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ABSTRACT: Graphene-based inks are becoming increasingly attractive for
printing low-cost and flexible electrical circuits due to their high electrical
conductivity, biocompatibility, and manufacturing scalability. Conventional
graphene printing techniques, such as screen and inkjet printing, are limited
by stringent ink viscosity requirements properties and large as-printed line
width that impedes the performance of printed biosensors. Here, we report an
aerosol-jet-printed (AJP) graphene-based immunosensor capable of monitor-
ing two distinct cytokines: interferon gamma (IFN-y) and interleukin 10 (IL-
10). Interdigitated electrodes (IDEs) with 40 pm finger widths were printed
from graphene-nitrocellulose ink on a polyimide substrate. The IDEs were
annealed in CO, to introduce reactive oxygen species on the graphene surface
that act as chemical handles to covalently link IFN-y and IL-10 antibodies to
the graphene surfaces. The resultant AJP electrochemical immunosensors are
capable of monitoring cytokines in serum with wide sensing range (IFN-y:
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0.1—S5 ng/mL; IL-10: 0.1—2 ng/mL), low detection limit (IFN-y: 25 pg/ml and IL-10: 46 pg/ml) and high selectivity (antibodies
exhibited minimal cross-reactivity with each other and IL-6) without the need for sample prelabeling or preconcentration. Moreover,
these biosensors are mechanically flexible with minimal change in signal output after 250 bending cycles over a high curvature (® =
S mm). Hence, this technology could be applied to numerous electrochemical applications that require low-cost electroactive circuits

that are disposable and/or flexible.
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1. INTRODUCTION

Printing nanomaterial inks to create low-cost electrical circuits
holds significant promise for a wide variety of applications
including medical diagnostics, food security, energy storage or
energy harvesting devices, and electronic skin or electronic
noses due to their ability to be fabricated in a scalable fashion
on flexible substrates, including those that are thermally and
chemically sensitive (e.g, paper or polymers), without the
need for expensive cleanroom processing.' ~ One of the more
promising materials for printed electronics is graphene due to
its high surface area, chemical stability, mechanical flexibility,
and biocompatibility.”'”'" Chemical vapor deposition (CVD)
has been a traditional fabrication technique for graphene-based
devices."> However, this graphene synthesis process and the
associated techniques necessary to incorporate the resultant
graphene into devices have limited the widescale use of CVD
graphene for electronic devices. For example, CVD processing
has high energy costs and low yields due to the use of high-
temperature and low-pressure furnace synthesis protocols.
Moreover, the subsequent graphene film transfer process,
needed to relocate the graphene to a more electrically and
electrochemically inert substrate, is tedious and can signifi-
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cantly damage the graphene film.'>"’ Finally, additional
patterning steps via photolithography are required to fabricate
CVD graphene devices over a large area.

A more scalable method of obtaining graphene is through
liquid-phase exfoliation of graphite.'* This method produces
graphene dispersions, which can consequently be formulated
into graphene inks for a variety of printing applications, such as
screen printing and inkjet printing, for large-scale manufactur-
ing.ls"]6 Conventional screen printing that uses a squeegee to
force ink through patterned perforations on a metal stencil
typically results in low-resolution circuits (100 pm line
resolution or higher).z’ls’17 More recent advances in screen
printing has realized high-resolution circuits (3.2 ym) through
the use of lithographically patterned composite silicon molds."®
However, since the fabrication of these high-resolution stencils
requires cleanroom processing (e.g, photolithography and
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reactive ion etching), they are not compatible with high-
throughput, conventional screen printing instruments.

Inkjet printing is a scalable printing process compatible with
roll-to-roll processing.'” Indeed, we have recently demon-
strated that inkjet-printed graphene electrodes can be used for
electrochemical biosensing such as hydrogen peroxide sensing
and ion sensing in sweat.'”*° However, due to the limited
spatial resolution of high-throughput inkjet printing, these
biosensors have been limited to macroscale electrode designs
that can be functionalized with enzymatic and ion selective
membranes for subsequent amperometric or cyclic voltam-
metric sensing modalities. These macroscale electrode geo-
metries are not well-suited for high-resolution impedance-
based measurements often performed with interdigitated
electrodes (IDEs) fabricated on the micron scale and
functionalized with affinity-based biorecognition agents such
as antibodies. Moreover, the favorable IDE properties such as
high signal-to-noise ratio, fast response time, and favorable
reaction—diffusion kinetics improve as the IDE finger comb
geometries are decreased to a scale of tens of microns.”' > In
order to attain such high line resolution with printed
electrodes, researchers have begun using various hybrid
printing techniques that require pre- or post-patterning steps,
such as inkjet maskless lithography, selective sintering, and
transfer printing.l’lg’24 For example, high-resolution, inkjet-
printed patterns require an additional sacrificial layer that is
used in lift-off patterning of graphene or used as a deposition
adhesion promoter."”'® While these techniques can produce
high-resolution conductive traces (20—60 pm line widths), the
additional patterning steps complicate a roll-to-roll manufac-
turing process. Other high-resolution inkjet printing strategies
rely on the fluid dynamics of the coffee-ring effect, which can
create 5—10 pm wide conductive traces or sub-10 micron
channel lengths between printed features, but possible device
geometries are still limited by the droplet radius and drying
patterns or an additional lift-off process that makes the
technique less scalable than inkjet printing alone.”>™*’
Therefore, a need exists to create high-resolution graphene
biosensor circuits that are compatible with high-throughput
manufacturing.

