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Bioresponsive, Electroactive, and Inkjet-Printable

Graphene-Based Inks

Alessandro Silvestri,* Alejandro Criado, Fabrizio Poletti, Faxing Wang, Pablo Fanjul-Bolado,
Maria B. Gonzdlez-Garcia, Clara Garcia-Astrain, Luis M. Liz-Marzdn, Xinliang Feng,

Chiara Zanardi, and Maurizio Prato*

With the advent of flexible electronics, the old fashioned and conventional
solid-state technology will be replaced by conductive inks combined with
low-cost printing techniques. Graphene is an ideal candidate to produce
conductive inks, due to its excellent conductivity and zero bandgap. The
possibility to chemically modify graphene with active molecules opens

up the field of responsive conductive inks. Herein, a bioresponsive,
electroactive, and inkjet-printable graphene ink is presented. The ink is
based on graphene chemically modified with selected enzymes and an
electrochemical mediator, to transduce the products of the enzymatic
reaction into an electron flow, proportional to the analyte concentration. A
water-based formulation is engineered to be respectful with the enzymatic
activity while matching the stringent requirements of inkjet printing.

The efficient electrochemical performance of the ink, as well as a proof-
of-concept application in biosensing, is demonstrated. The versatility

1. Introduction

Since the past decade, a transition has
been rapidly taking place in the field of
electronics: devices are becoming smaller,
thinner, flexible, and wearable.¥ Such
a revolution is expected to replace tradi-
tional solid-state technology, which shows
important limitations in terms of device
flexibility, environmental concerns, and
processing costs.”! The development of
increasingly efficient conductive inks
is gradually facilitating this transition,
because printing techniques offer low-
cost, industrially appealing, and scalable
alternatives for flexible electronics manu-
facturing.’! The emerging role of con-

of the system is demonstrated by modifying graphene with various
oxidoreductases, obtaining inks with selectivity toward glucose, lactate,

methanol, and ethanol.

ductive inks in a wide range of industrial
applications is testified by the increasing
number of published papers and patents
and their growing market value share.]
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Indeed, conductive inks are extensively investigated in the man-
ufacturing of organic light-emitting diodes (OLEDs),®l solar
cells,! flexible displays,®! batteries,™ radio-frequency identifi-
cation (RFID),? thin-film transistors,'*! healthcare devices,™
and sensors.[! Several types of inks have been developed using
metal (Ag, Au, Cu) nanoparticles, conductive polymers, and
carbon allotropes.”) Among these nanomaterials, graphene has
received a great deal of attention, due to its exceptional carrier
mobility (up to 2 x 10° cm? V™! s72) and unique mechanical
properties.”) Furthermore, this 2D material can be exfoliated
from graphite via solution processing with reduced costs and in
mass production, making it an ideal candidate for the develop-
ment of such inks.[!!

Several printing processes are compatible with graphene
inks,! including: screen,!”l inkjet,'® flexographic/roll-to-roll
gravure,” and aerosoljet printing,?” and spray coating.l?!l
Among them, inkjet printing features many advantages,
namely: simplicity, high repeatability, scalability, fast processing,
and reduced costs.l However, the feasibility of inkjet printing
is limited by fundamental ink properties such as viscosity and
surface tension.>2224 The development of the first classes of
conductive graphene-based ink formulations did not consider
the optimization of such parameters to match the requirements
of the printing process, as the attention was focused on the effi-
ciency of the exfoliation procedure and the quality of the gra-
phene flakes.[”® Lately, new ink formulations have emerged,
based on different organic or aqueous solvents.?#2¢l The inclu-
sion of additives in the formulation, such as polymers, cosol-
vents, and surfactants, has also been investigated, with the aim
of optimizing the rheological properties and drying dynamics
of the ink and even its interaction with the substrate.?”] We
propose that the next challenge in the field is related to the
development of graphene-based inks, capable of inducing selec-
tive interactions with target chemical species. This goal can be
achieved by functionalizing graphene with organic functional
groups or bioreceptors, thereby exploiting the large arsenal
of chemical reactions that can be performed over graphene,
ranging from covalent bonds to 77 interactions.”’) The trans-
duction of the recognition event into a readable signal should
result in inks that are responsive to a chemical stimulus (e.g., a
change in concentration). Several examples can be found in the
literature reporting graphene-based inks responsive to physical
stimuli, such as temperature 2839 pressure %31 or light.[3233]
Instead, only few inks have been reported with a well-defined
response toward chemical stimuli, and they focus mainly on
gas concentration,}*3% pH 1738 and humidity.3%40)

Herein, we present conductive inks, based on exfoliated
graphene and oxidoreductase enzymes, which are selectively
responsive to the concentration of biorelevant molecules. As an
initial example, we employed glucose oxidase (GOx), covalently
bound to electrochemically exfoliated graphene (EEG), as the
recognition element: this enzyme can catalyze the oxidization
of glucose into glucono-lactone, while producing H,0,. Cobalt
phthalocyanine (CoPC) is added in the formulation to mediate
the oxidation of hydrogen peroxide, thereby generating an elec-
tron flow that can be correlated to glucose concentration. The
same system can be implemented for inks that are responsive
to, e.g., lactate, ethanol, and methanol, by simply using enzymes
specific for these substrates, thus rendering this technology
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highly versatile. We also demonstrated the successful modifi-
cation and application of commercially available electrodes by
inkjet printing.

