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ABSTRACT: Herein, we report for the first time an experimental design-based approach to develop water-based graphite
conductive ink containing enzymes and redox mediators to obtain fully printed wearable biosensors for lactate and glucose
monitoring. The experimental design encompasses both electrochemical parameters, such as electroactive area and electron transfer
rate constant, and rheological parameters, including elastic (G’) and viscous (G”) moduli where G”/G’ is expressed as tand. Notably,
the printed electrodes exhibited an electroactive area Ag, of 3.95 + 0.31 cm” and a roughness factor, p, of 43.8, which is S0 times
higher than those of commercially available screen-printed electrodes. Furthermore, lactate oxidase and glucose oxidase are
integrated within water-based graphite conductive ink to obtain enzyme-based inks: enzyme-ink (E-INK), to detect lactate, and
enzyme mediator-ink (EM-INK), to detect glucose. The resulting biosensors demonstrated high sensitivity and low limit of
detection 3.3 A mM ' and 0.3 + 0.1 uM (ferricyanide as electron mediator), and 4.3 A mM ™" and 3 + 1 uM, for E-INK and EM-
INK, respectively. The biosensors also exhibited excellent selectivity, maintaining their storage stability, with approximately 80—90%
of the initial signal retained after 90 days. Overall, this promising system holds potential to be utilized as a flexible and wearable
biosensor. Its use of biocompatible water-based inks makes it suitable for applications in sports medicine and remote clinical care.

KEYWORDS: water-based conductive ink, modified electrodes, enzymes, stencil-printing

1. INTRODUCTION procedures involving lengthy preparation times and high

In recent years, there has been growing interest in the temperatures.” " Additionally, these inks were typically

development of affordable wearable electrochemical biosensors dispersed in organic solvents, which resulted in lower

for remote sensing. This has prompted researchers to explore conductivities and the potential for poisoning biological

new technological and research solutions aimed at reducing

manufacturing costs and improving the reliability, reproduci- Received: August 31, 2023 @Miis

bility, and stability of these biosensing platforms.'~* One area Revised: ~ November 21, 2023

of focus has been the search for novel materials and electrode Accepted: November 22, 2023 [

preparation techniques that can address these challenges.”™® Published: December 27, 2023 |
Previously, conductive inks were primarily used for repairing

electrical circuits and were expensive, requiring specific curing
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Figure 1. Scheme of the experimental design approach to develop enzyme stencil-printed biosensors.

recognition elements such as redox enzymes, antibodies, and
DNA."'™'* However, advancements in technology have led to
the development of water-based lab-made inks, which offer
comparable electrochemical performance to solid electrodes
mentioned in the existing literature. This breakthrough has
allowed for the construction of biosensor architectures with
improved characteristics."*~"”

To create reliable sensor devices, ink mixtures need to have a
homogeneous composition and exhibit conductive properties,
while also drying at a moderate pace.”’ Rapid drying can lead
to surface cracks, which pose problems during electrode
manufacturing, while slow drying hampers scalability and the
ability to shape and size the electrodes accordingly."
Moreover, the use of water-based conductive inks has
minimized the production of organic solvent waste, making a
significant contribution to achieving zero eco-impact in the
Point-of-Care biosensing market, a concern that has been
emphasized during the COVID-19 pandemic."' ™

To ensure a high level of reproducibility and robustness,
wearable enzyme-based biosensors need to be tested under real
operating conditions, considering factors such as the blood/
tissue or peripheral bodily fluid ratio, which can be influenced
by various variables like hormonal dysfunctions, sweating rate,
and age.”*** The immobilization of bioreceptors also plays a
crucial role in achieving reproducibility and robustness.
Notably, a significant advancement has been the ability to
print enzymes directly onto a conductive support or embed
them within a conductive ink.”*>” This has become more
achievable with the development of water-based conductive
inks. Additionally, the roughness and porosity of the electrode
surface can prevent enzyme denaturation, creating a diffusion
barrier that reduces 51gnal variation and minimizes the loss of
enzymatic act1v1ty

Enzyme-based biosensors rely on redox enzymes that
facilitate the catalytic oxidation/reduction of their sub-
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strates.””>* For instance, lactate biosensors often employ
lactate oxidase from Aerococcus viridans (LOx) as the
bioreceptor, while glucose biosensors commonly use glucose
oxidase from Aspergillus niger (GOx). LOx contains flavin
mononucleotide, which catalyzes the oxidation of lactate to
pyruvate, accompanied by the reduction of O, to H,O,.
Monitoring the electrochemical activity of both O, and H,0,
allows for an amperometric output proportional to lactate
concentration.>” 36 However, concerns exist regardmg the
selectivity and reproducibility of results obtained from these
first-generation lactate biosensors, primarily due to the high
overpotential required for H,0, oxidation/reduction and the
fluctuation of O, levels in the solution as well as its limited
availability in bodily fluids (0.22 mM). Similarly, GOx, which
contains flavin adenine dinucleotide, catalyzes glucose
oxidation and the simultaneous reduction of O, to
H,0,.°”*” Despite its previous reputation as an “ideal enzyme”
among bioelectrochemists, GOx is now considered a reliable
biocatalyst primarily for first- and second-generation bio-
sensors, as it does not undergo direct electron transfer with
electrodes.*®*’

