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ABSTRACT: A growing body of research focuses on engineering materials for
electrochemical detection of dopamine (DA), a critical neurotransmitter involved

in motor function, reward processes, and blood pressure regulation. Among @ - -—)
various sensing materials, graphene is highly attractive due to its excellent electrical ';0“;\“/1, h
raphene

conductivity and, in particular, the 7— interaction between the aromatic rings of
DA and graphene. However, the lowest detection limits reported solely using
graphene are nominally 1 nM. To improve the sensor sensitivity, various strategies
are being explored, including chemical functionalization, heterostructure/
composite formation, elemental doping, and modification with biomolecules
(aptamers, enzymes, etc.). In this work, we demonstrate that commercially
available graphene ink can exhibit selective and highly sensitive detection of DA by
tuning the surface chemistry utilizing a simple, one-step annealing process. The annealing condition directly impacts the sensor
response to DA, with the optimal conditions (30 min at 300 °C under 3% H, + Ar) yielding a distinguishable and selective response
to DA down to S pM. X-ray photoelectron spectroscopy (XPS) confirms that the improved selectivity is due to the increased fraction
of oxygen functionalities (in particular, C—OH), while Raman spectroscopy shows a higher degree of defectiveness for this condition
compared to others. Evaluation of the interaction of three molecular components of DA (i.e., aromatic ring, hydroxyl groups, and
amine group) with graphene confirms that the z—z interaction and —OH groups play a prominent role in the improved adsorption
of DA on the graphene surface. Furthermore, we demonstrate a proof-of-concept, all-solution processable sensor on polyimide
substrates using graphene ink. Tuning the sensor response by varying the annealing condition offers a simple avenue for developing
sensitive, selective, and low-cost point-of-care biosensors, while low-temperature annealing ensures compatibility with flexible
substrates, such as polyimide.

Spin-coat Anneal "k

KEYWORDS: graphene ink, surface chemistry, annealing, dopamine, electrochemical sensor, biosensor, ethyl cellulose,
scanning electrochemical microscopy

B INTRODUCTION manufacturing, and compatibility with the integrated circuit
technology for data acquisition, processing, and transfer.”' "
Electrochemical techniques rely on detecting the oxidation of
DA to dopamine-o-quinone.'” Among the multitude of
electrochemical methods, differential pulse voltammetry
(DPV) enables sensitive detection of a target species by
overlaying periodic pulses on top of a continuous linear
potential sweep.'” These pulses serve to reduce the non-faradaic
component of the current and exemplify the faradaic
component, which is of analytical interest."> Thus, DPV
provides sensitive detection of various redox-active analytes,
such as DA, for example, down to 24 nM in the presence of
ascorbic acid (AA).'"® In another work, Khudaish et al.

Dopamine (DA, 3-hydroxytyramine) is a critical catecholamine
and neurotransmitter found in the human brain and kidney."”
This molecule is a requisite in physiological processes such as
motor function, emotions, reward processes, and blood pressure
regulation.”” DA also serves as a precursor for in vivo synthesis of
other catecholamines, such as epinephrine and norepinephrine.’
Importantly, deviations from normal, healthy levels of DA in
blood plasma (~740 pM)” can be symptomatic of Parkinson’s
disease, Alzheimer’s disease, schizophrenia, and hypertension.?“’5
Current clinical techniques for monitoring DA levels include
traditional blood tests and 24 h urine sampling.® These tests,
although effective, rely on trained technicians with advanced
laboratory instrumentation, such as liquid chromatography, and

may prove difficult for point-of-care (PoC) applications.”* Received: November 30, 2020
Electrochemical sensors are exceedingly attractive for Accepted: January 13, 2021
detection of DA considering its high redox-activity.” Further- Published: February 27, 2021

more, electrochemical sensors are becoming a preferred means
for PoC detection of numerous bioanalytes, in part due to real-
time readout, simple testing schemes, low-cost, scalable
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demonstrated a glassy carbon electrode modified with poly-
(2,4,6-triaminopyrimidine) and Au nanoparticles to detect
down to 17 nM of DA in the presence of both uric acid (UA)
and AA, two common interferin% species."”

Following its isolation in 2004, + graphene, a two-dimensional
(2D) honeycomb-like lattice of carbon atoms, has been
extensively studied for applications ranging from field-effect
transistors and circuits,"” to solar cells,'® protective coatings,17
and targeted therapeutics,® among others. Additionally,
graphene and its derivatives are frequently utilized in electro-
chemical biosensors, both as an active sensing layer and as a
conductive substrate to support other nanomaterials.'”~
Graphene is a viable sensing material for DA detection due to
the 7—r interaction between the aromatic rings of DA and
graphene.”> Moreover, favorable electrostatic interactions
between graphene (often negatively charged at neutral pH)*’
and DA (positively charged at neutral pH (pK, = 8.87)) make it
a suitable sensor for dopamine. Functionalizing graphene and its
derivatives with metal or metal oxide nanoparticles,” dopants,”’
or conductive polymers™* can further enhance the electro-
chemical response to DA. The use of graphene inks—colloidal
suspensions of graphene flakes—provides an additional
morphological advantage in that the porous nature of the
deposited film can improve the electrochemical response by
modulating the mass transport.”’