2. Results and Discussion

2.1. Synthesis and Characterization of the Active Material

Engineering of graphene-based conductive inks requires the
use of exfoliated graphene with reduced defect density and low
degree of oxidation to ensure high conductivity.*! Additionally,
small flake lateral size is required to achieve colloidal stability
and to avoid nozzle clogging during printing." An inexpen-
sive and readily scalable exfoliation procedure is also desirable
to facilitate industrial production of the ink. Therefore, electro-
chemical exfoliation by application of an alternating current in
N,N-dimethylformamide (DMF) was selected as the production
method, followed by tip sonication at —4 °C for 30 min to con-
trol the lateral size of the flakes.*?l Electrochemical exfoliation
is an industrially appealing method that can be readily scaled
up by increasing the size of the graphite foils, as well as the
volume of the electrochemical cell.®®*! In these conditions,
the resulting EEG is characterized by a median lateral size of
271 nm (measured from transmission and scanning electron
micrographs (SEM and TEM); Figure 1A-C) and low oxygen
content (6.2 at%, atomic percentage, by X-ray photoelectron
spectroscopy (XPS); Figure 1D). The deconvolution of the Cls
core peak in XPS shows that the graphene lattice is largely pre-
served (C=C contribution of 80.9 at%; Figure 1E); complete
XPS characterization of our EEG is provided in Figure S1 in
the Supporting Information. Analogously, the ratio between
the D (1359 cm™) and G (1590 cm™) Raman band intensities of
graphene (Ip/Ig), equal to 0.32 £ 0.05, confirms a low number
of defects for small size exfoliated graphene, where the D peak
mainly originates from the edges of the flakes (Figure 1F).[*!
On the basis of atomic force microscopy (AFM) profiles (Figure
S2, Supporting Information), we conclude that the produced
EEG can be classified as few-layers graphene (=10 layers).l*¢!

To produce an electroactive material, pristine EEG was modi-
fied with the bioreceptor GOx and an electrochemical mediator,
CoPC, which, together with graphene, work as the signal trans-
ducer. We hypothesized that, by keeping all the components of
the active material confined on the graphene flakes, the effi-
ciency of the biocatalytic cycle should be strongly improved, in
turn inducing a more sensitive response from the printed ink.[¥/
In fact, if GOx and CoPC are in close proximity, more rapid and
efficient diffusion of the intermediate (H,0,) from one catalytic
site to the other is expected. Preparation of such nanoconfined
assemblies required chemical modification of pristine EEG with
4-phenylacetic acid diazonium tetrafluoroborate (Figure 2). The
diazonium salt reacts with the graphene network via a single
electron transfer (SET) mechanism, inducing a change in the
carbon hybridization from sp2 to sp3.?! The functionalized
graphene (EEG-COOH) is characterized by free carboxylic acid
groups on its surface, which play a double role: to help stabilizing
graphene in water and to work as anchoring points for GOx in
subsequent steps. CoPC was then incubated with EEG-COOH,
so that it would adsorb over its basal plane. The adsorption and
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Figure 1. Characterization of EEG flakes. A) Representative TEM micrograph of a single EEG flake. B) SEM micrograph of EEG showing more repre-
sentative information about the lateral size of the flakes. C) Statistical analysis of EEG lateral size from SEM micrographs (400 graphene flakes). The
median value is 271 nm, with 2 um and 53 nm as the maximum and minimum measured values, respectively. D) XPS survey spectrum highlighting
the elemental composition of EEG. The material comprises mostly C (92.3 at%), with low percentages of O and N (6.2 and 1.5 at%) that indicate a
low density of defects. E) High-resolution XPS spectra of the Cls core, which can be deconvoluted into five components: C=C (284.4 eV; 80.9 at%),
C—0 (286.30 eV; 4.7 at%), C=0 (287.3 eV; 3.8 at%), O—C=0 (288.5 eV; 2.7 at%), and 7 (290.8 eV; 8.2 at%). C=C is the dominating component
of this core, confirming the low number of defects and thus a low degree of oxidation. F) Average Raman spectrum of EEG showing a low Ip/I ratio
(0.32 +0.05).

self-assembly of CoPC on graphene were investigated in previous Each step of the nanoassembly synthesis was characterized
works and demonstrated to occur through 77 interactions.®*1 by XPS (Figure 3A-F; full characterization in Figures S3-S5
Finally, GOx was covalently anchored onto free carboxylic groups  in the Supporting Information), thermal gravimetric analysis
through amidic coupling, by means of l-ethyl-3-(3-dimethyl- (TGA; Figure 3H), and TEM (Figure S6, Supporting Informa-
aminopropyl) carbodiimide (EDC) and N-hydroxy succinimide  tion). XPS survey spectra of EEG-COOH show an increase
(NHS) activation, thus obtaining EEG-GOx—CoPc. of the oxygen content from 6.2 to 13.8 at% (Figure 3A), as

OH
(o)
N, BF Y
Pristine
EEG DMF, 80°C
12h EEG-COOH

Figure 2. Synthetic scheme of the formation of the active nanoassembly included in the glucose-responsive ink.
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Figure 3. Stepwise characterization of the nanoassembly synthesis. A) Elemental composition of the material at the different stages of synthesis,
obtained by XPS. High-resolution XPS spectra of the Cls core of B) EEG, C) EEG-COOH, D) EEG-COOH-CoPC, and E) EEG-GOx—CoPC, showing
a gradual increase of carbon bonding with heteroatoms (O and N) in every step. The introduction of a large biomolecule (GOx) induced the most

extensive change. F) High-resolution XPS spectra of the Co2p core of EEG-COOH-CoPC, which can be deconvoluted as Co(ll).