Aerosol jet printing (AJP) is a direct-write additive
manufacturing technique that eliminates the need for masks,
stencils, or hybrid techniques to produce patterned circuits
with high spatial resolution.”**” High-resolution lines with
widths less than S0 ym can be achieved by AJP, which
consequently enables a wide variety of components in printed
electronics.”” Additionally, AJP is a more versatile printing
technology as a wider range of inks can be used without the
concerns of piezoelectric inkjet nozzle clogging.’"** Due to
minimal constraints on ink properties, AJP can be used to print
diverse materials, ranging from ceramics to carbon nanoma-
terials to organic semiconductors.”>™>> AJP also accommo-
dates a broad number of substrates including conductors,
semiconductors, dielectrics, and mechanically flexible poly-
mers.”’ It should also be noted that AJP has been used
previously to pattern graphene interconnects”*® and to create
composite AJP carbon and metallic electrodes for biosensing
purposes,”’ >’ but research on more complex all-graphene
devices including implementation into biosensors is still
lacking.

Here, we demonstrate the first aerosol-jet-printed flexible
graphene IDE for electrochemical biosensing. A graphene-
nitrocellulose ink was printed on a flexible polyimide film
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(Kapton) in an IDE pattern by aerosolizing graphene and
depositing the aerosol mist in highly focused lines. The IDEs
are composed of S0 microbands that are 40 ym in width,
which is lower than previously developed inkjet-printed
graphene electrodes or laser-induced égraphene electrodes
that are not lithographically patterned.'®*’ Prepared electrodes
were thermally annealed in a CO, environment to create
surface carboxyl groups on the graphene IDE that act as
subsequent chemical handles for covalently linking bovine
antibodies for interferon gamma (IFN-y) and interleukin-10
(IL-10) cytokine monitoring.

The rapid monitoring of both IFN-y and IL-10 is important
for a wide range of diseases as it is associated with monitoring
immune system functions.*' For example, in humans, a ratio of
low IFN-y/IL-10 has been associated with progression to
severe mycobacterial infection, which can lead to tuberculosis,
HIV, and rheumatoid arthritis.*”** Such IFN-y/IL-10 mon-
itoring may also be important for early, symptom-free
detection of the contagious and fatal disease in cattle called
Johne’s disease, which infects the small intestine and is caused
by Mycobacterium avium subspecies paratuberculosis.””* "
Moreover, both IFN-y and IL-10 have been measured
individually for diagnosis and prediction of disease outcomes
in humans with tuberculosis, systemic meningococcal disease,
and hepatitis C.*™*

2. RESULTS AND DISCUSSION

2.1. Printed Biosensor Development. The first step to
the fabrication of the printed biosensors was to create a
graphene ink that was formulated for AJP (Figure 1a). First, a
1:1 graphene:nitrocellulose powder was prepared through
exfoliation and flocculation techniques that are reported in our
previous works.””>? It is important to note here that the pure
graphene flakes are exfoliated from graphite through a natural
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Figure 1. Schematic representation of fabrication and biofunctional-
ization of the AJP graphene IDE. (a) Schematic demonstrating the
graphene ink formulation for aerosol printing. (b) Aerosol jet printing
mechanism of the graphene ink illustrating a sheath gas enveloping
the carrier flow of aerosolized graphene ink particles for focusing the
ink to a desired diameter. (c) AJP graphene IDE on a polyimide
(Kapton) sheet. (d) Antibodies selective to IL-10 or IFN-y are
immobilized on the carboxyl group functionalized graphene surface
using N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide/N-hydroxy-
succinimide (EDC/NHS) chemistry. (e) The remaining exposed
surface of the graphene sensor is covered with the blocking agent
(mixture of bovine serum albumin (BSA), fish gelatin, and Tween-20)
and incubated with antigen.
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Figure 2. Optical characterization of an AJP graphene IDE. (a) Optical micrograph showing line resolution. SEM micrographs displaying (b)
surface morphology of the graphene sheets on the polyimide substrate that is magnified 75000 times. (c) 45°-tilted (magnified 30000 times) top
down SEM micrograph of ultrathin (sub-100 nm thick) film printed on SiO,. (d) The surface irregularity and roughness of bare, as-received
Kapton film are observed in 2D and 3D height images. (e) AFM image of the graphene IDE finger and (f) profile of the AFM micrograph showing
the average film thickness of the printed graphene as 25 nm averaged across the boxed region in panel (e).

high-shear rotor-stator mixer (Silverson LSM-A) and further
ground into a powder with nitrocellulose, which is important
to stabilizing graphene in acetone during the exfoliation
process. Hence, graphene flakes are used in this printing
process in lieu of graphene oxide flakes, which are often
obtained through the Hummer method. Other graphene
printing techniques typically use graphene oxide flakes and
hence typically require additional thermal or chemical
graphene oxide reduction processes to make the inks more
electrically conductive.”'**"** In addition, nitrocellulose
decomposes into a highly conductive residue after heat
treatment, making it a value-added surfactant.’® The
graphene-nitrocellulose powder was found to form a stable
dispersion in a 9:1 ethyl lactate:dibutyl phthalate cosolvent
system. Dibutyl phthalate has a boiling point of 340 °C, so it
prevents aerosol droplets from evaporating completely before
deposition on the substrate. Dibutyl phthalate remains in the
printed feature until subsequent baking, and its presence allows
graphene nanosheets to “relax” into a flat morphology.