The development of conductive inks, which involves
conductive materials, binders, and stabilizers, requires
optimization of various processing variables to enhance their
performance.*’ To this aim, a design of experiments (DoE) or
experimental design multivariate approach based on a face-
centered design was undertaken, allowing investigation of the
interactions between these variables and their impact on the
formulation.*! Indeed, DoE allows for the evaluation of the
effect of multiple independent variables on responses by
simultaneously varying them in a reduced number of
experiments.*”*’ As a result, a simple mathematical model
could be obtained, relating the response with the experimental
conditions, providing global knowledge in the whole
experimental domain. This work reports for the first time an

https://doi.org/10.1021/acs.chemmater.3c02229
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approach based on DoE to optimize the formulation of a
water-based graphite conductive ink including graphite,
chitosan, and glycerol as components. The ink formulation
was optimized considering both electrochemical (e.g., electro-
active area, electron transfer rate constant etc.) and rheological
(e.g, the elastic modulus G’, the viscous G” moduli, etc.)
parameters, as shown in Figure 1. Afterward, the optimized ink
formulation was used to incorporate redox mediators and
enzymes to fully print enzyme-based amperometric biosensors
onto flexible supports. In particular, enzyme and enzyme/
mediator inks were formulated to develop enzyme-based
amperometric biosensors with several electronic configura-
tions. The latter were further tested in model solutions to
determine all analytical figures of merit, notably limit of
detection (LOD), sensitivity, linear range, and so on. The
proposed approach can be used to design a wide range of
enzyme inks to develop reliable wearable enzyme-based
amperometric biosensors that can be employed in remote
personalized medicine.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. The following chemicals and
reagents were acquired from Merck Millipore (formerly Sigma-
Aldrich) for use in the experiments: 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES), acetic acid (CH;COOH), p-glucose, L-
lactic acid, potassium chloride (KCl), potassium ferricyanide
[K;Fe(CN)g], potassium ferrocyanide [K,Fe(CN),], hydrochloric
acid (HCl), sodium hydroxide (NaOH), uric acid, ascorbic acid,
pyruvate, D-galactose, D-fructose, dopamine hydrochloride, isopropyl
alcohol (IPA), graphite powder (<20 um, synthetic), chitosan
medium molecular weight, glycerol (ACS grade > 99.5%), and
glucose oxidase (GOx) from A. niger. Additionally LOx from A.
viridans was obtained from Toyobo Enzymes. The LOx enzyme, with
an activity of 300 U/mL, was dissolved in a phosphate buffer at pH
7.4, while GOx, also with an activity of 300 U/mL, was dissolved in a
phosphate buffer at the same pH. Theosmium redox polymer (ORP),
namely [Os(4,4’-dimethyl-2,2'-bipyridine),(poly vinylimidazo-
le),,CI]**"* (referred to as [Os(dmbpy),(CI)(PVI),q]), was synthe-
sized as previously reported.** All solutions were prepared using Milli-
Q water(18.2 MQ cm, Millipore, Bedford, MA, USA).

2.2. Water-Based Conductive Ink Formulation. The water-
based ink used in this study was created by using graphite, chitosan,
and glycerol as the conductive material, binder, and stabilizer,
respectively. To make the chitosan solution, 2.5% (w/v) chitosan was
dissolved in 1 M acetic acid, and the solution was stirred at room
temperature overnight. The chitosan solution was then further diluted
to 1% w/v using distilled water, resulting in a final acetic acid
concentration of 0.4 M. The water-based conductive ink was
formulated according to the Experimental Design (Table 1 and
Section 2.5). The SPG (stencil-printed graphite) electrodes were
fabricated using poly(ethylene terephthalate) (PET) sheets that were
cleaned with IPA and distilled water and then lightly sanded with fine
emery paper (1500 grit) to enhance ink adhesion. A stencil was
carved on a Smart Vinyl adhesive sheet using a Cricut Explore 3 with
Design Space Software v.7.3.95."® Once the stencil was applied to the
PET sheet, 500 uL of the conductive ink was placed on it and spread
with a scraper. The prepared electrode was allowed to dry at room
temperature for 10 min and then cured in an oven at 100 °C for 1
min. After curing, the stencil was peeled off, and the connecting track
between the working electrode and the pad was insulated with a nail
polish.'® Enzyme-ink (E-INK) was formulated including LOx (1 mg/
mL) within the optimized ink, while enzyme mediator-ink (EM-INK)
was formulated including GOx (1 mg/mL) and Os(dmbpy),(Cl)-
(PVI), (0.5 mg/mL). Both the E-INK and EM-INK were allowed to
cure at room temperature for 30 min. After curing, the stencil was
peeled off, and the connecting track between the working electrode
and the pad was insulated with nail polish.
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Table 1. Experimental Matrix, Experimental Plan, and
Responses of the Face-Centered Design for the
Optimization of the Conductive Ink Formulation

graphite  chitosan AEQ K° (cm_s_l)
run X e (%) (%) (cm?) (x1073) tan &
1 0 0 90 1.8 1.33 9.67 293
2 -1 -1 85 LS 1.45 3.88 3.26
3 0 0 920 1.8 2.28 8.99 3.28
4 1 95 2.1 1.57 6.23 2.86
S 1 -1 95 1.5 4.11 12.50 4.85
6 -1 1 85 2.1 0.89 5.71 6.00
7 0 0 90 1.8 1.54 2.26 4.04
8 -1 0 85 1.8 0.95 2.71 5.49
9 0 95 1.8 1.64 4.57 S.11
10 0 -1 920 1.5 3.15 9.46 4.14
11 0 1 90 2.1 1.87 3.99 4.26