G) Superposition of

the average Raman spectra of EEG and EEG-COOH, highlighting the enhancement in the Ip/Ig ratio after the SET reaction. H) TGA analysis of EEG,
EEG-COOH, EEG-COOH-CoPC, and EEG-GOx-CoPC indicating subsequent weight losses after each functionalization stage.
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compared to pristine graphene flakes, as well as an increment
of all the components related to carbon-oxygen bonds in the
Cls core (C—0O, C=0, O—C=0) (Figure 3C), thereby con-
firming successful functionalization with the 4-phenylacetic
acid moiety. Further evidence of the successful reaction is
provided by the increased Ip/I¢ ratio in Raman spectra, from
0.32 £ 0.05 to 0.56 + 0.02 (Figure 3G), which indicates a change
in C hybridization from sp2 to sp3 and the introduction of
defects in the graphene lattice. Finally, TGA of EEG-COOH
shows a weight loss (equal to 4.2%) between 200 and 500 °C,
which is compatible with the loss of the organic functionaliza-
tion (Figure 3H).

Likewise, EEG-COOH-CoPC was characterized by XPS.
Upon CoPC adsorption, the N content increased by 1 at%, due
to the presence of four nitrogen atoms in the phthalocyanine
structure (Figure 3A). Furthermore, a peak appeared in the Co2p
core, which can be deconvoluted as Co(11),P"! the expected oxida-
tion state for this metal when coordinated to the PC (Figure 3F).
The adsorption of CoPC on graphene flakes was confirmed by
energy dispersive X-ray spectroscopy (EDX) in TEM (Figure S7,
Supporting Information). On the other hand, TGA data show
a marked weight loss starting from 500 °C, which is charac-
teristic of CoPC (Figure 3H; Figure S8, Supporting Informa-
tion). After coupling with GOx, the XPS survey spectrum of
EEG-GOx—CoPC also shows evident changes: C and N contents
strongly increased up to 19.1 and 70 at%, respectively, and a
new peak appeared in the S2p core region (Figure 3A; Figure
S5, Supporting Information). Additionally, the complexity of
the high resolution Cls core was found to increase, showing
a much stronger contribution from bonding of C with heter-
oatoms (Figure 3E). TGA of the final assembly clearly shows
a double weight loss (Figure 3H); the first contribution being
due to the loss of GOx and 4-phenylacetic acid, the second one
to the decomposition of CoPC. Confirmation of amide bond
formation and covalent functionalization of graphene with the
enzyme was obtained through a control experiment: EEG-
COOH-CoPC was incubated with GOx under the same condi-
tions used for the amidation reaction, but without the coupling
reagents (EDC, NHS). In their absence, the amount of adsorbed
enzyme over graphene was found to be dramatically lower, and
the electrochemical response (discussed below) of the final ink
was feeble (Figure S9, Supporting Information).

2.2. Ink Formulation

Engineering of an inkjet-printable formulation requires some
important parameters to be optimized. First of all, the sol-
vent employed as the base for the ink should match viscosity
and surface tension values within a certain range,?>24 which
is defined by the inverse Ohnesorge number (Z, Equation 1),
commonly used to predict the printability of a formulation

P
n

zZ= (1)

where yis the surface tension, p is the density, & the nozzle
diameter, and 7 the viscosity. The ink is expected to produce
stable drops when 1< Z < 14.[23]

Adv. Funct. Mater. 2021, 2105028 2105028 (5 of 11)

Given that an enzyme is included in the ink formulation, we
were constrained to use an aqueous solvent/base, more spe-
cifically phosphate-buffered saline (PBS) at pH 7.2, so that the
activity of the biorecognition element is preserved. However,
the Z value of pure water (for & = 20 um) equals 120, i.e., far
away from the optimal range. Therefore, the use of additives
and cosolvents was needed to improve rheological properties of
the ink. t-Butanol and propylene glycol were added as cosolvents
(10% v/v each) to decrease the surface tension (36.16 mN m™!
from pendant drop measurements; Figure S10a, Supporting
Information) and to enhance the viscosity (2.14 mPa s from
dynamic viscosity measurements; Figure S10b, Supporting
Information), respectively. Low y values help the formation of
a Marangoni flow and reverse the coffee-ring effect, which may
hinder the uniformity of the printed layer.??l High 7 values
avoid the formation of satellite drops, which might affect the
lateral resolution of the printing process.l?’l The inverse Ohne-
sorge number calculated for the described formulation (Z = 8.9)
is below the maximum recommended value and predicts suit-
able printability.

Another important requirement of the ink formulation is
that the mixture of solvent and cosolvent has a relatively high
vapor pressure, so that the ink would dry sufficiently fast.
The drying time of our selected formulation is of 1-4 h when
exposed to air at RT (depending on the dispensed volume of
ink), but it can be reduced to 5-10 min if stored in a desiccating
chamber. The use of a desiccating chamber has the additional
benefit of allowing fast drying of the ink at low temperature
(up to 4 °C), again preventing degradation of the biorecognition
element.