A graphene ink with 30 mg/mL solid loading was prepared
and filtered through a 3.1 gm membrane prior to printing. A 2
mL aliquot of the graphene ink was pipetted into the ink vial of
the printer and ultrasonically atomized. The fluid dynamics of
the aerosol jet deposition process are shown in Figure 1b.
Aerosolized ink droplets are carried by a nitrogen gas flow
toward the deposition nozzle. Before deposition, the carrier gas
flow is met by a second nitrogen stream at a higher flow rate,
which forms a focusing sheath around the aerosol particles in
the carrier stream. The highly focused aerosol droplets, which
contain graphene, are then deposited on the substrate below
the nozzle. Sheath flow rates of 40—60 sccm, carrier flow rates
of 15—4S5 sccm, and printing speeds of approximately S mm/s
were tuned to yield thin and continuous traces of graphene ink
with minimal satellite droplets on the substrate (Figure S1).

Graphene-based IDEs were printed on a flexible polyimide
film (Figure 2a). The devices are designed to maximize the
sensing surface area, which increases the sensitivity of the
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device, while decreasing the channel length (or interfinger
spacing) to minimize electrochemical resistance. The electrode
design has a finger width of 40 ym, a finger spacing of 100 ym,
and S0 fingers, for a total IDE active surface area of 14 mm?®.
This 40 ym line resolution is lower than previous direct-write
graphene printinﬁg processes such as inkjet printing (~60 pm
line resolution)'® or direct-write graphene synthesis processes
such as creating laser-induced graphene from polyimide (~75
pm line resolution).”” The ability to create smaller IDE finger
widths has generally been shown to improve the signal-to-noise
ratio of the electrodes during electrochemical impedance
spectroscopy—the sensing modality used herein to perform
the electrochemical cytokine biosensing.' The active surface
area is defined as the total surface area of printed fingers
(finger width X finger length X number of fingers), as these
features pose the smallest spacing between electrodes and are
dominantly active in subsequent electrochemical measure-
ments. The IDEs were then heat-treated in a tube furnace at
350 °C for 30 min to remove the trapped solvent and drive
decomposition of the nitrocellulose into a conductive sp*
carbon residue.”

2.2, Microscopy and Spectroscopy Characterization.
2.2.1. Microscopy Characterization. The film morphology
and chemical composition of the heat-treated graphene IDEs
were subsequently characterized with confocal laser micros-
copy, scanning electron microscopy (SEM), atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS),
and Raman spectroscopy. While the thermal decomposition of
nitrocellulose can lead to a porous film under some conditions
(Figure S2), SEM images (Figure 2b,c) reveal that the
graphene nanosheets are well-aligned in a dense and
continuous film in the optimized devices. Coupled with the
low film porosity, this degree of flake stacking suggests that the
carboxyl functionalization of graphene is mostly limited to the
top surfaces of the film, allowing for sp>-rich content in the
bulk of the film and thus high electrical conductivity (1 X 10*—
7 X 10* S/ m). This conductivity measurement is similar to the
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conductivity that we obtained previously with blade-coated
graphene-nitrocellulose ink (4 X 10* S/m),*" inkjet-printed
graphene-ethyl cellulose ink (2.5 X 10* S/m),'® and screen-
printed graphene-ethyl cellulose ink (1.9 x 10* S/m).* It
should be noted that Majee et al. acquired a higher
conductivity (4 X 10* S/m) with inkjet-printed graphene
that also contained ethyl cellulose, but in this case, a higher
concentration of graphene (50 mg/mL initial solid loading)
was used in the ink formulation.”

Next, a bare section of as-received Kapton was scanned at
the highest resolution objective of an Olympus confocal laser
microscope (50X magnification with 200 nm lateral resolution
and 6 nm vertical resolution). The optical image (Figure S3a)
shows spots and scratches, but the 3D scan of the film height
(Figure 2d) shows additional topography. A roughness
measurement of the dashed box region in Figure 2d (see
inset) yields a root mean square roughness of 37 nm. The
printed graphene line can barely be distinguished from the
Kapton film using confocal laser microscopy (Figure S3e), and
therefore, AFM was used to measure printed graphene film
thickness after heat treatment (Figure 2e,f). Note that the
underlying polyimide substrate is wavy and rough, with a root
mean square roughness of approximately 40 nm, resulting in
AFM scans that appear to have depressed regions in the middle
of a printed line (Figure S3). To reasonably measure film
thickness, an AFM scanned region with a relatively flat Kapton
surface was analyzed. The film thickness was averaged over the
boxed region in Figure 2e and found to be 25 nm. This film
thickness is several orders of magnitude thinner than those of
screen-printed or inkjet-printed devices that can have a
thickness of approximately several microns or hundreds of
nanometers, respectively. Hence, such thin AJP films translate
into lower material consumption (Table S1) for manufacturing
the devices.”'®

2.2.2. Spectral Characterization. XPS and Raman spec-
troscopy were next performed to characterize the material
properties of the AJP graphene before and after the CO,
annealing process. Before CO, annealing, the graphene IDE
consisted of sp’- and sp*-hybridized carbon as denoted by the
peak at 284.5 eV and carboxyl groups (—COOH) denoted by
the peak at 288.5 eV, which contributes only 5% of all the
functional groups available on the graphene IDE (Figure 3a).
After the CO, annealing, the development of complex surface
chemistry appears (Figure 3b), including carbide bonds (283.7
eV) and C—C single bonds (285.1 eV) in addition to
oxygenated species (i.e, a carboxyl (COOH) group peak at
289.2 eV and a carbonyl group (R,C=0) peak at 287.2 eV)
that demonstrate the chemical functionalization of the
graphene. The carboxyl and carbonyl groups contribute to
15% of all the functional groups on the surface of the IDE,
leading to an increase of 10% of the oxygen-rich groups. These
carboxyl and carbonyl groups are essential for further chemical
reactions with EDC/NHS that enable covalent binding of the
desired antibody with the graphene IDEs.

