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As an easily disposable substrate with a microporous texture, paper is a well-suited, generic substrate to build
analytical devices for studying bacteria. Using a multi-pass lasing process, cellulose-based laser-induced gra-
phene (cLIG) with a sheet resistance of 43.7 + 2.3 Q sq”! is developed and utilized in the fabrication of low-cost
and environmentally-friendly paper-based sensor arrays. Two case studies with Pseudomonas aeruginosa and

5?::;[ :; Escherichia coli demonstrate the practicality of the cLIG sensors for the electrochemical analysis of bacteria. The
Phenazine first study measures the time-dependent profile of phenazines, such as pyocyanin, released from both planktonic

(up to 60 h) and on-chip-grown (up to 22 h) Pseudomonas aeruginosa cultures. While similarities do exist, marked
differences in phenazine production are seen with cells grown directly on ¢LIG compared to the planktonic
culture. Moreover, in planktonic cultures, pyocyanin levels increase early on and plateau around 20 h, while
optical density measurements increase monotonically over the duration of testing. The second study monitors the
viability and metabolic activity of Escherichia coli using a resazurin-based electrochemical assay. These results
demonstrate the utility of cLIG-based sensors as an inexpensive and versatile platform for monitoring bacteria
and could enable new opportunities in high-throughput antibiotic susceptibility testing, ecological studies, and
biofilm studies.

1. Introduction seamlessly into the native polyimide substrate using a benchtop CO,

laser printer [4]. These early pioneering works have helped propel

The recent advent of laser-induced graphene /graphite (LIG) [1], also
known as “laser-scribed graphene™ or “laser-engraved graphene”, has
enabled the direct conversion of carbonaceous substrates into conduc-
tive graphitic carbon in a highly controllable manner. Perhaps the first
demonstration of this process was reported by Schumann et al., where an
ultraviolet (UV) laser was used to increase the electrical conductivity of
polyimide and polybenzimidazole films up to fifteen orders of magni-
tude [2]. More than two decades later in 2012, El-Kady et al. reported
the conversion of graphite oxide into three-dimensional porous gra-
phene patterns using a DVD optical drive [3]. In 2014, the Tour group
successfully converted polyimide films into LIG that was integrated

graphene into the direct-write electronics arena, whereby conductive
graphene/graphite patterns can be rapidly prototyped and prepared
without photolithography or additional deposition steps. While many of
the early works on LIG focused primarily on capacitor applications [4,
5], there are numerous other areas that could benefit from the low-cost,
directly patternable, and highly porous character of LIG [6], especially
where pristine and planar monolayer films are not requisite. As a result,
extensive research using LIG in batteries [7], sensing (environmental,
biological, mechanical, etc.) [3,9], wearable/flexible devices [10],
antimicrobial coatings [11], and catalysis [12] is currently underway.
Electrochemical applications, in particular, can benefit from the high
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surface area, electrical conductivity, and chemical stability of LIG [6,2].
Moreover, the relatively high defect density can improve electron
transfer between LIG electrodes and the surrounding electrolyte [6],
which serves as the fundamental sensing mechanism in many electro-
chemical transducers. Several works have leveraged these characteris-
tics in demonstrating LIG-based electrochemical sensors for uric acid,
tyrosine, dopamine, glucose, insecticides, and bacteria, among others
[6,3,10,13-16]. Much of this work used LIG synthesized on polyimide or
other thermoplastics, but more recent developments have shown LIG
can be prepared on a broad range of materials, including paper, wood,
charcoal, and cloth [17,18]. Paper is an especially interesting material
for point-of-care (POC) sensor fabrication, given its low-cost, ubiquity,
and biodegradability [19-21]. Indeed, paper-based electrochemical
sensors and analytical devices (ePADs) have been around for over a
decade [22] and show great promise for next-generation POC devices
[21]. Typically, these sensors utilize screen printing, stencil printing, or
inkjet printing of conductive inks as the active material(s) [21]. How-
ever, screen printing and inkjet printing can introduce additional chal-
lenges related to ink formulation [21] while potentially leaving
unwanted organic solvent residue in the paper after drying [23]. To
address these drawbacks and reduce fabrication complexity, various
research groups have begun developing paper-LIG electrochemical
sensors and have successfully detected numerous small molecules,
including ascorbic acid, uric acid, and glucose [20,23-25].

Given its favorable properties and ease of disposal (e.g. by inciner-
ation), paper is a well-suited platform for studying microbes and path-
ogens, such as bacteria [26]. The ability to safely incinerate
contaminated PADs gives them an advantage over sensors based on
plastic or other rigid substrates, especially in POC settings. Examples of
PADs for bacteria and bacterial metabolites have largely been based on
fluorescent or colorimetric detection schemes [27-29]. Oftentimes,
these methods are only semi-quantitative and may require costly
equipment, such as a microplate reader, that is not readily compatible
with testing in decentralized settings [30,31]. POC monitoring and
detection of pathogenic bacteria is critical for environmental, food, and
healthcare applications that require prompt results to determine an
appropriate course of action [32]. Smartphone-based optical strategies
are under development to address these shortcomings and show great
potential [31,33,34]. Electrochemical sensors, on the other hand, are
typically more conducive to POC settings and can provide a quantitative
readout to the user [21,30,21]. As such, there are a number of works that
describe paper-based electrochemical sensors for bacteria monitoring
[35-38]. However, many works sample the bacterial culture at a single
or few time point(s). Instead, growing the bacteria directly on-chip and
measuring periodically over longer timeframes would take advantage of
the fact that the three-dimensional structure of paper closely replicates
the native cellular microenvironment, which is more advantageous for
cell culture compared to traditional planar cultures [39].