The colloidal stability of graphene flakes in the ink is another
important parameter to be considered. {-potential values of
—-39.4+ 5.1 mV (Figure S10d, Supporting Information) indicate
a high surface charge, which is explained by the presence of
numerous negatively charged groups (COO7), which provide
electrostatic stability to the flakes. Colloidal stability was addi-
tionally assessed by measuring the sedimentation rate of gra-
phene in the ink through UV-vis spectroscopy (Figure S10e,
Supporting Information). Stability of the suspension up to at
least four hours was confirmed, which is compatible with inkjet
printing.

The printability of the ink was assessed using filter paper as
substrate, whose hydrophobicity was enhanced by treatment
with 1% of polystyrene solution (in toluene). This printing
substrate was chosen because it provides an excellent com-
promise between porosity, permeability, and printing resolu-
tion. In the first place, the contact angle of a 2.0 UL ink drop
deposited over the substrate was compared with a solution of
the active material in PBS (without cosolvents). The ink con-
tact angle was reduced by half (62.35° vs 120.8°; Figure S11,
Supporting Information), demonstrating that the formulation
successfully reduced the surface tension and hindered coffee-
ring formation upon drying (Figure S12, Supporting Informa-
tion). Furthermore, the formulation improved the wettability of
the ink, thereby facilitating its penetration into the paper and
reducing the drying time (Figure S11, Supporting Information).

Then, to prove the feasibility of continuous printing, two
different patterns were inkjet-printed on paper. Figures S13
and S14 in the Supporting Information display the Graphene
Flagship logo and a graphene-like honeycomb structure printed

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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with the fully formulated ink and the active material in PBS.
From optical microscopy images, it is clear that the formula-
tion improved the homogeneity, continuity, and precision of the
line. Using the setup and parameters described in this work,
the definition of the printing process was equal to 60 + 11 pm.

Finally, in our case, it is essential that the ink formulation be
compatible with the enzyme, not affecting its activity. To eval-
uate the enzymatic activity of the ink, an electrochemical study
was performed, as discussed in the following section.

2.3. Response of the Ink to Glucose Concentration

To evaluate the response of the ink to changes in glucose con-
centration, an electrochemical characterization was performed.
The ink was drop-casted over a commercial carbon-based
screen-printed electrode (C-SPE) and dried in a desiccating
chamber at 4 °C. Cyclic voltammetry (CV) was then recorded
incubating the modified electrode in PBS, in the absence (blank)
and in the presence of 10.0 x 10~ m glucose. In the presence of
glucose, we observed a peak centered at +0.45 V, which can be
ascribed to H,0, oxidation, catalyzed by CoPC (Figure 4A).[8l
The presence of H,0, proves the enzymatic activity is main-
tained in the ink formulation. Amperometric measurements
were performed in a flow injection analysis (FIA) setup, to
evaluate the concentration-dependent response of the ink. The
use of FIA presents several advantages, namely: it simulates the

B o07-

o
I
e

Current [nA]

—— Glucose 10 mM

continuous application of a sensor, it provides an evaluation of
the mechanical stability of the system under continuous flow,
and it permits to randomize the analyte concentration, thereby
ruling out any possible memory effect. A potential of +0.40 V
was chosen to perform the amperometric measurements, as it
would allow us to register significant oxidation current values
without applying an excessive voltage. Ten different concentra-
tions of glucose (from 0.1 x 107> to 50 x 1073 M) were injected
in a PBS flow-stream and run in triplicates (Figure 4B). No
significant fluctuations in current intensity were registered
for consecutive injections, which confirms a reliable response
of the setup. The observation of sharp peaks indicates a rapid
response to concentration changes (9.1 £ 0.6 s), as well as a
fast recovery time. The baseline was found to be flat and char-
acterized by a low noise level (8.3 nA). The device presents a
linear response against glucose concentration, in the range of
0.1 x 1073 to 10.0 x 1073 m (Figure 4C). The sensitivity of the
system was determined to be 0.26 A cm™ mm~}, with a limit
of detection (LOD) of 8 X 10 m, calculated as three times
the standard deviation of the signal in the absence of analyte
(Table S1, Supporting Information). The repeatability of the
measurements was evaluated by performing three consecu-
tive calibrations over the same electrode and then comparing
the resulting electrode sensitivities (Figure S15A, Supporting
Information). The calculated relative standard deviation (RSD)
was below 10%, a value that is considered as acceptable for
commercial C-SPEs, thereby confirming the stability of the
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Figure 4. Electrochemical sensing of glucose concentration. A) CV responses obtained with ink drop-casted over a C-SPE in PBS, in the absence
(dashed black line) and in the presence (solid blue line) of 10.0 X 1073 M glucose (scan rate 20 mV s™). B) Representative FIA response obtained from
the ink deposited on a C-SPE. Ten different glucose concentrations were tested, namely, 0.1 x 1073, 0.5 x 1073, 1.0 x 1073, 2.0 x 1073, 5.0 x 1073, 7.0 X
1073,10.0 x 1073, 20.0 X 1073, 30.0 x 107, and 50.0 x 107 m (E =+0.4 V, flow rate = 1 mL min™"). C) Trend of the current measured in FIA versus glucose
concentration. A linear regime was found between 0.1 1073 and 10.0 x 107 m. Error bars represent the standard deviation among three injections in
the same analysis. D) CV of ink drop-casted over a C-SPE in FBS, in the absence (solid black line) and in the presence (dashed blue line) of 10 X 1073 m
glucose (scan rate 20 mV s7). E) Representative amperometric analysis performed at £ =+0.40 V with increasing/decreasing concentration of glucose
in FBS. F) Trend of the current intensities registered in amperometric analysis, as a function of glucose concentration.
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EEG-GOx-CoPC system. Reproducibility was tested by per-
forming calibrations on three different electrodes, from which
small variations in the sensitivity were registered, with an RSD
as low as 3.6% (Figure S11B, Supporting Information). Finally,
we evaluated the shelflife of the ink (once dried on the elec-
trode). No significant changes in the sensitivity were observed
for 14 days after deposition, whereas after one month, the sensi-
tivity was reduced by half (Figure S16, Supporting Information).