2.3. Electrochemical Characterization. Cyclic voltammetry
(CV), amperometry, and electrochemical impedance spectroscopy
(EIS) experiments were conducted using a PalmSens4 electro-
chemical workstation equipped with PSTrace S5.6v software. All
potential values mentioned in the paper are referenced to a BASi Agl
AgCIIKCl (3 M) electrode, and a platinum wire served as counter
electrode. The working electrodes used were SPG electrodes, which
had a geometric area of 9 mm? and a square shape with dimensions of
3 X 3 mm (I X ). Additionally, DRP-C110 screen-printed electrodes
were employed as working electrodes but solely for benchmarking
purposes in terms of electroactive area (Ag,) and electron transfer
rate constant (k°).

2.4. Rheological Measurements. Rheological measurements
were carried out using a stress-controlled rheometer Anton Paar
MCR302e (Anton Paar Gmbh, Graz, Austria) equipped with a
concentric cylinder geometry (inner diameter of 16.662 mm and a gap
of 0.704 mm), also known as Taylor—Couette geometry. The
temperature was controlled by a Peltier system (+0.01 °C), while a
water bath was used as a reference for the Peltier. To prevent errors
due to methanol evaporation, a solvent trap was surrounded the
measuring geometry.

Stationary and small amplitude oscillatory shear measurements
were performed on all investigated samples.*> Flow curve experiments
were conducted within a shear rate range of 107 to 10 s™' at a
temperature of 25 °C. Prior to the flow curve, amplitude and
frequency sweeps were carried out. Following the flow curve, a second
frequency sweep was performed for all samples to assess the potential
deformation effects.

The small amplitude dynamic tests provided information on the
linear viscoelastic behavior of materials through the determination of
the complex shear modulus

G*(w) = G(w) + iG"(w) (1)

where G'(®) is the storage or elastic modulus, and G”(w) is the loss
or viscous modulus. G'(w) is a measure of the reversible, elastic
energy, while G”(®) represents the irreversible viscous dissipation of
the mechanical energy.

The applied strain amplitude for the viscoelastic measurements was
reduced until the linear response regime was reached. Such an analysis
has been carried out by performing amplitude sweep tests in a strain
range between 0.01 and 100%. The frequency sweep tests were
performed between 0.2 and 100 rad/s. For simplicity in the text
G'(w) and G"(w) will be indicated as G’ and G”. If § is the phase
shift between the applied oscillatory deformation and the material
response then, based on the trigonometric relationship, the loss factor
is

"

tan 6=

)

https://doi.org/10.1021/acs.chemmater.3c02229
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Figure 2. (A) CVs at 50 mV/s scan rate of SPG electrodes(inks: run #1 black, run #2 red, run #3 blue, run #4 magenta, run #5 olive, run #6 navy,
run #7 violet, run #8 purple, run #9 wine, run #10 dark yellow and run #11 pink) recorded in 5 mM Fe(CN)¢*~"*~ (prepared in 10 mM HEPES
buffer pH 7.2 + 100 mM KCl); (B) peak-to-peak separations (black curve) and peak currents (blue curve) extracted from CVs at SO mV/s for all
formulated inks; (C) electroactive areas (black curve) and electron transfer rate constants (blue curve) extracted from CVs recorded at different
scan rates (from S to 150 mV/s); (D) EIS curves recorded applying E = 0.23 V from 100 kHz to 0.1 Hz with amplitude S mV of SPG electrodes
(inks: run #1 black, run #2 red, run #3 blue, run #4 magenta, run #5 olive, run #6 navy, run #7 violet, run #8 purple, run #9 wine, run #10 dark
yellow and run #11 pink) in $ mM Fe(CN)s*~/*~ (prepared in 10 mM HEPES buffer pH 7.2 + 100 mM KCI); (E) Rcr extracted by using Randles

equivalent circuit for all SPG electrodes.

2.5. Experimental Design. A two-factor face-centered design,
with the experimental matrix reported in Table 1, was developed to
optimize the stencil-printed electrode ink formulation. The factors
examined were the percentage of graphite with respect to glycerol
(X,), and the percentage of chitosan (X;). The explored ranges were
between 85% (with 15% glycerol) and 95% of graphite (with 5%
glycerol) and 1.5 and 2.1% of chitosan. This domain was settled to
explore the typical range of ex?erimental conditions for water-based
formulation of conductive inks.'® The resulting experimental matrix is
shown in Table 1. The measured responses were the electroactive area
(Aga), the electron transfer rate constant (k°), and the rheological

