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Abstract

Herein, we report the first example of a paper-Oaszeen-printed biosensor for the detection of
ethanol in beer samples. Common office paper waptad to fabricate the analytical device. The
properties of this paper-based screen-printed reldet (SPE) were investigated by cyclic
voltammetry, electrochemical impedance spectroscaoygl scanning electron microscopy and
compared with the well-established polyester-baS&&Es as well. Paper demonstrated similar
properties when compared with polyester, highligiptsuitability towards its utilization in sensor
development, with the advantages of low cost anchpke disposal by incineration. A
nanocomposite formed by Carbon Black (CB) and FansBlue nanoparticles (PBNPs), namely
CB/PBNPs, was utilized as an electrocatalyst t@aethe hydrogen peroxide generated by the
enzymatic reaction between alcohol oxidase (AOxJ athanol. After optimizing the analytical
parameters, such as pH, enzyme, concentrationwanking potential, the developed biosensor
allowed a facile quantification of ethanol up to &M (0.058 %,), with a sensitivity of 16.2

HA/MM cnf (2793 pA/% cnf) and a detection limit equal to 0.52 mM (0.0Q3% These
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satisfactory performances rendered the realize@érgagsed biosensor reliable over the analysis of
ethanol contained in four different types of bearsluding Pilsner, Weiss, Lager, and alcohol-free.
The proposed manufacturing approach offers an ddfle and sustainable tool for food quality

control and for realization of different electroahieal sensors and biosensors as well.

Keywords. Paper-based-screen-printed electrode; wax-prin@agbon black; Prussian blue

nanoparticles; Ethanol oxidase.

Introduction

Food process monitoring and quality control of fqm@ducts are huge issues in the agri-food
sector, as highlighted by Hamburg in her editorfehsuring the safety and quality of food and
medical products has never been more complicatdd Thus, methods capable to provide rapid,
specific, and easy responses are required. Betfiddsaditional methods such as chromatography,
immunochromatography, mass spectrometry, NMR, R@R light-dependent approaches (UV, IR,
CD, fluorescence) [2,3], several research actwitieanalytical chemistry have recently focused, on
facile, cost-effective, miniaturized, and sustalaadpproaches, particularly toward the analysis of
the most consumed products such as food and begeféd]. In a report conducted in 2013, it was
estimated that the global beer consumption readl®8d81 billion liters in 2013, up 0.5% from
2012, representing its Ygonsecutive year of growth [6]. After water and,teespectively being
the £'and the 2, beer is the 8 most drunk beverage in the world, tiévihen just considering the
alcoholic ones [7]. Ethanol content is one of thestimportant elements of beer and it is used to
ensure the authenticity of the beer, thus the dgveént of analytical methods which allow rapid
and affordable detection of ethanol in the bedrighly required. A reliable detection can improve
not only the confidence of consumers, but can bhésa useful tool for process control. Indeed, in
the case of beer production, companies need mdthgds to classify beers in their categories

(Pilsner, Lager, Weiss, etc.), depending on seya@erties, i.e. alcoholic strength, color, flavor
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sugars content, bitterness, origin, etc. Furtheenfmod authorities ask for sustainable analytical
methods capable to confirm the quality of the laddbodstuffs and beverages [8-10]. Among the
ingredients that characterize a beer, ethanol srategic compound in revealing the storing
condition of the beer and in developing new-produth as low-alcoholic beers. Electroanalysis is
well established as a technique for facile detactibethanol. In spite of the well-known reference
methods, the electroanalytical methods coupled thighbreakthrough in nanomaterials are living a
Electronalysis Renaissance as claimed by Escarpa [11]. Definitely, the systh@nd application of
nanosized materials have boosted electrochemicate® miniaturization, avoiding performance
losses. Nanomaterials and nanoscale systems haygestionably impacted the sensing and
diagnostic platform field, as well as other arebslectrochemistry such as batteries, fuel celtsl a
solar cells. [12-14]. Literature is highly orientaalvards the finding of easy procedures to obtain
carbonaceous, metal, and polymeric micro, nano, aredamaterials capable to provide a
cornucopia of electroanalytical devices. Brett'se@ch group utilized a carbon film electrode
(CFE) modified with multiwalled carbon nanotubesVWENTS) to detect ethanol by using an
alcohol oxidase (AOx)-based amperometric biosensaghlighting the importance in using
MWCNTs able to enhance the sensitivity 20-fold hwrespect to the biosensor without the
nanomodifier [15]. The presence of MWCNTs allowbdn to detect the enzymatic by-product
(hydrogen peroxide, #,;) at a less negative potential with respect to dimenodified CFE.
Pingarrén and his group also exploited the uniqupgrties of MWCNTSs, by fabricating a bulky
working electrode constituted by gold nanoparticeVCNTs and Teflon as the binder. In this
case, ethanol dehydrogenase (ADH) in presencesotdfactor (NAD) was used as sensing
bioelement which produced the electroactive NADHeY applied this biosensor to detect the
ethanol up to 1 mM, in commercial beers by utilizia 10 mL-stirred batch amperometry [16].
Mentana and colleagues immobilized AOx onto a gellectrode modified electropolymerized
polypirrole for simultaneous monitoring of ethanahd glucose in alcoholic drinks during

