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A B S T R A C T

The synthesis and employment of volatile toxic compounds as chemical weapons with a large-scale destructive
power has introduced a new insidious threat over the last century. In this framework, the development of
wearable sensing tools represents a critical point within the security field, in order to provide early alarm
systems. Herein, a novel wearable electrochemical biosensor was developed for the rapid and on-site detection of
mustard agents. Since a chemical attack is typically carried out by spraying these volatile agents into air, the
sensor was designed in order to be able to measure mustard agents directly in the aerosol phase, further than in
the liquid phase. The electrodes were screen-printed onto a filter paper support, which allowed to harness the
porosity of paper to pre-load all the needed reagents into the cellulose network, and hence to realise an origami-
like and reagent-free device. Mustard agent detection was carried out by monitoring their inhibitory effects
toward the choline oxidase enzyme, through the amperometric measurement of the enzymatic by-product hy-
drogen peroxide. A carbon black/Prussian blue nanocomposite was used as a bulk-modifier of the conductive
graphite ink constituting the working electrode, allowing for the electrocatalysis of the hydrogen peroxide re-
duction. After having verified the detecting capability toward a mustard agent simulant, the applicability of the
resulting origami-like biosensor was demonstrated for the rapid and real-time detection of real sulfur mustard,
obtaining limits of detection equal to 1mM and 0.019 g·min/m3 for liquid and aerosol phase, respectively.

1. Introduction

The interest within the sensor research field in improving the per-
formances of electrochemical sensor, as well as in developing in-
novative approaches for their application, has been considerably grown
over the last years. The recent introduction of miniaturised and wear-
able support for the development of electrochemical sensors has en-
larged the fields of applicability of such analytical tools (Bandodkar
et al., 2015, 2016; Gao et al., 2016; Liu et al., 2018). A particularly
worthy of note application field is the defence field, in which the ver-
satility and the manageability are crucial characteristics for realising
effective real-time warning systems. Indeed, the increasing criticality of
the ongoing terrorist activity have generated growing demands for in-
novative portable and ready-to-use sensing tool, able to monitor the
local environment and to identify potential hazards and threats for
bystanders.

Wearable sensing devices can fulfil these specific requirements.
However, the challenges concerning the realisation of a wearable
sensor, typically represented by physical flexibility and adaptability,
biocompatibility, low invasiveness, and the availability of strain-re-
sistant detection transducers, make its development a demanding task.
In fact, only few examples of devices based on a variety of versatile and
wearable supports have been recently introduced in the security field
(Cánovas et al., 2016; Mishra et al., 2017a, 2017b, 2018; Chuang et al.,
2010).

Within this context, paper represents a suitable support for the de-
velopment of ad hoc designed wearable electrochemical sensing devices
(Adkins and Henry, 2015; Cate et al., 2014; Liana et al., 2012; Nery and
Kubota, 2013), thanks to the simplicity of handling, the cost-effec-
tiveness, and the major eco-sustainability in comparison with other
classical supports. Furthermore, the cellulose porosity allows for de-
signing instrument-free microfluidic paper-based analytical devices
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(μPADs), by exploiting the capillary forces (Martinez et al., 2007; Cinti
et al., 2016; Cinti et al., 2017; Colozza et al., 2018; Dungchai et al.,
2011; Abe et al., 2008; Martinez et al., 2007, 2010). In addition, paper
can be easily disposed (i.e. by incineration), which represents a stra-
tegic characteristic especially for defence field applications, allowing
for sustainable decontamination procedures and waste management. A
further noteworthy aspect of paper use in the sensor field is represented
by its suitability to be employed as a support to realise origami-like
systems, in which different layers of paper are overlapped by folding or
stacking to obtain a controlled interaction pathway through a 3D con-
figuration (Arduini et al., 2018; Rattanarat et al., 2014). In details, the
semipermeable structure of paper can be exploited to realise ready-to-
use reagent-free sensors by the easy integration of all reagents required
for the sensing process inside the cellulose network, without the need of
any immobilising step (Nery and Kubota, 2013; Liu and Crooks, 2011;
Li et al., 2016; Wang et al., 2013; Arduini et al., 2018).