Next, Raman spectroscopy measurements were performed
on the samples before and after annealing with CO, in order to
characterize the graphitic nature of the samples (Figure 3c).
The Raman spectra of the samples exhibited the characteristic
bands of graphitic materials including the D band (~1353
cm™") that is indicative of defects, the G band (~1584 cm™),
and the 2D band (~2702 cm™") that originates from second-
order zone-boundary phonons.”*™* The intensity ratio I/I
is used as a measure of the defect level in graphite-based
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Figure 3. Spectroscopy of the graphene IDE. (a) XPS of graphene
IDE before CO, thermal annealing. (b) XPS of graphene IDE after
CO, thermal annealing. (c) Raman spectroscopy of printed graphene
IDE before and after CO, thermal annealing with D, G, and 2D peaks
displayed.

(1 14,57 . .
materials,"**” and the corresponding values were determined

to be 0.49 + 0.02 and 0.48 + 0.01 for the sample before and
after CO, annealing, respectively, which suggest that the CO,
annealing does not induce significant physical defects or cause
material removal (Figure SS) in the samples. The calculated
Lp/I; ratios for unprocessed and processed samples are 0.34 +
0.02 and 0.36 =+ 0.01, respectively, suggesting that the graphitic
character of the electrodes is not significantly affected by the
CO, annealing process.””

2.3. Electrical and Electrochemical Characterization.
The electrical and electrochemical performances of the
graphene IDEs were next characterized to assess the potential
of the printed graphene IDEs for biosensing. First, it was
demonstrated that AJP can be used to print features with sub-
micron thickness. As printed graphene films are known to be
percolating networks,””>” the relationship between printed film
morphology and film conductivity was investigated for aerosol-
jet-printed graphene lines with sub-micron thickness. The
printing speed and number of printing passes are two
straightforward ways to control the thickness and width of
printed lines. First, lines were patterned on a Kapton substrate
at various printing speeds. Both line thickness and line width
are a function of printing time (units of s/mm), which is the
inverse of printing speed (mm/s) (Figure 4a). Line thickness,
in particular, varies linearly with printing time. Lines of various
thicknesses were also achieved using 1 to 30 printing passes.

The conductivities of these lines were investigated as a
function of film thickness (Figure 4b). Graphene line
conductivity increases with film thickness until approximately
200 nm thickness, after which the conductivity declines. This
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Figure 4. (a) Analysis of several lines printed at SS sccm sheath flow, 35 sccm carrier flow, and various print speeds shows that the line thickness
and line width both vary with printing time (s/mm), which is the inverse of printing speed (mm/s). (b) A plot of conductivity vs maximum film
thickness for graphene lines printed on Kapton shows that conductivity increases with film thickness up to about 200 nm before declining. (c)
Relationship of resistance multiplied by cross-sectional area vs dimensions of the printed graphene line analogous to an IDE finger for various
printing passes (indicated by the legend, ie., 1, 2, 3, 4, S, 10, 15, 20, 25, 30). The slope of the plot denotes resistivity of printed graphene.
Electrochemical characterization of the graphene IDE showing (d) cyclic voltammetry (CV) before CO, annealing and after CO, annealing at scan
rates of S, 10, 25, 50, and 100 mV/s and (e) Nyquist plot acquired from electrochemical impedance spectroscopy (EIS) before and after CO,
thermal annealing. (f) Magnified version of the Nyquist plot of the annealed IDE as shown in the lower-left corner in panel (e) displays a

characteristic semicircular Nyquist plot.

behavior can be explained by investigating the film morphology
of graphene lines with different thicknesses. As shown by SEM
analysis, thin (<100 nm thick) printed lines show a percolating,
non-porous microstructure (Figure S2a,b), while thicker films
(~1 pm thick) are more porous (Figure S2c,d). This porosity
likely emerges during the heat treatment step, as the pyrolysis
of nitrocellulose evolves gases that create an open micro-
structure. The porosity is not accounted for when calculating
the cross-sectional area of the printed line, which causes the
calculated conductivity to be less than the true value.
Furthermore, the porous regions in thicker films may have
poorer intersheet contacts, which contribute to lower
conductivity despite the amorphous carbon residues. Thus,
the use of nitrocellulose in the ink formulation may explain
why the conductivity of printed graphene lines does not match
the percolation theory as shown by another study (Jabari and
Toyserkani).”® This trend is observed for graphene lines
printed on SiO, as well as Kapton, indicating that substrate
roughness does not influence the film conductivity (Figure S4).
This result informed our decision to print IDEs with a single
pass, as to form thin films with negligible porosity.