Both the linear range and sensitivity of the ink match
the expected glucose concentrations in blood (2 x 1073 to
30 x 1073 M), sweat (0.02 X 1073 to 0.6 x 1073 M), tears (0.1 x 1073
to 0.6 X 107 wm), and condensed breath (0.4 x 107 To 4.0
x 1073 m),PU demonstrating the potential of the developed
ink toward quantifying this metabolite in biological fluids.
To assess the applicability of the ink in complex biological
matrices, CV and amperometric analysis were performed in
fetal bovine serum (FBS). It was observed that, for CV per-
formed in FBS, the H,0, oxidation peak is not so well defined
as that obtained in PBS, but still a current increase could be
detected in the presence of glucose (Figure 4D). In this case,
more conventional amperometric analysis at increasing con-
centrations of glucose in the test solution was preferred, as it
allows to squander less FBS in flow (Figure 4E). This analysis
confirmed the stable baseline and resulted in a stairway profile,
with increments proportional to the added amount of glucose.
The linear range did not change with respect to that obtained in
PBS (Figure 4F).

To prove our hypothesis that the efficiency of the biocatalytic
cycle could be strongly improved by confining all the compo-
nents of the active material on the graphene flakes, we run a
control experiment. The same amount of CoPC present in the
ink (calculated by TGA) was directly adsorbed over the C-SPE
surface, rather than on the graphene flakes (Figure S17A, Sup-
porting Information), so that it would be separated from other
system components and therefore avoiding the nanoconfine-
ment effect. Interestingly, the CV response of this control
system showed a feeble H,0, oxidation peak, which indicates
a low efficiency of the catalytic cycle (Figure S17B, Supporting
Information). Additionally, the slope in the linear range, and
thus the sensitivity of the control electrode, was reduced to 1/3
with respect to the EEG-GOx—CoPC ink. We propose that this
positive effect is due to the nanometric distance between GOx
and CoPC, which favors the rapid and efficient diffusion of H,0,
from one component to the other, thereby improving the sensi-
tivity of the method (Figure S17C, Supporting Information).*’]

An additional control experiment was carried out to check
whether the addition of t-butanol and propylene glycol to the
ink may affect the performance of the electrochemical detec-
tion. The electrodes were modified with a suspension of EEG—
GOx-CoPC in PBS, without addition of any cosolvent. The
performance of these electrodes was then compared to that of
the ones prepared with the full formulation. The ink with cosol-
vents was found to present much higher capacitive currents in
CV, as compared to the ink prepared in bare PBS (Figure S18A,
Supporting Information). Even if a lower capacitive current
would be preferred, the current peak at +0.45 V, generated in
the presence of glucose from the electrodes modified with the
complete formulation, is much more intense than that of the
control. We propose that the presence of residual propylene
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glycol can reduce the hydrophobicity of the deposited graphene,
thereby facilitating the diffusion of water and glucose through
the flakes and reaching more units of covalently bound GOx.
Our hypothesis is additionally supported by the wider linear
range shown by the electrodes modified with the complete
ink, compared to the controls (Figure S18B, Supporting Infor-
mation): the earlier saturation of the control points toward a
lower amount of GOx units being available to oxidize glucose.
A final control experiment was performed by depositing GOx
and CoPC directly over the C-SPE, without graphene. The sen-
sitivity determined for this electrode was 0.067 A cm™ mm~),
four times lower than that of the electrode modified with the
graphene ink (Figure S19, Supporting Information), thus dem-
onstrating the crucial contribution of this nanomaterial to
improve the analytical performance of the ink.

2.4. Ink Versatility through Enzyme Variation

With the aim of demonstrating the versatility of the proposed
technology, we conjugated EEG-COOH-CoPC with two different
oxido-reductase enzymes: lactate oxidase (LOx) and alcohol oxi-
dase (AOx) (Figures S20 and S21, Supporting Information). In
this manner, we obtained graphene-based inks that were specifi-
cally responsive to lactate, MeOH and EtOH. The selected ana-
lytes are of primary importance in a plethora of applications,
e.g., in clinical, sport, toxicological, forensic, and fermentation
technologies; consequently, great economic and scientific efforts
have been put in the development of devices to detect these ana-
lytes.’233] Notwithstanding, these enzymes are less robust than
GOx and thus a suitable test bench for the reliability of our ink.

