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A B S T R A C T

The possibility to print electronics by means of office tools has remarkedly increased the possibility to design
affordable and robust point-of-care/need devices. However, conductive inks suffer from low electrochemical and
rheological performances limiting their applicability in biosensors. Herein, a fast CO2 laser approach to activate
printed carbon inks towards direct enzymatic bioelectrocatalysis (3rd generation) is proposed and exploited to
build biosensors for D-fructose analysis in biological fluids.
The CO2 laser treatment was compared with two lab-grade printed transducers fabricated with solvent (SB)

and water (WB) based carbon inks. The use of the laser revealed significant morpho-chemical variations on the
printed inks and was investigated towards enzymatic direct catalysis, using Fructose dehydrogenase (FDH) in-
tegrated into entirely lab-produced biosensors. The laser-driven activation of the inks unveils the inks’ direct
electron transfer (DET) ability between FDH and the electrode surface. Sub-micromolar limits of detection (SB-
ink LOD = 0.47 μM; WB-ink LOD = 0.24 μM) and good linear ranges (SB-ink: 5–100 μM; WB-ink: 1–50 μM) were
obtained, together with high selectivity due to use of the enzyme and the low applied overpotential (0.15 V vs.
pseudo-Ag/AgCl). The laser-activated biosensors were successfully used for D-fructose determination in complex
synthetic and real biological fluids (recoveries: 93–112%; RSD ≤8.0%, n = 3); in addition, the biosensor ability
for continuous measurement (1.5h) was also demonstrated simulating physiological D-fructose fluctuations in
cerebrospinal fluid.

1. Introduction

Nowadays, printed electronics is worldwide recognized as a smart
approach for the production of flexible and wearable electronics.
Different printing technologies have been proposed including flexo-
graphic, offset, gravure, inkjet, and screen-printing (Dimitriou and
Michailidis, 2021; Martins et al., 2023; Suresh et al., 2021). Among
others, stencil printing has attracted increasing attention, offering the
possibility to produce on-demand designs just using a cutting-plotter,
allowing every lab to produce in-series sensors and electronic devices
(Kay and Desmulliez, 2012; Kongkaew et al., 2022; Silveri et al., 2023a,

2023b). Regardless of the technique employed, the electronics’ features
are strongly affected by the used ink. Graphite-based inks are commonly
used for the development of electrochemical sensors due to their low
cost and for mechanical, thermal, and chemical features, that allow
different printing approaches on different substrates (Camargo et al.,
2021). However, despite their widespread use, the presence of binders
and/or stabilizers in the formulation often results in poor
electron-transfer ability and reduced-exposed active surface, making
‘pristine’ graphitic inks not always suitable for electro-analytical pur-
poses (Rocha et al., 2021; Yuan et al., 2021).

Beyond the widely used post-printing modifications using
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nanomaterials, several efforts have been devoted to find fast and effec-
tive strategies to directly boost printed-inks performance. Chemical,
electrochemical, and plasma-based treatments have been proposed
(Cheunkar et al., 2022; Silva et al., 2019; Yuan et al., 2021; Zappi et al.,
2021). These approaches require time-consuming post-printing steps
and often need the use of toxic/hazardous chemicals and dedicated
instrumentation. These methods generally change only the ink’s surface
chemistry, not driving useful morphological changes such as nano-
structuration and/or removal of printing additives. Therefore, the
search for effective strategies to enhance electroanalytical features is
still on course, while methods to induce/activate interactions between
printed inks and biological elements deserve to be further studied.

Recently, CO2 laser-based strategies to induce carbon-based mate-
rials nano/micro-structuration and ’tuning’ have grown exponentially
in the electroanalytical field. Laser technologies take advantage of the
photothermal energy released by the laser beam (IR emission) which, in
case of photosensitive substrates, leads to instantaneous morpho-
chemical changes (Griffiths et al., 2014; You et al., 2020). These
changes can lead to conductive circuits and nanostructure formations
and heterostructures/hybrid-nanomaterials assembling (Della Pelle
et al., 2023; Scroccarello et al., 2023; Silveri et al., 2023b); moreover,
the laser can be also used for 3D-printed electrodes ’sintering’ (Rocha
et al., 2021; Veloso et al., 2023). Overall, properly conducted CO2 laser
treatments can generate and/or improve electrochemical features of
different kinds of carbonaceous substrates, thus representing an
appealing opportunity for (bio)analytical device development.

In the printed electronics field, pioneering works have explored the
CO2 laser effect on screen-printed electrodes, demonstrating the ability
to induce favorable morpho-chemical changes (Alba et al., 2021a,
2021b). Further studies have employed laser-treated printed electrodes
to build up electrochemiluminescence-based devices (Alba et al., 2022)
and supercapacitors (Baptista et al., 2022). In this framework, our group
employed laser treatments to induce gold nanoparticles formation in
carbon ink (Silveri et al., 2023b). Despite the intriguing preliminary
outcomes, additional efforts should be devoted to understand the
mechanism and potentiality of these laser treatments. For instance, laser
technology on water-based inks has not been explored yet, even though
water-based formulations represent a turning point for developing more
sustainable printed devices (Camargo et al., 2021; Marchianò et al.,
2024; Sanchez-Duenas et al., 2023; Tricase et al., 2023). Furthermore,
the potential of laser-treated printed circuits in the bioelectronics field
has not been explored, especially regarding the interaction with bio-
logical elements as redox enzymes, despite the laser approach being fast
and scalable at an industrial level.

