2
laser. Then, the poly(vinyl alcohol) (PVA)-based gel electro-
lyte containing 1 M sulfuric acid (H2SO4) was used to
complete the fabrication of the MSC devices (see the
Experimental Section). To study the effect of IDE wettability
on the electrochemical performance of the MSC, LIG-SMC-
SL, and LIG-MSC-DL with the same dimensions (finger size 5
mm by 2 mm, 10 pairs in total which makes for 0.2 cm2

effective electrode area) were fabricated. Cyclic voltammetry
(CV) and galvanostatic charge−discharge (GCD) experiments
in a potential window from 0 to 1.0 V were performed to study
the electrochemical performance. Figure 4b,c shows the CV
curves of the LIG-MSC-SL and LIG-MSC-DL at different scan
rates (10, 20, 50, 100, and 200 mV/s). The nearly rectangular
shapes of CV curves indicate the electrical double layer
formation. The GCD curves of the LIG-MSC-SL and LIG-
MSC-DL (Figure 4d,e) at different current densities (0.1, 0.2,
0.5, 1, 2, 5 mA/cm2) show triangular shapes which indicate
capacitive behavior.93,94 The LIG-MSC-SL sample shows
larger area under the CV curve and GCD curve (Figure 4f,g)
compared to the LIG-MSC-DL under the same scan rate and
current density, indicating the higher capacitance of the
superhydrophilic LIG electrodes. The near superhydrophobic
LIG electrode reduces wetting compatibility between the PVA-
based gel electrolyte and the LIG matrix, often resulting in
pores within the electrode interior not fully wetted by the
electrolyte solution. The abundant presence of −OH groups in
PVA improves the wetting of electrolyte on LIG, which
facilitates the ion-transport and higher accessibility to the
electrode surface. The LIG-MSC-SL exhibits higher specific
capacitance (Csp) over a wide range of current densities from
0.1 to 5 mA/cm2 compared to LIG-MSC-DL, with the highest
Csp of 14.9 mF/cm2. Both LIG-MSC-SL and LIG-MSC-DL
samples retain their capacitance even after 5000 cycles of GCD
at 1 mA/cm2. Multiple MSCs in series and parallel with
different dimensions can also be prepared by simply altering
the drawing files to extend the voltage windows and capacities
(Figure S9a,b). Ragone plots were used to compare the LIG-
MSC with commercially available electrolytic capacitor and
thin-film batteries. The areal metrics are shown in Figure 4j,
and volumetric metrics are shown in Figure 4k. The LIG-
MSCs exhibit 2 orders of magnitude improvement of power
density at similar energy densities compared to a Li-based thin-
film battery and 3 orders of magnitude of improvement of the
energy density compared to a commercial electrolytic
capacitor.94 Also, the LIG-MSC-SL shows slightly higher
energy density (2.07 μWh/cm2) compared to LIG-MSC-DL
(1.25 μWh/cm2) at 0.1 mA/cm2. Lithium hexafluorophos-
phate solution (LiPF6) in ethylene carbonate, dimethyl
carbonate, and diethyl carbonate are also used as the model
organic electrolytes to compare the effect of wettability on the
capacitance of LIG-MSC. The specific capacitance for LIG-
MSC-SL is slightly higher at 1.08 mF/cm2 as compared to 0.81
mF/cm2 for LIG-MSC-DL with LiPF6 as the organic
electrolyte based on the CV measurement (Figure S10) at a
scan rate of 50 mV/s. Such controlled wettability tuning of
LIG allows easy tuning of the electrode surface based on the

property of the electrolyte. For example, organic electrolytes
used in energy storage devices require a hydrophobic electrode
for sufficient wetting contact and ion transport.95 In this case,
LIG-DL can be easily fabricated by simply adding one more
lasing pass.

CONCLUSION
A simple and sensitive multiplexed electrochemical sensor
combined with open microfluidics was developed for environ-
mental sensing applications by controlling the wettability of
LIG. The open microfluidics enabled rapid sampling and
required less volume of sample solution compared to
conventional laboratory-based electrochemical sensing. The
ion-selective electrodes were capable of detecting K+, NO3

−,
and NH4

+ ions down to the micromolar range in the lab and
millimolar range in river water samples. The pesticide sensor
successfully detected parathion and exhibited a LOD of 15.4
pM, which is the lowest LOD for any electrochemical
parathion sensor to date. Such LIG based microfluidics sensing
platforms are highly scalable as the graphene electrodes can be
simply manufactured through a direct write laser process
performed in ambient conditions with a ubiquitous CO2 laser
while graphene functionalization could be carried out with
automated pipettor systems. Using the same LIG fabrication
technique, an electrochemical micro supercapacitor (MSC)
was developed. The LIG-based MSC exhibited a high power
density that was 2 orders of magnitude greater than a Li-based
thin-film battery, and the energy density was 3 orders of
magnitude greater than compared to a commercial electrolytic
capacitor.
Moreover, this manuscript demonstrates a method to