After printing and baking, the graphene IDEs were subjected
to a preliminary electrical quality test. A multimeter was used
to check the IDEs for low resistance (<10 kQ2) over one side of
the ~2 cm long electrode and for shorting pathways between
the two electrodes of a single device. Devices passing this
screening test were used in subsequent electrochemical
experiments. Additionally, transmission line measurements
were used to calculate the resistivity of graphene fingers/
lines that were printed at the same conditions as the IDEs. The
electrical resistance of the graphene lines scales linearly with
channel length up to 4 mm, and the resistivity is calculated to
be in the range of 1.4 X 107°—10"* Q m (Figure 4c) or an
electrical conductivity in the range of 1 X 10*~7 x 10* S/m.
These results compare favorably with other graphene printed
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devices.””" The millimeter-scale high conductivity indicates
that the graphene nanosheets and amorphous carbon residue
form a well-connected matrix over electronically large
distances. Further improvements in conductivity are possible
when the graphene electrode thickness is increased above 100
nm,”® but limiting the thickness to 25 nm consumes less
material and minimizes printing time without compromising
biosensor performance (Tables S1—S3).

The CO, annealing process was used to improve the
electroactive nature of the printed graphene IDEs from a
negligible response to one that is electrochemically active. As
mentioned previously, XPS results (Figure 3) showed that the
graphene surface is becoming richer in oxygenated species
(carboxyl and carbonyl groups) following CO, annealing,
although the overall defect density remains low. The 7-electron
cloud on the carboxyl and carbonyl groups helps in the
heterogeneous electron transfer between the electrode and the
redox probe, and thus, the electrocatalytic nature of the
electrodes was improved by performing this CO, annealing
process.’” The electrochemical characterization of the
graphene IDE was performed by both cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) to
determine its heterogeneous electron transfer capability. The
CV was performed at scan rates of 5, 10, 25, 50, and 100 mV/s
in a S mM ferro/ferricyanide probe. As noted in Figure 4d, the
graphene IDE before CO, annealing does not show an
electrochemical response at a scan rate of 100 mV/s since the
CV displays near-zero heterogeneous electron transfer due in
part to a highly probably lack of sufficient edge plane defects.”’
However, after CO, annealing, current peaks appear on the CV
due to the increase in the oxygenated species, although Raman
shows minimal changes in the surface defects. The occurrence
of these peak currents (i,) with a large separation between
them (ranging from AE, = 0.57 to 124 V) demonstrates
heterogeneous electron transfer kinetics, which is typical of a
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multilayer graphene surface functionalized with oxygen groups
that has low density of either edge or basal plane defects; this
was also demonstrated by Ambrosi and Pumera and Pope et
al, who observed a peak-to-peak voltage S%Earation ranging
between approximately 0.5 and 1.1 V.°*® The effective
electrochemical surface area was calculated using the Randles—
Sevcik equation (Figure S6) to be 8.4 mm® This surface area
contributes to a total active site of 60% with respect to the
geometric area of the AJP graphene IDE, which is larger than
our previously reported work for vertically aligned CNT
electrodes.”’ Hence, the CO, annealing process significantly
improves the electroactive nature of the AJP IDE, which is
important to subsequent electrochemical EIS measurements.

EIS characterization was next performed between a
frequency range of 0.1 Hz and 100 kHz at a voltage amplitude
of 10 mV in a § mM ferro/ferricyanide probe. In a Nyquist
plot, the high-frequency semicircular region represents the
resistance of electron transfer kinetics (R.,) between the redox
probe and the electrode surface, corresponding to the diameter
of the semicircle. From the Nyquist plot in Figure 4e, the data
acquired before CO, annealing appears as scattered points,
which do not convey any information about the electro-
chemical properties of the IDE surface. However, after CO,
annealing, the data form a quantifiable semicircular Nyquist
plot (Figure 4f). This can be attributed to the introduction of a
higher amount of oxygen functional groups on the IDE, as
opposed to the previously low functional group density on the
surface, which allows for an ease of exchange of electrons
between graphene and the redox probe. Moreover, this system
lacks a mass transfer region and features a large charge transfer
resistance, R ~ 20 kQ (Figure 4f). These electron transfer
kinetics are characteristic of a thin film of highly oriented
pyrolytic graphite (HOPG) stacking of graphene, which
suggests that the CO,-annealed film consists of mostly basal
plangi of graphene underneath the functionalized top sur-
face.

2.4. Immunosensing of IFN-y and IL-10. The IDE was
functionalized with an anti-bovine (IFN-y or IL-10) antibody
(Figure 1c,d) for sensing the respective antigens (IFN-y or IL-
10). To avoid nonspecific binding of the antigen with the area
of the electrode unoccupied by the antibody, various blocking
agents were tested for false positive signals of the biosensor.
First, the efficacy of bovine serum albumin (BSA) as a blocking
agent was evaluated at various concentrations (0, 0.5, 1, 2%)
(Figure S7). However, BSA alone does not prevent nonspecific
binding of the antigen. Ultimately, the blocking agent utilized
in sensitivity studies of the biosensor was a mixture of 1% BSA,
0.1% Tween-20, and 0.1% fish gelatin, which forms a large-
chain protein complex that more extensively covers the bare
electrode surface.®®

The immunosensing performance of the graphene IDE
platform was evaluated in a real biological matrix (bovine
implant serum, see the Experimental Section) to determine its
teasibility for early disease detection in the presence of other
proteins. First, the biofunctionalized graphene IDE was
incubated with increasing concentration of the respective
antigen (IFN-y or IL-10) prepared in a bovine serum implant.
Next, EIS measurements were recorded for each concentration
of the antigen added. With every increase in the antigen
concentration, the diameter of the Nyquist plot increases,
which corresponds to the charge transfer resistance (R.)
between the redox probe and electrode. As the antigen
concentration increases, more antigen and antibody bind to
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form an insulating barrier for the electron transfer across the
redox probe and electrode, leading to an increased R,
Normalized charge transfer resistance is plotted against the
concentration of antigen in Figure Sa,b. A linear sensing range
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Figure S. (top) IFN-y and IL-10 detection using graphene IDE
sensors. Percentage change of charge transfer resistance (Rct) with
respect to the change in concentrations of (a) IFN-y and (b) IL-10.
Error bars represent standard deviation of the mean calculated from
three independently biofunctionalized electrodes with respective
bovine monoclonal antibodies. (bottom) Selectivity tests of (c)
IFN-y antibody with IL-10 and IL-6 antigens and (d) IL-10 antibody
with IFN-y and IL-6 antigens.