Herein, we present a paper-based electrochemical sensor using
cellulose-based laser-induced graphene (cLIG) fabricated via a multi-
step laser scribing process. To establish the utility of the cLIG-based
electrochemical sensors, we report two proof-of-concept case studies.
The first study involves time-dependent electrochemical detection of
phenazines released by Pseudomonas aeruginosa (P. aeruginosa) cultures
grown both off- and on-chip. Phenazines are a class of heterocyclic
molecules that are secreted by Pseudomonads and play a key role in
their electron transfer and virulence. Importantly, phenazines are, in
general, highly redox-active, making electrochemical detection a
promising candidate to monitor their spatiotemporal distribution, which
does not necessarily follow a similar trend as cell concentration. In the
second case study, we perform an electrochemical viability/metabolic
activity assay based on resazurin reduction with Escherichia coli (E. coli)
as a model bacterium. Although resazurin is commonly used in fluo-
rescence viability assays, it is also redox-active. By measuring the
decrease of the reduction peak associated with the irreversible conver-
sion of resazurin to resorufin, the viability of metabolically-active
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bacteria is monitored over time. Overall, this work reveals the potential
of cLIG-based sensors for developing simple, low-cost, and easily
disposable electrochemical devices for possible applications in pathogen
monitoring, drug screening, and host-pathogen studies.

2. Materials and methods
2.1. Materials and reagents

Whatman Grade 1 qualitative filter paper (90 mm diameter, 11 pm
pore size, 180 pm thick) and pyocyanin (PYO) were purchased from
Millipore-Sigma (Burlington, MA, USA). FireGuard flame suppressant
was purchased from Shield Industries (Woodstock, GA, USA). Lysogeny
Broth (LB, Lennox) was purchased from Alfa Aesar (Ward Hill, MA, USA)
and prepared in an autoclave following the manufacturer’s protocol,
Brain-Heart Infusion (BHI), Hexaamineruthenium(Ill), and ampicillin
(CAS No. 69-53-4, 50 pg ml™") were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and prepared in an autoclave. Phenazine-1-carboxylic
acid (PCA) was purchased from Apollo Scientific (Bredbury, UK),
phenazine-1-carboxamide (PCN) was purchased from Synthonix (Wake
Forest, NC, USA), Resazurin was purchased from Acros Organics
(ThermoFisher, Waltham, MA, USA), Potassium hexacyanoferrate(II)
was purchased from EMD Millipore (Darmstadt, Germany), Dulbecco’s
phosphate buffered saline (no Ca or Mg) was purchased from Corning
(Corning, NY, USA), ethanol was purchased from Koptec (VWR, Radnor,
PA, USA).

2.2, cLIG preparation

Whatman 1 substrates were sprayed with FireGuard flame suppres-
sant and allowed to dry in ambient conditions overnight before use.
After drying, the paper substrates were subjected to two wax print passes
in a Xerox ColorQube 8880 printer. The paper substrates were then
baked in an oven at ~ 125 °C for 2 min to melt the wax, allowing it to
penetrate through the entirety of the paper substrate. After baking, the
samples were mounted onto glass microscope slides with double-sided
adhesive (~ 0.048” total thickness) to ensure the paper substrate laid
flat throughout the laser printing process. The perimeter of the paper
substrate was also held down with tape. The laser printing was per-
formed with a VLS2.30 benchtop laser system with a CO, laser (A = 10.6
pm, 25 W) from Universal Laser Systems (Scottsdale, AZ, USA). Printing
conditions were optimized for minimal sheet resistance, as discussed in
the main text (Section 3.2). All prints were done with a pulse per inch
(PPI) count of 1000 in a raster modality. A three-electrode configuration
with a central working electrode (3 mm diameter) surrounded by
concentric counter and reference electrodes was used. Six distinct sen-
sors were printed per paper substrate. After printing the cLIG, a final cut-
out of the cLIG sensor array was performed in vector mode at z = 0.044",
power = 7.5 W, speed = 5 in. 5. The cLIG sensors were carefully
removed from the tape using a razor. Lastly, a small spot of silver epoxy
was added to the reference electrode region and allowed to cure at room
temperature for at least 2 h.

2.3. cLIG characterization

2.3.1. Sheet resistance measurements

Four-probe sheet resistance measurements were conducted in a
square van der Pauw geometry of 5 mm x 5 mm using a Keithley 2400
source-measure unit (SMU). A LabVIEW program was used to control the
SMU. The current was swept from 1 to — 1 mA and the resulting voltage
was measured to calculate resistance. This process was repeated for all
four contact configurations to obtain average horizontal and vertical
resistance values.

2.3.2. Raman characterization
Raman measurements were performed with a Horiba LabRam in-
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strument equipped with a 364 nm laser. A neutral density filter was used
to set the power at the sample as ~ 1-1.5 mW to minimize sample
degradation during measurement. A fully reflective 74 x objective was
used with a 300 g/mm grating. Spectra were acquired using ten 30 s
acquisitions. Data processing was performed using the LabSpec6 soft-
ware. The uncertainty in calculated peak ratios represents the standard
deviation of spectra recorded at three distinct locations from the same
sample.

2.3.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were con-
ducted with a Physical Electronics VersaProbe instrument equipped
with an Al Ka source (1.49 keV) with charge neutralization. Spectra
were analyzed in the CasaXPS software using an Iterated Shirley
background.

2.3.4. Scanning electron microscopy

Scanning electron microscopy (SEM) micrographs were taken with a
ThermoFisher Verios instrument. The samples were not coated with
metal for imaging but were grounded to the chuck using adhesive Cu
tape. An accelerating voltage of 3 kV with a beam current of 200 pA was
used. The sample working distance was 2.6 mm.

2.3.5. Electrochemical measurements

Electrochemical characterization was performed with a Multi-
PalmSens4 multi-channel potentiostat with a MUX8-R2 8-channel
multiplexer (PalmSens). The instrument was controlled with the Mul-
tiTrace 4.4 software. All measurements are referenced to an Ag pseu-
doreference electrode (PRE). For electrochemical measurements, one
cellulose sheet with six distinct sensors was mounted in a homemade test
housing fabricated from acrylic sheets using the VLS2.30 laser printer.
Each sensor well had a small polydimethylsiloxane (PDMS, Dow Sylgard
184) ring around the perimeter to create a water-tight seal between the
test housing and cLIG sample. 8 bolts are used to secure the cLIG be-
tween the top and bottom acrylic sheets. Contact to the cLIG was made
through Ag pads deposited on the bottom side of the top acrylic layer (i
e. the side in contact with cLIG), which were connected to wires that ran
to the potentiostat. Cyclic voltammetry (CV) measurements were per-
formed at various scan rates and potential ranges depending on the
redox couple under investigation. The potential step Vigp = 2 mV and
the current range = 100 pA. Electrochemical impedance spectroscopy
(EIS) measurements were performed with the following parameters: V.
= 5 mV, Vg = open circuit potential (OCP), frequency = 1000-0.1 Hz,
N = 40 points/decade.