Bioelectronics deal with the integration of bioelements as active
components of electronic devices; among biomolecules, redox enzymes
have gained significant attention for their catalytic functions (Camargo
et al., 2021; Marchianò et al., 2024; Sanchez-Duenas et al., 2023; Tricase
et al., 2023). Among them, some are able to directly communicate with
electrodes, resulting in direct electron transfer (DET) phenomena (Bol-
lella, 2022; Schachinger et al., 2021). DET is at the basis of biofuel cells
and 3rd generation enzymatic biosensors, which exploit the direct elec-
trons shuttling between the redox site of the protein and the transducer
surface (Adachi et al., 2020). Fructose dehydrogenase (FDH), a
membrane-bound flavohemo-protein responsible for the conversion of
D-fructose in 5-keto-D-fructose throughout a 2H+/2e− oxidation, is
capable to give DET if faced with properly engineered electrodic sur-
faces (Fukawa et al., 2024; Suzuki et al., 2023). Indeed, FDH has been
employed to build up electrochemical biosensors (Bollella, 2022), where
DET is generally favored by the enzyme orientation and employing
additional nanomaterials or dedicated nanostructured surfaces (Bollella,
2022; Bollella and Katz, 2020); however, the latter approaches often
make the biosensor realization time-consuming, cumbersome and
hardly automatable. FDH-biosensors have been mainly employed for
D-fructose determination in food samples, whereas the applicability in
the biomedical field is still not widely explored, although the evidence of

D-fructose impact on human health, in particularly for vulnerable sub-
jects such as infants or diabetic patients (Andres-Hernando et al., 2019;
Hwang et al., 2017; Li et al., 2018; Singh and Sarma, 2022; Tigchelaar
et al., 2022).

In this work, a CO2 laser strategy to activate printed carbon-ink
transducers towards DET-based bioelectrocatalysis is proposed. Two
inks with different formulations have been considered, one solvent-
based (SB) and the other water-based (WB), building up fully inte-
grated lab-manufactured fructose dehydrogenase-based DET-type bio-
sensors; these were used for D-fructose analysis in synthetic and real
biological fluids. The laser-induced changes were morpho-chemically
evaluated, and correlated with the electrochemical features, with
particular regard to the FDH-catalytic event. Raman and FTIR spec-
troscopy together with scanning electron microscopy were employed,
parametrizing the corresponding electron-transfer and biocatalytic im-
plications. The laser effect was also evaluated towards the lab-made ink-
activated FDH 3rd generation biosensors analytical features. Biosensors
were employed for the determination of D-fructose in formulated and
donkey milk, and in artificial seminal and cerebrospinal fluid, proving
accuracy and selectivity; eventually, the biosensors’ ability to measure
in continuous in complex media was proved to simulate D-fructose
fluctuations in cerebrospinal fluid.

2. Experimental section

2.1. Materials, chemicals and samples

Solvent-based carbon graphite ink (SB-ink), water-based conductive
graphite ink for flexographic printing (WB-ink), Ag/AgCl ink were
purchased from Sigma Aldrich (St Louis MO, USA). Recombinant D-
fructose dehydrogenase (FDH; native EC 1.1.99.11 from Gluconobacter
japonicus NBRC 3260, 40 U mg− 1) was expressed and purified according
to Kawai et al. (2013) and stored in sodium phosphate buffer (pH 6.0,
0.1% Triton® X-100, and 1 mM 2-mercaptoethanol).

The complete list of chemicals, materials, and samples is reported in
section SM.2.1.

2.2. Apparatus

A detailed description is reported in section SM.2.2.

2.3. Biosensors manufacturing and CO2 laser-activation

The biosensor manufacturing is summarized in Scheme 1. Firstly, the
patterned stencil mask was stuck onto the PET sheet and then the ink
was spread with a squeegee, ensuring the formation of working, counter
and reference electrodes. The curing of the inks was performed
following the manufacturer’s recommendations at 60 ◦C for 30 min and
10 min for SB-ink and WB-ink, respectively. To obtain a complete
electrochemical cell, Ag/AgCl ink was smoothly brushed onto the
reference electrode, followed by curing at 60 ◦C for 10 min. The trans-
ducers’ working area was insulated from the contacts laminating a
complementary PET-EVA sheet using a thermal roll laminator. The laser
activation of the printed ink-based working electrodes was performed
using the CO2 laser plotter in engraving mode (7.4 cm focusing lens);
laser details are reported in section SM.2.2. The treatment was performed
at a laser source power of 4.8 W and 3.6 W for SB-ink and WB-ink
respectively, using a laser speed of 1.50 m s− 1. Eventually, the bio-
sensors were completed depositing 15 mU of FDH onto the working
electrode surface and left to interact for 45 min in the dark.

2.4. Morpho-chemical characterization

A detailed description of SEM, Raman and FT-IR analysis is reported
in section SM.2.4.