fermentation. By optimizing the thickness of theYP#im, they were able to obtain a perm-
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selective membrane capable to “reject” the intarferspecies during measurements, detecting
selectively ethanol with a linear range up to 1.5aMl a detection limit of 5 mM [17]. Recently,
Sharifi et al. [18] developed an ADH-based stireedperometric biosensor by modifying a glassy
carbon electrode with nickel oxide nanoparticlegORNPSs) and Nafion. The electrocatalytic task
of these NPs allowed the detection of reduced eafignaofactor (NADH) detection at 0.45 V (vs.
Ag/AgCl). This nanomodified biosensor showed anuaai® quantification of ethanol in several
beverages such as fruit juice and non-alcoholia.bBespite these achievements, the scientific
community is currently involved in a continued aifg to satisfy the cost-lowering demand for
rapid, disposable, user-friendly, and sustainadtesisg platforms.

Although the use of the above-cited novel (nanognias represents a big deal in electroanalysis,
their marriage with easy manufacturing techniquesd aaffordable substrates is highly
commendable. In the last decade, paper has beelvaavin the electroanalytical field [19,20]: it
represents an ideal platform for sensing devicemalytical chemistry, being light, biocompatible,
and suitable for most of the (bio)assays. Furtheemidis easy to use, store, transport, modify and
safely dispose of by incineration [21,22]. A magalvantage of paper consists of tackling the rise of
costs especially in developing countries with lediresources. Requirements in analysis, however,
are wide: paper has shown to bridge diverse awalytiechniques to self-testing procedures
depending on the specific need. Due to its whitercgaper is highly amenable to colorimetric
[24,25], fluorimetric [26], or chemiluminescent [[2&ssays which can be detected by the naked eye
or just by involving LED as well as a cellular pleof28,29]. Switching to electrochemical tests,
Whitesides’s group convincingly demonstrated thesgmlity to combine an electrochemical paper-
based strip with a commercially available glucomeite. True Track blood' (CVS/Pharmacy),
adaptable to many analytes other than glucose,cbalesterol, lactate, ethanol [30]. Low cost
manufacturing approaches such as wax printing ereks-printing technologies perfectly matched
chromatographic Whatm&rpaper utilized in Whitesides’s research, allowargeasy production