In this work, we have exploited the unique advantages of paper-
based origami-like devices for the realisation of a wearable, ready, and
easy-to-use electrochemical PAD (origami-ePAD) for the early on-site
detection of ones among the most dangerous and extensively used
chemical warfare agents (CWAs) of the last century: mustard agents
(MAs) (Fig. 1). These compounds include sulfur-based agents (bis(2-
chloroethyl)sulfide, also known as sulfur mustard (SM) or Yperite), and
nitrogen-based agents (bis(2-chloroethyl)ethylamine and bis(2-chlor-
oethyl)methylamine, also known as HN1 and HN2, respectively)
(Haines and Fox, 2014; Kehe and Szinicz, 2005; Roshan et al., 2013;
Rowell et al., 2009; Steinritz et al., 2007). MAs are used in the war field
as chemical weapons, which are typically sprayed into air, generating a
highly toxic chemical mist. The lab-based classical detection methods
(Hill and Martin, 2002; Kangas et al., 2017) for MAs detection are not
suitable for the continuous and real-time monitoring of such com-
pounds during chemical attacks. Few studies have been carried out to
develop optical and electrochemical sensors for a faster and easier de-
tection of MAs liquid samples, as summarised in our previous work
(Colozza et al., 2018). Nevertheless, there is a necessity of portable and
wearable sensors able to detect the presence of the real SM in a che-
mical mist. In Table 1 we report the summary of sensing systems that
are suitable for this task, in order to highlight the lack of examples in
literature that can adequately fulfil the required needs.

An alternative approach is based on enzymatic amperometric
bioassay exploiting the MAs inhibitory activity toward choline oxidase
enzyme (ChOx) (Barron et al., 1948a, 1948b), as previously reported by
our group using miniaturised screen-printed electrodes (SPEs) realised

on polyester (Arduini et al., 2015) and office paper support (Colozza
et al., 2018). In these studies, SPEs were modified by drop-casting with
Prussian blue-based dispersion to enhance the electrochemical perfor-
mances of H2O2 detection (ChOx enzymatic by-product), thanks to the
well-known Prussian blue electrocatalytic properties toward the re-
duction of H2O2 (Cinti et al., 2014; Kubesa et al., 2014; Ricci and
Palleschi, 2005). Harnessing the principle of this enzymatic bioassay, in
the present work we realised the first wearable biosensor for the on-site
detection of airborne MAs. We used filter paper support to design a 3D-
structured filter paper-based origami-ePAD, consisting in a three-elec-
trode printed cell (first origami layer) and a filter paper PAD (second
origami layer). In order to simplify and speed up the sensor production,
a graphite ink modified with a carbon black/Prussian blue nano-
composite (CB/PBNPs) was employed for the printing of the working
electrode. The reagents needed for the analysis were pre-loaded by
adsorption onto separate areas of the origami, obtaining a sensor
“ready-to-use” without the necessity of additional reagents for the
analysis. Then the measurements were carried out by assembling the
origami layers, allowing for the reaction within the pre-loaded re-
agents. The ePAD inhibition monitoring capacity was firstly tested by
using a lesser toxic MAs simulant, (bis-(2-chloroethyl) amine), and
subsequently the origami-ePAD was applied to detect the real SM in the
compliance with the appropriate security measures at the Bundeswehr
Institute of Pharmacology and Toxicology (Munich, Germany). SM
measurements were carried out in the liquid phase as well as in the
aerosol form, obtained by spraying SM standard solutions into a tai-
lored sealed flow system with a nebuliser, in order to demonstrate the
applicability of the developed sensing tool both for contaminated li-
quids and for the on-site monitoring of SM-containing mist.

2. Materials and methods

2.1. Reagents and instrumentations

KH2PO4 and KCl 100mM from Carlo Erba were used to prepare
phosphate buffer 50mM. CB/PBNPs powder was synthesised by using
K3Fe(CN)6 and HCl 37% (w/w) obtained from Sigma, and FeCl3 from
Fluka·H2O2 30% (w/w) and paraoxon were purchased from Sigma-
Aldrich, while Choline Chloride and Choline Oxidase (from Alcaligenes
sp.) and the nitrogen mustard simulant bis(2-chloroethyl) amine were
obtained from Sigma. Lead and arsenic standard solutions were pur-
chased from Carlo Erba. Sulfur mustard (purity > 99% confirmed by
NMR) was synthesised by the TNO (The Hague, The Netherlands) and

Fig. 1. Working principle of the herein developed wearable origami-ePAD.
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made available by the German Ministry of Defence.
All the electrochemical measurements were performed by means of

a portable potentiostat, EmStat3 (Palm Instrument, The Netherlands),
connected to a personal computer (Fig. S1).

A commercially available nebuliser (eFlow rapid nebuliser system,
PARI Pharma, Germany) was used to aerosolise the liquid samples to
simulate the spreading of SM into air during a chemical attack.

