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ARTICLE INFO ABSTRACT

Keywords: Hydrogels have emerged as promising porous soft materials from which to develop a wide range of biosensing
Amperometric sensors platforms due to the possibility to easily engineer their properties and to effectively immobilize enzymes and
Cellulose

nanomaterials in their matrix. Despite their attractive properties, the ability to form stable hydrogel films
integrating well-dispersed catalytic nanomaterials and enzymes on electrode surfaces is still required to enable
their implementation into electrochemical biosensors. Here, we report a facile approach to prepare hydrogel
films embedding Prussian Blue nanoparticles (PBNPs) and different enzymes on electrode surfaces for electro-
chemical biosensing. A one-pot strategy was employed for the synthesis, under mild conditions, of PBNPs and the
simultaneous immobilization of enzymes in a highly functionalized carboxymethyl cellulose matrix, yielding
homogeneous hydrogel composites. Highly porous hydrogel films were successfully prepared by drop casting the
hydrogel composites on the surface of flexible screen-printed electrodes (SPEs). Due to the high loading of
well-dispersed PBNPs, the hydrogel films demonstrated good electrocatalytic activity for both the oxidation of
NADH and the reduction of hydrogen peroxide resulting in high detection sensitivity. Two amperometric bio-
sensors for the rapid detection of glucose and ethanol in serum were realized by employing hydrogel composites
integrating glucose oxidase and alcohol dehydrogenase. By combining the unique features of hydrogels on
flexible electrochemical strips, our approach holds great promise for the development of portable electro-
chemical (bio)sensors, which are easy to fabricate and versatile for the detection of a variety of analytes.
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1. Introduction the soft and flexible scaffold of hydrogels can be toughened by physical
or chemical crosslinking. Hydrogels can be obtained from natural
polymers, such as cellulose derivatives [4], acting as gelators, cross-

linked under biocompatible conditions and they can be designed to

The continuous search of materials for sensors development is based
on the achievement of enhanced sensing performances combined to the

sustainability and robustness of the device. There is an increasing in-
terest to simplify the fabrication of biosensors, which can be obtained
from cheap, nontoxic or biocompatible materials, prepared following
the principles of green chemistry, avoiding hazardous procedures and
expanding the range of applications towards wearable and non-invasive
measurements [1,2].

Hydrogels are attractive materials for the development of biosensors
because they combine all those features in a water-rich polymer
network [3]. Indeed, hydrogels are highly versatile soft materials as
their properties can be readily engineered from the molecular level, e.g.

respond to different external stimuli such as light, temperature, pH and
different molecules [5]. Therefore, they are attracting a tremendous
interest as functional components of actuators and sensors [6,7]. When
they are used in the context of bioanalytical assays and biosensing, the
target analyte can easily permeate through the 3D matrix of the hydrogel
because of its high porosity [8]. Indeed, the reticulated hydrophilic
polymer chains can absorb a high amount of water leading to a volu-
metric expansion of the hydrogel and generating a microporous struc-
ture [9]. In addition, nanometer-sized pores are formed between the
crosslinked polymeric chains, allowing the immobilization of enzymes
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and nanoparticles (NPs), which confer to the hydrogel desired selectivity
for the analyte and catalytic, plasmonic or conductive properties. Thus,
hydrogel composite materials obtained by combining the properties of
porous polymeric networks and the plasmonic properties of NPs have
been employed for optical sensing [10], while conductive hydrogels
have been developed for electrochemical sensing by integrating metal
NPs or conductive polymers in the hydrogel matrix [11,12].

Prussian Blue (PB), which is a metal organic framework based on
ferric ferrocyanide, is without any doubt one of the most versatile and
efficient catalytic nanomaterials to be coupled with the world of sensors
and biosensors [13-16]. From a catalytic point of view, Prussian Blue
has been defined as an “artificial peroxidase” [17], because of its ability
to reduce hydrogen peroxide. Therefore, Prussian Blue has been com-
bined with oxidase enzymes to detect glucose, cholesterol, lactate and
ethanol through electrochemical readout [18-21], including the devel-
opment of self-powered wearable sensors [22,23]. Prussian Blue
nanoparticles (PBNPs), due to their porous structure, display high and
versatile catalytic activity allowing the electrocatalytic reduction and
oxidation of a broad class of analytes [24]. In particular, PBNPs have
high selectivity and sensitivity towards the reduction of hydrogen
peroxide, which is the by-product of oxidase enzymes, and also to
oxidize NADH, which is the by-product of dehydrogenase enzymes.
Therefore, the application of oxidative or reductive electrochemical
potentials can switch the sensitivity of PBNPs between those clinically
relevant species [25].