almost everywhere. Paper allowed the storage othallchemical reagents in the testing area,
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avoiding chemical management at end-user stagsh@wsn, this procedure has provided a concrete
opportunity in lowering the price from about $ A.%e $ 0.014 per strip, by just using paper instead
of a plastic substrate, without thinking of the wasemoval requirements. However, paper based
material includes a plethora of cellulose-basedssates, depending on the purity, chemical
treatment, structure, fibers density, porosity, abgiously, on the cost [31-33]. In 2012, it was
reported that an approach combining screen-printivax printing, and office paper, to fabricate
silver ink electrochemical devices, made fabricgatosts fall by 96.7% whether compared to that
employed by using chromatography paper [34]. Ereged by this promising data, we have chosen
to join the well-owned manufacturing facilities sfreen-printing and wax-printing technologies to
office paper. Here, we developed the first papasetaelectrochemical biosensor to detect ethanol
in commercial beers. AOx was chosen as the biogr@ton element able to oxidize ethanal,
giving hydrogen peroxide (#®,) as one of the by-products. Ethanol was indiregtigntified by
monitoring the concentration of the producedOH In order to sensitively detect,8,, we
exploited the wuse of graphite-based screen-pringdelctrodes (SPEs) modified with a
nanocomposite formed by Carbon Black and Prussibre Bianoparticles (CB/PBNPs). The
CB/PBNPs nanocomposite was previously studied by gnoup highlighting its extremely
advantageous properties due to the nano-sized PBbifesyn onto CB, towards the .8,
electrochemical determination [35]. The device prtips were carefully investigated through the
use of scanning electron microscopy (SEM), bendimgts, cyclic voltammetry (CV),
chronoamperometry, and electrochemical impedancectsscopy (EIS). This paper-based
electrochemical biosensor was successfully challértgwards detection of ethanol in standards
and real samples, demonstrating a high accura®} iehe measurements. The effectiveness of
this office-paper biosensor perfectly satisfied tkequirements of a quick, affordable, accurate,

disposable, and sustainable platform, particulstyuired in resource-limited environments.
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2. Materials and methods

2.1 Reagents and equipments

Potassium ferricyanide @gke(CN)]), iron (lll) chloride hexahydrate (Fe£6HO) potassium
dihydrogen phosphate, alcohol oxidase (AOx) fr@lichia pastoris (1470 U/mL), Nafioff,
glutaraldehyde, bovine serum albumin (BSA), acata, glucose, ascorbic acid, and uric acid
were purchased from Sigma-Aldrich (USA). Commerdigers were bought from the local
supermarket. All the solutions were prepared itilthd water. Voltammetric, chronoamperometric
and impedimetric measurements were performed wspgrtable PalmSens Instrument (PalmSens,
Netherlands) in connection with a laptop. In impeeliric measurements, a sinusoidal voltage
perturbation of 10 mV amplitude was applied over filequency range 100 kHz to 0.1 Hz with 10
measurement points per frequency decade. For tiivegfiof the data obtained by EIS, Z-views
software (Scribner Associates, Inc.) was used thireonnected with the PS3 software.

The morphology was investigated by observationiedtl femission scanning electron microscopy

(FEG-SEM, Leo Supra 35, UK).

2.2 Fabrication of paper-based SPEs

Two types of office paper were used as a substoaténe fabrication of the paper-based SPEs:
Fabriano Copy 2 (80 gfAhand Fabriano Multip@per (100 ¢fim Firstly, a drawing software
(Adobe lllustrator) was used to design the pattmnthe white background (Fig.1A). Then, the
specific pattern was printed onto paper by mearGoddrQube 8580 office wax-printer from Xerox
(USA) (Fig.1B). Subsequently, the wax-printed papes placed in an oven for 4 min at 100 °C
(Fig.1C), allowing the wax to diffuse through theaper, producing a hydrophobic confinement (sky
blue) around the hydrophilic semicircle (white).téfthe hydrophilic area was defined, the three-
electrode system was manually screen-printed (Bigusing an Ag/AgCl ink (Electrodag 477 SS)

to print the pseudo-reference electrode, and ahgepased ink (Electrodag 421) to print the
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working and counter electrodes. All the conduciives were purchased from Acheson (Italy). The
performance of the paper-based SPEs were compdteticlassic” polyester-based SPEs that were

fabricated by using a 245 DEK (UK) semi-automaticeen-printing machine.