parameter tan 5=%, obtained from the electrochemical and

theological characterizations (vide supra) of the water-based inks.
All of the responses should be maximized. The responses for each
condition of the experimental plan were assessed from two repeated
measurement and the average response is reported in Table 1. For
each response, the analytical variability was computed as pooled
standard deviation, being 0.12 cm? for the Ag,, 0.019 X 107 cm 57!
for K%, and 045 for tan 6, with 11 degrees of freedom. The
experiments were conducted in random order not to introduce
unwanted systematic effects. The models were computed by
multilinear regression using CAT (Chemometric Agile Tool) open-
source software,*® with five degrees of freedom.™  Statistical
significance was set as customary at a confidence level of p = 0.05.
The experimental variability was evaluated as the standard deviation.
Therefore, the experimental variability is 0.50 cm? for the Agy, 4.10 X
1073 cm s7! for k% and 0.57 for tan &, meaning that for the first two
responses the experimental variability is significantly larger than the
analytical variability.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Characterization of Stencil-
Printed Graphite Electrode. The graphite printed electro-
des were prepared using stencil-printing of water-based
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graphite conductive inks onto flexible PET, as described
previously. The composition of the electrodes was formulated
according to the face centered design as reported in Table 1
and electrode responses characterized using CV with 5 mM
Fe(CN)s*™/* at various scan rates ranging from $ to 150 mV
s~! (data not shown).”” From the CV measurements at 50 mV
s”!, reported in Figure 2A the SPG electrodes exhibited
different peak-to-peak separations and peak currents (Figure
2B black and blue curves, respectively). In particular,
electrodes with lower content of graphite (run #2, run #6
and run #8) reported a higher peak-to-peak separation, notably
0.237 + 0.009, 0.242 + 0.005 and 0.272 + 0.011 V, and a
lower peak current, notably 24.0 + 3.5, 23.6 + 2.1 and 22.0 +
2.8 pA. Both parameters can be associated with higher
electrical resistance of the ink formulation and lower
conductivity once cured. Based on these parameters, run #5
reported the lowest peak-to-peak separation (0.146 + 0.008 V)
and the highest peak current of (44.2 + 3.5 pA). Figure 2C
reports the electroactive areas (A,EA) for all formulated inks
calculated by using Randles—Sev¢ik equation (black curve)*’
and the electron transfer rate constant (blue curve) calculated
by using a mixed model based on an extended method merging
the Klingler—Kochi and Nicholson and Shain methods."® Run
#5 ink reported the highest Ap,, notably 4.11 + 0.13 cm?, and
an electron transfer rate constant (k°) of (12.5 + 0.3) x 1073
cm s~! (Figure 2C). Considering a geometric area (Aggo) of
0.09 cm?, the roughness factor (p) was calculated as 45.6.
Additionally, all electrodes were analyzed through EIS to
determine the resistance to the charge transfer (Rcr) of a
redox molecule, which can be extrapolated by using the
Randles equivalent circuit (Figure 2D,E). All extracted data
from the fitting are reported in Table S1 (Supporting
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Figure 3. Flow curve of run #3 illustrates the relationship between apparent viscosity (A) and shear stress (B) with respect to the shear rate.
Additionally, the frequency sweep (C), carried out at a shear strain of 0.01%, reveal the behavior of the elastic modulus, G’, and viscous modulus,
G”, respectively, in relation to angular frequency; frequency sweep experiment performed after flow curve for the system run #S at 25 °C (D); the
amplitude sweep test performed before the flow curve at an angular frequency of 10 rad/s used to extract tan & in the linear viscoelastic regime (E).
In the amplitude sweep, the red line represents a linear fit used to determine G’ and G’ at low strain and angular frequency; G”/G’ and complex
viscosity for all investigated samples at 25 °C; (F). All experiments are performed at a temperature of 25 °C.

Information). All ink formulations showed Rcr ranging
between 15 and 30 kQ, except for run #5 electrodes that
reported an Rep of 9.5 & 0.4 k€2 due to high graphite and low
binder contents, which are positively affecting the electro-
chemical performance of printed electrodes as previously
reported.

3.2. Rheological Characterization of Formulated
Water-Based Graphite Ink. Most printing inks consist of
solid pigment particles suspended in complex vehicles.
Traditional oleoresinous oil-based vehicles have been replaced
to some extent by heatset inks (resins dissolved in petroleum
solvents), flexographic inks (resins in alcohol), and steamset
inks (resins in glycols). Latexes are becoming less common,
while plastisols are also being considered. When solid particles
such as pigments or extenders are added to a vehicle to create a
commercially valuable product, it consistently leads to non-
Newtonian, generally to nonlinear flow behavior. Conse-
quently, the flow of ink becomes more challenging to describe
and understand compared with the flow of pure liquids. The
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flow curve of the inks strictly depends on their formulation
used in various applications: screen printing, gravure printing,
inkjet printing and spray coating.”” Inks can show a variety of
behavior under flow, and consequently they can be classified as
pseudoplastic (shear-thinning), yield-pesudoplastic (shear-
thinning after reaching the yield stress), or quasi-Newtonian.
The quasi-Newtonian behavior is due to the stress-versus-shear
rate curve that is linear only within the shear rate range of 50—
500 s71. Below this range, the curve shows a distinct curvature
toward the origin.49 In our formulation, chitosan was
incorporated as a binder in the graphite suspension. The
presence of chitosan can induce a viscoelastic response.
Specifically, hydrophobic interactions between chitosan chains
can lead to a sol—gel transition, resulting in gel formation
depending on pH and concentration.”® Chitosan is commonly
employed in conjunction with other polymers to create
composites for controlled release purposes.”’ In our case, all
systems demonstrate quasi-Newtonian behavior, as illustrated
in Figure 3 for run #5. Specifically, the flow curve demonstrates
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the semiamplitude of the confidence interval of the responses.