F. Silveri et al.
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2.5. Electrochemical and electrocatalytic measurements

Electrochemical features of the ink-based transducers were investi-
gated via cyclic voltammetry (CV) at 25mV s− 1 using 5mM [Fe(CN)6]3-/
4- in 0.1 M KCl. CV at 25 mV s− 1 was further employed to explore the
response of 1 mM ascorbic acid, 1 mM caffeic acid, and 1 mM dopamine
in 0.1 M phosphate buffer pH = 7. Double layer capacitance (Cs)
investigation was performed via CV at increasing scan rates in 0.1 M
KOH, working in the non-faradic potential window. DET reaction with
FDH was investigated performing CVs at 5 mV s− 1 in 50 mM acetate
buffer pH= 4.5 containing 0.1 M KCl, in absence and presence of 10 mM
D-fructose. CV experiments were conducted employing external counter
(CE) and reference (RE) electrodes, using a Pt-wire and Ag/AgCl (3 M
KCl), respectively. Amperometry was employed for D-fructose bio-
sensing, using +0.15 V as overpotential (vs. pseudo-Ag/AgCl); for these
experiments, the integrated biosensors were employed (section 2.3).

2.6. D-fructose determination in biological fluids

D-fructose determination in powder formula milk, donkey milk,
artificial seminal fluid (aSF), and synthetic cerebrospinal fluid (CSF) was
performed via amperometry (+0.15 V vs. pseudo-Ag/AgCl); the samples
were diluted in acetate buffer to fit the linear range, and D-fructose was
quantified using standard additions method.

Continuous measurement to simulate the D-fructose fluctuations in
cerebrospinal fluid was carried out by placing the biosensor in a 10 mL
vessel, connected with two inlet tubes and one outlet tube whose flows
were controlled by a peristaltic pump. The inlets were connected to
‘mobile phases’ containing D-fructose in CSF (phase A) and acetate
buffer (phase B), respectively. Two different types of D-fructose fluctu-
ation were simulated for the biosensors based on SB-ink and WB-ink, in
both cases, amperometry was employed (+0.15 V vs. pseudo-Ag/AgCl);
the detailed phases gradients applied along the 1.5 h of measure are
reported in section SM.2.6.

3. Results and discussion

The idea behind this work was to explore the potentiality of CO2 laser
to activate printed graphitic inks’ direct electron transfer (DET) ability
toward the redox enzyme fructose dehydrogenase (FDH), to obtain
performing 3rd generation fructose biosensors. The full list of the ex-
periments carried out is resumed in Scheme S1. The effect of the laser
treatment on water-based and solvent-based inks was carefully investi-
gated. The influence of the laser power on the inks was investigated via
the redox probe [Fe(CN)6]3-/4- and Raman spectroscopy, to understand
the electron-transfer abilities and morpho-chemical changes induced by
the treatment (section 3.1). The bio-catalytic event vs. laser power as a

function of the DET reaction kinetics and D-fructose biosensing was
studied (section 3.2). A complete electrochemical characterization,
including the study of additional redox-active compounds, has been also
performed to have an overview of the laser treatment effect (section
S3.1). Eventually, the laser-activated biosensors were applied for the D-
fructose determination/monitoring in surrogate breastfeeding milk and
synthetic biological fluids.

3.1. CO2 laser-activation of printed inks. Physico-chemical and
electrochemical characterization

Solvent (SB) and water-based (WB) ink printing and sensor
manufacturing are resumed in Scheme 1 and explained in detail in sec-
tion 2.3.

The influence of the laser treatment on physical, chemical, and
electrochemical features of the two printed inks was explored. To this
aim, SB and WB transducers were treated applying laser power between
1.2 and 6.0 W. For each treatment cyclic voltammetry (CV) with the
inner-sphere redox probe [Fe(CN)6]3-/4- was recorded. Fig. 1A and 1B
displays the intensity of the faradaic density current obtained treating
the SB and WB transducers, respectively; the voltammograms are re-
ported in Fig. S1.

The treatment revealed a current density increase with respect to the
applied power. Two different trends were observed: SB-ink is charac-
terized by a ‘two-steps’ current increasing process, reaching a plateau
between 2.4 and 4.8 W, then decrease at 6 W. The treatment at 4.8 W
returned a more reproducible response (RSD = 2.2%, n = 3). On the
other hand, WB-ink shows an exponential-like behavior, reaching the
maximum faradaic current density at 3.6 W (RSD = 0.2%, n = 3).
Applying higher power, a significant decrease of performance is
observed, up to 6 W where the printed ink stops working. This phe-
nomenon is caused by the excessive energy of the treatment that leads to
the local burning and displacement of the films.

Fig. 1C and 1D report Raman spectra obtained treating the SB and
WB inks with different laser power (0, 1.2, 1.8, 2.4, 3.6, 4.8, 6.0 W). All
spectra have two sharp and clearly separated peaks, corresponding to
the typical graphitic carbon D-band (~1350 cm− 1) and G-band (~1600
cm− 1). The D-band gives information on primary in-plane vibrations of
sp3 carbon and its relative intensity is used to estimate the degree of
defects, while the G-band arises from the stretching of the C=C sp2

bonds (Alba et al., 2021a; Ferrari, 2007; Ma et al., 2019).
From the spectra, it is evident how the laser affects the morpho-

chemical features of the materials, and this effect is dependent of the
ink type and applied laser power. In particular, SB-ink shows a linear
decrease of the ID/IG ratio according to the increase of the laser power
(Fig. 1C inset). This result indicates that the reduction of the structural
disorder is proportional to the laser power (Alba et al., 2021a, 2021b).