(Figure 1)

2.3 CB/PBNPs nanocomposite synthesis

Briefly, 1 g of CB powder was suspended in 10 mla@blution containing 0.1 M§Fe(CN)] 0.1
mol/L in 0.01 M HCI. This suspension was stirred%amin in order to promote the adsorption onto
CB. Then, to form PB, 10 mL of 0.1 M Fe@H,O in 10 mmol/L HCI were added, and the mixture
was stirred for 10 min. CB with adsorbed PB, refdrras CB/PBNPs, was collected by
centrifugation and washed with 0.01 M HCI until thashing solution became colorless (5 cycles
were necessary to obtain a colorless supernaifdmd)precipitate was collected and dried in oven at
100 °C for 1.5 h. 10 mg of CB/PBNPs dry powder weéigpersed into 10 mL of a 50% N,N-
Dimethylformamide (DMF) aqueous solution, and tremicated for 60 min at 59 kHz. The

dispersion was stored in the dark at room tempegatnd remained stable for more than 1 month.

2.4 Ethanol paper-based biosensor

A drop casting approach was utilized in order todifyothe bare paper-based SPEs (Fig. 1E).
Firstly, SPEs were modified with & of CB/PBNP dispersion. After the solvent vapotiaa, the
enzyme was immobilized by using the procedure dpéchby Piermarini et al. [36] with a slight
modification. Briefly, the enzymatic mixture wasneposed by 2%L of commercial AOx solution,
already containing 4% (w/v) BSA, @IL of 5% (v/v) Nafio and 5pL of 2.5% (v/v)
glutaraldehyde. In order to select the best amdonthe modification, 1, 2, and AL of the

resulting mixture were drop cast onto the workifeg®gode and allowed to dry for 1 h.
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3. Results and discussion

3.1 Comparison among electrodes screen-printedobyester, 80 g/moffice-paper and 100 g/m

office-paper

Prior to beginning the development of the biosensfiice paper SPEs (manufactured using 80 and
100 g/nf office papers) were finely characterized in orterunderstand their electrochemical
behavior when compared with the widely utilized yesiter-based SPE. Cyclic voltammetry
experiments were carried out in order to charamate electrochemical properties of the different
SPEs. The measurements were performed by covén§REs with a 100L-drop of solution. 50
and 200uL were also used as working volume, but the foramapunt was not enough to entirely
cover the testing area and the latter did not predu signal difference when compared with 100
uL. [Fe(CNX]*™ couple was chosen as the redox-probe to perfoisnstiidy. The experiments
were carried out by varying the scan rate from @@A@00 mV/s for each kind of electrode. As
displayed in Fig. 2 there is no difference in terhpeak-to-peak separation (around 500 mV) when

paper substrates were used.

(Figure 2)

By plotting the height of peaks versus the squac pf the scan rateg(ivs (scan ratey)),
information related to the diffusion mechanismwaface was obtained [37]. The working electrode
diameter of the SPEs fabricated on paper is 0.4vdnie the diameter of the working electrode
utilized for the polyester-based is equal to 0.3 with geometric area of 0.126 and 0.071°cm
respectively. Taking into account the different metric areas, in Fig. 2 the behavior of current

densityvs potential of paper-based SPE and polyester-baBé&s Svas reported. The normalized
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peak intensities were linear towards the squaré¢ obothe scan rate, indicating a diffusion-
controlled mechanism in the electrochemical procasshe electrode (inset i of Fig. 2). The
diffusional mechanism was also confirmed by pla@ttthe log (b) vs. log (scan rate), (inset ii of
Fig. 2). Slopes equal to 0.4, 0.4 and 0.45 werainetl for paper-, 80 and 100 g/mnd polyester-
based SPE, which are close to the theoretical \a@l0e5 [38].

Furthermore, the morphology of the SPEs was examiieeSEM analysis.

(Figure 3)

As shown in Fig. 3A-F, micrographs at different m#éigations did not reveal significant
differences between the three SPE typologies. Téerechemical impedance spectroscopy was
also adopted to evaluate the feasibility to exptdfice paper as an effective substrate. Using
[Fe(CNX]*™® couple as redox probe, the electron transferteesie (R) was determined for the
different sensing platforms. Fitting of spectra wa@mne using the equivalent electrical circuit
showed in the inset of Fig. 3G which comprises elextrolyte resistance (Re) in series with a
parallel combination of the interfacial charge &f@n resistance @, the diffusion of the analytes