An increasing interest and importance is raising for the development
of all-in—one biosensor fabrication approach with high sensibility, sta-
bility, eco-compatibility and easiness of application on diverse sub-
strates, as the electrochemical strips. In most of the examples reported in
literature for the fabrication of electroanalytical biosensing architec-
tures, multiple steps are required, including the step-by-step combi-
nation of electrochemical mediators, physically or chemically trapped,
and enzymes. For the specific case of PB, several methods have been
reported for the preparation of PB-based electrochemical biosensors
[26], but each one displays intrinsic problems related to the reactions
involved for the immobilization of enzymes on electrodes and for the
stability of PB, especially in the form of NPs. PBNPs are commonly
prepared by coprecipitation method using different capping agents,
including citrate [27] or polymer chains, such as polyvinyl pyrrolidone
[28], but the reaction conditions are not compatible with the presence of
enzymes, that are coupled with PBNPs to fabricate biosensors. In fact,
high temperature or organic solvents are employed in order to control
the shape and diameter of PBNPs [28]. PBNPs can also be grown directly
on the electrode upon application of an electrochemical potential in
acidic solutions [26]. However, also these reaction conditions cannot be
applied for the concomitant immobilization of enzymes.

Mild and biocompatible conditions must be employed for the gen-
eration of PBNPs and the simultaneous immobilization of the active
enzyme, thus avoiding the enzyme denaturation from high temperatures
or harsh reagents. Hydrogels represent a unique scaffold to control the
growth of the NPs under mild reaction conditions, i.e. at room temper-
ature and in water solutions, preventing also the aggregation of NPs. A
green method for the synthesis of PBNPs has been reported by using a
microporous carboxymethyl cellulose nanofibrils membrane to control
the growth of the NPs [29]. The developed approach, however, pre-
cludes the possible immobilization of enzymes because it comprises an
initial formation of a highly crosslinked network between cellulose
chains and Fe3", a precursor for PBNPs synthesis. Therefore, a one—pot
approach for the synthesis of PBNPs is essential for an effective immo-
bilization of enzymes within the hydrogel, which otherwise can hardly
permeate through the smaller pores of the hydrogel network once they
are formed. Recently, we developed a facile method for the templated
synthesis of PBNPs and the immobilization of enzymes by using an
hydrogel scaffold based on carboxymethyl cellulose (CMC) [30], a cel-
lulose derivative with carboxymethyl groups. The CMC matrix acts as
templating agent for the controlled growth of the PBNPs and as gelator
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for the generation of the hydrogel network, resulting also in the
immobilization of the enzymes. The obtained hydrogel composite with
embedded enzymes has been applied for the colorimetric detection of
glucose. An attractive feature of CMC-based hydrogels as biosensor in-
terfaces is their ability to reduce the nonspecific adsorption of proteins
from blood and biofluid samples due to the swelling of the poly-
saccharide chains [31]. Despite the promising properties of aqueous
dispersions of these hydrogel composites, the ability to form stable
hydrogel films on different surfaces is still required to enable their
integration into robust electrochemical biosensing devices.

Using the green hydrogel-based strategy as starting point, here we
demonstrate a facile and versatile fabrication of stable PBNPs—CMC
hydrogel films embedding different enzymes on electrode surfaces for
electrochemical biosensing (Fig. 1). The formation of stable composite
hydrogel films, avoiding the leakage of NPs and enzymes, is achieved by
employing a polymer matrix based on CMC with a higher content of
carboxymethyl groups compared to our previous report [30]. Moreover,
the approach developed in this work enables to prepare hydrogel com-
posites with smaller PB particles size and highly crosslinked network.
We demonstrated that the hydrogel films obtained from this fabrication
approach are well suited for electrochemical biosensing because they
display an enhanced stability of the embedded PBNPs during their redox
cycling, resulting in enhanced electrocatalytic currents, and they pre-
serve the catalytic activity of the immobilized enzymes, glucose oxidases
(GOx) and alcohol dehydrogenase (ADH), on the electrode surface.
Therefore, by modifying the working electrode of flexible screen-
—printed electrodes (SPEs) with a film of these composite hydrogels,
highly stable electrochemical biosensors for the detection of NADH,
ethanol and glucose were obtained. The high stability and detection
performance of the developed electrochemical biosensors are achieved
by combining the unique features of hydrogels with the flexible SPE
substrates. Indeed, the flexibility of the hydrogel film and the SPE sub-
strate allows the formation of homogeneous films adhering on the
conductive surface of the electrode, while the porous structure of the
hydrogel provides a highly permeable matrix for small analytes.

The possibility to detect different analytes by these hydrogel-based
(bio)sensors can be easily achieved thanks to the versatility of the pro-
cedure for the preparation of the hydrogel films. Therefore, our
approach holds great promise for the development of novel architectures
due to the ease of preparation of the composite hydrogel in biocom-
patible reaction conditions from renewable sources, providing a porous
scaffold for the immobilization of different enzymes, that will ultimately
lead to highly versatile (bio)sensing platforms.