Thus far, aptasensors (sensors based on aptamers—
oligonucleotides or peptides that bind to the desired target
analyte) provide the lowest DA detection limits, a crucial figure
of merit for biosensors. Wang et al. demonstrated a highly
responsive aptasensor based on a reduced graphene oxide
(rGO)/poly(3,4-ethylenedioxythiphene) composite for detect-
ing as little as 78 fM of DA.”® Another aptasensor from Liu et al.
utilized graphene and polyaniline for sensitive detection of DA
down to 1.98 pM.”’ Although they display remarkable sensing
properties, aptasensors can still suffer from high functionaliza-
tion costs and complexities, as well as environmental
instabilities.”® On the contrary, DA sensors based solely on
graphene leverage its scalability and low manufacturing costs.””
For example, Yang et al. demonstrated electrochemically
reduced graphene oxide without further modification for
detection of DA down to 500 nM.** However, if electrochemical
sensors based on graphene are to become an effective means for
DA detection, analytical operation in the range of 100’s of pM to
low nM is necessary.

One such approach for the scalable production of graphene is
through the controlled ablation of a polymer usinga CO, laser.”’
Termed “laser-induced graphene (LIG),” this approach allows
for maskless, direct patterning of conductive and highly porous
graphene structures without the need for high-temperature
growth or wet chemical processes.”” This technique has been
demonstrated in the development of electrochemical sen-
sors> "% and shows great potential for developing low-cost
sensing platforms for DA. One possible drawback is that the
choice of the substrate is limited to polymers, such as polyimide,
and other carbonaceous materials. The use of graphene ink, on
the other hand, allows for deposition on potentially any solid
substrate. Therefore, LIG and graphene ink are complementary
means that hold remarkable viability for the development of low-
cost biosensing platforms.

Herein, we report a facile and scalable post-deposition
annealing process to tune the surface chemistry of commercial
graphene ink without the need for subsequent chemical or
biomolecular functionalization. Heat treatment has previously

been used to tune the electrochemical response of graphene
sensors.”” Building upon our preliminary studies with graphene
ink-based electrochemical sensors,”® we achieve a highly
sensitive and selective electrochemical response to DA down
to 5 pM, the lowest reported among existing graphene-only
electrochemical DA sensors. The effect of the annealing
condition is examined as a means to tune the graphene—DA
interaction and identify the optimal condition for DA
detection—30 min at 300 °C under 3% H, + Ar. We find that
a larger concentration of oxygen functionalities (in particular,
C—OH) correlates with a higher sensitivity to DA. These
findings are confirmed by studying three possible adsorption
mechanisms using DA, phenylethylamine (PEA; contains an
amine group and an aromatic ring), and propylamine (PA;
contains only an amine group)”” and are in good agreement with
previous studies.””*' Additionally, in order to translate the
graphene ink sensor toward a portable PoC platform, we
demonstrate a flexible, all-solution processable sensor based on
patterned graphene ink without the need for using micro-
fabrication processes.

B EXPERIMENTAL SECTION

Materials. Graphene ink optimized for spray/spin-coating (cat. #
900960, Millipore-Sigma; St. Louis, MO, USA) was used without
modification unless otherwise stated. (3-mercaptopropyl) trimethox-
ysilane (MPTS), toluene (anhydrous, 99.8%), potassium
hexacyanoferrate(II), potassium hexacyanoferrate(III), DA hydro-
chloride, AA, and UA were all purchased from Millipore-Sigma (St.
Louis, MO, USA). Ethanol (Koptec, 200 proof) was purchased from
Decon Labs (King of Prussia, PA, USA). Isopropyl alcohol (99.5%,
SemiGrade) and acetone (99.5%, SemiGrade) were purchased from
VWR (Radnor, PA, USA). Phosphate-buffered saline (PBS, 1x, pH
7.4) and fetal bovine serum (U.S. origin, no heat inactivation) were
purchased from Corning (Corning, NY, USA). Conductive silver epoxy
was purchased from MG Chemicals (Burlington, ON, Canada) and
prepared by combining equal parts of the precursors and thoroughly
mixing. Polyimide sheets (Kapton GS S500) were obtained from
DuPont Inc. (Wilmington, DE, USA).

Processing of the Graphene Ink. The graphene ink sensor was
fabricated on silicon-on-insulator (SOI) wafers. The wafers were first
cut into 1 X 1 cm? pieces and cleaned through sequential
ultrasonication in acetone and isopropanol for 10 min each, rinsed in
deionized (DI) water (Milli-Q, 18.2 MQ cm at 25 °C), and dried with
N,. After cleaning, the substrates were immersed overnight (~15 h) in
an MPTS solution (5% by vol. in toluene) to promote film adhesion and
uniformity. The substrates were rinsed with toluene and dried before
spin-coating (Laurell Technologies WS-650MZ). Next, SO uL of the
graphene ink was spin-coated onto the substrate. For samples prepared
with diluted ink, the ink was diluted 1:2 by volume with ethanol and
vortexed to ensure uniform mixing. After spin-coating, the sensors were
annealed either on a hot plate (pre-heated to desired temperature) or in
a tube furnace (Barnstead-Thermolyne F21135). For samples annealed
in the furnace under (0%, 3%, or 15%) H, + Ar gas mixture, a flow rate
0f 200 sccm and a pressure of 700 Torr were used. The heating rate was
50 °C/min.