in solution, corresponding to Warburg impedance)(Zamd a constant phase element (CPE). The
office-paper 80 g/cmSPE was characterized by; Rqual to 17061 + 98 and the 100 g/fmwas
consistent with a Requal to 16000 + 9Q, which were significantly higher than the valueirid
(8597 + 41Q) using a polyester-based SPE (Fig.3C), demonstydahe hindering of electron-
transfer of the electrochemical probe (ferro/femamide) using a paper based sensor. The
characterization experiments carried out confirrhedever the possibility to use office paper to
build up the electrochemical platform. In termsetd#ctrochemical and morphologic features, office
paper behaved roughly similar to the better-knowlygster, and the differences observed by EIS
experiments, due to its fine sensitivity (highearthvoltammetric ones), could be the result of ink

adhesion to the particular substrate. The 80%g&mcommonly utilized office paper, and it is
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cheaper than the 100 frone; it was identified as a suitable substrateatds the development of
an electrochemical sensor, and it was interroghtegerforming mechanical stress experiments.
After 50 bending cycles, the paper-based sensorndid exhibit a decrease in the recorded
voltammetric peak current and no change in theatiid peak potential when [Fe(Cif)"* couple
was used as a redox probe (Fig.3H). This achievehghlights the relevance in using this kind of
flexible sensor especially towards their potentagiplication in those environments where

mechanical stress could be encountered, i.e. wieaitams.

3.2 Detection of KO, by means of CB/PBNPs modified 80 g/paper-based SPE

After 80 g/nf office paper was selected as the support to dpvhethanol biosensor, the working
electrode was finely modified in order to obtaiswatable platform for the enzymatic by-product
detection. Ethanol was electrochemically detectethbnitoring HO, produced during the reaction

between ethanol and molecular oxygen)(€talyzed by ethanol oxidase (AOx), Eq. 3.

Ethanol + Q2% Acetaldehyde + b0, (3)

As widely reported in literature, ferric hexacyagwéte, or Prussian Blue (PB), is undoubtedly
recognized as the best low-potential mediator fgdtHdetection [39,40]. In our recent work, we
tailored the dimension of PBNPs by using CB [31]e \@bserved that the smallest PBNPs were
obtained by involving CB as nucleation site andthermore, the lowest-diameter NPs (around 20
nm) allowed to reach the lowest limit of detectrefated to HO,. Herein, we modified the working
electrode surface with the above-mentioned nanoositgy namely CB/PBNPs, in order to
enhance the performance of the paper-based SPEelébigode was modified by an easy drop-
casting procedure using juspR of the dispersion.

(Figure 4)
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As clearly visible in Fig.4, this modification all@d to sensitively detect hydrogen peroxide, which
was impossible using an unmodified SPE. The CB/P8piper-SPE was capable to detegdH
linearly up to 10 mM with a sensitivity of 5148(/mM cn?, using data obtained from a calibration
curve equal toy = (3.63 £ 0.19) x + (6.29 = 1.M8here y and x indicate, respectively, the current
expressed ipA and the HO, concentration in mM. It was possible to calculdie detection limit

by using the definition of &/slope, wherao, represents the standard deviation calculate amkbla
measurements and the slope is taken from the aabhrcurve. The detection limit was found to be
equal to 0.60 mM, and it is almost comparable &ifraper-based PB sensor previously reported by
Dungchai and colleagues [19]. These satisfactosylt® indicate the possibility to exploit this
platform as an effective tool towards the realmatof an ethanol biosensor employingdd as the

electroactive readout.

3.3 Development of the paper-based ethanol biosenso

The promising electrochemical reduction performamfe CB/PBNPs nanocomposite toward
hydrogen peroxide was used to develop an ampermnetsensor based on the alcohol oxidase
enzyme. As previously written in the “Materials amdethods” section, the enzyme was
immobilized onto the working electrode surface &iaross-linking procedure. Parameters such as
the pH, enzymatic units, and working potential weeguentially optimized in order to achieve the
best operative conditions. A concentration of 4 fd/D23 %,) ethanol was chosen for these

studies, and each value represents the mean efdifferent electrodes as shown in Fig. 5.