The electrochemical responses of EEG-LOx-CoPC and
EEG-AOx-CoPC inks are reported in Figure 5 for lac-
tate (Figure 5A-C), ethanol (Figure 5D-F) and methanol
(Figure 5G-I) detection. In the CV responses obtained
from the EEG-LOx—CoPC modified electrode, the peak for
H,0, oxidation is clearly visible in the presence of lactate at
10.0 x 10 M (Figure S5A). The response to nine different lac-
tate concentrations was tested in FIA in a randomized manner.
As a result, the concentration-dependent response was regis-
tered with a linear regime spanning between 0.05 x 10 and
0.5 x 107 M. The sensitivity of the system was determined to
be 11.2 HA cm™? mm L. Lower current values were generated
by EEG-AOx—CoPC (Figure 5D,E,G,H), due to the lower enzy-
matic activity of AOx (5-15 units mg for alcohol oxidase from
Candida boidinii against 2100 units mg™ for glucose oxidase
from Aspergillus niger). However, both methanol and ethanol
could be detected in the range between 50 X 10~* and 1.0 M.
Even if not relevant for biomedical applications, this linear
range may be useful, e.g., for the analysis of short chain alco-
hols in foodstuff. The negative peaks visible in FIA are due to
the elevated MeOH and EtOH concentrations injected, which
change the conductivity of the electrolytic medium, inducing a
reduction of the current, immediately followed by an increase
due to H,0, oxidation. AOx can detect both MeOH and EtOH,
as it is able to oxidize different primary alcohols, being more
efficient with the ones bearing shorter aliphatic chains. The
sensitivities of EEG-AOx—CoPC for EtOH and MeOH were 4.0
and 1.0 mA cm~2 mwm~, respectively.
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Figure 5. Electrochemical responses of inks produced with LOx and AOx. A) CV responses of EEG-LOx—CoPC inks deposited over C-SPE in PBS, in the
absence and in the presence of 10 x 1073 m lactate (scan rate 20 mV s7). B) Representative FIA response of EEG-LOx-CoPC ink deposited on C-SPE.
Nine different lactate concentrations were tested, namely, 0.05 x 1073, 0.1x 1073, 0.2 x 1073, 0.5 x 1073, 1.0 x 1073, 2.0 x 1073, 5.0 x 1073, 7.0 x 1073, and
10.0 X 107 M, in a randomized manner. C) Plot of the current intensities registered in FIA versus lactate concentration. The highlighted linear regime
spans between 0.05 x 10 and 5.0 x 10~% m. Error bars represent the standard deviation among three injections in the same analysis. D) CV responses
of EEG-AOx-CoPC ink deposited over C-SPE in PBS, in the absence and in the presence of 1.0 M EtOH (scan rate 20 mV s7). E) Representative FIA
response of EEG-AOx—CoPC ink deposited on C-SPE. Eight different EtOH concentrations were tested, namely, 0.05, 0.08, 0.12, 0.2, 0.3, 0.5, 0.75, and
1.0 M, in a randomized manner. F) Plot of the current intensities registered in FIA versus EtOH concentration. The highlighted linear regime spans
between 0.05 and 1.0 m. Error bars represent the standard deviation among three injections in the same analysis. G) CV responses of EEG-AOx—
CoPC ink deposited over a C-SPE in PBS, in the absence and in the presence of 1.0 M MeOH in PBS (scan rate 20 mV s™'). H) Representative FIA of
EEG-AOx—CoPC ink deposited on C-SPE. Eight different MeOH concentrations were tested, namely, 0.05, 0.08, 0.12, 0.2, 0.3, 0.5, 0.75, and 1.0 M, in a
randomized manner. |) Plot of the current intensities registered in FIA versus MeOH concentration. The highlighted linear regime spans between 0.05
and 1.0 m. Error bars represent the standard deviation among three injections in the same analysis.

2.5. Modification of Electrode Surfaces by Inkjet Printing maintained all favourable electrochemical properties that were
highlighted above (Figure 6B).

Finally, we demonstrated that the proposed ink can be readily

inkjet-printed and employed to modify electrode surfaces in an

automated, scalable, and industrially appealing manner. To do
so, we employed a multiple-head 3D bioprinter, with a dedi-
cated head for inkjet printing (Figure 6A). Dispensing of the
ink was controlled by means of air pressure and a piezoelectric
valve. Using this technology, a C-SPE was modified within
a few seconds with millimetric resolution, demonstrating
the good printability predicted by the rheological properties.
The ink was dried in 5 min at 4 °C in a desiccating chamber. The
FIA recorded from the inkjet-printed electrodes confirmed that
the ink preserved its enzymatic activity after printing and
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3. Conclusion

We have demonstrated the development of a graphene-based
bioresponsive and electroactive inkjet-printable ink. The ink
was obtained by modifying EEG with CoPC and covalently
binding selected enzymes for the detection of analytes of pri-
mary importance: we typically developed three inks, with selec-
tivity toward glucose, lactate, and simple primary alcohols, all of
them with a good analytical performance. Electrochemical tests
demonstrated that the enzymatic activity was maintained, and
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Figure 6. Modification of C-SPE by inkjet printing. A) Picture capturing the printing process over a C-SPE. B) Representative FIA response of the inkjet-
printed EEG-GOx-COPc ink on a C-SPE. Nine different glucose concentrations were tested, namely, 0.5 x 107, 1.0 X 107, 2.0 x 103, 5.0 X 1073, 7.0 x
103, 10.0 X 1073, 20.0 x 1073, 30.0 X 1073, and 50.0 X 10~3 M, in a randomized manner.