2.2. Paper-based screen-printed electrode preparation

Filter paper-based screen-printed electrodes (SPEs) were home-
produced, by following the procedure optimized as reported within
previous works (Cinti et al., 2016, 2017a). Filter paper sheets were
firstly modified with an ad hoc designed wax pattern, as reported
previously (Colozza et al., 2018), in order to delimitate the hydrophilic
area in which liquid samples were dropped, avoiding them to reach the
electrical contacts through capillary permeation. Wax pattern was
printed onto filter paper (67 g/m2, Cordenons, Italy) by means of a
ColorQube 8580 Xerox printer, and treated at 100 °C for 2min in order
to allow the wax to homogeneously permeate through paper network.
Then, conductive inks were used to print a three-electrode system onto
wax-modified filter paper sheets, by employing a 245 DEK (Weymouth,
UK) serigraphic printer. The conductive inks were applied through
masks with the desired patterns. The working and counter-electrodes
were obtained using a CB/PBNPs-modified graphite-based ink (Elec-
trodag Loctite 423 SS) and the pseudo-reference electrode was printed
using Ag/AgCl-based ink (Electrodag Loctite 6033 SS), both purchased
from Henkel. Before printing, the graphite-based ink was modified with
a powder of CB/PBNPs prepared as reported by Cinti at al., 2014 and by
mixing 0.5 g of CB/PBNPs powder with 9.5 g of graphite ink. The re-
sulting SPEs showed a working electrode area of 0.1256 cm2.

2.3. Reagents pre-loading and amperometric measurement of H2O2

The reagents were trapped into the paper cellulose network through
a pre-loading step and stored until the sensor utilisation. In details, two
kinds of sensors were used: a one-layer ePAD, constituted only by the
filter paper SPEs, and a two-layer origami-ePAD, constituted by the
filter paper SPE combined with a wax-modified filter paper PAD. All the
solutions were daily prepared in phosphate buffer 50mM+KCl
100mM, pH=7.4 and dropped onto the hydrophilic area delimited by
wax. Different combinations of the reagents pre-loading were em-
ployed, as described below.

2.3.1. One-layer ePAD
This sensor configuration was used for the preliminary studies. First

of all, direct measurement of H2O2 was carried out by adding 5 μL of
H2O2 solutions at several concentrations (from 0.1 to 10mM) onto the
back of the paper-based sensor. Afterward, the sensor was used to de-
tect H2O2 by-product of the Ch/ChOx enzymatic reaction. 5 μL of Ch
solutions at different concentrations (from 0.1 to 20mM) were pre-
loaded onto the back of the one-layer sensor. After the drying process,
the detection was carried out by adding 10 μL of a solution of ChOx
1000mU/mL.

2.3.2. Origami-ePAD
Both Ch and ChOx solutions were separately pre-loaded onto the

origami-ePAD. The most performing configuration was obtained by pre-
loading 5 μL of Ch solution 20mM onto the filter paper PAD and 5 μL of
ChOx solution 4000 mU/mL onto filter paper SPE. After the drying
process, the electrochemical cell was completed by fixing the two layers
together with a common glue. Then the enzymatic reaction was acti-
vated by adding 20 μL of phosphate buffer solution, in order to carry
out the amperometric measurement of H2O2 by-product, obtaining the
final concentrations of 5mM and 1000 mU/mL for Ch and ChOx, re-
spectively.Ta
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For each sensor design, the measurement of H2O2 enzymatic by-
product, in presence or in absence of MAs, was carried out with am-
perometric technique, applying a potential of 0.0 V (vs Ag/AgCl) for
300 s.

2.4. MAs simulant detection

The bis(2-chloroethyl) amine nitrogen mustard simulant was used
for the preliminary studies. The measurement was carried out by the
amperometric monitoring of H2O2 current, which decreased as a con-
sequence of the inhibition activity toward the Ch/ChOx enzymatic re-
action (see Section 2.8). For these measurements, one-layer ePAD were
used (prepared as described in Section 2.4). A drop of few microliters
(from 0.1 to 1.5 μL) of the 100mM simulant was added onto the front of
the filter paper SPE, in order to reach concentrations between 1 and
25mM, then 10 μL of a ChOx solution 1000mU/mL were immediately
dropped and the amperometric detection was started.

2.5. Sulfur mustard detection in liquid phase

All experiments with SM were carried out at Bundeswehr Institute of
Pharmacology and Toxicology (Munich, Germany) in a safe environ-
ment. For these measurements, the origami-ePADs were used (prepared
as described in Section 2.4). Since SM is very poorly soluble in water,
standard solutions of SM were prepared in pure ethanol. In details, prior
to fix the two layers of the origami, 1 μL of SM or ethanol was added
onto the front side of the SPE layer in order to obtain the electro-
chemical response in presence and in absence, respectively, of the in-
hibitory agent. Immediately after the addition of SM, the origami was
closed and 20 μL of the phosphate buffer were added in order to carry
out the amperometric measurement. Since the final concentration of
ethanol in the resulting 20 μL drop was 5% v/v, measurements in ab-
sence of SM were carried out by using a mixture of phosphate buffer
and ethanol at 5% v/v, in order to obtain a consistent baseline.