(Figure 5)

The first optimization regarded the selection of thptimum working pH. Measurements were

carried out in phosphate buffered solutions varyhmg pH in a range comprised between 6 and 8.



287 As shown in Fig. 5, the best sensitivity was achievat pH 7.4. These findings were in good
288 agreement both with other papers [41,42] and vinghspecification sheet released from the enzyme
289  manufacturer (Sigma Aldrich) [43]. A value of pHuad to 7.4 was selected in the successive
290 experiments.

291  Subsequently, the amount of alcohol oxidase enzgnbe immobilized onto the working electrode
292 was optimized. To carry out this study, paper-baskgttrodes were modified with different
293 amounts of the enzymatic mixture: the electrodesewrodified with 1, 2, and 4 U of enzyme,
294  respectively 1, 2, and 4L of the enzymatic mixture reported in section 24.illustrated in Fig. 5,
295 the response reached its maximum value when toa@le was drop casted withu2 (2 U), and it
296 was selected as the optimal amount. Experimentalty,excessively thick layer of enzymatic
297 membrane hindered the diffusion of the produce@.Hit the electrode.

298 The last optimization involved the study of the lsgap potential. The working potential, versus an
299  Ag/AgCIl pseudo-reference, was varied between 0-8r2l V. The current reached its maximum
300 value by applying a potential of -0.1 V (vs. Ag/Ag@hich was selected as the working potential.
301 Following these optimizations, ethanol was rap(dl§ s) detected in standard solution.

302 Ethanol concentration was linearly measured up @omiM (0.058 %) in 100 uL of 0.05 M
303 phosphate-buffered solution containing 0.1 M KCpkt 7.4 deposited on the hydrophilic area of
304 the sensor. The chronoamperometric records aréaglexpin Fig. 6.

305

306 (Figure 6)

307

308 The cathodic current increased linearly with etthacancentration from 0 to 10 mM with a
309 sensitivity of 16.2pA/mM cm?. Although these measurements were taken withdutnst the
310 solution, thanks to the outstanding features of @B/PBNPs nanocomposite, the sensitivity
311 achieved compared positively with other ethanokernsors previously reported [17,18,44,45]. The

312 limit of detection calculated as LOD =ogslope was found to be 0.52 mM (0.003,%0and the
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repeatability, evaluated using ethanol 4 mM (0.823,), was 7% (n=3). The shelf-life was
evaluated after the biosensor was stored in thie @ad°C. The biosensor showed no significant
decrease of initial activity after a storage of 8eks, but the response decreased of 50% after the

fourth week, Figure 7.

(Figure 7)

The working stability and the reusability of biosenwere also evaluated. After the paper-based
biosensor was rinsed and dried, it resulted twjsted in presence of 4 mM (0.023no change

of signal was recorded (Supporting Information,ufeggs S1 and S2). This could be ascribable to the
rinsing procedure and the loss of the enzyme froenelectrode surface. However, the biosensor

was conceived as a one-shot device due to its é®iv C

3.4 Interference study

In order to investigate the selectivity of the deped biosensor toward the detection of ethanol,
different substances were utilized to perform thledivity tests. The biosensor was interrogated in
presence of methanol, acetic acid, glucose, analaiscacid. These compounds may be present in
commercial beers due to many reasons: methanalpgi) and acetic acid could be present as a
consequence of the fermentation process, whilerlaigcacid, because of its antioxidant capacity, is

usually used in the foodstuff industry in orderdiminish residual oxygen after packaging. As

shown in Fig.8 only methanol gave an interferingpnse but it was not effective as much as

ethanol.