was obtained by selecting the region of increasing R, that can
be linearly fit with the largest R* value. The detection limit was
calculated using the regression line equation and considering
three times the standard deviation of the background signal
(i.e, 30). It was found that the linear sensing ranges for IFN-y
and IL-10 were 0.1-5 and 0.1-2 ng/mlL, respectively, with
detection limits of 25 and 46 pg/mL, respectively (sensitivities
of the IDE for IFN-y and IL-10 were 44.9 and 36.4% per
decade, respectively). These sensing ranges cover the lower
concentration ranges of IFN-y detectable in the clinical disease
stage and fit in the newly infected to clinical disease stage (in
case of IL-10 concentration ranges) of Johne’s disease.”* In
addition, these sensing ranges are biomedically relevant; for
example, in the case of pulmonary tuberculosis in humans, the
mean concentration of IL-10 is 56 pg/mL and that of IFN-y is
877 pg/mL, whereas in the case of paratuberculosis in cattles,
the mean concentration of IFN-y is $ ng/mL and that of IL-10
is 8 ng/mL.44’46’67 As this developed sensor is more sensitive
than the latter example, an acquired bovine sample can be
easily diluted to acquire the data, and the results can be
extrapolated to determine the actual concentration of the
cytokines.

Each graphene IDE immunosensor platform was also tested
for cross-reactivity with similar antigens (ie., IFN-y, IL-10,
interleukin-6 (IL-6)). IFN-y and IL-10 are similar in
structure,”® whereas IL-10 and IL-6 are similar in function-
alityég—making them susceptible for cross-reacting with IL-10
or IFN-y antibodies. Therefore, the immunosensor function-
alized with the IFN-y antibody was examined for interference
with increasing concentration of IL-10 and IL-6, and similarly,
the immunosensor functionalized with the IL-10 antibody was
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examined for interference with increasing concentration of
IFN-y and IL-6 as shown in Figure 5c,d. In both cases, the
percent change in R is within 20%, which can be considered
as the background signal since the change in R, is much larger
for the same concentration of target antigen. Importantly, the
signal shows no clear dependence on the concentration of the
interfering antigen, while a much higher change in the signal
(~100%) is observed when the appropriate antigen is used.
Opverall, these results show that the AJP graphene biosensor
possesses high selectivity for the immobilized antibody.

2.5. Mechanical Flexibility Measurements. The me-
chanical flexibility of the IDE was examined by measuring
electrical and electrochemical impedance characteristics of a
functionalized IDE as a function of bending cycles so that it
could be implemented in a wearable or implantable format,
such as a small subcutaneous bovine implant.”” First, the
fabricated graphene IDE was mounted on a strip of
polyethylene terephthalate (PET) and bent around rods of
various diameters (3.18, 7.19, 11.08 mm). The substrate
thickness was measured to be 0.25 mm, producing strains (=
thickness of substrate/bending diameter) of 0.079, 0.03S, and
0.022, respectively. The electrical resistance of the IDE was
measured before and after bending (10, 20, 50, 100, 200, S00,
1000 cycles). The fractional change in electrical resistance as a
function of bending cycles plotted (Figure 6b) reveals that the
change in electrical resistance is almost negligible (<1%), and
therefore the electrical characteristics of the device are
independent of mechanical flexing cycles.

Next, an IL-10 antibody biofunctionalized graphene IDE was
incubated with 10 ng/mL IL-10 antigen and mounted on a
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Figure 6. Bending test experiments with the AJP graphene IDE. (a)
Photograph of the test setup shows the IL-10 functionalized biosensor
bending around a rod that is suspended within a 3D printed trough
filled with PBS. (b) Change in the resistance of AJP graphene IDE vs
the number of bending cycles without any biofunctionalization. (c)
R vs the number of bending cycles of the biosensor around a rod
(dia. S mm).
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PET strip using double-sided adhesive tape. The total
thickness of the graphene IDE on the PET assembly was
0.31 mm. The biosensor was flexed around a rod suspended
within a 3D-printed trough (Formlabs form 2, 3D printer) so
that the biosensor could remain in contact with a layer of
buffer solution (phosphate-buffered saline (PBS)) throughout
the duration of the experiments to eliminate antibody
denaturing due to a dry sensor (Figure 6a). A rod (dia. = §
mm) resulting in a sensor bending strain of 0.062 was utilized,
while the electrochemical signal was recorded following every
50 bending cycles (250 bending cycles were performed). The
percentage change in sensor R, values (derived from the
Nyquist plot as shown in Figure S8) of the functionalized
biosensor is approximately only 6% for the bending experi-
ments performed with the 5 mm rod, showing robustness of
the biosensor when bent severely (Figure 6c). This indicates
that this biosensor platform is suitable for use on curvilinear
work surfaces.