C-SPE electrodes modified with the ink work in a continuous
flow of the analyte solution, as well as in real complex matrices.
The enhanced rheological properties of the water-based inks
allow them to be printed using a scalable and inexpensive inkjet
technology. Devices printed with these inks do not require any
further postprinting treatment and can be used right away. Fur-
thermore, the ink can be easily modified with other biorecogni-
tion elements (e.g., DNA and RNA fragments, cells, antibodies)
and employed in the industrial production of different types
of sensors. Other potential applications can be foreseen in the
context of energy production, nanocapacitors, nanomotors, and
nanoactuators, in which the transduction of concentration gra-
dients in electron flow is of fundamental importance.

4. Experimental Section

Materials and Methods: Graphite foils were purchased from Alpha
Aesar. EDC, NHS, GOx (A. niger EU =100 units mg™), AOx (C. boidinii
EU = 5-15 units mg™), LOx (Aerococcus viridans EU > 20 units mg™") EU,
and CoPC were purchased from Sigma-Aldrich. Commercial reagents
and solvents were used as received, without further purification,
unless otherwise stated. Ashless filter paper 589/1 was purchased from
Whatman. AFM characterization was carried out with Bruker Multimode
8 system using a tapping mode tip with a frequency of 320 Hz (Bruker
TESPA-V2). The EEG suspension in isopropanol (0.1 mg mL™") was spin
coated on freshly cleaved mica. Images were processed using WSxM
5.0. SEM characterization was performed using Zeiss Gemini 500
microscope, and the EEG isopropanol suspension (0.1 mg mL™) was
deposited by spin coating on Si wafer. TEM micrographs were obtained
using a JEOL JEM-2100F UHR electron microscope at 200 kV equipped
with a TVIPS F-216 CMOS camera and UltimMax 80TSR EDX detector
(OXFORD INSTRUMENTS), with 80 mm? SDD sensor and 127 eV
resolution at 5.9 keV. Samples were prepared by drop-casting isopropanol
solutions of the materials (0.1 mg mL™) on ultrathin carbon film-coated
Cu-grids (Ted Pella Inc., USA) and drying it under ambient conditions.
For EDX measurements, the areas over graphene flakes and areas of the
carbon grid thin film were irradiated and the EDX spectra were collected.
The image processing and statistics over the electron microscope
micrographs were performed with Image ). XPS measurements were
carried out using a SPECS SAGE HR 100 spectrometer in high vacuum
(107 Pa), equipped with a nonmonochromatic X-ray source Mg with a
Ker line of 1253.6 eV. An electron flood gun was used to neutralize for
charging. XPS samples were prepared by drop-casting isopropanol
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materials suspensions (1 mg mL™) on glass slides coated with titanium.
The spectra were processed and fitted with Casa XPS Version 2.3.16 PR
1.6. TGAs were performed under N, (flow rate 25 mL min~") using a TGA
Discovery (TA Instruments). The samples were equilibrated at 100 °C for
20 min and then heated from 100 to 800 °C with ramp of 10 °C min~" up
to 800 °C. The data were processed with Trios version 3.3.1.4668. Raman
spectra were recorded using a Renishaw inVia Raman microscope.
Laser excitation wavelength of 532 nm, lens-based spectrometer with
1800 gr mm™ gratings, Peltier-cooled front illuminated CCD camera
(1024 px x 532 px), and a 100x objective were employed. Ink samples
were prepared by drop-casting isopropanol solutions of the materials
(1.0 mg mL™) on a glass slide and drying it under ambient conditions.
Each spectrum is derived from the average of at least 300 spectra
recorded in different spots of the sample for 5 s with a laser power
of 1.29 mW. Data were processed using Ranishaw WiRE 4 software.
The absorbance of the ink (0.25 mg mL™) at 660 nm was monitored
through the time by UV-visible spectroscopy (Beckman Coulter DU 800
Spectrophotometer) for 4 h with measurements every 5 min. The relative %
absorbance in respect to 0 min was used to evaluate the colloidal
stability in time. The {-potential measurements of the ink (0.25 mg mL™)
were conducted using a Malvern Nano ZS90 Zetasizer. Rheological
properties were characterized using Physica MCR 302 rheometer (Anton
Paar). All tests were carried out at 25 °C using 50 mm parallel plate
geometry and a solvent trap to prevent water evaporation. The viscosity
of the inks (1.0 mg mL™") was measured for shear rates from 100 to
1000 s, with a gap equal to T mm. The viscosity of the ink at high share
rates was calculated as average of the value between 500 and 1000 s'.
Pendant drop and contact angle measurements were performed
using DSAT00 Kruss contact angle meter dispensing 2.0 uL drops and
fitting with Young—Laplace equation. The obtained values were the
average of ten measurements. Electrochemical characterizations were
performed through CV and at constant potential with an electrochemical
workstation Autolab MSTAT204 potentiostat/galvanostat (Metrohm). A
multiheaded 3D Discovery bioprinter (RegenHU, Switzerland) equipped
with inkjet printing head was employed to print the EEG-GOx—CoPC
ink on C-SPEs (DRP110, Metrohm-Dropsens, ink concentration
1.0 mg mL™) and on filter paper treated with 1% polystyrene in toluene
(ink concentration 50.0 mg mL™). The ink was dispensed by mean of air
pressure (10 mBar) and a piezoelectric valve (300 ps opening-closure
interval). A nozzle with an internal diameter of 100 um was employed;
0.2 mm was selected as the distance between two deposited droplets. All
samples were printed at room temperature. Once printed, the electrodes
were dried in a desiccating chamber.