Material Characterization. Scanning electron microscopy (SEM)
images were taken with a FEI NanoSEM 630 microscope (Hillsboro,
OR, USA). The samples were coated with ~5 nm of iridium prior to
imaging. Atomic force microscopy (AFM) measurements were taken
using a Bruker Icon instrument (Santa Barbara, CA, USA). NanoScope
Analysis 1.9 was used to calculate film roughness and thickness after
first-order flattening of the AFM images. Film thickness measurements
were performed after spin-coating by removing a portion of the film
using a cotton swap and isopropanol. The step height between the
substrate and the film was taken as the film thickness.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted in a Physical Electronics VersaProbe II instrument
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(Chanhassen, MN, USA). An Al Ka X-ray source (1.49 keV) was used,
and charge neutralization was carried out using low energy (<S eV)
electrons and Ar ions. Charge calibration was performed using the sp*
carbon peak at 284.4 eV.*> Measurements were made at a takeoff angle
of 45° with respect to the sample. A pass energy of 23.5 eV was used.
Spectra were analyzed using CasaXPS software with the appropriate
instrumental relative sensitivity factors. A Tougaard background was
used for all spectra. An sp* Cls line shape was obtained from highly
ordered pyrolytic graphite measured on the same equipment, in order
to better account for the inherent asymmetry of this peak in the fitting of
the graphene ink spectra.?

Raman spectroscopy was conducted using a Horiba LabRam
instrument (Kyoto, Japan) with a 100X objective and 1800 g/mm
grating. A 532 nm (2.33 eV) laser with a max power of 110 mW
operating at 5% power was used. Spectra were analyzed using the
LabSpec 6 software. The background was subtracted using a second-
order fit before calculating the peak intensity ratios. The peaks were fit
with combined Gaussian—Lorentzian curves. The peak intensity ratios
were calculated based on the fitted peak amplitudes.

Sheet Resistance Measurements. Sheet resistance measure-
ments were performed in a Cascade 1200 four-point probe station.
Indium dots were pressed into each corner of the sample in a van der
Pauw configuration. The samples were then annealed at 180 °C for 1
min on a hot plate. I-V measurements were initially carried out to
ensure that an ohmic contact was formed before carrying out the van
der Pauw sheet resistance measurements. More details are provided in
the Supporting Information.

Sensor Assembly and Electrochemical Characterization.
Polyimide tape was used to isolate the active sensing area using a 2
mm diameter biopsy punch. Electrical contact was made with adhesive
copper tape. Electrochemical characterization was carried out using a
three-electrode configuration with a Pt wire as the counter electrode
(CE) and Ag/AgCl (saturated in 3 M NaCl) as the reference electrode
(RE). All results here are referenced to this RE, unless otherwise noted.
The measurements were taken using a PalmSens4 potentiostat (BASi
Co., Lafayette, IN, USA) with the PSTrace S software. For
electrochemical testing, 100 uL of solution was pipetted onto the
sensor.

For DPV measurements, a pulse amplitude of 200 mV, pulse
duration of 20 ms, and scan rate of S0 mV s~ were used. Before
measurement with DA, the graphene sensors are stabilized via multiple
(~10) CV scans in PBS from —0.6 to 0.6 V. Once stabilized, DA
concentrations from 0 pM to 50 uM in PBS are tested with each
graphene electrode using DPV. The baseline of the DPV curves was
subtracted using a spline fit by selecting points along the curve both
preceding and proceeding the potential range corresponding to the
faradaic peak and interpolating the fitted curve through these points.*”
This processing was performed in OriginLab’s OriginPro 2019
software.

Electrochemical impedance spectroscopy (EIS) measurements were
carried out with 5 mM [Fe(CN)]>~/#~ in PBS across a frequency range
of 100 mHz to 1 MHz. An AC potential of 10 mV was applied witha DC
potential of 0 V with respect to the open-circuit potential. A Randles
equivalent circuit model with two resistor—capacitor (RC) components
was used to extract the charge transfer and intrinsic resistance values.
The circuit fitting was performed using the EIS Spectrum Analyzer
software. Cyclic voltammetry (CV) measurements with [Fe-
(CN)4]*~"* were carried out at a scan rate of 50 mV s™%. The faradaic
component of the CV curves was calculated by linearly extrapolating
the non-faradaic component and subtracting its contribution from the
faradaic peak.

The error bars reported for the electrochemical measurements
represent the standard error (SE) of the mean and were calculated from
the testing of four to five distinct sensors (n = 4—5) for each processing
condition.