control the surface wettability of the LIG from highly
hydrophobic to hydrophilic by only changing the lasing
parameters. This lasing is also done in ambient conditions
without the need for lasing in an oxygen limited environment
such as within a nitrogen or argon filled chamber; hence, the
controlled surface wettability patterning with the direct write
laser demonstrated herein is highly scalable. Controlling the
surface wettability of graphene can significantly improve the
performance of electronics associated with electrochemical
sensing,74,96−99 energy storage,100−102 and solar water
desalination in addition to permitting open fluidic fluid
transport.103 More specifically, superhydrophilic graphene
with contact angles below 10° has proven important to many
applications including as a wicking material in heat pipes,
enhanced boiling heat transfer,104,105 and solar thermal water
desalination.106−108 Superhydrophobic graphene promotes the
development of self-cleaning109 and anti-icing110,111 surfaces.
Smart LIG surfaces created by facile surface wettability could
lead to low-cost microfluidics as well as benefiting broader
applications that involve interface chemistry such as electro-
chemical sensing, energy storage, and oil/water separation.
Hence, this tunable fabrication approach of LIG is expected to
enable real-time, point-of-use health, and environmental
monitoring across a wide range of applications including
sensors, biosensors, wearables, antennas, energy harvesters,
energy storage modules, and single-use electronics.

EXPERIMENTAL SECTION
Materials and Reagents. Polyvinyl chloride, 2-nitrophenyl octyl

ether, tridodecylmethylammonium nitrate, tetrahydrofuran, potassium
nitrate, nonactin, potassium tetrakis(4-chlorophenyl)borate, ammo-
nium chloride, valinomycin, and potassium chloride were purchased
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from Sigma-Aldrich. Polyimide film (125 μm thick) was purchased
from DuPont. Silver/silver chloride paste (Cl-4001) was purchased
from EMS. Acetylcholinesterase (AChE) from Electrophorus electricus
(lyophilized powder, 200−1000 units/mg), parathion, atrazine,
dicamba, glyphosate, thiamethoxam, dinotefuran, imidacloprid,
clothianidin, paraoxon were purchased from Sigma-Aldrich and all
other pesticide sensing materials unless otherwise specified. Deionized
(DI) water was used after passing through a B-pure water purification
system (18.2 MΩ cm−2).
Fabrication and Characterization of the LIG. The LIG

electrodes were created by lasing a polyimide (PI) film with a 75
W CO2 laser (Epilog Fusion M2) that has a spot size of approximately
76 μm. The laser setting for creating LIG-SL is speed 15%, power 7%,
dot per inch (DPI) 1200 unless specified. The laser setting for
creating LIG-DL is speed 20%, power 3%, dot per inch (DPI) 1200
unless specified. LIG-ISE sensors were created with the combination
of LIG-SL and LIG-DL settings. LIG-PS sensors were created with
the LIG-SL setting. A two-electrode array for ISE sensors and a three-
electrode array for enzymatic sensors and interdigitated electrodes for
supercapacitors were simultaneously prepared. Laser power and
energy was measured by a thermal sensor from Ophir (model no.
F150A-BB-26-PPS) with a StarLite Meter. Sheet resistance was
measured by Hall measurement systems (MMR H5000) at room
temperature. The sheet resistance was measured by the Van der Pauw
method with a square sample and electrical contact at the four
corners. The contact angle of water was measured using a goniometer
with an automated dispensing system (Rame-Hart p/n 100-22) for
droplet dispensing. ImageJ was used to process contact angle image
and estimate the contact angle value. Raman spectroscopy were
performed using an XploRA PLUS confocal Raman upright
microscope equipped with a 532 nm excitation source and a synapse
electron multiplying charge coupled device camera (Horiba Scientific,
NJ, USA). The intensity was determined for the D, G, and 2D bands
by fitting the data to a Lorentzian function. Scanning electron
microscopy (SEM) images were taken by an FEI Quanta 250 FEG
scanning electron microscope at a 10 kV accelerating voltage. Small-
angle X-ray scattering (SAXS) was performed using a XENOCS Xeuss
2.0. The Cu tube is operated at 50 kV and 0.6 mA.
Functionalization of ISE and Enzymatic Sensors. After

graphene electrodes were scribed, silver/silver chloride (Ag/AgCl)
paste was screen-printed onto one electrode followed by adding a
PVB membrane to function as a solid-state reference electrode for
both ISE and enzymatic sensors. Untreated LIG is used as a counter
electrode in the case of the three-electrode array. The working
electrodes for ISEs were prepared by drop-casting polymer membrane
solutions onto the hydrophobic LIG (LIG-DL) working area. The
NH4

+ ion-selective membrane was prepared by drop-casting 10 mL of
a mixture of ammonium ionophore I (0.4 wt %), potassium tetrakis(4-
chlorophenyl)borate (0.2 wt %), 2-nitrophenyl octyl ether (69 wt %),
and poly(vinyl chloride) high molecular weight (30.4 wt %) in
tetrahydrofuran (THF). The NO3