2. Experimental section
2.1. Reagents and materials

Sodium carboxymethyl cellulose (NaCMC, M.W. 250 kDa) with de-
gree of substitution (DS) of 0.9 and 1.2, potassium hexacyanoferrate(II)
trihydrate (K4[Fe(CN)gl-3 HoO, 98.5 %), glucose oxidase from Asper-
gillus Niger (GOx, 145 U/mg), alcohol dehydrogenase from Saccharo-
myces cerevisiae (ADH, 296 U/mg), iron(Ill) nitrate nonahydrate (Fe
(NO3)3-9 H20, 98 %), 30 % (w/w) hydrogen peroxide (H202) solution,
potassium phosphate monobasic (>99 %), potassium chloride (KCl),
potassium hydroxide (>85 %), p-nicotinamide adenine dinucleotide
disodium salt hydrate, reduced form (NADH, >97 %), B-nicotinamide
adenine dinucleotide hydrate (NAD™', >96 %), N-(2-Hydroxyethyl)
piperazine-N"—(2-ethanesulfonic acid) (HEPES, >99.5 %), and human
serum were all purchased from Sigma Aldrich Co. (St. Louis, MO).

2.2. Apparatus
Scanning electron microscopy (SEM) with energy dispersive X-ray

spectroscopy (EDX) images were taken on a Zeiss Sigma HD microscope,
equipped with a Schottky FEG source, one detector for backscattered
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Fig. 1. (Top) Schematic representation of hydrogel composites preparation through the in-situ synthesis of PBNPs in the CMC matrix in the presence of the enzyme
(GOx or ADH). The formation of the hydrogel composite is confirmed by the tube inversion test (central photo). The modification of flexible screen-printed electrodes
(SPE) with the hydrogel composite results in an effective porous film on the electrode surface as confirmed by SEM image and optical microscopy image (inset) of
PBNPs-CMC hydrogel. (Bottom) Operation principle of the ethanol biosensor based on the electrocatalytic oxidation of NADH generated by the ADH-mediated
oxidation of ethanol on the PBNPs-ADH-CMC modified SPE and of the glucose biosensor based on the electrocatalytic reduction of HyO, generated by the

GOx-mediated oxidation of glucose on the PBNPs-GOx-CMC modified SPE.

electrons and two detectors for secondary electrons (InLens and Ever-
hart Thornley). Transmission electron microscopy (TEM) images were
taken on a Tecnai G2 (FEI) operating at 100 kV. Images were captured
with a Veleta (Olympus Soft Imaging System) digital camera. Ultra-
violet-visible (UV-vis) spectra were collected using an Agilent Cary 60
spectrophotometer. X-Ray diffraction patterns were recorded on a
Bruker D8 ADVANCE Plus Diffractometer in Brag-Brentano geometry
employing Cu Ka line radiation. All electrochemical measurements were
carried out by a EmStat® (PalmSens, The Netherlands).

2.3. Preparation of PBNPs-CMC

The synthesis of PBNPs-CMC hydrogel composites was performed
according to a previous procedure with some modification [30]. In
particular, a matrix of CMC with DS 1.2 was chosen for this work.
Briefly, NaCMC (DS 1.2) (120.0 mg) was dissolved homogeneously in
deionized water (6.0 ml) and after the addition of a solution of K4[Fe
(CN)e]-3H20 (150 mM, 300 pl), a pale-yellow homogeneous solution is
obtained. Subsequently, the dropwise addition of a solution of Fe
(NO3)3-9H20 (10 mM, 6.0 ml) at the rate of 0.5 ml/min under vigorous
magnetic stirring causes the formation of a blue suspension, which was
kept under stirring continuously for 5 min at room temperature. In order
to obtain homogeneous and monodisperse PBNPs in the CMC-based
hydrogel, the optimal concentrations of the reagents in the mixture were
1 % w/w of CMC (DS 1.2), 3.75 mM of [Fe(CN)¢]*~ and 5 mM of Fe>™.
The reaction mixture was washed with 3.0 ml of water and centrifugated
for 3 min at 8300 rpm. After the removal of the supernatant, the
collected blue hydrogel was redispersed in 5.0 ml of deionized water
and stored at 4 °C.

2.4. Preparation of enzyme-loaded PBNPs-CMC

The synthetic procedure for the preparation of the composite
hydrogel integrating the PBNPs and the enzyme (GOx or ADH) is similar

to the above mentioned. For the synthesis of PBNPs—-GOx—CMC hydro-
gel, in the 6.0 ml solution of CMC (DS 1.2) 1 % w/w and [Fe(CN)6]4'
3.75 mM, 300 ul of GOx solution 6 mg/ml were added. Then, after the
dropwise addition of 6.0 ml of Fe>* 10 mM solution under vigorous
magnetic stirring, the blue reaction mixture is diluted with 3.0 ml of DI
water. The mixture was centrifugated for 3 min at 8300 rpm and the
collected blue hydrogel redispersed in 10.0 ml of DI water and stored at
4 °C. For the synthesis of PBNPs—ADH-CMC hydrogel, in the 6.0 ml
solution of CMC (DS 1.2) 1 % w/w and [Fe(CN)6]4’ 3.75 mM, 300 pl of
ADH solution 9 mg/ml were added, and the subsequent steps of drop-
wise addition of Fe3*, dilution, centrifugation, redispersion and storage
were the same as for PBNPs-GOx—CMC hydrogel.