Scheme 1. Sketch of biosensors manufacturing procedure. Printing of the ink-based transducers, CO2-laser activation of the SB and WB printed inks, and FDH-
functionalization of the laser-activated working electrode.

F. Silveri et al.
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On the other hand, WB-ink shows a slightly different trend, since the
untreated ink displays a significantly lower ID/IG ratio (Fig. 1D inset)
compared to the first laser power applied (1.2 W) and the ID/IG ratio
decreases up to 3.6 W. This trend is in agreement with the current
density trend discussed before. The native WB-ink ID/IG low value may
be attributed to the production of a more ordered external layer after the
printing, which is subsequently removed by the laser treatment exposing
the carbon graphitic matrix (this peculiar behavior will be further dis-
cussed in this section). Interestingly, Raman spectra for both inks exhibit
two additional peaks at higher wavelengths, i.e., the 2D band (~2700
cm− 1) related to the presence of a multilayered graphitic structure, and
the G + D band (~2950 cm− 1) related to structural defects (Ma et al.,
2019). The latter band decreases with the applied laser power further
confirming that the treatment drives defects removal; regardless of the
expected printed material differences, the two inks showed similar
behavior toward laser power.

To shed light on the morphological effect of the laser treatment,
pristine printed inks have been compared with the laser-treated ones via
scanning electron microscopy; in this case, the more promising laser
power was investigated, i.e., 4.8 W and 3.6 W for SB and WB ink,
respectively. Fig. 2 reports the pictures of treated and untreated inks
together with SEM micrographs at different magnifications.

SEM micrographs demonstrate the laser-driven morphological
changes of the inks: Fig. 2A of SB-ink reveals the presence of wide
graphite flakes interspersed among carbon nanoparticles (ii); the flakes
undergo fragmentation phenomena after the laser treatment, inducing
the formation of wrinkled flakes with more jagged edges completely
covered with carbon nanoparticles, resulting in a flower-like
morphology (iii) suggesting a larger exposed area. Fig. 2B of WB-ink
shows unresolved carbon nanoparticles immersed in a continuous ‘pa-
tina’ (ii), attributable to the polymer resins commonly used for flexo-
graphic printing (Pranav Y. Dave, 2020). The laser treatment induces the

Fig. 1. Faradaic current densities extrapolated from ferro/ferricyanide cyclic voltammograms obtained for SB (A) and WB (B) ink transducers treated with different
laser beam powers. Raman spectra for SB (C) and WB (D) inks treated with increasing laser power; the insets report the relative values of the extrapolated ID/IG ratio.
Red and blue shades stand for SB-ink and WB-ink, respectively; the laser power increase is indicated by the relative color darkening. Black bars (A–B) and curves
(C–D) indicate the pristine ink-printed transducers (not subjected to laser treatment).

Fig. 2. Morphological characterization of pristine and laser-activated SB (A) and WB (B) ink-based transducer surfaces. (i) Optical pictures of the ink macrostructure
surface: pristine (left), laser-activated (right). SEM micrographs of pristine (ii) and laser-treated (iii) inks; in-lens signal acquisition magnification 5 kX. Insets report
micrographs acquired at Mag 30 kX.

F. Silveri et al.
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removal of this polymeric coating, unveiling the conductive graphitic
matrix, where the overall structure results in more wrinkles and more
resolved carbon nanoparticles (iii). The WB-ink pristine morphology
provides a possible explanation for the peculiar Raman spectrum ob-
tained, where the low ID/IG ratio is probably caused by the superficial
resin rather than the graphitic component; Fig. S3 demonstrates how
this surface coating removal starts from the lower laser-power applied
(1.2 W) in agreement with Raman spectroscopy.

Untreated and laser-treated inks were also investigated via ATR-FTIR
(Fig. S4). FTIR spectra returned different signatures for the two inks. In
particular, the laser treatment did not result in significant changes for
the SB-ink, suggesting that the laser drives a morphological change of
the ink rather than of surface chemistry. The treated WB-ink showed an
overall increase in all the stretching signals compared with the pristine
ink. This result further confirms that the laser induces the removal of the
polymeric coating that hides the FT-IR signals of the graphitic material.

To have a broader vision of the laser treatment effect, an accurate
electrochemical characterization of the ink-based sensors was carried
out, comparing the inks treated with the optimal laser power (4.8 W and
3.6 W for SB and WB ink, respectively) with the pristine inks. To this
aim, additional experiments with [Fe(CN)6]3-/4- were performed to
evaluate the main electrochemical parameters (i.e., ECSA and K0), the
double-layer capacitance (CS), and the electrochemical behavior of
model electroactive molecules (i.e., ascorbic acid, caffeic acid and
dopamine). The main findings of these studies are discussed below,
while the obtained data are reported in full in section SM.3.1.3.