Scanning Electrochemical Microscopy Characterization.
Scanning electrochemical microscopy (SECM) measurements were
carried out on a Bruker Dimension Icon AFM system with Bruker
PeakForce SECM probes (Santa Barbara, CA, USA). The solution was
1 or 100 mM DA hydrochloride in PBS. The measurement was carried

out in a four-electrode chamber with Pt wire CE, Ag/AgCI RE, and the
probe tip and sample surface as the two WEs. Initial CV curves with the
tip and surface separated by 1 mm distance were used to ensure
connectivity and to find the equilibrium potential. The probe tip was
then held 150 mV above the equilibrium potential and the surface 150
mV below. Various other potentials were applied for repeatability. A
map of the tip current was taken with an interleave lift scan. That is, the
topography was measured by the standard liquid phase tapping mode
and then the probe was lifted 20 nm and retraced the measured
topography. Lift heights of 50 nm and 250 nm were also employed.
Fabrication of an All-Solution Processable Sensor Based on
Graphene. The all-solution processable sensor based on graphene ink
was fabricated on a polyimide sheet (S mil thick, DuPont Inc.,
Wilmington, DE, USA) cleaned via sequential ultrasonication in
acetone and isopropanol for 10 min each, rinsed in DI water, and dried
with N,. A sacrificial mask layer of the polyimide tape was applied on the
sheet and patterned with a CO, laser printer (4 = 10.6 ym; VLS 2.30
Desktop Laser System, Universal Laser Systems Inc., Scottsdale, AZ,
USA) operating in the vector mode at 7.5 W power (30% of max), 1000
pulses per inch, and a write speed of 2.9 in. per second (29% of max).
AutoCAD (AutoDesk, San Rafael, CA, USA) was used to create the
pattern. The patterned regions were removed, and two layers of
graphene ink were spin-coated at 2000 rpm for 30 s, followed by
annealing for 30 min at 300 °C under 3% H, + Ar. The Ag/AgCl
pseudo-reference electrode (PRE) was formed by depositing
conductive silver epoxy onto the ink and curing for 2 h at 65 °C in
an oven and treating with a 10:1 dilution of bleach in DI water for 1 min.

B RESULTS AND DISCUSSION

Processing and Morphological Characterization of
Graphene Ink Films. The fabrication and electrochemical
testing scheme of the sensors based on graphene ink thin films is
presented in Figure 1a. First, the effect of spin rate (2000 vs 5000
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Figure 1. (a) Schematic outlining the fabrication and electrochemical
testing process of the graphene ink DA sensor. The effects of the spin-
coating and annealing conditions on the sensor performance are
investigated. A three-electrode electrochemical cell comprising the
graphene working electrode (WE), Pt wire counter electrode (CE), and
Ag/AgCl reference electrode (RE) is used. (b) Representative AFM
image showing a film of graphene flakes deposited on the substrate. (c)
Film thickness and average roughness (R,) of the as-received and
diluted (1:2 by vol.) ink deposited at 2000 and 5000 rpm, as determined
by AFM.
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rpm) and ink dilution (as-received vs 1:2 volume dilution) on
the surface morphology, sheet resistance, and charge transfer
characteristics is investigated. More details can be found in the
Supporting Information. Briefly, AFM is used to quantify film
roughness (R,) and thickness (Figure 1b,c). A roughness value
of approximately 6 nm is measured for all conditions excluding
the as-received ink spun at 2000 rpm (R, ~ 9.2 nm). Higher
roughness can be advantageous for electrochemistry as there is
more active surface available within a given geometric area.
Indeed, electrochemical characterization (Figure S1) with a
ferri/ferrocyanide ([Fe(CN)4]*~/*7; 5 mM in PBS) redox probe
shows more ideal charge transfer behavior for the as-received
ink, with the 5000 rpm sample displaying the lowest charge
transfer resistance and better sample-to-sample consistency.
Furthermore, the sheet resistance (Ry.;) for graphene films
using the as-received ink is lower than their diluted counterparts
(Figure S1f). In combination, these improved electrical and
electrochemical characteristics, in general, lead to improved
sensing behavior. Thus, the as-received ink spun at 5000 rpm is
chosen as the optimal deposition condition for the fabrication of
DA sensors.

After spin-coating, the samples are thermally annealed to
decompose the ethyl cellulose stabilizing polymer and remove
residual solvent, thereby significantly enhancing the electrical
conductivity which is necessary for electrochemical sensin
applications.”* Other techniques, such as photonic annealing®
and pulsed-laser-annealing (PLA),"*° have also been shown to
improve the electrical conductivity of graphene ink films. These
techniques use high-energy light to decompose the ethyl
cellulose binder and increase conductivity. An advantage of
such strategies is the compatibility with substrates and auxiliary
processing materials that cannot withstand thermal annealing.
However,photonic annealing and PLA modalities result in film
morphologies that differ from thermally annealed samples.**~*°
These morphologies have been exploited, for example, to create
superhydrophobic surfaces,***” due to the vertical alignment of
graphene flakes compared to horizontally aligned flakes after
casting and thermal annealing. Additionally, these techniques
can mitigate and remove oxygen functionalities from the surface
(which generally increase hydrophilicity).**™*" Although the
resulting graphene may be suitable for applications in anti-
fouling and self-cleaning surfaces, it may not be ideal for sensing
applications. Good surface wetting is desirable for electro-
chemical sensing as it allows for more facile diffusion of the
analytes to the electrode surface.”®*” Furthermore, the presence
of oxygen moieties on the surface can enhance the interaction
with a target analyte, which subsequently improves the sensor
performance.so’51 As a result, thermal annealing is chosen here
because of better hydrophilicity and a higher degree of
oxidation. However, despite the drawbacks listed here, photonic
annealing does have its advantages and has even been used
recently for applications in biosensing.>”