2.4. Sensor characterization with synthetic phenazines and P. aeruginosa
cultures

cLIG-based sensors were benchmarked with synthetic phenazines:
pyocyanin, phenazine-1-carboxylic acid, and phenazine-1-carboxamide
in LB to establish the calibration curves. 2 or 3 mM stock solutions of
each phenazine were prepared in ethanol and fresh dilutions were pre-
pared for each round of measurements. At least 10 distinct sensors were
tested for each analyte and the error bars in Fig. 4b, d, and f represent
the standard deviation of those sensors. Before testing with synthetic
phenazines, 5 CV scans with LB were done to stabilize the sensors and
improve their wettability which can be a challenge with highly porous
materials such as cLIG. The improved wetting is seen by an increase in
the separation of anodic and cathodic cwrrents with scan number, an
indication of increased capacitance possibly attributed to increased
electrochemical surface area (see Fig. 51 of Supplementary Information)
[40]. Square wave voltammetry (SWV) measurements were performed
with the following parameters: frequency = 10 Hz, Vpuize = 50 mV, Virep
= 10 mV, current range = 100 pA, potential range = —0.7 to O V.
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2.5. Preparation of P. aeruginosa cultures

P. aeruginosa (PA14, NR-50573) was obtained through BEI Re-
sources, NIH: National Institute of Allergy and Infectious Diseases
(NIAID) and stored at — 80 °C. The overnight culture (OC) was prepared
using an inoculation loop of frozen PA14 stock added to ~ 10 ml of LB in
a sterile culture tube. The culture was grown overnight (~ 16 h) at 37 °C
with 210 rpm shaking and typically reached an optical density
(h = 600 nm, OD600) of 0.6-0.75 as measured with a spectrophotom-
eter (Eppendorf BioPhotometer D30). 1 ml aliquots of the culture were
centrifuged at 4100 x g for 10 min and the supernatant was discarded to
remove any phenazines that could alter subsequent measurements.

2.5.1. Off-chip culture

For the tests with planktonic cultures grown off-chip, the pellets of
three 1 ml aliquots of OC were resuspended in either 30 ml of LB or LB
with 50 pg ml? ampicillin for a 1:10 dilution. OD600 values for 1:10
diluted cultures were typically ~ 0.045-0.065. These planktonic cul-
tures were incubated continuously at 37 °C, 210 rpm, and sampled at
each desired time point. The same culture was used for electrochemical
and OD600 measurements for a one-to-one comparison. 100 pl of liquid
culture was added to each sensor for testing, followed by washing twice
with deionized (DI) water (Milli-Q, 18.2 MQ cm).

2.5.2. On-chip culture

For in situ tests with bacteria grown directly on-chip, the pellet froma
1 ml aliquot of the OC was resuspended in 10 ml of fresh LB or LB with
50 pg mI?' ampicillin and gently vortexed to ensure uniform mixing.
Before adding the bacteria, the cLIG and sensor test housing components
were subjected to UV sterilization for 1 h in a biosafety hood. Then, 150
pl of liquid culture was added to each sensor well. The sensor wells were
covered with a ~ 2-3 mm thick slab of PDMS to help minimize evapo-
ration during testing. PDMS is commonly used in microfluidics because
its oxygen permeability still allows for bacterial growth [41]. The
samples were incubated in a homemade incubator at 37 °C (see Sup-
plementary Information Fig. 52), and a 30 min acclimation period was
taken before starting the electrochemical measurements.

2.6. Resazurin-based electrochemical viability assay with E. coli

E. coli 0157:H7 (43888) was purchased from the American Type Cell
Culture (Manassas, VA, USA) and stored at — 80 °C. An overnight cul-
ture of E. coli was prepared in BHI using an inoculation loop of frozen
E. coli frozen stock. The overnight culture was incubated at 37 °C with
210 rpm shaking and stored at 4 °C until used. Eight working cultures
were prepared using a 1:100 dilution of the overnight culture in fresh
BHI. Four working cultures were placed in a water bath at 80 °C for
30 min to kill any bacteria (“heat-killed™) while four were left as-is
(“live™). Then, 1 mM resazurin was added to two of the working cul-
tures (1 live, 1 heat-killed), while the other six were left as-is for OD600
measurements (3 live, 3 heatkilled). The error bars in the OD600
measurements of Fig. 7c represent the standard deviation of 3 distinct
cultures. 150 pl of liquid culture with resazurin was added to each sensor
for testing, followed by washing twice with DI water after testing. SWV
measurements were performed with the following parameters: fre-
quency = 10 Hz, Vpyge = 25 mV, Ve = 5 mV, current range = 100 pA,
potential range = 0 to — 0.8 V.

2.7. Multimodal printing and characterization of cLIG with nScrypt-
printed Ag wire/leads

This process is only applied to the sensors reported in Section 56 of
the Supplementary Information. After the fabrication of the ¢LIG sensor
components, high conductivity silver feed lines were printed on the
samples. The feed lines were printed with Dupont CB028 flexible silver
particle ink through a 0.125 mm ceramic nozzle on a nScrypt 3Dn-450-
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HP (nScrypt, Orlando, Fl). Speeds and extrusion pressures for the silver
ink were separately optimized for even and thin coverage and repeat-
ability of the sensor feed lines from sample to sample.

Current-voltage (I-V) measurements of the cLIG with Ag contacts was
performed with a 4200 Keithley Semiconductor Characterization System
with a scanning voltage from —5V to + 5 V. Sheet resistance (Rsheet)
and contact resistance (Rg) of the cLIG was calculated consistent with
transfer length measurements (TLM). Each individual TLM sample
length with Ag contacts was 1, 6, 11, 16, and 21 mm for a total of 5
measurements. Rgpeer/Re values were calculated for each sample and
averaged to obtain the reported Rsheet/Re values.