(Figure 8)
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3.5 Real sample measurements

The developed paper-based biosensor was intertbgat®ards the detection of ethanol in
commercial beers. To assure the quality of a foratluct, it is important to evaluate if the content
of ethanol reported onto the label correspond &édffective amount. In this study four different
kinds of beers were analyzed, a “Lager” (Best Brfaaland), a “Pilsner” (Ceres Top Pilsner,
Denmark), a “Weiss” (Franziskaner, Germany) andacohol-free” (Tourtel, Italy) beer, whose
ethanol content reported on the labels were resedgt4.7 % (0.805 M), 4.6 %, (0.787 M), 5
%o (0.856 M) and < 0.5 % (0.086 M). Lager, Pilsner and Weiss beers weraitetil
approximately to a final concentration of 0.2 Mwater, while the alcohol-free one was not diluted.
To perform the quantification of ethanol in thelreamples, a 10QL-drop of sample, containing
roughly 4 mM (0.023 %) of ethanol, was analyzed with the same procefili@ved for standard
solutions. As displayed in Table 1, the ethanolnfbin the three “alcoholic” beers showed very
good agreement with the ethanol content declarethéyroducer. Regarding the “non-alcoholic”
beer, the signal recorded resulted in a conceatradi 0.059 M (0.322 %), relative standard
deviation (RSD) = 7%. For each beer analysis, odésidual paper-based biosensor was utilized
using the standard addition method. In Table laiabd values are reported, demonstrating the

good accuracy of the proposed method.

(Table 1)

4. Conclusions

This work reports the development of a paper-basedtrochemical ethanol biosensor firstly

applied to commercial beer products. By followirsgife and affordable approaches, it has been

possible to realize a disposable device capablacturately detect ethanol in different beer
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typologies. The content of ethanol in commerciahgles of Pilsner, Lager, Weiss, and alcohol-free
beers, was analyzed with the developed biosensbig\ang a 100% correlation with the alcoholic
grade reported on the label of these beers. Therpdectrode was modified with the CB/PBNPs-
nanocomposite and alcohol oxidase enzyme (immeiiliza cross-linking) displaying a very quick
and sensitive response after just 40 s. The biosemss obtained by coupling screen-printing and
wax-printing facilities, which are characterized by extreme operative simplicity and high-
customizable settings, allowing to create the nedfgietive experimental set-up. Furthermore, the
use of common office paper as substrate for fatwicaresulted in a simple, sustainable,
mechanically robust, and easily waste disposableeeefundamental in the management of waste.
Common office paper demonstrated its effectiveabdlity towards the development of affordable
and robust platforms, that could reveal satisfactpplications in other (bio)systems. This paper
strongly established office paper as a valuablestsate in (bio)sensor development, suitable for
performing analyses “on-site” and/or to be integgainto portable devices that could be subjected

to mechanical stress, such as the wearable ones.
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Table 1: Detection of ethanol in commercial beers.

L ager Weiss Pilsner Alcohol free
Beer Best Brau, | Franziskaner Ceres, Tourtel,
Poland Germany Denmark Italy
. =
{
Label [ethanol] / % | 4.7% (0.805| 5% (0.856 | 4.6% (0.787 | <0.5% (0.086
(M) M) M) M) M)
47+04 5204 4.4 +0.24 0.34 +£0.03
Found [ethanol] / %
(0.803 £ (0.858 + (0.756 (0.059 +
W 0.075) 0.067) 0.039) 0.004)
RSD / % 9.3 7.9 5.3 7.5
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Figures caption

Figure 1: Paper-based ethanol biosensor fabricatiote.

Figure 2: Cyclic voltammetry experiments performiedl. mM [Fe(CN}]*"*

prepared in 0.05 M
phosphate buffer containing 0.1 M KCI (pH=7.4) wétscan rate of 50 mV/s using (a, black line)
polyester-based, (b, green line) 100 gfmaper-based and (c, red line) 80 Himaper-based SPE.

Inset i) Current intensities vs. (scan ratedcquired in 1 mM [Fe(CN)*"™*

varying the scan rate
from 20 to 1000 mV/s using (black line) polyestased, (green line) 100 girpaper-based and
(red line) 80 g/rhpaper-based SPE. Inset ii) log (current intersitis. log (scan rate) acquired in 1
mM [Fe(CN)]*”® varying the scan rate from 20 to 1000 mV/s usirigak line) polyester-based,

(green line) 100 g/fmpaper-based and (red line) 80 §fmaper-based SPE.