Fig. S5 shows the treated and untreated ink comparison and the scan
rate study performed with [Fe(CN)6]3-/4- used to extrapolate the electro-
active surface area (ECSA) and the heterogeneous electron transfer rate
(k0) (Bard and Faulkner, 2002; Blandón-Naranjo et al., 2018; Flavio
et al., 2020; Nicholson, 1965). Laser-treated inks returned improved
ECSAs: SB-ink and WB-ink returned ECSA ⁓2-fold and ⁓4-fold higher
compared to the untreated inks, respectively. Also k0 resulted improved
after laser treatments for both inks probably due to the larger exposed
surface area or surface activation induced. Interestingly, WB-ink un-
derwent a tremendous boost of performance after laser treatment,
probably due to the removal of the passivating polymeric coating which
hinders the electron transfer with the redox probe.

Fig. S6 reports CVs at increasing scan rates in 1 M KOH, employed to
extrapolate the CS (Voiry et al., 2018). A different behavior was recorded
for the two inks in this case. CS was reduced for SB-ink, while it was
markedly (5-fold) increased for WB-ink. The effect observed for the
SB-ink has been already described and is attributed to the removal of
binders/stabilizers present in the solvent-based ink formulation (Rocha
et al., 2021; Yuan et al., 2021). These contribute to the capacitance of
the pristine ink, thus their removal induces a CS decrease. In the case of
WB-ink, the CS increase may be attributed again to the removal of the
pristine polymeric matrix, which does not allow efficient charge storage
at the electrode/electrolyte interface.

In order to have a better idea about the electrochemical potentiality
of the laser-treated inks, electro-active compounds with well-known
behavior, namely ascorbic acid, caffeic acid, and dopamine were
tested (Fig. S7). Interestingly, the laser treatment for the SB-ink resulted
in an overall slight improvement of the performance, particularly for
ascorbic acid. On the other hand, the laser-treated WB-ink showed a
tremendous improvement in the response, in terms of faradaic current
intensity, peak resolution, and signal-to-noise ratio; in this case, the
pristine WB-ink was unable to properly react with model compounds.
After the laser treatment, the ink displayed a huge boost due to the
demasking of the graphitic nanostructure, accompanied by a significant
reduction of the faradaic/capacitive current ratio.

Hence, the improvement of the electrochemical performance of the
SB-ink can be ascribed to the laser-induced removal of the binders/
stabilizers present in the ink native formulation (Alba et al., 2021a;
Martin and Claverie, 2022), along with favorable morpho-chemical
changes, which results in larger electro-active area and

electron-transfer ability. On the other hand, the laser treatment of the
WB-ink drives a graphitic nanostructure demasking that results in
favorable dramatic changes of physico-chemical and electrochemical
features. Moreover, in this case, higher laser power induces additional
effects on the conductive graphitic-based component, further improving
the charge-transfer properties of the material.

3.2. Catalytic and bioelectroanalytical performance of laser-activated
printed inks

The effect of laser activation on the ink-based transducers toward the
DET reaction of the FDH redox enzyme was investigated via CV; mea-
surements were performed in the presence and absence of the substrate
using bioreaction conditions established in previous studies (Bollella
et al., 2018; Silveri et al., 2023a).

Initially, the influence of the enzyme amount was explored on SB-ink
and WB-ink treated with laser power of 4.8 W and 3.6 W, respectively,
modifying the sensors with different amounts of FDH from 2 to 300 mU.
Fig. S8 displays the difference in catalytic current density (Δj, μA cm− 2)
obtained for both transducers. Notably, 15 mU of FDH resulted in the
highest and most reproducible catalytic response, therefore, this FDH
amount was selected for following tests. Interestingly, this FDH amount
is significantly smaller compared to the conventionally used for bio-
sensors based on commercial and nanomaterial-modified transducers,
which results to be approximately close to 240 mU (Bolella et al., 2018;
Bollella et al., 2018; Nazaruk et al., 2014).

The impact of the CO2 laser power applied to activate the inks was
also studied vs. the FDH-induced bioelectrocatalytic event; Fig. 3A and
3B shows the cyclic voltammograms obtained for SB-ink and WB-ink,
respectively. Measurements were conducted in non-turnover (acetate
buffer) and turnover (10 mM fructose in acetate buffer) conditions. The
relative current densities (Δj) values obtained are reported in Fig. 3C
(SB-ink) and 3D (WB-ink); Δj was extrapolated at +0.25 V (vs Ag/AgCl)
to consider the whole electro-catalytic curve (Bollella et al., 2021).

The laser treatment allows pronounced enhancement of the bio-
catalytic event that results in an exponential increase of the catalytic
density current under increasing laser power applied. The maximum of
Δj was reached at 4.8 W for the SB-ink (Δj = 120.6 ± 4.3 μA cm− 2; E
onset= − 0.061 V) and 3.6 W for the WB-ink (Δj= 202.0± 0.7 μA cm− 2;
E onset= − 0.073 V). Noteworthy, in particular for the WB-ink, the laser
acts as an activator since the pristine ink is not able to directly
communicate with the FDH; as already discussed in section 3.1, the
external polymeric coating hinders the interaction with the enzyme
redox site. Even the lowest power values used enable the DET reaction.
On the other hand, an outstanding catalytic improvement was reached
for the SB-ink, where the laser treatment allowed a ~20-fold increase of
the Δj compared to the pristine ink (untreated SB-ink Δj = 5.9 ± 0.5 μA
cm− 2; Eonset = +0.015 V). It is interesting to observe that the electro-
catalytic waves obtained in turnover conditions for the most perform-
ing biosensors are characterized by a shoulder at ~+0.1 V (vs Ag/AgCl),
which is attributed to the electron release from the heme group 2c of the
subunit II of the enzyme (Bollella et al., 2018, 2021; Silveri et al.,
2023a), confirming the ability of the laser-induced effect to drive the
FDH DET-based event.