3. Results and discussion
3.1. Fabrication of cLIG and material characterization

A schematic overview of the fabrication process for the cLIG sensor
chip is shown in Fig. 1. The process begins by coating a cellulose sheet
with a flame suppressant (step 1 in Fig. 1) to prevent thermal degra-
dation or ablation during the laser-printing process. After drying over-
night, a wax layer is printed on the cellulose (step 2) and annealed (step
3), forming a hydrophobic barrier to prevent wicking of the solution
during electrochemical testing. The graphitization of cellulose (step 4) is
then carried out in a benchtop COs laser printer (A = 10.6 um), which
allows for the creation of arbitrary patterns and rapid prototyping
without needing photolithography. The printing process requires two
steps; the first is performed with the cellulose held below the focal plane
(z; in Fig. 1), while the second is performed with the cellulose at or near
the focal plane (25 in Fig. 1) [42]. Previous reports have shown the first
print step converts cellulose into a carbonaceous char, whereas the
second step transforms the char into graphitic carbon [17,42]. We adopt
a similar strategy to achieve highly-conductive cLIG for application in
electrochemical sensing. We should note that attempting to graphitize

1. Cellulose with
flame suppressant

2. Print wax layer
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cellulose in one step results in total ablation of the cellulose (see Sup-
plementary Information Section S3, Fig. S3). Before electrochemical
testing, the cLIG sensor array is mounted in a homemade acrylic holder
with electrical connections and engraved wells that hold the test solu-
tion (step 5; see details in Section 2.3).

The scanning electron micrographs in Fig. 2a show clear differences
in the cLIG microstructure between the first and second print pass
(herein referred to as cLIG; and cLIG,, respectively). After one print
pass, cLIG; maintains a morphology similar to the native cellulose ma-
terial (Fig. S4). After the second print pass, cLIG; shows a clear increase
in porosity, which could be due to the removal of wax from the printed
region or possibly the ablation of the native cellulose fibers [25,43].
Higher magnifications show a very rough and undulating surface in
cLIGy that shifts to a seemingly smoother and more fibrous structure
after the second print step. Such a morphology can be advantageous for
electrochemical applications due to the increased surface area for charge
transfer to occur.

In addition to morphological dissimilarities, ¢LIG; and cLIG,
demonstrate distinet spectroscopic signatures as well. Fig. 2b shows
representative Raman spectra measured with a 364 nm (3.41 eV) laser
at a power of ~ 1 mW to prevent thermal damage of the cLIG and
minimize signal distortion from the background fluorescence. The
typical Raman bands for graphitic carbon materials are present,
including the D, G, and 2D peaks located at approximately 1390, 1580,
and 2780 em™, respectively. Several distinguishing features can be seen
when comparing the two spectra. There is a clear reduction of the G and
D peak widths (from ~ 90 em’! to ~ 40 em™? for the G peak) and shift in
the G peak position (~ 1600 cm™ to 1580 em™) when comparing cLIG,
to cLIG,, pointing to a higher degree of crystallinity and reduced dis-
order after the second print step [44,45]. The broadening and blueshift
of the G peak seen in cLIG, are most likely due to a larger contribution of
the overlapping D' peak at ~ 1620 em™ [44], which arises from the
intravalley double-resonance process in the presence of defects [46].

3. Anneal at 125°C
for 2 mins

: )
. Bacteria

—di6 " 5, Test in homemade
multi-sensor setup

-~

3

Pass 1 Pass 2_I

4. Multi-pass laser
graphitization

a=16mm
b=25mm
d=3mm
[=72.2mm

w=58.8mm

Fig. 1. A schematic overview of the cLIG sensor fabrication process. At the bottom is an image of an actual cLIG sensor array with relevant dimensions added. WE
= working electrode, CE = counter electrode, RE = reference electrode. SEM scale bar = 50 pm.
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Fig. 2. Material characterization of clLIG. a)
Scanning electron micrographs after 1 (cLIG;)

Intensity (a.u.)

and 2 (cLIG;) laser print passes. Scale bar is
250 pm in top row and 10 pm in bottom row. b)
Representative background-corrected Raman
spectra (364 nm) for cLIG, and cLIG, with main
carbon peaks highlighted. Spectra are normal-
ized to the G peak and offset for clarity. ¢) X-ray
photoelectron  spectroscopy (XPS) survey

— 1 prini pass
—— 2 print passes

1000 1500
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AL print conditions are the optimized conditions
discussed in Section 3.2.
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These observations are corroborated by examining the second-order
Raman modes. cLIG;, shows a very broad feature from -~
2400-3400 cm™ apart from a pronounced peak at ~ 3190 em™, which is
most likely a combination mode of the D’ and G peaks or the
second-order D’ peak (2D”) [47]. In contrast to cLIG,, cLIG, shows much
sharper second-order peaks, including the 2D peak, which can indicate
the number of layers in single- and multi-layer graphene samples. For
cLIG,, an intensity ratio of the 2D to G peak (I(2D)/1(G)) of 0.159
+ 0.022 (N = 3) typically indicates multi-layer graphene (or graphite)
[46]. However, previous reports have shown suppression of the 2D peak
in Raman measurements under UV excitation [48,49], which makes it
difficult compare this value to other reports that use excitations in the
visible range, where the 2D band is much stronger. For example, Calizo
et al. reported an I(2D)/I(G) of 0.111 for mechanically-exfoliated
monolayer graphene using a 325 nm laser [48], indicating the cLIG
could possibly be few-layer graphene, although a more in-depth inves-
tigation is needed. Additional challenges arise when comparing the D to
G peak intensities (I(D)/1(G), 0.256 £ 0.083 (N = 3)), which provides a
measure of the defect density in the carbon structure. However, I(D)/1
(G) does not vary monotonically with defect density [46,50]. Based on
the multi-stage theory presented by Ferrari et al. [45], cLIG, appears to
be in “Stage 17, i.e. graphite/nanocrystalline graphite, as evidenced by
both the sharpening of the characteristic peaks and their positions [44,
45]. Taken into consideration, it appears that the two-step print method
is necessary to first convert the cellulose precursor into an amorphous
carbon, then into a erystalline graphitic carbon.