complex behavior at low shear rates but becomes Newtonian-
like after SO s™' (Figure 3A,B). The frequency sweep
measurement indicates a gradual shear-thinning effect as a
function of the frequency (Figure 3C). However, the elastic
modulus G’ is consistently lower than the viscous modulus G”
across all investigated angular frequencies and shear strain
ranges. Therefore, we classify the system as quasi-Newtonian.
It is worth noting that the frequency sweep conducted after the
flow curve (Figure 3D), for instance, after deformation,
exhibits a different behavior compared to the frequency
sweep conducted before the flow curve (Figure 3C). This
discrepancy suggests the presence of a potential out-of-
equilibrium state, such as partial aggregation. Tan § (=G"/
G’) in the linear viscoelastic regime can be extracted from the
amplitude sweep performed at an angular frequency of 10 rad/
s (Figure 3E). Figure 3F presents the complex viscosity and the
tan § (=G”/G’), as defined in eq 2 for the corresponding
samples. A minimum value of complex viscosity, along with a
minimum tan &, is observed at the highest graphite and
chitosan content (run #4). Conversely, a maximum value of
tan 0 is observed for run #6. The intermediate sample, run #5,
demonstrates the most favorable fit in terms of both complex
viscosity and tan o.

3.3. Experimental Design Applied to Water-Based
Graphite Inks. The optimization of the ink formulation was
accomplished with an Experimental Design approach, aiming
at improving the electrochemical performance, namely, the
electroactive area (Ag,) and the electron transfer rate constant
(k°), while maximizing tan &, to improve the homogeneity of
the stencil printed electrode. This will ensure the possibility to
obtain a conductive ink with high electrochemical performance
but also printable by using a stencil onto different types of
flexible supports. To this aim, the percentage of graphite with
respect to glycerol (X;), and the percentage of chitosan (X,),
have been varied according to a face-centered design,41 with
the experimental matrix provided in Table 1. The number of
experiments required by such a design is 2¢ + 2:k + n,
corresponding to the combination of a factorial design, a star
design, and n replicates of the center point. In the specific case,
with the number of variables k = 2 and the number of
replicates of the center point n = 3, 11 experiments are
required. While the experimental matrix is built up from the
coded values, the experimental plan reports the real value of
the variables used to fabricate the stencil printed electrodes.
Thus, the water-based inks were formulated according to the
conditions settled by the experimental plan and fully
electrochemically and rheologically characterized, recording
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Figure S. (A) CVs at different scan rates (5—150 mV/s) of optimized ink SPG electrodes recorded in 5 mM Fe(CN)s>~/#~ (prepared in 10 mM
HEPES buffer pH 7.2 + 100 mM KCl); (B) CVs at different scan rates (5—150 mV/s) of DRP-110 screen printed electrodes recorded in S mM
Fe(CN) /4 (prepared in 10 mM HEPES buffer pH 7.2 + 100 mM KCl); (C) slope i vs v for optimized ink SPG electrodes (black curve) and
DRP-110 screen printed electrodes (red curve) extracted from CVs recorded at different scan rates (from 5 to 150 mV/s); (D) EIS curves recorded
applying E = 0.23 V from 100 kHz to 0.1 Hz with amplitude S mV of optimized ink SPG electrodes (black curve) and DRP-110 screen printed
electrodes (red curve) in 5 mM Fe(CN)s>~/4~ (prepared in 10 mM HEPES buffer pH 7.2 + 100 mM KCl).

the responses, namely, Ag,, k% and tan 8. The experiments
were performed in the randomized order reported in Table 1
to avoid introducing unwanted systematic effects. Based on
those experiments, the following quadratic models have been
obtained

Aga=1.73 + 0.67X-0.73x{**)-0.49X,X, - 0.47X,>

+0.75X,**) 3)
explaining 81.9% of the variance, with a standard deviation of
the residuals of 0.41 cm*

K°(107%)=6.19 + 1.83X,~1.64X,~2.02X,X,—1.40X,”

+1.69X," (4)
explaining 13.1% of the variance, with a standard deviation of
the residuals of 3.10 107> cm s~

tan § = 3.80 — 0.32X,+0.14X,— 1.18X,X{*)+0.91x,>

-0.18X,” ()
with a 49.5% explained variance, and a standard deviation of
the residuals 0.76. The standard deviations of the residuals of
the three responses are in agreement with the experimental
variability registered at the center point, meaning that no lack
of fit is present. The coefficients of the Ag, and k” models are
reported in Figure 4A—C as bar plots. The coeflicients’
significance level is indicated according to the usual
convention, with *p < 0.05, **p < 0.01 and ***p < 0.001.
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The incertitude of the prediction is provided in Figure 4D—
I, where the contour plots of the semiamplitude of the
confidence interval of the responses are plotted. For the first
response, namely, Ag,, as suggested by the significance of the
linear terms, increases with increasing graphite and decreasing
chitosan. Furthermore, the significant quadratic term for
chitosan indicates that the behavior is not linear. The model
of the second response, k’, explains only 13% of the variance
and has no significant coeflicients. Therefore, no information
about the effect of the variables on this response can be
obtained.