2.5. Fabrication of screen—printing electrodes (SPE)

Screen-printed electrodes have been manufactured by serigraphy.
Autostat HT5 polyester sheets were used as the flexible support. Ag/
AgCl (Elettrodag 477 SS) ink has been used to print the reference elec-
trode, while graphite-based conductive ink (Elettrodag 421) has been
used for printing both the working and counter electrode [32]. After
each printing steps, the electrodes have been cured in the oven for
20 min at 80 °C. The area of the electrochemical cell has been defined by
using an adhesive tape also avoiding samples reaching the electrical
connectors at the potentiostat. The final diameter of the working elec-
trode is 4 mm.

2.6. Hydrogel-modified SPE fabrication

All the electrodes have been modified through the adoption of a drop
casting procedure. For the optimization of the sensing performance,
different volumes of hydrogels were used for the fabrication of the films
on the electrodes. The modification was performed by adding 2 ul of
hydrogel stepwise onto the working electrode surface until the final
volume of 2, 4, 6 or 8 ul was reached. Prior to be used for sensing
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applications, the modified electrodes were stored overnight at 4 °C.
2.7. Hydrogen peroxide, glucose, NADH, and ethanol detection

Chronoamperometry was used for hydrogen peroxide, glucose,
NADH and ethanol detection on the modified electrodes. In particular,
NADH was detected by the PBNPs—CMC modified SPE using an applied
potential of 0.4 V (vs. Ag/AgCl). Ethanol was indirectly quantified by
measuring the by—produced NADH by the PBNPs—-ADH-CMC modified
SPE, using an applied potential of 0.4 V (vs. Ag/AgCl). Glucose was
indirectly quantified by measuring the by-produced hydrogen peroxide
by the PBNPs-GOx-CMC modified SPE, using an applied potential of
—0.1 V (vs. Ag/AgCl). The calibration curves were obtained from three
repetitions using different electrodes. The detection limit for the
different analytes has been calculated using the following approxima-
tion, i.e. three times the standard deviation of the blank solution divided
by the slope of the calibration curve. The mean repeatability of the
method was calculated by considering the relative standard deviation
(RSD) due to three replicates.

3. Results and discussion
3.1. Preparation and characterization of hydrogel-modified SPEs

The PBNPs-CMC composite was prepared according to the hydrogel-
based strategy previously reported [30], but modified by using CMC
with a high degree (1.2) of substitution of the carboxymethyl groups on
the cellulose chains in order to obtain hydrogel films on electrodes with
enhanced mechanical characteristics and sensing performances. The
PBNPs-CMC composite hydrogel was prepared in one pot by dropwise
addition of a 5 mM Fe®" solution to a solution of CMC (DS 1.2) at 1%
w/w in the presence of 3.75 mM of [Fe(CN)g] 4 under vigorous stirring.
The formation of PBNPs induces the immediate gelation of the CMC
solution resulting in a blue PBNPs—CMC hydrogel, as confirmed by the
tube inversion test (Fig. 1). On the contrary, the addition of Fe3* jons on
a CMC solution without [Fe(CN)g] 4 results in the formation of an or-
ange hydrogel (Fig. S1A), due to the coordination between the carbox-
ylic groups of CMC and the Fe>" ions [33]. The addition of Fe*" ions into
an aqueous solution of [Fe(CN)6]4’ without CMC results instead in the
precipitation of Prussian Blue aggregates (Fig. S1B), which is a ferric
ferrocyanide redox active metal organic framework [34]. When the re-
action of Fe3* with [Fe(CN)6]4’ was performed in the confined envi-
ronment of an hydrated network of CMC, an homogeneous blue
CMC—based hydrogel crosslinked by Prussian Blue nanoparticles
formed. Well dispersed PBNPs are obtained from direct reaction be-
tween Fe3' and [Fe(CN)6]4‘ in the CMC matrix, which influences the
crystallization of PBNPs and controls their growth. The resulting PBNPs
are stabilized by the CMC chains through the coordination between the
carboxylate groups of CMC and the positively charged iron centers on
the surface of the PBNPs. This crosslinking network is the responsible for
the formation of the hydrogel composite at the end of the reaction.
Therefore, the presence of the CMC matrix not only controls the nucle-
ation during the reaction and the size of PBNPs, but also prevents the
formation of aggregates by acting as capping agent of the NPs.

In order to demonstrate the versatility of our synthetic approach for
the preparation of the PBNPs hydrogel composites for the fabrication of
biosensors, we have prepared PBNPs-CMC hydrogels in the presence of
the enzymes GOx and ADH, which are commonly used in combination
with Prussian Blue for the development of glucose and ethanol bio-
sensors, respectively. The addition of a solution of Fe>* jons on a solu-
tion containing CMC and [Fe(CN)6]4" in presence of enzymes results in
the formation of a well-dispersed and homogeneous blue hydrogel. This
approach simplifies the procedure for the preparation of integrated PB/
enzyme systems needed for the fabrication of biosensors as the GOx or
ADH are immobilized in the hydrogel matrix during the synthesis of the
PBNPs, resulting in a more uniform distribution of enzymes and NPs. All
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prepared hydrogel composites, PBNPs-CMC, PBNPs-GOx-CMC and
PBNPs-ADH-CMC, were swelled in water solution and washed with
phosphate buffer to completely remove unreacted chemicals and non-
—entrapped enzymes. With our hydrogel composites, electrochemical
(bio)sensors for NADH, ethanol and glucose can be simply prepared by
dropping the PBNPs-CMC, PBNPs-ADH-CMC and PBNPs-GOx-CMC,
respectively, on the surface of screen—printed electrodes.