Electrochemical ~ Exfoliation of Graphite: The electrochemical
exfoliation process was performed in a two-electrode system, in
which two graphite foils were used as cathode and anode in 0.1 m
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tetra-n-butylammonium bisulfate (TBA-HSO,) aqueous electrolyte. The
pH value of the TBA-HSO, aqueous electrolyte was tuned by NaOH
solution to nearly 7. The two graphite foils were placed in parallel with
a constant distance of 2.0 cm. When an alternating current (10 V,
0.1 Hz) was applied to trigger the exfoliation process, two graphite foils
at both electrodes dissolved quickly accompanied by a violent eruption
of bubbles. After the graphite foils immersed inside the electrolyte
were entirely exfoliated, the exfoliated graphene flakes on top of the
electrolyte were collected by vacuum filtration and then washed by
water and ethanol. Finally, the wet graphene powder was dispersed in
DMF via tip sonication (22 mm tip, 30% amplitude, 30 min) in an ice
bath. The unexfoliated flakes and large graphene flakes were eliminated
by centrifugation (3000 rpm, 10 min).

Synthesis of the 4-Carboxyphenyl Diazonium Tetrafluoroborate: 1 eq
(5 mmol) of 4-aminophenylacetic acid (750 mg, 5 mmol) was dissolved
in a solution of HBF, (2 mL, 32 mmol) in acetic acid (40 mL). Then,
isoamylnitrate (2 mL, 12 mmol) was dissolved in acetic acid (20 mL)
and added dropwise to the reaction mixture. The solution was stirred
for 15 min at room temperature and subsequently quenched with Et,0
(30 mL). The reaction mixture was left overnight at =22 °C to allow the
product to crystalize. The precipitate was filtrated and washed with
ice cold Et,0 (60 mL). 'H-NMR (400 MHz, MeOD, &): 8.49(d, 2H,
Ar H), 7.85 (d, 2H, Ar H), 3.91 (s, 2H, CH,). IR (KBr): v = 2297 cm™'
(s; V(N=N)).

Synthesis of the Nanoassemblies: EEG (50 mg) was dispersed in DMF
(50 mL) and 4-carboxyphenyl diazonium tetrafluoroborate (500 mg)
was added to the reaction mixture. The reaction was kept at 80 °C
overnight. The product was filtrated over 0.1 um PTFE membranes.
The EEG-COOH was washed with DMF (2x), AcOEt (2x), MeOH
(2x), acetone (2x), and Et,O (1x), and left under vacuum to remove
the solvent residues. EEG-COOH was resuspended in DMF (50 mL)
and incubated with 10% of cobalt phthalocyanine (5 mg) for 12 h at
RT. The obtained EEG-COOH-CoPC was filtrated over 0.1 um PTFE
membranes and washed with DMF until no CoPC was present in the
washing solvent. The recovered EEG-COOH-CoPC was resuspended in
MES buffer (0.5 m, pH 6) and sonicated for 5 min (sonicating bath).
EDC (200 mg) was added and the mixture was sonicated for 5 min.
NHS (125 mg) was added and the mixture was sonicated for 5 min.
The corresponding enzyme (7.5 mg; GOx, LOx, AOx) was dissolved in
MES buffer (5 mL) and added dropwise to the reaction mixture. The
reaction was stirred at room temperature for 2 h. Finally, the product
was dialyzed against PBS solution (Spectra/Por Float-A-Lyzers G2,
cut-off 300 kDa).

Electrochemical Characterization of the Inks: For the electrochemical
characterization, 5.0 uL of the inks with a concentration of 1.0 mg
mL" was drop-casted over a C-SPE and dried in a desiccating chamber
with silica gel at 4 °C. A layer of Nafion (1%, neutralized at pH 7) was
deposited atop to avoid mechanical detachment of the nanomaterial
during FIA analyses. CV was performed in the range of potential from
—0.1 to +0.6 V at a scan rate of 20 mV s™'. PBS, 0.1 x 107> m phosphate
buffer at pH 7 enriched with 0.1 x 1073 m of KCl was employed as
electrolyte. For amperometric detection in FIA, a flow cell (Metrohm-
Dropsens) was employed, coupled with a peristaltic pump and an
HPLC injection valve (100 pL). Freshly prepared analyte solutions at
different concentration levels were injected in a continuous flow of the
electrolyte (1.0 mL min™'). Three consecutive injections were performed
for every concentration level. For the analysis of CA in FBS, fetal bovine
serum (ThermoFisher Scientific) enriched with 0.1 x 1073 m of KCl was
employed as electrolyte medium. An electrolyte reservoir of 4.0 mL was
established and let to circulate in the fluidic system in loop. Different
volumes of a 50.0 x 107 m glucose mother solution were repeatedly
added to the reservoir, gradually increasing the glucose concentration
in the flux system. Calibration lines for the different analytes were
obtained by plotting the obtained current intensity against the analyte
concentration. Sensitivity of the sensor response was calculated from
the slope in the linear range and normalized to the electrode area. LOD
was calculated as three times the standard deviation of the signal in the
absence of analyte (baseline).
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