In the model for the rheological parameter tan 6 response,
the interaction between the two variables is the only significant
coeflicient. The response surface, depicted in Figure 4F, shows
that an increase of graphite increases tand when the chitosan
percentage is at the lower level, while it has the opposite effect
when chitosan is at the higher level. On the other hand, an
increase of chitosan increases the response when graphite is at
the lower level, while it decreases the response when graphite is
at the higher level. Therefore, the highest response is obtained
with both variables at the higher level or both variables at the
lower level, with the former condition to be preferred since it
also corresponds to the highest predicted values for the
electroactive area Ag, response. Therefore, from the analysis of
the response surfaces, it is apparent that the condition
corresponding to 95% graphite 5% glycerol and 1.5% chitosan
(coded values +1, —1, corresponding to experiment S in Table
1) gives the highest predicted values for all the responses.
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Figure 6. (A) Operating scheme of E-INK; (B) CVs for E-INK modified electrode in nonturnover (10 mM buffer pH 7.5 + 100 mM KCI + 125
UM ferricyanide, black curve) and turnover conditions (addition of 10 mM r-lactate, red curve), scan rate S mV s '; (C) amperometric
measurements performed at E,,: + 0.3 V for E-INK modified electrode in 10 mM buffer pH = 7.5 + 100 mM KCl + 125 uM ferricyanide by
increasing substrate concentration in the range 0—10 mM for L-lactate—insetl: calibration curve at E,,;: + 0.3 V by increasing substrate
concentration in the range 0—10 mM for L-lactate—inset2: linear range of calibration curve for E-INK modified electrode; (D) effect of different
pHs and temperature on E-INK modified electrode: 10 mM acetate buffer (black), 10 mM MOPS buffer (red)10 mM HEPES buffer (blue).
Experimental conditions: 10 mM L-lactate, applied potential + 0.3 V; influence of interfering compounds on lactate response for E-INK modified
electrode: 500 yM ascorbic acid, 500 yM dopamine, S00 M glucose, S00 M p-fructose, SO0 M D-mannitol, S00 M bD-galactose, 500 uM
dopamine and 10 mM t-lactate measured with amperometry at E,,: + 0.3 V and storage stability; (E) CVs for E-INK modified electrode in
nonturnover (10 mM buffer pH = 7.5 + 100 mM KCl + 125 uM catechol, black curve) and turnover conditions (addition of 10 mM L-lactate, red
curve), scan rate 5 mV s™; (F) amperometric measurements performed at E,ppi: + 0.3V for E-INK modified electrode in 10 mM buffer pH 7.5 +
100 mM KCI + 125 uM catechol by increasing substrate concentration in the range 0—10 mM for 1-lactate—inset1: calibration curve at E,;: + 0.3
V by increasing substrate concentration in the range 0—10 mM for L-lactate—inset2: linear range of calibration curve for E-INK modified
electrode; (G) effect of different pHs and temperature on E-INK modified electrode: 10 mM acetate buffer (black), 10 mM MOPS buffer (red)10
mM HEPES buffer (blue). Experimental conditions: 10 mM v-lactate, applied potential + 0.3 V; Influence of interfering compounds on lactate
response for E-INK modified electrode: 500 M ascorbic acid, S00 uM glucose, S00 uM dopamine, 500 uM p-fructose, SO0 M D-mannitol, S00
uM Dp-galactose, S00 uM dopamine, and 10 mM r-lactate measured with amperometry at E,,: + 0.3 V and storage stability.
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Figure 7. (A) Operating scheme of EM-INK; (B) CVs for EM-INK modified electrode in nonturnover (10 mM buffer pH 7.5 + 100 mM KCl,
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calibration curve for EM-INK modified electrode in 10 mM buffer pH 7.5 + 100 mM KCl by increasing substrate concentration in the range 0—10
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D-glucose, applied potential + 0.3 V; influence of interfering compounds on lactate response for EM-INK modified electrode: 500 uM ascorbic acid,
500 uM v-lactate, 500 uM dopamine, S00 M p-fructose, 500 M D-mannitol, 500 uM p-galactose, S00 yM dopamine, and 10 mM D-glucose

measured with amperometry at E,,;: + 0.3 V and storage stability.

3.4. Comparison between Optimized Stencil-Printed
Electrodes and Commercial Screen-Printed Electrodes.
After obtaining the optimal ink formulation of 95% graphite
and 1.5% chitosan (5.4 g of graphite, 0.3 mL of glycerol, and 9
mL of chitosan) based on DoE results, the optimized ink was
used to stencil-print electrodes onto PET flexible supports.
The so prepared electrodes were characterized using CV with 5
mM Fe(CN)63_/ 4~ at various scan rates ranging from 5 to 150
mV s~ (Figure SA). The optimized electrodes reported an
electroactive area (Ag,) of 3.95 + 0.31 cm” using the Randles—
Sevcik equation (Figure SC). Considering a geometric area
(Agpo) of 0.09 cm?, this results in a roughness factor (p) of
43.8. For comparison, a commercial screen-printed electrode
was analyzed under similar conditions (CV with S mM
Fe(CN)s>~/# at various scan rates ranging from $ to 150 mV
s™!, Figure SB) reporting an Ag, of 0.106 cm?, which resulted
in a roughness factor of 0.84 (considering its geometric area of
0.1256 cm?). The low roughness factor might be ascribed to
cracking effects due to high curing temperatures usually
employed to fabricate screen-printed electrodes using organic
solvents-based graphite inks. It should be highlighted that
water-based inks are cured for shorter times and at lower
temperatures avoiding the formation of cracks on electrode
surfaces. Additionally, both electrodes were analyzed through
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EIS, as shown in Figure SD. The optimized ink electrodes
exhibited an Ry of 9.6 + 0.6 k€2, which is 2.4 times lower than
that of SPG electrodes (23.3 + 1.3 kQ). The extracted data
from the fitting are reported in Table S2 (Supporting
Information). This is in agreement with the results obtained
by CVs and others previously reported.'®'®