Optical microscopy images of the composite film on the electrode
surface display an homogeneous distribution of the blue film without
cracks suggesting the successful preparation of the modified SPE. The
hydrogel films deposited on the SPEs were then characterized by scan-
ning electron microscopy (SEM). The SEM images of the PBNPs-CMC
composite film displays a microporous structure with regular pores
ranging between 70 and 100 um (Fig. 1), similar to those observed for
other CMC—based hydrogels [35]. The porous structure of lyophilized
hydrogel composites loaded with the enzyme (Fig. S2) shows compa-
rable pore shape and size with the PBNPs-CMC composite hydrogel.
Thus, the presence of enzymes in the reaction mixture does not alter the
microporous structure of the hydrogel composites. Furthermore, the
highly porous nature of the prepared hydrogel films facilitates the
diffusion of analytes and products of the enzymatic reactions to the
electrode surface.

The composition of the hydrogel film on the electrode surface was
determined by EDX elemental analysis. The EDX spectrum of PBNPs-
CMC displays (Fig. 2A) the presence of Na, C, and O from CMC and of
Fe, K, and C from the Prussian Blue NPs. From the EDX mapping, a
homogeneous distribution of Fe and K can be observed in the sample,
demonstrating that PBNPs are formed inside the hydrogel network and
they are homogeneously dispersed in the polymer matrix. The EDX
elemental analysis and mapping of enzyme-loaded PBNPs-CMC com-
posite displays (Fig. S3) the same elements, from cellulose and PBNPs,
further indicating that the formation of PBNPs homogeneously
dispersed in the cellulose matrix is unaffected by the presence of
enzymes.

The formation of well-dispersed nanostructures of PB is confirmed
also by TEM images (Fig. 2B and S4), in which the cubic shapes of PBNPs
[36] are distributed in the hydrogel matrix and no aggregates can be
observed. From the TEM images, it is possible to determine the size
distribution of the NPs, which ranges from 10 to 20 nm; by fitting with
the log-normal distribution function, an average size of 15 nm is ob-
tained. For comparison, the previous reported approach for the prepa-
ration of PB-CMC hydrogel composite [30], where CMC with a lower
content of carboxymethyl groups (DS 0.9) was employed, provided
PBNPs with an average size of 21 nm. The smaller size of the PBNPs
obtained here can be ascribed to the higher content of carboxylate
groups on the CMC, resulting in a higher coordination of the PBNPs
during their growth. This result demonstrates that the size of the PBNPs
can be easily tuned by using CMC with different degrees of substitution,
lending further support to the templating effect of the CMC matrix
during the synthesis of PBNPs.

Crystallographic insight into the formation of PBNPs in the CMC
matrix was obtained via powder X-ray diffraction (PXRD). The diffrac-
tion patterns of air-dried PBNPs-CMC and PBNPs-GOx-CMC compos-
ites display (Fig. S5) the same peaks, located at 17.5°, 24.8°, 35.3°,
39.6°, 43.6°, 50.7°, 54.0°, 57.2°, 66.2° and 68.9°, which are typical of
crystalline Prussian Blue [37-39]. This result demonstrates that the
presence of enzymes during the synthesis of PBNPs in the CMC matrix
does not affect the crystallinity of the resulting PBNPs.

The prepared PBNPs-CMC hydrogel composites can be easily drop
casted on different substrates, such as glass, metals and carbon surfaces,
to form homogeneous hydrogel films. UV-vis spectra of PBNPs—-CMC
and enzyme-loaded PBNPs-CMC hydrogels deposited on quartz slides
display (Fig. 3A) an absorption band centered at 685 nm, typical of
PBNPs [40]. The spectra of the hydrogel composites with and without
the enzymes show the same absorbance values, indicating that the same
amount of PBNPs is embedded in the different hydrogel composites.
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The electrochemical properties of the PBNPs—CMC hydrogel were
investigated by drop casting the hydrogel on an electrode surface. The
cyclic voltammogram of a film of PBNPs-CMC on a SPE shows a couple
of quasi-reversible peaks due to the Prussian Blue/Prussian White redox
process (Fig. 3B and S6), which is absent in the voltammogram of a CMC
film on SPE. The formal potential determined for the redox process is
0.190 V (vs Ag/AgCl), in agreement with the redox potential values
reported for other PBNPs immobilized on electrode surfaces [41,42].
The linear dependence of anodic and cathodic peak currents with the
potential scan rate reveals the typical behavior of a non-diffusive specie,
indicating that PBNPs are immobilized in the hydrogel matrix, where
they crosslinked the CMC chains. From the slope of the lines we deter-
mined the surface coverage of electrochemically active centers of the
PBNPs-CMC hydrogel-coated electrode [43], which is 4.5 pmol/cm?.