3. CONCLUSIONS

In conclusion, this work demonstrated the first use of aerosol-
jet-printed graphene for biosensing by developing printed
interdigitated electrodes with a graphene-nitrocellulose ink.
Printed graphene lines demonstrated high electrical con-
ductivity (~10* S/m) at low thickness (~25 nm) and across
millimeter-scale portions of the film. The top surface of the
graphene electrode was functionalized with oxygen-containing
groups by annealing in a CO, environment while preserving
the highly oriented graphitic structure underneath. Graphene
biosensors were functionalized with IFN-y and IL-10 bovine
antibodies through EDC/NHS chemistry and were tested in a
real biological matrix (bovine minced implant supernatant).
These biosensors were able to monitor both IFN-y and IL-10
in bovine implant serum across wide linear sensing ranges
(0.1-5, 0.1—2 ng/mL) with low detection limits (25, 46 pg/
mL) and rapid response time (33 min) without the need for
preconcentration or labeling steps. Moreover, the biosensor
was highly selective toward IFN-y or IL-10 with negligible
cross-reactivity with each other and similar cytokines (i.e., IL-
6). Hence, this developed biosensor is well suited for rapid, in-
field testing. The developed AJP graphene immunosensors also
achieved the best limit of detection and selectivity for an
immunosensor that does not require prelabeling or preconcen-
tration and that can monitor both bovine IL-10 and IFN-y.
Moreover, the developed AJP graphene immunosensor over-
comes the complexity of laboratory-based multicytokine
testing methods, such as fluorescently labelled beads/surfaces
functionalized with antibodies commonly associated with
Luminex xMAP,”’ fluorescence-enhancing microarrays on
plasmonic gold films,”” and flow cytometric multiplex and
enzyme-linked immunosorbent assays’>; it also circumvents
lithographic patterning and electroplating associated with more
conventional in-field electrochemical immunosensors created
with gold electrodes patterned on printed circuit boards.”*
Important to this work, the developed biosensors detect the
biomarkers in the sensing range (0.1—10 ng/mL) that is
appropriate for bovine disease paratuberculosis. Such rapid
monitoring of these cytokines is clinically important to
improve the accuracy of a potential screening test for early-
stage detection of diseases, such as Johne’s disease in cattles or
tuberculosis in humans. By minimizing transportation time,
sample storage and handling challenges, and sample degrada-
tion, this point-of-care diagnostic sensor will help establish
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faster and more accurate treatment solutions for the patient
while minimizing errors.

In a broader sense, the AJP graphene electrode created
herein could be utilized in a wide variety of applications. The
readily functionalized graphene surface and the universality of
the antibody functionalization protocol enable sensing of
desired analytes without the need of any sample pretreatment.
In this context, the developed immunosensor platform could
be applied to different sensing paradigms beyond measuring
cytokines — such as proteins, bacteria, and viruses for early
detection of fatal human diseases like systemic meningococcal
disease,*® cancer,”® and HIV’® - or also for detection of food
pathogens such as Escherichia coli.”’ Additionally, aerosol
printing of thin-film graphene IDEs is amenable to high-
throughput manufacturing as both graphene exfoliation and
printing are scalable processes and are also more suited to
graphene recycling as opposed to a high-temperature graphene
growth process through chemical vapor deposition, which
generally requires cleanroom technology and results in low
yields of graphene that are challenging to transfer to substrates
that are suitable for device applications.””® Finally, the
electrochemical sensitivity and flexibility of the graphene
circuits make them potentially well suited for a wide variety of
applications including the creation of electrochemical super-
capacitors, biofuel/microbial fuel cells, and wearable bio-
sensors.”” % In fact, such flexible graphene circuits have been
shown to be useful for a wide array of sensor applications
including bacteria sensing on tooth enamel, heavy-metal
detection via skin-integrated sensors, ion and protein
monitoring in sweat, and in solar cells, organic light-emitting
diodes, and strain sensors.**™%*

4. EXPERIMENTAL SECTION

All chemicals and reagents were of analytical grade and handled
according to their material safety data sheets. Graphite powder at
grade 3061 was purchased from Asbury Graphite Mills (Asbury, NJ,
USA). Nitrocellulose (NC), damped with isopropanol, was purchased
from Scientific Polymer (Ontario, NY, USA). All solvents were
purchased from Millipore Sigma (St. Louis, MO, USA). N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide (EDC), N-hydroxysuc-
cinimide (NHS), ethanolamine, Tween-20, gelatin from cold water
fish skin, and potassium hexacyanoferrate(Il) trihydrate were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Potassium
ferricyanide was purchased from Fisher Scientific (Fair Lawn, NJ,
USA). 2-(N-Morpholino)ethanesulfonic acid (MES buffer) was
purchased from Alfa Aesar (Ward Hill, MA, USA). Bovine serum
albumin (BSA) was purchased from VWR International, LLC (Solon,
OH, USA). Recombinant bovine interferon-gamma (IFN-y) (Cat.
No. PBP001), recombinant bovine interleukin-10 (IL-10) (Cat. No.
PBP016A), mouse anti-bovine interferon-gamma (anti IFN-y) (mAb,
Cat. No. MCA1783), and mouse anti-bovine interleukin-10 (anti IL-
10) (mAb, Cat. No. MCA2110) were purchased from Bio-Rad
Laboratories Inc. (Hercules, CA, USA). All solutions were prepared in
phosphate-buffered saline (1x PBS) buffer.