Figure 3: SEM micrographs of (A,B) polyester-basgglD) 100 g/m paper-based and (E,F) 80
g/m? paper-based SPE. (G). Complex plane impedants al@pen circuit potential carried out in
5 mM [Fe(CN}]*"® prepared in 0.1 M KCI. using (a, black) polyedtesed, (b, green line) 100
g/m? paper-based and (c, red line) 80 Yiaper-based SPE (Inset: Randles circuit). (H) i€ycl
voltammetry experiments performed in 1 mM [Fe(gR1} prepared in 0.05 M phosphate buffer
containing 0.1 M KCI (pH=7.4) with a scan rate ®01mV/s using (black line) non-bended, n=3,

and (cyan line) 50-fold bended 80 g/paper-based SPE, n=3.

Figure 4: (A) Chronoamperograms using a bare pbpsed SPE (a, black line) in absence and (b,
black line) in presence of 6 mM,8,, and using a CB/PBNPs-modified paper-based SPHEUe,
line) in absence and (d, blue line) in presenc® ohM H,O,. (B) Calibration plot comparison

toward HO, obtained without (black line) and with (blue lireB/PBNPs modification onto paper-
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based SPE. Current sampled at 40 s in a 0.05 Mpplats buffer containing 0.1 M KCI (pH=7.4)

with an applied potential of -0.1 V (vs. Ag/AgCBrror bars refer to standard deviation, n=3.

Figure 5: Optimization of the experimental condigofor the chronoamperometric detection of
ethanol. Current response was recorded after gbl @ptimization: 2 U of AOx immobilized, -0.1
V (vs. Ag/AgCl), 0.05 M phosphate buffer containiagd M KCI at pH 6, 7.4 and 8. AOx units: -
0.1V (vs. Ag/AgCl), 0.05 M phosphate buffer contag 0.1 M KCI at pH 7.4 immobilizing 1, 2
and 4 U of AOx. Potential optimization: 2 U of AOQmmobilized, 0.05 M phosphate buffer
containing 0.1 M KCI at pH 7.4 applying a potentél-0.2, -0.1 and 0 V (vs. Ag/AgCl). All the

bars are the results of three replicates and réjpeirt standard deviation.

Figure 6: Calibration plot of ethanol in 0.05 M gpbate buffer containing 0.1 M KCI at pH 7.4.
Inset: Chronoamperograms relative to the calibnaplot in a 0-12 mM (0-0.069 %) range of
ethanol. Measurements carried out applying a padeott -0.1 V (vs. Ag/AgCl), immobilizing 2 U
of AOx onto the CB/PBNPs-modified paper based S&fl, recording the current at 40 s. Error

bars refer to standard deviation, n=3.

Figure 7: The shelf-life of the biosensor was eatdd by testing a 4 mM (0.023 %vol) ethanol
solution prepared in 0.05 M phosphate buffer comagi 0.1 M KCI at pH 7.4, applying -0.1 V (vs.

Ag/AgCl) and immobilizing 2 U of AOx onto the CB/RBs-modified paper-based SPE. The
measurements were carried out using a fresh biosé€bisick bar) and biosensors stored at 4°C in

the dark per 1 week (red bar), 2 weeks (green Bargeks (blue bar) and 4 weeks (violet bar).

Figure 8: Selectivity of the ethanol biosensor regence of (a, red bar) 4 mM ethanol, (b, green

bar) 4 mM (0.023 %,) methanol, (c, yellow bar) 0.5 mM glucose, (d,ebhar) 0.5 mM acetic acid
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and (e, violet bar) 0.5 mM ascorbic acid. Insetrddlmamperograms relative in presence of all the
species described above. Experiments carried dudi M phosphate buffer containing 0.1 M KCI
at pH 7.4, applying -0.1 V (vs. Ag/AgCl) and immiibng 2 U of AOx onto the CB/PBNPs-

modified paper-based SPE. Error bars refer tadst@hdeviation, n=3.

Table 1: Detection of ethanol in commercial beers.



Highlights
v" Novel ethanol biosensor fabricated onto office pape
v" Enhanced hydrogen peroxide detection using Cabokamk/Prussian blue nanoparticles
v" Only 100 pL required to perform measurements
v" Paper-based electrochemical device coupled totalgerpotentiostat

v" Rapid quantification of ethanol in beer samples