X-ray photoelectron spectroscopy (XPS) is also utilized to better
understand the chemical composition of the cLIG. As expected, well-
defined carbon and oxygen peaks are seen in cLIG;, cLIGs, and wax-
treated cellulose materials (Fig. 2c). The carbon and oxygen content
are similar between cLIG; and cLIG, materials (see Table S1). A small N
peak is present, which was also seen in previous reports of cellulose
paper treated with flame suppressant [42]. In all three samples, clear Si
2s and 2p peaks can be seen as well. The presence of Si is most likely
from the adhesive tape used to mount the sample during the printing
process. Finally, the presence of P 2s and 2p peaks in cLIG, can be
attributed to the phosphate-based flame suppressant that is applied to
the cellulose. Interestingly, these peaks are missing or very weak in the
other samples. Because XPS only probes a few nm beyond the surface, it
is likely that the wax is largely burned off the cellulose fibers after two
print passes, leaving the cLIG and cellulose fibers more exposed.

3.2. Printing optimization and electrical and electrochemical
characterization of cLIG

Optimizing the printing conditions for high electrical conductivity is
crucial for electrochemical applications. The laser printer operates in a
raster modality, and as a result, the variables that impact the graphiti-
zation process include print speed (s), laser power (p), and sample dis-
tance from the focal plane (2). To determine the ideal printing
conditions, four-probe sheet resistance (Rsheer) measurements are carried
out in a van der Pauw configuration for a range of print parameters [42].
Figs. 3a and 3b demonstrate the effects of the print speed and the laser
power during the second print pass, respectively. In both cases, the first
print pass is performed with the sample away from the focal plane at a
z-height of 0.2, while the second print step is performed with the
sample closer to focus at a z-height of 0.11”. Additional details per-
taining to the optimization of the first print pass conditions are pre-
sented in the Supplementary Information (Section S4, Fig. S5 and S6).
The print speed effectively determines the dwell time of the laser spot on
a given region of the cellulose. At higher speeds, laser fluence is reduced,
which likely results in decreased graphitization capability as evidenced
by the increase in Rgpeg.- Likewise, if the print speed is too low, the flu-
ence is too high, and the ¢LIG network begins to burn and degrade. This
degradation could explain the larger variability in Rpee: seen at the
lowest tested speed (0.8 in. s1. Taking these observations into consid-
eration, we use a print speed of 1.2 in. s to examine the effect of laser
power shown in Fig. 3b. Rgpee, reaches a minimum at 1 W of laser power
with a value of 43.7 £ 2.3 Q sq'1 (N = 6), which is among the lowest
values reported for laser-graphitized paper sensors [24,25.42]. At
powers both larger and smaller than 1 W, R begins to increase.
Perhaps more deleterious is the variability between samples, which in-
creases as well. For electrochemical sensing applications, a highly
conductive material is desirable to minimize ohmic losses in the elec-
trode leads. Therefore, we use 1 W, 1.2in. s, and 2= 0.11" as the
second pass print condition for subsequent sensor fabrication.

To establish the baseline electrochemical properties of the cLIG
sensors, we perform cyelic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements (discussed in Section S5
and Fig. S7) with [Fe(CN)e]* and [Ru(NHs)e]>" redox probes (both
5mM in PBS). While [Ru(NH5)s13*/2* is regarded as an outer-sphere
redox couple, meaning it is largely insensitive to electrode surface
chemistry, [Fe(CN)e] 4/3 is classified as an inner-sphere couple that is
sensitive to the surface condition [51]. Both probes are commonly uti-
lized in electrochemical research and facilitate comparison of the elec-
trochemical properties with other reports in the literature. Fig. 3¢ shows
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Fig. 3. cLIG electrical and electrochemical characterization. The effect of pass 2 a) speed and b) power on the van der Pauw sheet resistance. Error bars represent the
standard deviation of 6 independent samples. Representative cyclic voltammetry (CV) traces with ¢) 5 mM [Fe(CN)s]* and d) 5 mM [Ru(NH;);]3* at varying scan
rates (N = 8). The extracted peak currents vs. square root of the scan rate are plotted in the insets.

representative CV traces with [FE(CN]5]4' at scan rates () ranging from
5 to 17.5 mV s, Both anodic and cathodic peaks show a good linear
relationship with the square root of the scan rate (R? = 1.000 and 0.998,
respectively), which suggests predominantly semi-infinite, planar
diffusion-type behavior [52]. Analysis of the peak separation (AEpeqt) as
a function of the scan rate using the methodologies presented by Nich-
olson [53] and Lavagnini [54] yields a heterogeneous electron transfer
(HET) rate constant (k%) of (6.00 & 0.45) x 10 em s (see Supple-
mentary Information Section S5 and Fig. S8 for more details). Note that
for the cLIG sensors reported here, the electrode leads are not cast with
silver paste as is done in other reports [25]. As a result, resistive losses
may lead to a larger ABpeq and smaller k° than what is expected solely
from kinetic effects [55]. This problem could be mitigated by combining
the printing of ¢LIG with other print modalities (such as direct ink
writing), allowing more conductive materials to serve as contacts/leads.
More details are discussed in Section S6 and Fig. S9 of the Supplemen-
tary Information.

A similar analysis of k? is carried out with [Ru(NH3)gl®>* for scan
rates ranging from 5 to 30 mV s}, as shown in Fig. 3d. Again, both
anodic and cathodic peak currents show a linear relationship with the
square-root of the scan rate (R* = 0.991 and 0.996, respectively). We
also calculate a HET rate constant of (6.68 & 0.34) x 10* em 5. We
note that the approach outlined by Nicholson is generally applicable to

smooth planar electrodes and does not account for analyte diffusion
within the porous structure of the cLIG. However, the power-
dependence of the anodic and cathodic peak currents is calculated to
be 0.42 and 0.27 for [Fe(CN)g]*>** and 0.55 and 0.39 for [Ru(NH;)¢]2+
3+, which is close to 0.5 expected for semi-infinite planar diffusion.
Moreover, if thin-layer/porous effects were dominant, the slope would
approach 1 [56]. As such, the Nicholson/Lavagnini analyses likely give
reasonable estimates for k°. Indeed, the k° values measured here are of
the same order as those previously reported for paper-based LIG sensors
[24,25].