Therefore, the synthetic approach developed here provides a facile
one-pot strategy for the preparation of well-dispersed PBNPs embedded
in a highly crosslinked cellulose-based hydrogel. These results demon-
strated that the CMC chains with a high degree of substitution of car-
boxymethyl groups act as (i) templating agent for the synthesis of
crystalline PB yielding NPs with narrow distribution of sizes and (ii)
scaffold for the formation of an highly crosslinked hydrogel with
embedded PBNPs. Moreover, the developed procedure is versatile for
the fabrication of electrochemical biosensors, owing to the possibility to
entrap enzymes in the hydrogel composite during the preparation of the

PBNPs in one-pot approach, without affecting the properties of the
PBNPs.

3.2. Hydrogen peroxide and glucose sensing

Our approach for the fabrication of porous and flexible electro-
chemical biosensing platforms by employing the developed hydrogel
composites takes advantages of the properties of highly functionalized
cellulose-based hydrogels to form homogeneous films on substrates of
different materials. Therefore, PBNPs-CMC, PBNPs-ADH-CMC and
PBNPs-GOx-CMC hydrogel composites have been applied in combina-
tion with flexible screen—printed electrodes towards the development of
portable electrochemical biosensors for the detection of NADH, ethanol
and glucose, respectively. It should be noted that the fabrication of
modified SPEs with robust hydrogel films containing PBNPs opens to
wide possibility towards the development of portable diagnostics based
on electrochemical transduction due to the excellent electrocatalytic
properties of PBNPs towards a wide class of species based on reduction
and oxidation processes. First, PBNPs—CMC hydrogel was drop casted on
the working electrode of SPEs and the platform has been interrogated in
presence of hydrogen peroxide. This is a very important analyte to be
detected because it is one of the by—products of the oxidase enzymes: it
means it can be used to indirectly quantify glucose, cholesterol, lactate
and ethanol, if used in combination with glucose, cholesterol, lactate
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and alcohol oxidase, respectively. The role of PBNPs toward the
reduction of hydrogen peroxide is well-known in literature, although
their catalytic performances are significantly affected by the shape and
dimensions of the PB nanostructures [44]. On this regard, we have
compared the electrocatalytic properties of SPEs modified with the
newly synthesized PBNPs—-CMC (DS 1.2) and with the hydrogel com-
posite obtained by using CMC with lower DS, the PBNPs-CMC (DS 0.9),
because the PBNPs associated with these hydrogels have different sizes.
The electrocatalytic current for the reduction of HyOy by the SPEs
modified with the PBNPs—CMC (DS 1.2) is about 1.7 times higher than
the current obtained from the PBNPs—CMC (DS 0.9) modified electrodes
(Fig. S7). The higher catalytic activity can be ascribed to the smaller
PBNPs (15 nm) entrapped in the PBNPs-CMC (DS 1.2) hydrogel.
Moreover, significant differences on the adhesion properties of the two
hydrogel films on the electrodes were observed. Indeed, a slow delam-
ination of the PBNPs-CMC (DS 0.9) film from the electrode was
observed upon a few drying—wetting cycles of the hydrogel film. On the
contrary, the PBNPs—-CMC (DS 1.2) hydrogel films show more strong
adhesion properties on electrodes resulting in higher stability of the
fabricated sensors (see below for the long-term stability test), as a
consequence of the higher content of carboxylate groups on the CMC.
Therefore, in this work only PBNPs—CMC obtained by using CMC with
DS 1.2 is employed for the fabrication of the electrochemical (bio)sen-
sors, because of the enhanced electrocatalytic properties and stability of
these films on the electrode surface.

To optimize the sensing performances of the modified electrodes, we
examined the effect of the volume of PBNPs—CMC hydrogel drop casted
on the electrode surface. The thickness of the films, measured after
swelling the hydrogel films in the electrolytic solution, increases from
79 um to 182 um as the volume of hydrogel drop casted on the electrode
increases from 2 pl to 8 ul (Fig. 4). The swelled films adhere to the
electrode surface until a limiting thickness is reached. In fact, when a
volume of 12 pl is drop casted on the electrode, resulting in a film
thickness of 223 pm, the film spontaneously delaminates from the sur-
face upon drying.

The sensing performances of SPEs modified with different volumes of
PBNPs-CMC hydrogel were evaluated through electrocatalytic reduc-
tion of 0.5 mM hydrogen peroxide. The catalytic current increases with
the volume of hydrogel drop casted on the SPE and a plateau value is
reached for the electrode modified with 6 ul of hydrogel, which is
therefore considered as the optimal volume for the modification of the
SPEs. In addition, an applied electrochemical potential of — 0.1 V (vs.
Ag/AgCl) was determined as optimal for HyO» detection (Fig. S8), in
agreement with the value reported previously for other PB—modified
electrodes [18]. As shown in Fig. 5A, the PBNPs-CMC modified elec-
trodes have been applied towards the detection of hydrogen peroxide in
standard solutions. The detection of hydrogen peroxide was satisfactory
reaching very low limit of detection equal to ca. 50 pM and a
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Fig. 4. Thickness of PBNPs—CMC films (black dots) and electrocatalytic cur-
rent for the detection of 0.5 mM H,0, solution (red dots) of PBNPs—CMC films
obtained by drop casting of different hydrogel volumes on SPEs (diam-
eter 4 mm).
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repeatability of ca. 12%. It should be noted that the dynamic range of the
platform was extended up to 2 mM hydrogen peroxide (Fig. S9).