3.5. Enzyme-Based Inks for Printed Lactate and
Glucose Flexible Biosensors. The optimized ink was further
employed for the formulation of two different enzyme-based
inks, namely, LOx modified optimized ink (referred to as
enzyme-ink (E-INK), Figure 6A) and an ink containing both
GOx and [Os(4,4'-dimethyl-2,2"-bipyridine),(poly vinylimida-
zole);oC1]**/* (labeled as [Os(dmbpy),(Cl)(PVI),,]) as redox
mediator within the optimized graphite ink formulation
(referred as EM-INK, Figure 7A).

To evaluate the catalytic behavior of the modified electrodes,
several CV experiments were conducted in 10 mM HEPES
buffer (pH 7 S) supplemented with 100 mM KCl, using 10
mM L-lactate and D-glucose as substrates, respectively. The E-
INK printed electrodes were subjected to testing with two
different diffusing redox mediators: ferricyanide (shown in
Figure 6B—D) and catechol (shown in Figure 6E—G). Figure
6B illustrates the CVs obtained in the absence of substrates
(black curve) and in the presence of 10 mM L-lactate (red
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curve). Under nonturnover conditions, particularly in the
presence of 125 uM ferricyanide, the E-INK printed electrodes
did not exhibit any redox peak, lacking any nonturnover redox
activity. However, upon addition of the substrate, a catalytic
curve emerged, starting at Eqysgp = + 0.165 V, and reaching a
maximum current of 2 pA at E = + 04 V (Figure 6A, red
curve). Similarly, Figure 6E presents the CVs in nonturnover
(black curve) and turnover (red curve) conditions, with 125
UM catechol as the redox mediator. The CVs showed a
catalytic curve starting at Eqyger = + 0.182 V, with a maximum
current of 3.7 yA at E = 0.4 V. The modified electrodes were
further subjected to amperometry tests with increasing
substrate concentrations ranging from 0 to 10 mM for L-
lactate, as depicted in Figure 6C,E. The resulting calibration
curves for the E-INK modified electrodes are shown in Figure
6C,E, covering a broad concentration range of 1 X 10°%to 1 X
1072 M. For the electrodes utilizing ferricyanide as the redox
mediator, the calibration curve indicated a linear response
within the range of 1—500 M (as shown in Figure 6C, inset).
The detection limit was found to be 0.3 + 0.1 yM, and the
sensitivity was calculated as 3.3 yA mM~'. The correlation
coeflicient (R*) for this calibration curve was 0.99, with a
relative standard deviation (RSD) of 3.3% based on 10
measurements (n = 10). On the other hand, the electrodes
employing catechol as the redox mediator displayed a linear
response in the range of 10—500 M (as shown in Figure 6E,
inset). The detection limit was determined to be 3 + 1 uM,
and the sensitivity was calculated as 0.47 A mM™'. The
correlation coefficient for this calibration curve was 0.97, with a
RSD of 8.3% based on 10 measurements (n = 10).
Additionally, both calibration curves were analyzed to derive
classical Michaelis—Menten kinetic parameters. For ferricya-
nide as the mediator, the maximum current (I,,) Wwas
measured to be 3.7 + 0.1 pA, and the apparent Michaelis—
Menten constant (Ky*?) was determined to be 0.50 + 0.0S
mM. In the case of catechol as the mediator, the I, was found
to be 0.16 + 0.01 uA, while the KPP was calculated as 0.23 +
0.05 mM. The unexpected lower Ky **F values observed for the
E-INK electrodes compared to literature values can be
attributed to the altered diffusion coeflicient of the substrate
toward the enzyme-modified electrode, as well as the
entrapment efficiency and orientation of the enzyme toward
the graphite flakes within the ink.>> These factors may
influence the enzyme—substrate interaction and subsequently
affect the apparent Michaelis—Menten constant. The effects of
pH and temperature on the performance of the E-INK
modified electrodes were also investigated for both ferricyanide
and catechol as mediators. To cover a wide pH range between
3 and 10, three different buffers were used: acetate, MOPS,
and HEPES buffers. The current signal showed an increase
with increasing pH until reaching a maximum at pH 7.5 and
thereafter decreasing as the pH was increased beyond 7.5. The
optimal pH of 7.5 was consistent when using either of the two
mediators (Figure 6D,G). Similarly, the temperature effect was
assessed in 10 mM HEPES buffer at pH 7.5, supplemented
with 100 mM KCIl. The results revealed an optimum
temperature range of 30—35 °C for the E-INK modified
electrodes, which aligns with findings reported in the
literature.”® The selectivity of the E-INK modified electrodes
was examined to evaluate the influence of the interfering
compounds on their response. The signal obtained at a fixed
concentration of L-lactate was compared to the signals
obtained with equal amounts of various potential interfering
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compounds including p-fructose, D-galactose, p-mannitol, D-
glucose, ascorbic acid, and dopamine. The results, as shown in
Figure 6D,G, indicated that there was no significant current
response for potential interfering compounds, except for
ascorbic acid, which showed 11 and 9% interference in both
cases. Ascorbic acid stands out among the other interferents
due to its notably higher diffusion coefficient (D = 5.9 X 107
cm® s7') and ease of oxidation at the electrode surface,
especially at the applied potential utilized for these analytical
measurements. This ease of oxidation can lead to interference
in electrochemical measurements, causing detectable signals in
the presence of ascorbic acid. Additionally, the storage stability
of the E-INK modified electrodes was investigated by
subjecting electrodes to 10 measurements every day over a
90-day period using a 10 mM L-lactate solution. The results, as
reported in Figure 6D,G, indicated that the E-INK modified
electrodes exhibited a signal decrease of less than 15—20% of
their initial response after 90 days of continuous use. This
observed stability can be attributed to a combination of factors,
including the intrinsic stability of the enzyme enclosed within
the formulated ink, ink deposition, and homogeneity.
Similarly, the enzyme mediator-ink (EM-INK) printed
electrodes were tested as reported in Figure 7A—C. Figure
7B depicts the CVs obtained in the absence of substrate (black
curve) and in the presence of p-glucose from 10 uM to 10 mM
(colored curves). Under nonturnover conditions, the EM-INK
printed electrodes did not exhibit any redox peak, indicating a
limited nonturnover redox activity. However, upon addition of
the substrate, catalytic current is observed starting at Eqnger =
0 V. The resulting calibration curve for the EM-INK modified
electrodes are shown in Figure 7C, covering a broad
concentration range of 1 X 10 to 1 X 1072 M. The
calibration curve indicated a linear response within the range of
10—500 M (as shown in Figure 7B, inset). The detection
limit was found to be 3 + 1 uM, and the sensitivity was
calculated as 4.3 4A mM™". The correlation coefficient (R*) for
this calibration curve was 0.99, with a RSD of 4.2% based on
10 measurements (n = 10). Additionally, the calibration curve
was analyzed to derive the classical Michaelis—Menten kinetic
parameters. For the ORP as the mediator, the maximum
current (I,,,) was measured to be 4.3 + 0.3 uA, and the
apparent Michaelis—Menten constant (Ky**) was determined
to be 0.4 + 0.1 mM. The lower Ky**? values observed for the
EM-INK electrodes can indeed be attributed to several factors,
including the altered diffusion coeflicient of the substrate
toward the enzyme-modified electrode, as well as the
entrapment efficiency and orientation of the enzyme within
the graphite flakes of the ink.”” These factors can affect the
accessibility of the substrate to the active sites of the enzyme,
influencing the enzyme—substrate interaction and, conse-
quently, affecting the apparent Michaelis—Menten constant
(Ku(®P). The effects of pH and temperature on the EM-INK
modified electrodes (Figure 7D) were evaluated, showing a
maximum current signal at pH 7.5, which corresponds to the
maximum current signal obtained in HEPES buffer. The
optimum temperature (Figure 7D) was found to be 30—35 °C,
in agreement with the literature.” The selectivity of the EM-
INK modified electrodes was studied to assess the interfering
compounds’ influence on its response. Interference tests with
various compounds showed no significant current responses,
except for ascorbic acid, which exhibited a higher diffusion
coeflicient and ease of oxidation at the electrode surface. The
storage stability of the EM-INK modified electrodes (Figure
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7D) was investigated, showing a signal decrease of less than
10% after 90 days of daily use for a 10 mM b-glucose solution,
possibly attributed to the enzyme intrinsic stability enclosed
within the formulated ink.