3.3. Case study 1: monitoring the temporal profile of phenazine
generation in P. aeruginosa cultures

P. aeruginosa is an opportunistic pathogen that is a common source of
infection in immunocompromised individuals, such as patients with
cystic fibrosis or chronic wounds [57]. P. aeruginosa and closely related
bacteria are unique in that they produce a family of redox-active me-
tabolites called phenazines [57], which promote virulence and facilitate
electron transfer within biofilms [57.58]. Examples of phenazines
include pyocyanin (PYO), phenazine-1-carboxylic acid (PCA),
phenazine-1-carboxamide (PCN), and 5-methylphenazine-1-carboxylic
acid (5-MCA) [59]. Due to their redox-activity and high clinical
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concentrations (up to 130 pM for PYO, for example) [57,58], phenazines
are promising biomarkers for the early detection of P. aeruginosa in-
fections [60]. Moreover, the simultaneous detection and identification

of multiple phenazines would improve our understanding of their tem-
poral profile and the interplay between various phenazine species. To
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this end, we use the aforementioned ¢LIG sensors to electrochemically
monitor phenazine production over time in both conventional liquid
P. aeruginosa (PA14) cultures (planktonic phase) and cultures grown
directly on cLIG sensors (biofilms).

First, the three-electrode cLIG sensors are benchmarked with
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Fig. 4. Characterization with synthetic phenazines. a) A representative SWV profile for PYO with concentrations ranging from 0 to 100 pM. b) The resulting
calibration curve (N = 10) with R* = 0.999. c) A representative SWV profile for PCA with concentrations ranging from 0 to 500 pM. d) The resulting calibration curve
(N = 12) with R? = 0.997. €) A representative SWV profile for pyocyanin with concentrations ranging from 0 to 500 pM. f) The resulting calibration curve (N = 12)
with R? = 0.997. SWV parameters: frequency = 10 Hz, Voutse = 50 mV, V., = 10 mV. Error bars represent the standard deviation from independent samples.
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synthetic phenazines in 1B, as shown in Fig. 4. Square wave voltam-
metry is chosen due to its sensitivity and diagnostic utility. Fig. 4a shows
exemplary oxidative SWV curves for PYO concentrations ranging from
0.1 to 100 pM, with a clear oxidative peak seen at — 0.4 V vs. Ag pseudo-
reference electrode (PRE). PYO is unique to P. aeruginosa [61] and is one
of the final species produced in the phenazine biosynthetic pathway [59,

S and A B. Ch

ical 378 (2023) 133090

60]. Perhaps more importantly, it is regarded as the most potent phen-
azine virulence factor produced by P. aeruginosa [61] and as such, is of
great biological interest.

The resulting calibration curve is shown in Fig. 4b and the peak
current (measured from a linear background signal) displays linear
behavior across the range of PYO concentration (R? = 0.999). Using the
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Fig. 5. Electrochemical monitoring of planktonic bacteria cultures (off-chip culture). Exemplary SWV profiles for a) PA14, and b) PA14 + 50 pg ml™" ampicillin over
the course of 60 h. SWV parameters: frequency = 10 Hz, Vpuse = 50 mV, Vip = 10 mV. ) The 12 and 60 h SWV traces taken from PA14 after background subtraction
to highlight the multiple peaks present. The asterisk indicates an unknown peak, although it is suspected to be a derivative of 5-MCA. d) The pyocyanin peak current
as a function of time for PA14 (N = 5) and PA14_, (N = 6). Error bars represent the standard deviation of independent samples. €) Optical density (A = 600 nm)
measurements over 60 h for PA14, and PA14,,, cultures. Error bars represent the standard deviation of three measurements of same sample.
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Upper Limit Approach 1 (ULA1) with a = 0.05 described by Mocak et al.
[62], we obtain a sensitivity of 5.01 pA pM! em™ and a limit of detection
(LOD) of 3.37 pM (N = 10). The values of the parameters used in the
LOD calculation are included in Section S7. While not the lowest re-
ported, our PYO LOD is at the lower end of the clinical range and is still
suitable for early detection of PYO [60,63]. Similar analyses are per-
formed for PCA (Fig. 4c and d) and PCN (Fig. 4e and f). PCA is produced
from chorismate in the phenazine biosynthetic pathway and is a pre-
cursor of numerous other phenazine species, including 5-MCA [59]. The
response of cLIG sensors to PCA indicates this species is not as easily
oxidized. Based on SWV measurements, we calculate a LOD of 23.4 pM
and a sensitivity of 0.712 pA pM! em?® (N = 12). We see similar
behavior when testing PCN as well, with a LOD of 21.7 pM and sensi-
tivity of 0.569 pA pM! ecm™ (N = 12). Reports of clinical concentrations
for PCA and PCN are limited. In an updated study, Hunter et al. were
unable to detect phenazine concentrations in sputum samples from
cystic fibrosis patients above their detection limit of 0.1 pM [64].
However, Cezairliyan et al. reported PYO levels of ~ 11.3 pM, PCA levels
of ~ 230 pM, and PCN levels below their detection limit in wild-type
PA14 cultures grown on peptone, glucose, sorbitol (PGS)-agar plates
[65]. Moreover, Bellin et al. measured ~ 25 pM of PYO, ~ 75 pM of PCA,
and ~ 95 pM of PCN in wild-type PA14 cultures grown for one day on
agar plates [66]. 5-MCA, on the other hand, is a highly-reactive species
that is challenging to detect and quantify using chromatographic tech-
niques [60] but has been attributed to the voltammetric peak located at
a potential more positive than PYO, PCA, and PCN [59,66]. More
recently, Simoska et al. were able to confirm the presence of 5-MCA
using advanced mass spectrometry techniques [60]. Table S5 in the
Supplementary Information summarizes our work and provides a com-
parison with other reports in the literature. In an effort to build upon and
corroborate these prior works, we employ the ¢LIG sensors for moni-
toring phenazine levels in bacterial cultures grown both off-chip and
on-chip, as discussed in more detail below.