Following these good results, the hydrogel composite also inte-
grating glucose oxidase, the PBNPs—GOx—CMC, was employed for the
modification of the printed strip to realize an electrochemical biosensor
for the quantification of glucose in phosphate buffer solutions and serum
samples as the model application.

As reported in Fig. 5B and Fig. S10, glucose was detected up to
20 mM and a 5 min—time of reaction was applied to allow the enzyme
converting glucose and by—producing a detectable level of hydrogen
peroxide. The calibration curves for glucose in buffer (Fig. S10) and in
serum (Fig. 5B) show comparable sensitivity and dynamic range. This
result suggests that there was not a significant effect from the matrix of
the serum on the sensing performance, which can be ascribed to the
ability of the CMC-based hydrogel film to minimize the nonspecific
adsorption of proteins from biological fluids. The equation describing
the determination of glucose in serum sample is y = 0.024 x — 0.006 (R>
= 0.95), where y indicates the signal difference between
PBNPs—GOx—CMC modified SPE in presence of glucose and in absence
of glucose, reported as pA, and x indicates the mM level of glucose. A
detection limit of 1 mM was calculated, resulting in a ca. 3 mM as the
quantification limit in serum samples.

The development of the biosensor for glucose demonstrates the
biocompatibility of the conditions employed during the fabrication of
the hydrogel films, in which the enzymes are retained in their catalyti-
cally active form. Our method revealed good reproducibility with a
variability among different sensors < 10 %; this can be related to the
approach for the preparation of the hydrogel composite, resulting in
well-dispersed PBNPs and enzymes, and to the formation of homoge-
neous and stable hydrogel films on the electrode. The ability of the
hydrogel composite to form stable films on the electrode surface and to
preserve the activity of the embedded enzymes was tested by investi-
gating the long-term stability of the PBNPs—GOx—CMC modified SPEs.
We find that the biosensors retained > 90 % of the initial current
response to 10 mM glucose after six-month storage at 4 °C (Fig. S11),
indicating the good stability and robustness of our biosensors.

3.3. NADH and ethanol sensing

The PBNPs-CMC modified SPEs were then tested for the electro-
chemical detection of NADH, that is a coenzyme for many de-
hydrogenases, being involved in a wide range of enzymatic reactions
[45]. In particular, we found the PBNPs embedded on the hydrogel films
to be capable to catalyze the oxidation of NADH at low potentials, which
represents an added point towards the analysis of real samples. As
shown in Fig. 6A, the PBNPs—CMC modified SPEs have been interro-
gated in presence of different concentrations of NADH in buffer, using
chronoamperometric detection with an applied potential of 0.4 V (vs.
Ag/AgCl), chosen as the optimal potential for NADH oxidation
(Fig. S12). The platform showed a linearity up to 200 pM of NADH
described by the following equation, y = 2.64 x + 0.01 (R? = 0.99),
where y indicates the signal difference between the currents at different
concentrations of NADH and the blank current, reported as pA, and x
indicates the mM level of NADH. A detection limit of ca. 7 pM and a limit
of quantification of ca. 20 pM has been determined for the NADH sensor.
The mean repeatability of the method, calculated by considering the
RSD due to three replicates using 20 pM NADH, was 9 %. In order to
evaluate the response in a biological matrix, serum samples were spiked
with increasing amounts of NADH as reported in Fig. 6B. Due to the
presence of a more complex matrix, the sensitivity of the system slightly
decreased with a slope of 1.77 pA/mM, but it should be noted that the
decrease of sensitivity was limited by the presence of the CMC network.

NADH is the by-product of dehydrogenase enzymes, including
alcohol dehydrogenase (ADH), which is widely used to develop bio-
sensors for ethanol detection in food and pharmaceutical industries but
also in the clinical setting [46]. Therefore, an electrochemical biosensor
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for ethanol was developed by modifying an electrochemical strip with
the hydrogel composite integrating ADH, the PBNPs—ADH—CMC. The
detection of ethanol by exploiting ADH enzyme is based on the catalytic
conversion of ethanol to acetaldehyde in presence of NAD™' that is
reduced to NADH. Following this mechanism, ethanol can be indirectly
quantified by monitoring the electrocatalytic oxidation of NADH on the
modified electrode. As shown in Fig. 7A and B, the PBNPs—ADH—CMC
modified SPE has been applied towards the detection of various levels of
ethanol in both buffer solution and serum. The PBNPs—ADH—-CMC
modified SPEs have been interrogated in presence of ethanol up to
10 mM, using chronoamperometric detection according to the opti-
mized conditions obtained for NADH measurements. The analysis of
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ethanol in buffer and serum displayed a linearity up to 10 mM, described
by the following equations, y = 0.05 x— 0.01 (R = 0.98) and y = 0.02 x
- 0.01 (R% = 0.96), respectively, where y indicates the signal difference
between the currents at different concentrations of ethanol and the
blank current reported as pA, and x indicates the mM level of ethanol.
The analysis of ethanol in serum samples was characterized by a
detection limit of 0.3 mM, a quantification limit of ca. 1 mM, and a RSD
of 11 %.