We investigate the effect of annealing temperature, duration,
and environment on the sensor performance. The annealing
temperature and duration impact the resistivity of graphene ink
electrodes,”*° whereas the underlying mechanism of ethyl
cellulose decomposition is dependent on the annealing
environment.>® To this end, four different annealing conditions
(outlined in Table 1) are evaluated to understand the role of
annealing time (30 min vs 180 min), temperature (300 vs 1000
°C), and environment (on a hot plate or in a tube furnace under
3% H, + Ar) in the sensing response to DA. Our studies on the
effect of H, content show that 3% H, yields the largest DA

Table 1. Annealing Conditions of the Graphene Ink Studied
in this Work

Graphene annealing conditions

Sample identifier =~ Time (min)  Temperature (°C) Environment
S1000 30 1000 3% H, + Ar
S30030 30 300 3% H, + Ar
Shp 30 300 hot plate
S300,180 180 300 3% H, + Ar

oxidation peak current (see Figure S2). The pyrolysis of ethyl
cellulose occurs at approximately 300 °C;>® hence, this
temperature is chosen for investigation as it is possible to
decompose the ethyl cellulose without completely removing the
byproducts. Lower temperatures would result in incomplete
decomposition of the ethyl cellulose resulting in poor electrical
properties.”* Conversely, at 1000 °C, all residual polymer or
solvent will be removed.”* Additionally, 30 min has been
reported to be sufficient for obtaining highly conductive
graphene ink films,”* but longer times are less explored.
Therefore, a longer annealing time of 180 min is also chosen
for investigation.

Studying the Interfacial Properties and Charge Trans-
fer of Graphene Ink Layers. The electrochemical properties
of the ink-based working electrodes (WEs) are evaluated using
CV and EIS measurements with a [Fe(CN)4]>~/*" redox probe.
[Fe(CN)g]>~/* electron transfer is surface sensitive, although
not oxide sensitive, meaning that the electron transfer is slowed
by the presence of surface monolayers and not dependent on the
specific type of oxygen-containing functional groups.”

CV (Figure 2a) provides insights into the electrode kinetics
and reversibility,'> where a ~57 mV peak separation (AE )
(for single electron transfer reaction at 25 °C) indicates ideal
reversibility. Divergence from this ideal value corresponds to
more sluggish electron transfer kinetics and worsened reaction

a)

E

L)

E ‘:Isaooqao-swoo

£

=

Q

o

Q

N

©

£

£

S

z

-0.6 -0.3 0.0 0.3 0.6
E vs. Ag/AgCI (V)

c) . d) 3

401" Swp G [ M

<

20 N 2300'30 € g Bl s
—_ £1 3
S vsaooneo No jl& o 20 [ Ss0180
= 20f 01253 4 g B S 000
N v Y v Zelka) 2
\ v e Y 210

10 v ncreasing w Vv &

0

0 10 20 30 40 0 Charge transfer Intrinsic

Z,, (kQ)

Figure 2. Electrochemical characterization of graphene films using CV
and EIS methods with 5 mM [Fe(CN),]*~*" in PBS (pH = 7.4). (a)
Average normalized CV data for each annealing condition. The shaded
region represents the SE of 4—5 samples. Representative cyclic
voltammograms of each processing condition with (b) relevant kinetic
parameters shown. (c) Nyquist plots for each processing condition,
with the high-frequency region shown in the inset. (d) Extracted charge
transfer and intrinsic resistance values for each processing condition.
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Figure 3. (a) A representative differential pulse voltammogram of S3y 3 (the optimal condition for DA detection) after background subtraction. The
inset shows the response at lower DA concentrations. (b) Normalized peak current values versus DA concentration for each annealing condition (n =
4-5). (c) A height map measured using SECM and (d) the corresponding electrochemical map with 1 mM DA. (e) A height map of a different region
of the graphene film and (f) the corresponding electrochemical map with 100 mM DA. Note—the arrows and lines serve to guide the eyes when
comparing between the height maps and corresponding electrochemical maps.

reversibility. Figure 2a shows the normalized CV curves for each
annealing condition, with the shaded region representing the
standard error of 4—5 samples. The graphene ink annealed at
300 °C for 30 min in 3% H, + Ar (S;p930) exhibits a peak
separation of 245 + 27 mV, the lowest of the four conditions
investigated (Figure 2b). Similar values have been reported for
screen-printed graphene ink electrodes.’® This condition also
exhibits the lowest faradaic peak current ratio (Io,/IL.q = 1.15 +
0.0S, ideally unity), an additional figure of merit describing the
reversibility of an electron transfer process.'> On the contrary,
samples annealed at 1000 °C for 30 min in 3% H, + Ar (S;gq,)
demonstrate the worst performance, with a AE, ., of 533 + 72
mV and a I,/I .4 of 3.62 + 1.44. High-temperature annealing in
the presence of hydrogen is known to restore sp® domains,
remove oxygen-containing functional groups, and passivate the
electrochemically active edge sites.”” This likely explains the
poor electrochemical performance of Sy as defects play an
important role in improving the electrochemical activity.
Furthermore, we observe a significant decrease in the sheet
resistance of S0 (Figure S3), which is typical of less defective
graphene and agrees well with previous reports.*® The 300 °C,
180 min, (S390,150) condition also shows slower electrochemical
kinetics (AEPeak =430 + 109 mV, I /I, = 1.37 + 0.21),
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suggesting the longer annealing duration, even at lower
temperatures, may also reduce defectiveness.