After benchmarking the cLIG with synthetic phenazines, we next set
out to determine if the sensor could detect phenazines released by
planktonic P. aeruginosa cultures grown off-chip. P. aeruginosa is known
to be resistant to many antibiotics [67], especially in the biofilm state
[68], and that sub-inhibitory antibiotic concentrations can modulate the
production of virulence factors, such as pyocyanin [69]. Thus, we pre-
pare P. aeruginosa cultures with and without ampicillin (as a model
antibiotic) in the growth medium to study the effect it may have on
phenazine production. As a control test, we also test E. coli (Fig. 510),
which does not produce phenazines. Exemplary SWV profiles of PA14
and PA14 with 50 pg ml"? ampicillin (PA14,mp) cultures sampled over
the course of 60 h are shown in Fig. 5a-b, respectively. Both PA14 and
PA14,n, show a clear oxidation peak around — 0.4 V vs. PRE. In PA14,
this peak shows after 12 h incubation while it shows at 16 h in PA14,,.
This peak is most likely a result of pyocyanin generation, which is
evident by the distinct blue color seen in the culture media (not shown).
In addition to pyocyanin, a faint peak at — 0.25 V can be seen in PA14
samples at 12 h (Fig. 5¢). Based on previous reports [59,60,66], this
peak can be attributed to 5-MCA given its relative position (~ 150 mV
more positive than pyocyanin). Additionally, another peak can be seen
at ~ — 0.12 V at later time points. While we are not able to certainly
attribute this peak to a particular phenazine, a similar peak was
observed by Simoska et al., where they speculated it to be a derivative of
5-MCA [60].

Plotted in Fig. 5d are the extracted pyocyanin peak currents for both
PA14 and PAl4amp as a function of time. On average, PA14 shows
consistently larger peak currents compared to PAl4,p,, although the
variability of this particular sample is large. In both samples, the pyo-
cyanin levels largely plateau beyond 22 h, and even begin to decline
slightly, despite a continuous increase in the OD600 of PA14 and
PA14amp over 60 h (Fig. 5e). Nonetheless, similar behavior was seen in
previous studies [60]. From the calibration curve presented in Fig. 4b,
we calculate the pyocyanin level at 22 has 22.7 + 11.2 pM for PA14 and

S and A B. Chemical 378 (2023) 133090

11.8 £3.8pM for PAl4,yp. The lower average concentration in
PA14amp could be a result of lower cell count, as suggested by the
smaller OD600 values. However, the OD600 values are similar at 12 h
while the peak current (ie. pyocyanin concentration) is barely detect-
able in PA14,,, cultures, suggesting the antibiotic may alter or slow the
production of pyocyanin. Liu et al. also noted lower pyocyanin levels in
P. aeruginosa incubated with curcumin, which has an antibacterial effect
[41]. As such, a more in-depth study of the effect of antibiotics on
phenazine production is certainly warranted.

Motivated by the ability of cLIG to detect various phenazines in
planktonic P. aeruginosa cultures, next we monitor phenazine produc-
tion in PA14 and PA14,m,p cultures directly grown on the cLIG sensors.
Fig. 6 shows exemplary SWV profiles for PA14 and PA14,y,, over the
course of 22 h with data from other sensors presented in Section S9 of
the Supplementary Information (Figs. S11-516). Beyond 22 h, leakage of
the culture media between adjacent sensor wells becomes an issue, and
therefore, we do not test at longer time points. To make the cLIG sensors
more suitable for multi-day, on-chip studies, improvements to prevent
leakage will need to be made in the future. Comparing the SWV profiles,
we again note consistently smaller peak currents in PA14amp cultures
compared to PA14. However, clear differences can be seen in the vol-
tammetric peak profile compared to the planktonic cultures in Fig. 5. In
PA14, a small peak can be seen after 4 h incubation with a large increase
seen between 4 and 6h. This is approximately the time when
P. aeruginosa bacteria begin to irreversibly attach to the substrate and
biofilm growth starts [41,70]. At 6 h, the appearance of a small shoulder
on the main peak seen at more negative potentials indicates the presence
of at least one additional phenazine aside from 5-MCA, pyocyanin, and
the unknown species, which can be seen at ~ — 0.15V, ~ — 0.3 V, and
~ — 0.05 V, respectively. Comparing off-chip and on-chip experiments,
we observe that phenazine production is higher in the latter, as indicated
by larger voltammetric peak currents. This divergence in phenazine
production could be a result of the proximity of the biofilm and sensor,
which would concentrate the phenazines around the sensor. Alterna-
tively, phenazine production by P. aeruginosa biofilms on paper may be
fundamentally different than in planktonic cultures, which corroborates
previous reports [71].

Tests with binary mixtures of synthetic phenazines (PYO, PCA, and
PCN) with cLIG sensors indicate both PCA and PCN peaks appear at
slightly more negative potentials than PYO (Section 510, Fig. 517) while
the PCA and PCN peaks are difficult to distinguish clearly. This suggests
that the shoulder can likely be attributed to PCA and/or PCN. 1-hydrox-
yphenazine is another possibility, but its oxidation peak typically occurs
at a more negative potential (~ 200-250 mV more negative than pyo-
cyanin) [60] making it a less likely candidate. From the profile, the
pyocyanin peak continues to increase in magnitude but is eventually
overtaken by the PCA/PCN peak around the 12 h time point. Beyond
12 h, the PYO peak becomes comparatively smaller and is overwhelmed
by the PCA/PCN peak, suggesting a shift in the particular phenazine(s)
being produced. The changes in peak magnitude could also be due to the
selective retainment of PYO and PCN by P. aeruginosa biofilms [58],
which would suggest the PCA/PCN peak is largely due to PCA released
into the surrounding environment. To improve the peak separation,
future work could explore tailoring the ¢LIG electrode porosity to take
advantage of thin layer effects [72]. Furthermore, improvements to the
on-chip reference electrode would provide more consistent peak posi-
tions, allowing for more confident peak assignment.