4. CONCLUSIONS

This work reports a novel approach based on a rational design
to formulate water-based graphite conductive inks integrating
enzymes and electron transfer mediators to obtain fully printed
highly performing enzyme-based amperometric biosensors for
lactate and glucose detection. Noteworthy the stencil-printed
electrodes displayed an electroactive area (Ag,) of 3.95 + 0.31
cm? and a roughness factor (p) of 43.8, a value 50 times higher
than commercially available screen-printed electrodes. Addi-
tionally, the incorporation of lactate oxidase and GOx within
water-based graphite conductive ink led to the creation of
enzyme-based inks, termed E-INK for lactate detection and
EM-INK for glucose detection. The resultant biosensors
showcased remarkable sensitivity and a low LOD, measuring
3.3 A mM ™" and 0.3 + 0.1 uM (utilizing ferricyanide as an
electron mediator) and 0.47 uA mM ™" and 3 + 1 uM (utilizing
catechol as an electron mediator) for E-INK, and 4.3 yA mM™*
and 3 + 1 uM for EM-INK. Notably, these biosensors also
exhibited exceptional selectivity and maintained their storage
stability, retaining approximately 80—90% of the initial signal
even after 90 days. The suggested system exhibits encouraging
characteristics that make it suitable for use as a versatile,
wearable biosensor. It utilizes biocompatible water-based inks,
making it potentially applicable in sports medicine and remote
clinical care settings. Moreover, there is potential for further
development, leading to the creation of edible biosensors
capable of continuously monitoring metabolites.
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