EIS measurements further elucidate the interfacial properties
of the graphene layer. The Nyquist plots (Figure 2c) are fitted
with two RC circuits composed of a high-frequency semicircular
region, a mid-frequency semicircular region, and a low-
frequency linear region. The low-frequency linear region arises
from mass transport limitations and is described by the Warburg
impedance, Zy,.'” The high-frequency semicircle corresponds to
the intrinsic impedances of the material (eg, flake to flake,
contact impedance)® and is denoted as Ry, The intrinsic
resistance remains relatively constant at 2.5—3 kQ across all
conditions (Figure 2d). The mid-frequency semicircle is
attributed to the faradaic charge transfer resistance, denoted as
R, R, varies dramatically across processing conditions and
follows a similar trend to AE,,, extracted from the CV data (as
shown in Figure 2b), in agreement with previous reports.””®’
S 1000 shows the largest charge transfer resistance with R, = 20.00
+ 6.20 kQ, while S35, exhibits the smallest R, (1.23 + 0.35
kQ). Therefore, we conclude that S;p3, exhibits the most
favorable electron transfer characteristics of the four conditions
studied, which often correlates to improvements in electro-
chemical sensing applications.®’
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Tailoring the Sensor Response via the Annealing
Condition. The effect of annealing on the graphene sensor
response toward DA is investigated using DPV. An oxidation
wave appears at ~0 mV versus Ag/AgCl (Figure 3a). This peak
corresponds to the oxidation of DA to dopamine-o-quinone via a
two-electron transfer process.” Interestingly, the peak appears to
be bimodal with two overlapping peaks present. Such behavior
may be attributed to competing mass transport mechanisms,
namely semi-infinite and thin-layer diffusion, related to the
electrode morphology.”~®* Oftentimes, thin-layer diffusion
within the pores of the electrode gives rise to an oxidation peak
shifted to more negative potentials relative to its semi-infinite
counterpart. Given the spin-coated graphene films investigated
here are much thinner (~20 nm) than many of the drop-cast
films studied by Aksay and co-workers (>1 um),” the
cumulative pore volume is less. Therefore, the predominant,
although not exclusive, diffusive component is semi-infinite
diffusion from the bulk solution. This is confirmed by the
dependence of the redox peak current on the square root of the
voltammetric scan rate (Figure S4), which is characteristic of
semi-infinite planar diffusion described by the Randles—Sevcik
equation.'” Although the majority of mass transport in this case
is due to semi-infinite diffusive transport, the additional element
of electrode porosity may contribute to the improved DA
response seen here. Expanding upon the role of film thickness
and subsequent porosity in DA detection certainly warrants
future investigation.

The normalized peak currents for each condition (after
baseline subtraction (see Experimental Section), Figure 3b) as a
function of DA concentration indicate that annealing in 3% H, +
Ar at 300 °C for 30 min (S 30) is ideal, with a dynamic range of
S orders of concentration magnitude (S pM to 500 nM). Here,
the current recorded at E = 0 mV versus Ag/AgCl for each
concentration is normalized with respect to the current with 50
UM DA. ;400 and Sy 15 respond similarly to DA (detection
limit ~5 nM), while the sample annealed on a hot plate at 300
°C for 30 min (Syp) exhibits the worst affinity to DA, with no
significant response below S uM.

The enhanced response of S34 39 to DA is partially attributed
to the abundance of active edge plane sites of the graphene
flakes. Edge plane sites have been reported to demonstrate
heterogeneous electron transfer (HET) rates on the order of
107% cm 5™, while the basal plane yields a HET rate below 1077
cm s~} essentially inert.”® Scanning electrochemical microscopy
(SECM) allows for combined AFM height and electrochemical
mapping, enabling direct visualization of physical features and
their electrochemical behavior. The SECM tip current has two
contributing factors: ambient current from the surrounding
solution and enhanced current from the surface. When the tip is
held above the redox potential of the solution and the surface is
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held below, or vice versa, the surface current dominates over an
order of magnitude higher than the ambient tip current, which is
mostly constant at a given lift height. Non-faradaic current and
surface conductivity enhancement are determined to be
negligible in controls. To ensure that this was not a
measurement artifact from tip contact with the surface, both
scan directions are observed. Similarly, lift heights of 20, 50, and
250 nm and several configurations of surface and probe potential
all showed similar results.

We confirm the high electrochemical activity of edge sites
using SECM mapping of the graphene layer (Figure 3c—f),
which shows notably higher oxidation current at the edges of
graphene flakes. Figure 3c,e show the height maps for two
different regions of the graphene ink film. The arrows and lines
serve as a guide for the reader and allow for easier comparison
with the electrochemical maps, as shown in Figure 3d,f. Figure
3d shows the electrochemical mapping with 1 mM DA in PBS.
The most active regions are located near the edges of individual
flakes. This is especially clear for the flakes in the top and bottom
left-hand corners of Figure 3d. Figure 3f shows the electro-
chemical mapping for a different region of the graphene film
using 100 mM DA in PBS. At these concentrations, the overall
activity is increased as seen by the increased magnitude of the
current. Although the edge planes still show a significant
electrochemical response, the basal planes begin to respond as
well.