3.4. Comparison of analytical performances

The developed electrochemical biosensors have been well-compared
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Fig. 7. A) Calibration curve obtained with increasing concentrations of ethanol on PBNPs—ADH—CMC modified SPE in 0.05 M HEPES buffer at pH 7.0 in the
presence of 5 mM NAD™. Inset: chronoamperometric curves at 0.4 V (vs. Ag/AgCl). B) Calibration curve obtained with increasing concentrations of ethanol in human

serum samples. Inset: chronoamperometric curves at 0.4 V (vs. Ag/AgCl).
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in terms of analytical performances with other electrochemical plat-
forms reported in literature for the detection of NADH, ethanol and
glucose, based on Prussian Blue and other NPs. With regards to NADH
detection, the use of a nanocomposite made with PB-rGO yielded a
detection limit of 68.4 uM [47], while the implementation of graphe-
ne-Au nanorods nanocomposites allowed to detect 6 pM as the lower
limit [48]. Prussian Blue bulk-modified SPEs were also used to detect
NADH in combination with NADH oxidase reaching a detection limit of
ca. 0.11 uM by employing a flow injection analysis setting [14]. NADH
has been also used to indirectly detect ethanol by different architectures;
for example, an amperometric biosensor based on the ADH has been
developed to detect ethanol in ethanol-methanol mixtures exploiting
Meldola Blue as redox mediator, reaching a detection limit of 15 mM
[49]. Pingarrén and co-workers employed MWCNTs, AuNPs, and ADH,
in presence of its cofactor NAD", to develop an electrochemical
biosensor to quantify ethanol down to 4.7 pM [50].

The analytical performance of our PBNPs—GOx—CMC biosensor to-
ward the detection of glucose also demonstrated good agreement with
the literature. For example, PB synthesized onto chromatographic paper
allowed a ca. 1 mM detection limit of glucose in blood [18], while the
use of polypyrrole/PB modified with Ni-hexacyanoferrates resulted in a
0.15mM detection limit [51]. Electrodes modified with composite
materials have been employed for the fabrication of glucose biosensors.
Among them, a composite of graphene aerogel and Prussian Blue, pre-
pared via chemical reduction through a freeze-drying process, has been
used for the modification of SPEs followed by immobilization of GOx in
a chitosan matrix: this multi-step fabrication process resulted in a
glucose biosensor with a detection limit down to 0.15 mM [52]. It is
evident how multiple architectures can be utilized to detect glucose,
ethanol or NADH, however a simple approach as the one reported in this
work highlights the ability to develop a versatile one—pot platform to be
coupled to various sensing and biosensing devices.

4. Conclusion

In conclusion, we have developed a facile strategy for the prepara-
tion of electrochemical biosensors by modifying flexible screen—printed
electrodes with porous hydrogel composites. The hydrogel network is
obtained under biocompatible one—pot reaction conditions resulting in
the formation of PBNPs and the simultaneous immobilization of en-
zymes and NPs in the matrix. The polymer chains, based on highly
functionalized carboxymethyl cellulose, act as templating agents for the
synthesis of size—controlled crystalline PBNPs and as gelator to generate
an hydrogel network that can be easily drop casted on electrode surfaces
to obtain stable and homogeneous films. The obtained hydrogel film-
modified electrodes, therefore, can be directly employed for the devel-
opment of electrochemical biosensors for the detection of a variety of
analytes. Indeed, the electrochemical properties of the PBNPs can be
switched between the application of oxidative and reducing potentials in
order to quantify NADH and hydrogen peroxide, respectively. When the
hydrogel-based synthesis of PBNPs is performed in the presence of en-
zymes, i.e. alcohol dehydrogenase and glucose oxidase, it is possible to
fabricate an integrated enzyme-PBNPs hydrogel film on the electrode.
The porous hydrogel membrane allows an efficient diffusion of ethanol
on the ADH and of glucose on the GOx embedded in the films and the
generated NADH/H50; is electrocatalytically oxidized/reduced on the
PBNPs leading to the anodic/cathodic current respectively. The pres-
ence of the polymer scaffold protects the PBNPs and enzymes from
leakage and degradation, increasing the durability of the sensing device,
and stabilizes its response when employed in biological complex media.

Therefore, our approach holds great promise for the development of
novel electrochemical (bio)sensors, which are easy to obtain, cheap and
versatile. The developed hydrogel films with their robust crosslinked
network and high loading capacity can favor the simultaneous immo-
bilization of NPs and different enzymes, in order to expand the number
of analytes to determine using a single platform, and provides also a

Sensors and Actuators: B. Chemical 376 (2023) 132985

protective and flexible scaffold to increase the robustness of the elec-
trochemical biosensors which is required for point-of-need
applications.
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