3.4. Case study 2: electrochemical determination of bacterial viability
(metabolism)

Characterizing and understanding bacterial viability and metabolic
activity are critical for ensuring the effective administration of treat-
ments, such as antibiotics. Typically, techniques such as colony counting
and disk diffusion are employed to determine the presence of bacteria as
well as the response to a given treatment. While low-cost, these methods
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Fig. 6. Monitoring P. aeruginosa cultures grown on cLIG (On-chip culture). Exemplary SWV profiles for a) PA14 and b) PA14.np showing the evolution of the peak
profile over the course of 22 h of testing. SWV parameters: frequency = 10 Hz, Ve = 50 mV, Vigp = 10 mV.

rely on the direct visualization of bacterial growth on solid media and
can take upwards of several days to complete [73]. This is especially
challenging in resource-limited and point-of-care settings where results
are needed in minutes or hours rather than days. Thus, alternative
strategies, including electrochemical assays, are under development
[74]. As a proof-of-concept, we demonstrate one particular electro-
chemical viability/metabolic activity assay based on the reduction of
resazurin (RZ) [75], a redox-active dye commonly used in fluorescence
assays, using cLIG paper sensors with E. coli as the model bacterium.

The working principle of the resazurin electrochemical assay is based
on the irreversible reduction of resazurin to resorufin (RS),

RZ +2¢~ +2H*—RS+ H10 (6))
Live and metabolically-active cells reduce RZ to RS, which results in a
decrease in the magnitude of the RZ reduction peak. To demonstrate the
resazurin-based electrochemical assay, we prepare two cultures of
E. coli in BHI and sample them over a course of 10 h using ¢LIG sensors.
One culture is grown normally while the other is subjected to an 80 °C
water bath to kill cells before testing. At the start of testing, 1 mM RZ is
added to each culture, which are then incubated at 37 °C under constant
shaking. An example of the time-dependent SWV profile with live cells is
shown in Fig. 7a. In contrast, a sample with non-metabolizing or dead
cells shows little to no change in the RZ reduction peak magnitude
(Fig. S18a). We should note, however, the SWV peak shifts to more
negative potentials seen between 0 and 2 h tests for both live and dead
bacterial cultures. This peak shift is possibly due to biofouling of the
electrode from proteins or other components in BHI [76] despite
washing with DI water after each round of testing. Additionally, changes
to the chemical composition of the Ag paste PRE may cause a shift in the

reduction potential. Because the shift is observed in both live and dead
cultures, it is unlikely that the peak shift is due to the reduction of
another species besides RZ.

Fig. 7b shows the resulting SWV reduction peak currents normalized
with respect to to (data without normalization shown in Fig. S18b). The
live (metabolizing) culture begins to show a decrease in the normalized
current after just 2 h, which is near the start of the exponential growth
phase. After 4 h, the normalized current reaches ~ 30 % where it holds
constant for the remainder of testing. In contrast, the normalized current
of the heat-killed (dead) culture remains relatively constant and close to
100 % over the course of testing, thus indicating that no viable bacteria
are present in the culture.

To complement and validate our electrochemical assay, we perform
optical density (OD) measurements at A = 600 nm with resazurin-free
cultures grown in parallel (Fig. 7¢). The OD600 data show good agree-
ment with the electrochemical assay. The live culture begins to grow
exponentially until 4-7 h, where the OD600 data begin to plateau. The
heat-killed culture, on the other hand, does not show any detectable
increase in OD600 over the course of the 10 h window. Interestingly, the
electrochemical assay reaches a plateau after 4 h, while the OD600 data
do not plateau until 7 h. This discrepancy may be due to the slowing of
the metabolic rate at the start of the stationary phase despite a continued
increase in cell number [77]. Because optical density is used to quantify
cell density while resazurin reduction is a result of metabolic processes,
it is likely that the two measurements will diverge slightly at various
points of the bacterial growth process. Such divergence could also be
expected to occur in the early stages of growth (ie. the lag-phase) where
bacteria are metabolically active but are not multiplying [758].
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Fig. 7. Electrochemical viability (metabolic activity) assay based on resazurin. a) A representative SWV profile of live E. coli cultures with 1 mM resazurin in BHL
SWV parameters: frequency = 10 Hz, Vpuse = 25 mV, Vipp = 5 mV. b) The normalized current (w.r.t. tp) for live and heat-hilled (80 °C, 30 min) E. coli cultures
(N = 4). Error bars represent the standard deviation of four independent samples. ¢) The corresponding OD600 values of parallel cultures grown without resazurin
(N = 3). Error bars represent the standard deviation of three independent cultures.
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4. Conclusion

In this work, we demonstrate cellulose-based laser-induced graphene
as a low-cost platform for on-demand electrochemical monitoring of
cellular viability and phenazine production with E. coli and P. aeruginosa
as model bacteria. By optimizing the multi-pass print conditions, we
achieve one of the lowest sheet resistance values for cLIG (43.7 + 2.3 Q
sq"), which is critical for electrochemical applications. The cLIG sensors
are capable of profiling the production of phenazines in both planktonic
P. aeruginosa cultures grown off-chip and cultures grown on-chip, with
notable similarities and differences in the temporal profiles that build
upon previous examples of electrochemical sensors for phenazine
detection. The cLIG sensors are also suitable for electrochemical meta-
bolic assaying of bacteria using resazurin. While the focus of this study is
to demonstrate this assay conceptually, future work could leverage these
results and use cLIG to study antibiotic resistance and susceptibility,
which is one of the most pressing challenges facing humanity. High-
throughput testing with cLIG paper sensors, for example, to evaluate
the efficacy of an antibiotic, will require large multi-sensor arrays that
can test a range of therapeutic and culture conditions with replicates (as
in conventional 96-well plates). Working towards scalable, roll-to-roll
manufacturing, we conduct preliminary experiments that combine
laser printing with an additional print modality (direct writing of Ag ink
on cLIG pads). In addition to the attractive electrical and electro-
chemical properties of cLIG, the ubiquity, ease of disposal, and three-
dimensional microstructure of paper render the cLIG suitable for the
analysis of microbial samples, with envisioned applications including
high-throughput antibiotic susceptibility testing, ecological studies, and
biofilm studies.
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