Analysis of the Raman spectra (Figure S5) of each annealing
condition shows the presence of D (~1350 cm™), D’ (~1620
em™'), G (~1580 ecm™'), and 2D (~2700 cm™') peaks
associated with graphitic carbon species.”” The G peak arises
from the degenerate longitudinal and in-plane transverse optical
phonon modes at the Brillouin zone center (I") and is common
for graphitic carbon.’” The D peak is attributed to the in-plane
transverse optical phonon mode at the K-point and arises due to
defects and edges in graphene.”” Comparison of the D and G
peak intensities (denoted I, and I, respectively) indicates
moderate defectiveness (Ip/I = 0.47 % 0.02) for S 30, which is
the most defective of the four conditions. On the contrary, the
lowest Ip/I; of 0.37, corresponding to Syp, shows reduced
performance in the detection of DA. The increased defective-
ness explains, at least in part, the enhanced electrochemical
performance. Defects in graphene have been shown to enhance
electron transfer and improve the response to DA.®® However,
excessive defectiveness can degrade the electrical properties of
graphene and worsen the sensing performance. Therefore, a
modest degree of defectiveness, as seen here, allows for an
improved electrochemical response (charge transfer with the
solution) while maintaining much of the superlative electrical
character of graphene (charge transport within the film).
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Selectivity toward common interfering species is critical in
biosensing technologies. In the case of DA, AA and UA are
coexisiting species that can inhibit DA detection. To this end, we
investigate the response of the optimal graphene ink layer
(S300,30) with both AA and UA using DPV. The results are shown
in Figure 4a,)b for AA and UA, respectively. As depicted, no
significant response is observed at concentrations below 50 M.
Additionally, the oxidation potentials of both AA and UA occur
at ~0.35 and ~0.30 V, respectively, whereas the DA oxidation
peak occurs at ~0 V, thus limiting any overlap of the peaks. The
selectivity of graphene films has been attributed to both its
morphology” and the negative charge due to various oxygen-
containing functional groups on the surface. Compared to DA
with pK, & 8.9, both AA and UA are negatively charged at
physiological pH (with pK, = 4.2 and 5.4, respectively),’
leading to electrostatic repulsion from the graphene surface and
improved selectivity for DA.

Furthermore, the sensor is capable of DA detection in a
complex sample matrix - serum - as shown in Figure 4c. A 10%
solution of fetal bovine serum in PBS is spiked with increasing
DA concentrations. The analytical operation of the sensor
remains comparable to the results obtained with DA in a 100%
PBS solution, thus demonstrating the efficacy of the sensor to
function in more complex, physiologically relevant samples.

Oxygen Functionalities Play a Key Role in DA
Detection. XPS measurements of the carbon C 1s and oxygen
O Is are taken for each processing condition (XPS spectra and a
detailed fitting are shown in Figure S6 of Supporting
Information). The main peak corresponds to sp> carbon
(284.4 eV) and is fitted with an asymmetric Gaussian—
Lorentzian curve.*” A smaller, symmetric peak for sp> carbon
is found at 285 eV. Additional peaks attributed to different
oxygen moieties (hydroxyl (C—OH; 285.7 eV), epoxide (C—
O—C; 286.8 eV), carbonyl (C=0; 288.0 eV), and carboxyl
(O—C=0; 289.1 eV)) on the graphene surface can be seen at
higher binding energies, most likely a result of the pyrolysis of
the ethyl cellulose. Finally, a broad 7—n* satellite peak around
291 eV is observed as well. A comparison of the atomic
concentrations of each component is shown in Figure Sa. Given

a) o
—— Dopamine
90 —— Phenylethylamine
—— Propylamine
288 -
2
S 86
g 4
2 N
0 sp?2 sp® C-OH C-0-C C=0 O-C=0 -01 0 4 F) 12 16
Time (s)

Figure S. (a) Comparison of the atomic concentrations of each C 1s
component based on fitting of the XPS spectra. (b) Three different
amine-containing molecules (PA, PEA, and DA) are used to study
adsorption on the surface (as indicated by AQ = Quine — Qbackgmund) of
graphene ink and confirm the XPS results.

the relatively low levels of oxygen-containing groups, the XPS
data may only provide a semi-quantitative picture of the surface.
Nonetheless, S;09,30 shows a higher level of hydroxyl groups than
other conditions (around 3.75%). In fact, this condition shows
higher levels of all oxygen functionalities. Recall that this
condition yields the best electrochemical response to DA. The
presence of hydroxyl groups in particular can lead to improved

hydrogen bonding between graphene and DA and proves to be
useful for sensing applications.”’ In tandem with other oxygen
functionalities, the presence of hydroxyl groups on the surface
likely contributes to the low-concentration DA response seen in
the S300,30 condition.