− ion-selective membrane was
prepared by drop-casting 20 mL of a mixture of tridodecylmethy-
lammonium nitrate (0.2 wt %), 2-nitrophenyl octyl ether (69 wt %),
and poly(vinyl chloride) high molecular weight (30.8 wt %) in THF.
The K+ ion-selective membrane was prepared by drop-casting 20 mL
of a mixture of valinomycin (0.5 wt %), dioctyl sebacate (69 wt %),
and poly(vinyl chloride) high molecular weight (30.5 wt %) in THF.
A solid-state reference electrode was made by depositing a membrane
cocktail (10 wt % polyvinyl butyral (PVB) dissolved in methanol with
saturated NaCl) onto the LIG-DL.77

For enzymatic sensors, an enzymatic solution was prepared by first
making 10 wt % glycerol in 20 mM phosphate buffer saline (PBS).
This solution was used to prepare 5 wt % bovine serum albumin
(BSA). The BSA solution was used to prepare 200 units/mL of
AChE. The enzyme solution was aliquoted and stored at −18 °C
when not in use. Sensors were fabricated by mixing 200 units/mL
with 2.5% glutaraldehyde in a 1:1 volumetric ratio and drop coating 2
μL of this solution onto the LIG (LIG-SL).
Electrochemical Sensing of ISE and Enzymatic Sensors. To

test the ISEs, the electrochemical sensing experiments were performed

using a PalmSens 4 electrochemical potentiostat with a multiplexer
(MU8-R2). Cyclic voltammetry (CV) was performed in 0.1 M KCl
with 4 mM [Fe(CN)6]

4− as a redox probe. The potentiostat was
operated in the “open circuit potentiometry” mode. The selectivity
coefficient is derived from the response of ISEs by using the fixed
interference method (FIM).112 The calibration curves of the primary
ion and the respective calibration curves when the interference ion is
present were measured. The primary ion activity ai and the interfering
ion activity aj is used to calculate the selectivity coefficient using eq 1.
The concentration range of the solutions was from 10−6 mol/L to
10−2 mol/L for each of the ions, ammonium, potassium, and nitrate.
The range refers to the typical ammonium, potassium, and nitrate
found in soil and surface water.

The corresponding selectivity coefficient is calculated with the
following eq 1:

=K a a/ij i j
z zpot /i j (1)

For enzymatic sensors, electrochemical sensing experiments were
performed using a CH instrument potentiostat (600E series).
Amperometric methods were used in detecting parathion. A working
potential of 0.2 V vs Ag/AgCl was selected as a practical working
potential, considering that higher potentials caused fouling of the
electrode surface. The concentration range for parathion calibration
was from 40 pmol/L to 360 pmol/L.

Fabrication and Characterization of Supercapacitors. Two
types of laser induced graphene micro supercapacitor electrodes were
fabricated: superhydrophilic LIG created by single lasing (LIG-MSC-
SL) and hydrophobic LIG created by double lasing (LIG-MSC-DL).
Poly(vinyl alcohol)-based (PVA) gel electrolyte was prepared by
mixing 10 g of PVA powder (Mowiol 18-88, Sigma-Aldrich) into 10
mL of 1 M sulfuric acid and stirred on hot plate at 85 °C until the
mixture became a clear and gluelike gel. Polyimide tape were applied
to insulate the leg region of the MSC and confine the area for
electrolyte. About 15 μL of the prepared gel electrolyte was applied
on the finger region of the MSC. The electrochemical performance of
the fabricated MSCs was characterized by galvanostatic charge−
discharge (GCD), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS) with a Gamry Reference 3000
electrochemical station. The areal specific capacitances (Csp) of
each device at different current densities were calculated from the
discharge curves obtained from GCD tests using eq 2:

= Δ
Δ

C
I

S U
t

sp
(2)

where I is the applied discharge current (amp), A (cm2) is the active
area of the electrode (finger dimension 5 mm × 0.2 mm, 10 pairs in
total which makes the effective electrode area equal to 0.2 cm2), Δt is
discharge time (second), and ΔU (volt) is the discharge voltage after
the iR (current × resistance) drop is removed.

The areal energy density (Wh cm−3) of each device is calculated
using eq 3:

=
× × Δ

E
C U0.5

3600
sp

2

(3)

The volumetric power density (W cm−3) of the device is calculated
from eq 4:

=
Δ

×P
E

t
3600

(4)

Data Analysis. A completely randomized design was used in this
study, and the results are reported as mean ± standard deviation.
Results were obtained by performing at least three independent
experiments. Data analysis was performed using JMP Pro statistical
software (version 15, SAS, Cary, NC).
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Fluid transport through the LIG-OM (Figure S1); XPS
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(Figure S2); effect of double lasing including the cross-
sectional SEM images of LIG-DL created at different
double lasing power (Figure S3); improved sensitivity
consistency of nitrate ISEs created with LIG-DL as
opposed to those with LIG-SL (Figure S4); consistent
detection limit and sensitivity measurements of the LIG-
DL nitrate ISEs over weekly testing for 2 months (Figure
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(Figure S6); long-term stability of the LIG nitrate sensor
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S11) (PDF)

Video showing water droplet repulsion of the LIG-DL 2
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