The bovine implant was acquired by a stainless-steel implant device
with a window that was placed in the subcutis of the cattle. A collagen
plug was extracted from the subcutis, surrounded by a nylon mesh
with a pore size of 30 ym. The extracted bovine implant was minced
and centrifuged at 1000 rpm for 30 min. The collected supernatant
was diluted (1:1000) and further used for sensing IFN-y and IL-10.

4.1. Graphene-Nitrocellulose Powder and Ink Preparation.
Graphene-nitrocellulose powder was prepared as in our previous
work.* Briefly, a 1:1 mixture of graphite powder and nitrocellulose in
acetone was exfoliated via shear mixing for 4 h at 10230 rpm. The
product was centrifuged in two steps, 5000 rpm for 15 min and 6000
rpm for 20 min, and the resultant supernatant was collected. The
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graphene-nitrocellulose supernatant was flocculated with NaCl and
centrifuged to form a pellet. The pellet was washed with DI water and
then collected on a membrane using vacuum filtration. The product
was collected, dried, and crushed with a mortar and pestle into a fine
powder. This graphene-nitrocellulose powder was then dispersed via
bath ultrasonication in a 1:9 v/v mixture of dibutyl phthalate and
ethyl lactate, for a total solid loading of 30 mg/mL. The total
sonication time was 6 h.

4.2. Aerosol Jet Printing of Interdigitated Electrodes. The
graphene-nitrocellulose ink was aerosol jet printed (Optomec, AJ
200) to form IDE patterns on a Kapton substrate that was heated to
60 °C in air during printing. Sheath flow rates were in the range of
40—60 sccm, and carrier flow rates were in the range of 15—4S sccm.
Printing speed was maintained at S mm/s. After printing, the devices
were heat-treated in a tube furnace (Thermo Scientific, Lindberg Blue
M) at 350 °C in air at atmospheric pressure for 30 min to decompose
nitrocellulose into a conductive carbon residue.*’

4.3. Biofunctionalization of Graphene IDE. The printed
graphene IDE was annealed in a CO, environment at 400 °C for 2
h in an OTF-1200X tube furnace (MTI Corporation, Richmond, CA,
USA) to increase the quantity of surface carboxyl functional groups
on the graphene. Next, the IDE was functionalized using 0.4 M EDC
and 0.1 M NHS in 0.1 M MES buffer for 1 h at room temperature
followed by an overnight incubation in either (1:50) mouse anti-
bovine IFN-y or IL-10 solution. The unreacted EDC/NHS on the
graphene IDE was quenched using 1 M ethanolamine for 20 min, and
the exposed, unfunctionalized portion of the IDE surface was blocked
using a mixture of 0.1% Tween-20, 0.1% fish gelatin, and 1% BSA for
1 h in an effort to prevent nonspecific adsorption of nontarget
analytes.”” Before subsequent biosensing experiments, a baseline
electrochemical impedance spectrum was acquired over the frequency
range of 0.1 Hz—100 kHz with a voltage amplitude of 10 mV using a 5
mM ferro/ferricyanide (1:1) redox probe. Next, the graphene IDE
was incubated with 100 uL of test solution containing IFN-y or IL-10
(prepared in bovine minced implant serum) for 30 min to allow the
IEN-y or IL-10 to bind to the immobilized antibody on the graphene
IDE surface. After a baseline EIS measurement was obtained,
calibration plots were obtained by measuring R, for successively
increasing concentrations of the IFN-y or IL-10 target analyte.

4.4. Confocal Laser Microscopy. Three-dimensional height
profiles of printed graphene lines were obtained via confocal laser
microscopy using an Olympus OLSS000 laser confocal microscope.
Data was collected at the SOX objective, which enables a lateral
resolution of 200 nm and a vertical resolution of 6 nm. All data
analysis was performed in the Olympus software.

4.5. Atomic Force Microscopy. Thickness measurements of the
printed graphene IDE were performed using noncontact-mode atomic
force microscopy (Asylum Research Cypher AFM). The graphene
IDEs were printed on Kapton for AFM measurements.

4.6. Scanning Electron Microscopy. SEM images of the printed
graphene IDEs were obtained using an LEO Gemini 1525 SEM and
Hitachi SU8030 SEM. A 10 nm layer of osmium was coated on
printed samples to prevent charging effects with the nonconductive
Kapton.

4.7. X-ray Photoelectron Spectroscopy. The XPS measure-
ments were performed using a Kratos Amicus/ESCA 3400 instru-
ment. The sample was irradiated with 240 W unmonochromated Al
Ka X-rays, and photoelectrons emitted at 0° from the surface normal
were energy-analyzed using a DuPont type analyzer. The pass energy
was set at 150 eV, and a Shirley baseline was removed from all
reported spectra. CasaXPS was used to process raw data files.

4.8. Raman Spectroscopy. Raman spectroscopy measurements
were performed using an XploRa Plus confocal Raman upright
microscope, equipped with a 785 nm laser excitation source (S mW at
the sample) and a Synapse EMCCD camera (Horiba Scientific/JY,
France). A 100X air objective (Olympus, LMPlanFL) with a 0.9
numerical aperture was used to collect the Raman signal under
ambient laboratory conditions. The spectra were collected from 1000
to 3300 cm™" with a 600 grooves/mm grating. Reported spectra were
an average of three measurements, with a 30 s acquisition time for
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each spectrum. All data were processed using Igor Pro 6.37 scientific
analysis and graphing software (Wavemetrics, Lake Oswego, OR,
USA). The spectra were fitted to a Lorentzian function with a linear
baseline using the multifit peak function in order to extract the peak

intensity (height).
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