DA adsorption on graphene layers has been studied both
experimentally®”** and computationally*"’® to better under-
stand how DA interacts with both pristine graphene and
defective/functionalized graphene. DA adsorption is thought to
occur through 7—r interactions between the aromatic ring of the
catechol group in DA and the carbon atoms of graphene,
hydrogen bonding between —OH groups of DA and —OH
groups on graphene, or dispersive interactions between charged
groups (e.g., amine, hydroxyl, and methylene) of DA and
graphene.*” In our work, the variation of surface chemistry as a
function of annealing condition clearly impacts the electro-
chemical response to DA. Therefore, to better understand how
graphene is interacting with DA, we employ a similar procedure
previously reported by Bath et al.’” Briefly, we test the non-
faradaic interaction of graphene ink sensors with three different
amine-containing molecules, namely DA, phenylethylamine
(PEA), and propylamine (PA). Both PEA and PA lack specific
molecular components found in DA that could act as adsorption
sites. By limiting the potential scan window between —0.4 and 0
V, any faradaic processes will ideally be prevented, and therefore,
the measured current is due to non-faradaic charge accumu-
lation at the graphene—solution interface. Figure 5b shows the
net charge (AQ; AQ = Qumine — Qbackgmund) as a function of time
for each amine-containing species. Here, Quackground a0d Qamine
represent the charge accumulated in the absence or presence of §
UM of the target amine-containing molecule, respectively. For
PA, which contains an amine group but no aromatic ring or
hydroxyl groups, very little difference in charge can be seen
between the background and 5 M solution. This indicates that
the amine group plays an insignificant role in adsorption of DA
on the graphene surface. For PEA, an increase in the amount of
negative charge accumulated for the S #M solution indicates that
the aromatic ring increases adsorption on the surface through
m—rm interactions. This is consistent with computational studies,
which have shown this interaction to be favorable."" The
magnitude of AQ is largest for DA, thereby demonstrating the
role of hydroxyl groups in DA adsorption on graphene as well.
Hydroxyl groups are shown to form hydrogen bonds with
hydroxyl groups and defects in graphene.*”’° These defects may
occur as vacancies in the basal plane’’ or along the edges of the
graphene flake.® In this case, there appears to be less charge
accumulated, as seen by the shift of the AQ to more positive
values. This may be due to the presence of hydro§en bonds
shifting the electron density from graphene to DA,”” therefore
resulting in less negative charge being present in the graphene
layer. Thus, both hydroxyl groups and the 7—r interaction are
shown to play an important role in promoting DA adsorption on
the graphene surface.

Fabrication of a Proof-of-Concept All-Solution Proc-
essable Sensor. Low-cost and scalable sensors are crucial for
fabrication of wearable and PoC technologies.”” In order to
demonstrate the potential of graphene ink sensors for
application in PoC testing, we fabricate a three-electrode, all-
solution processable platform using a flexible polyimide
substrate. Figure 6a provides a schematic overview of the
proposed sensor with more details of the fabrication procedure
provided in the Experimental Section. Briefly, a CO, laser
printer is used to pattern a shadow mask in a sacrificial layer of
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Figure 6. (a) Schematic of the fabrication process for the proof-of-concept all-solution processable sensor with CE and PREs made using graphene ink
on a polyimide sheet. (b) The sensor response to DA in PBS measured using DPV. Inset—an optical image of a sensor fabricated on a polyimide

substrate.

polyimide tape. The patterned polyimide is removed, and the
graphene ink is then spin-coated. The sample is annealed at 300
°C for 30 min under, and a PRE is formed using bleach-treated
Ag paste. The resulting sensor response is shown in Figure 6b.
The response is similar to the samples tested using conventional
counter and reference electrodes, as shown previously in Figure
3, thus demonstrating the graphene ink as a suitable platform for
fabricating flexible, PoC biosensors.

B CONCLUSIONS

We investigate a facile process for enhancing the sensitivity of
commercial graphene ink toward DA oxidation in physiological
pH and demonstrate its application as a low-cost sensing
material. The effect of the annealing condition of spin-coated
graphene ink on the surface chemistry and electrochemical
properties is investigated. The optimal annealing condition for
DA detection is found to be 300 °C for 30 min in a 3% H, + Ar
environment. As determined by XPS analysis, this condition is
found to have the largest levels of oxygen functionalities (in
particular, C—OH) compared to the other three processing
conditions. To understand how these results correlate with DA
adsorption on graphene, we evaluate the non-faradaic charge
accumulation of three amine-containing molecules, specifically
DA, PEA, and PA. We find that 7—7 interaction and hydroxyl
groups of DA enhance its adsorption on graphene. Furthermore,
in an effort to translate toward a PoC platform, a portable, all-
solution processable sensor based on patterned graphene ink is
developed.

Considering the wealth of active edge sites and defects in 2D
material inks, they can serve as excellent candidates for
developing low-cost and printable sensing devices/systems.
Moreover, the use of 2D inks facilitates the formation of porous
electrodes, which can offer additional “catalytic” enhancement
over pristine, planar graphene films by modifying the mass
transport properties of the electrode. This often manifests itself
as a shift and/or splitting of the redox peak, as seen in this study.
Further investigation into the effect of porosity in spin-coated,
solution-processable electrodes on sensitivity toward the analyte
is necessary. Additionally, studying the effect of other annealing
environments and conditions (e.g., other gases, dopants, etc.) on
graphene and other 2D inks and their hybrids is warranted as it
may offer a means to tune their response toward other clinically
relevant biochemical analytes.
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University for using their furnace to anneal polyimide substrates
in a controlled environment.
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