It is also worth noting that the application of higher laser power
further boosted the electrocatalysis for both inks, probably due to the
additional morpho-chemical changes discussed in section 3.1: indeed,
the demasking of the graphitic structures together with a laser-driven
additional nano-/microstructuration enhance the electron-transfer pro-
cess ensuring faster electron kinetics. In addition, the removal of
binders/coating from the inks probably helps in shortening the distance
between the redox site and the transducer surface. Overall, the laser-
driven catalysis improvement appears one order of magnitude higher
than the crude increase of heterogeneous electron transfer rate (section
3.1). Both ink-based FDH sensors, under optimal laser power conditions,
gave a reproducible response (SB-ink Δj RSD = 3.6%, WB-ink Δj RSD =

F. Silveri et al.
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0.4%; n = 3), further proving the ability of the laser-treated inks to
accommodate the FDH in a favorable and reproducible way.

Kinetics and analytical figures of merit were then investigated via
amperometry using all-in-one integrated ink-based biosensors (section
2.3) activated with the different laser power (0, 1.2, 1.8, 2.4, 3.6, 4.8,
6.0 W); an overpotential of +0.15 V (vs. pseudo-Ag/AgCl) was
employed, working in diffusion control under continuous addition of D-

fructose from 1 μM to 60 mM. Fig. 4A and 4B report the obtained
amperometry plots for SB-ink and WB-ink, respectively, while the
extrapolated dose-response curves are shown in Fig. 4C and D.

Regardless of the applied laser power, SB-ink and WB-ink biosensors
exhibited a Michaelis-Menten behavior, with Kmapp values in the 7.3–10.7
mM range, in agreement with the literature (Bolella et al., 2018; Bollella
et al., 2018; Silveri et al., 2023a). The extrapolated jmax trend is

Fig. 3. Cyclic voltammograms and relative current densities (Δj; recorded at +0.25 V vs Ag/AgCl) obtained for SB (A-C) and WB (B-D) ink transducers treated with
different laser beam powers and modified with 15 mU of FDH. Measurements were carried out in the presence (full curves) and absence of 10 mM D-fructose (dashed
curves). The curves obtained in absence of D-fructose are reported only for laser power of 4.8 W and 3.6 W for SB and WB ink, respectively. The laser power increase
(from 1.2 to 6 W) is indicated by the relative color darkening; black curves and bars represent untreated transducers. Δj values were calculated subtracting the
capacitive current of the relative blank (acetate buffer) from the faradaic catalytic current obtained in presence of D-fructose; CV scan rate 5 mV s− 1.

Fig. 4. Amperometric measurements and relative dose-response curves obtained under continuous addition of increasing concentrations of D-fructose (1 μM - 60
mM) for SB (A, C, E) and WB (B, D, F) ink transducers treated with different laser beam powers modified with 15 mU of FDH. The laser power increase (from 1.2 to 6
W) is indicated by the relative color darkening; black curves and points represent untreated transducers. D-fructose concentrations reported in the A and B insets are
expressed in μM and are referred to laser-activated biosensors obtained at 4.8 W (LSB-FDH) and 3.6 W (LWB-FDH). Linear plots for LSB-FDH (E; L.P. 4.8 W) and LWB-
FDH (F; L.P. 3.6 W); operating potential +0.15 V vs. pseudo-Ag/AgCl.
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consistent with the previously observed electro-catalytic curves, indeed
the jmax increase in function of the laser power applied, showing the
maximum at 4.8 W for the SB-ink (jmax = 143.9 ± 1.7 μA cm− 2) and at
3.6 W for WB-ink (jmax = 266.7 ± 2.0 μA cm− 2); applying highers laser
powers lower values were observed. Also in this case, the pristine
WB-ink failed to work, while an outstanding catalytic improvement was
reached for the SB-ink, where the laser treatment allowed to improve
~15-fold Jmax with respect to the pristine-ink (untreated SB-ink Jmax =
10.8 ± 0.3 μA cm− 2).

Analytical features were studied focusing on the linear range of
response extrapolated from the dose-response curves of the most per-
forming laser-activated biosensors, from now named LSB-FDH and LWB-
FDH. Fig. 4E and 4F report the linear plots for laser-activated LSB-FDH
(5–100 μM) and LWB-FDH (1–50 μM) obtained for D-fructose, respec-
tively. The limits of detection (LODs) and sensitivity achieved were 0.47
μM and 22.90 ± 0.62 μA cm− 2 mM− 1 for LSB-FDH, and 0.24 μM and
44.40 ± 0.82 μA cm− 2 mM− 1 for LWB-FDH. LOD was calculated using
the formula 3σ/m (σ = standard deviation of the intercept; m = mean
value of the slope). Reproducibility of the biosensors was calculated
from calibration curves obtained with three independent electrodes:
both biosensors showed an extremely satisfactory inter-electrode pre-
cision (LSB-FDH slope: 0.0229 ± 0.0006 μA cm− 2 μM− 1, RSD = 2.7%;
LWB-FDH slope: 0.0444 ± 0.0008 μA cm− 2 μM− 1, RSD = 1.8%; n = 3),
endorsing the robustness of the laser-activation and biosensors
manufacturing procedure.

Taking a look at the literature, pioneering works reported the use of
laser treatments to improve the electrochemical features of graphitic
inks toward the electroanalysis of different electro-active compounds
and redox probes (Alba et al., 2021a, 2021b). Other works used laser to
construct supercapacitors (Baptista et al., 2022) and electro-
chemiluminescence devices (Alba et al., 2022), whereas there are no
examples of laser-treated inks for the development of DET-type
3rd-generation enzymatic sensors.

Overall, the laser approach emerged among printed electrode acti-
vation strategies. In particular, compared to the more conventional
anodization (Paimard et al., 2023; Rana et al., 2019), which is based on
the changing of the sensing surface chemistry, the laser activation drives
printed ink structural/chemical changes (as discussed in section 3.1),
particularly effective in favoring DET catalysis. In this regard, to the best
of our knowledge, there are no studies where anodization treatments of
conductive inks were exploited to activate/improve FDH-based sensors.

Table S1 summarizes FDH-based sensors present in the literature;
they rely mainly on the use of conventional transducers (glassy carbon,
porous gold, carbon paste, etc.) which require chemical functionaliza-
tion to guide the orientation of the redox protein, while the use of
printed transducers is poorly explored. The latter strategy is reported in
a previous work of our group where to reach the desired features, the
lab-made electrodes were modified with different kinds of nano-
materials (Silveri et al., 2023a). The latter needs to be properly syn-
thesized, purified, and carefully used to modify the sensing surface.

The proposed laser-based approach allowed to obtain competitive
analytical performance compared with the literature, resulting smart,
capable of in-series production of 3rd generation enzymatic biosensors,
and prone to be further automatized and scaled up. For the sake of
clarity, it must be pointed out that, despite the advantages, laser-based
strategies may present some limitations; in fact, the laser treatments do
not work for any surface and need to be carefully optimized according to
the substrate and the analytical performances required.

3.3. D-fructose determination and in-continuous monitoring in biological
fluids

D-fructose levels in biological fluids are markers for various physi-
ological functions (Andres-Hernando et al., 2019). D-fructose in high
quantities in seminal fluid is associated to a good state of health,
although its correlation with fertility and sperm mobility is not fully

understood (Johnson et al., 2020; Shemshaki et al., 2021). Endogenous
increase of D-fructose levels in cerebrospinal fluid has been linked to
different toxic effects, particularly in diabetic individuals (Tigchelaar
et al., 2022). On the other hand, high D-fructose intake from the diet has
been associated to adverse health effects for infants affected by heredi-
tary fructose intolerance (Li et al., 2018; Singh and Sarma, 2022);
despite this, D-fructose is employed in some infant milk formulations,
even though discouraged by the World Health Organization (WHO)
(Awad et al., 2022; Koletzko et al., 2005; Scano et al., 2016).

In this framework, laser-activated ink-based FDH biosensors were
challenged for D-fructose determination in synthetic biological fluids
and surrogate breast milk. Firstly, the selectivity of the biosensors was
studied, evaluating potential interfering species present in these
matrices. Fig. 5A reports the amperometric response to D-fructose,
before and after the addition of organic compounds (5Ai), salts (5Aii),
mono/disaccharides (5Aiii), and vitamins (5Aiv). These compounds
were selected according to the literature (Awad et al., 2022; Scano et al.,
2016), taking into account the sample dilution needed for the D-fructose
analysis; the complete list and the concentration of the tested species are
reported in the figure caption.

The biosensors’ response was not affected by potentially electro-
active organic compounds and vitamins, thanks to the features of the
ink-based biosensors that allowed working at low overpotential. No
signal perturbation was recorded in the presence of salts, whereas high
selectivity toward sugars is ascribable to the FDH specificity for D-
fructose. Noteworthy, D-fructose returns the same current intensity in
absence and presence of the interfering species (relative signal recovery
≤93.5%), further endorsing the selectivity and proving the ability of the
biosensor to work in complex matrices.

Also artificial seminal fluid (aSF) and synthetic cerebrospinal fluid
(CSF) used to simulate biological fluids, were analyzed via amperometry
(section 2.6) using LSB-FDH and LWB-FDH biosensors; the samples were
fortified upstream, and three levels were employed to mimic the
endogenous fructose content of D-fructose (i.e. 5, 10, and 15 mM for aSF
and 100, 300, and 500 μM for SCF). Powder formula milk and lyophi-
lized donkey milk were tested as breastfeeding surrogates, in this case,
the raw’ samples were fortified at 250, 375, and 500 μMaccording to the
literature (Awad et al., 2022; Scano et al., 2016). Fig. 5B and 5C depict
examples of amperometry plots obtained with synthetic biological fluids
and powder milk, respectively, whereas Table S2 lists the complete data
set obtained; the standard additions method was used for the D-fructose
quantification. Satisfactory recoveries were achieved for all the samples
using both biosensors (LSB-FDH 93–107%, LWB-FDH 96–112%),
accompanied by an acceptable reproducibility (LSB-FDH RSD ≤8.0%,
LWB-FDH RSD ≤7.9%; n = 3), endorsing the laser-activated biosensors
exploitability in real-world D-fructose analysis.

Eventually, the ink-based biosensors were challenged for the
continuous monitoring of D-fructose in CSF. The D-fructose-induced
fluctuations, detailed described in section SM.2.6, were settled to repli-
cate the fluctuations occurring in the brain associated with the polyol
pathway (Hwang et al., 2017). The latter is activated by the accumu-
lation of D-glucose, which is subsequently converted into D-fructose
(Andres-Hernando et al., 2019; Garg and Gupta, 2022). This metabolic
pathway is associated with negative health effects particularly relevant
for diabetic patients (Hwang et al., 2017; Tigchelaar et al., 2022).

Fig. 5D displays the amperometry plots obtained for the in-
continuous D-fructose measurements in CSF using the LSB-FDH (red-
line) and LWB-FDH (blue-line) biosensors. Two potential physiological
conditions were simulated, i.e., (i) initial condition with no D-fructose in
the brain, (ii) initial condition with high levels of D-Fructose present in
the CSF. In both cases, along the 1.5 h of measure, two additional D-
fructose fluctuations have been induced (see section SM.2.6). Laser-
treated ink-based biosensors result able to continuously track D-fruc-
tose, returning currents consistent with the sugar concentration,
resulting also able to point out fluctuations occurring after 1 h of
continuous measure; moreover, satisfactory stability of the
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amperometry response was observed during the ‘stationary’ phases (D-
fructose level kept constant).

This is the first time that the ability of FDH-based sensors to perform
continuous measurement of D-fructose in a complex medium has been
proved, opening new options for real-time analysis in biological fluids.
Overall, the sample analysis output is very relevant considering that, to
the best of our knowledge, none of the existing FDH-based electro-
chemical sensors (summarized in Table S1) has been employed to
analyze these biological matrices.

4. Conclusions

A CO2-laser approach to activate/boost printed-electronic direct
enzymatic bioelectrocatalysis is successfully proposed and exploited to
build lab-made biosensors for D-fructose analysis in biological fluids.
Laser treatment, studied on different printed inks, proved to activate/
improve direct electron transfer biocatalysis, thanks to a combination of
morpho-chemical variations, and is function of the applied laser power.
Optimized laser treatments ensure faster electron kinetics, bringing out
underlying graphitic structures that are also additionally nano-/micro-
structured; these effects maximize the ability to host the FDH, improving
the capacity to draw electrons from the enzyme active site. The complete
laser-activated fructose dehydrogenase-based biosensors revealed
competitive performance comparably to more complex nanomaterial-
based biosensors, working at low-overpotential, sub-μmolar limits of
detection were obtained. The biosensors’ features allowed to determine
D-fructose in synthetic and real biological fluids, proving also the ability
to work for continuous monitoring in simulated physiological D-fructose
fluctuations in cerebrospinal fluid.

Summing up, the proposed laser-based strategy allows to activate/
boost lab-produced printed electronics in a few seconds, unveiling useful

electroanalytical and biocatalytic features, becoming a fast and scalable
tool to manufacture in-serie performing sensors and biosensors.
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Fig. 5. Selectivity study and D-fructose determination in samples. (A) Amperometry plots obtained with LSB-FDH (red curves) and LWB-FDH (blue curves) bio-
sensors under continuous addition of potential interfering species, ‘f’ stands for 10 μM D-fructose. (i) 1 (1 mM urea), 2 (1 mM citric acid), 3 (50 μM L-carnitine), 4 (50
μM choline), 5 (50 μM uric acid), 6 (25 μM glutamic acid), 7 (50 μM lactic acid), 8 (100 μM bovine serum albumin), 9 (1 μM dopamine). (ii) 10 (1 mM CaCl2), 11 (1
mM MgCl2), 12 (1 mM ZnCl2), 13 (1 mM NaCl), 14 (1 mM K2HPO4), 15 (1 mM CaCO3). (iii) 16 (1 mM lactose), 17 (1 mM D-glucose), 18 (1 mM sorbitol), 19 (1 mM
sucrose), 20 (1 mM D-galactose), 21 (1 mM D-fucose). (iv) 22 (25 μM niacin), 23 (25 μM pyridoxal), 24 (25 μM biotin), 25 (25 μM nicotinic acid), 26 (5 μM ascorbic
acid). (B) LSB-FDH biosensor amperometry plots for aSF and CSF fortified upstream with 10 mM and 300 μM D-fructose, respectively; (C) LWB-FDH biosensor
amperometry plots for donkey powder milk and formula milk fortified in matrix with 375 μM D-fructose. Standard additions in samples were performed by adding
three times consecutively 10 μM of D-fructose (5 μM for CSF); grey curves represent blank measures. Samples dilution in acetate buffer (v/v): aSF 1:1000, CSF 1:10,
formula and donkey powder milk 1:50. (D) Amperometry plots for in-continuous D-fructose measurements in CSF using the LSB-FDH (red-line) and LWB-FDH (blue-
line) biosensors; the detailed flows and D-fructose induced fluctuation are reported in section SM.2.6. All amperometries were conducted at +0.15 V vs pseudo-
Ag/AgCl.
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