2.6. Sulfur mustard detection in aerosol phase

An accurately sealed system for the detection of aerosolised solu-
tions of SM was realised and employed for the amperometric mea-
surements with the origami-ePAD (Fig. S1). Standard solutions were
aerosolised by means of a nebuliser (eFlow, PARI Pharma, Germany),
hence the resulting aerosol was led into a three-neck bottle and finally
into a bottle containing a highly concentrated hypochlorite solution,
used for the decontamination of SM. A mixture of phosphate buffer
solution and ethanol at 2.5% v/v was used to obtain the baseline re-
sponses, as well as to prepare all the SM standard solutions to be
aerosolised. In details, 6 mL of solution were added into the nebuliser
chamber, which aerosolised them with a flow rate of 0.6 mL/min.
Measurements were carried out by introducing the origami-ePAD into
the central neck of the three-neck bottle. The sensor cable was fixed
onto a metallic rod, in order to minimise the movements of the sensor
and the consequent electrical noise generation. The entire system was
used under a safety hood, in order to prevent the risk of possible leaks.

The exposure to the aerosolised SM was carried out simultaneously
with the amperometric measurement, for a period of 5min, using
concentrations of 0.019, 0.19 and 0.76 g/m3.

2.7. Inhibition percentage calculation

The inhibition extent was calculated from the difference between
the amperometric response obtained in presence and in absence of the
inhibitory agent, at constant conditions and Ch/ChOx concentrations.
The inhibition percentage (I%) was hence calculated as reported in the
following equation:

=

−

∙I I I
I

% 1000

0

where I0 and I are the current intensities corresponding to H2O2 pro-
duced by the enzymatic reaction in the absence and in the presence of
the simulant, respectively. Current intensities were recorded at the end
of the amperometric measurement (t= 300 s) or at different times of
the measurement, where specified.

2.8. Safety indications

Safety measures were adopted during the detection and the pre-
paration of SM samples. In details, the measurements of SM were car-
ried out in Bundeswehr Institute of Pharmacology and Toxicology
(Munich, Germany). Adequate personal protective equipment was used,
and all the instrumentation and needed materials were employed and
stored inside a fume hood and afterward decontaminated by using a
highly concentrated hypochlorite solution.

3. Results and discussions

The development of the 3D structured origami-ePAD by using wax-
modified filter paper as support has been carried out through a stepwise
study, in order to understand the effects related to each component of
the origami system. In detail, we firstly verified the efficiency of the
filter paper properties for our purpose by studying the suitability of
ePAD for H2O2 enzymatic by-product monitoring in absence and in
presence of MAs simulant. Differently from our previous works (Arduini
et al., 2015; Colozza et al., 2018), the properties of filter paper support
allowed us to design a reagent-free electrochemical biosensor, in which
the biological reagents were pre-integrated onto the sensor, also sui-
table for the detection of airborne aerosolised SM. This characteristic
represents a crucial advantage with respect the polyester-based and
office paper-based electrochemical sensors.

In the first part of the work, the ePAD was realised by pre-loading
only the substrate choline (Ch) onto a CB/PBNPs-based SPE, while
choline oxidase solution (ChOx) was added at the moment of the
measurement, which represented the first step toward the realisation of
a fully-integrated reagent-free biosensor. Subsequently, the origami-
ePAD was developed, by pre-loading both ChOx and Ch onto two se-
parated origami layers to deliver a fully-integrated origami-ePAD for
the detection of both liquid and aerosolised SM.

3.1. One-layer ePAD: H2O2 amperometric detection

Firstly, the suitability of the filter paper-based ePAD for the am-
perometric detection of H2O2 was evaluated by testing its electro-
analytical performances. The use of a bulk-modified graphite-based ink
by the incorporation of CB/PBNPs nanocomposite allowed for obtaining
a printed sensor with intrinsic electrocatalytic properties toward the
reduction of H2O2. In order to verify the electrocatalytic properties of
the CB/PBNPs-modified ink, the H2O2 amperometric measurement was
investigated in the potential range between – 100mV and +100mV.
The study was carried out by adding 5 μL of H2O2 1mM onto the filter
paper SPE. The best results in terms of current intensity and repeat-
ability were obtained for an applied potential of 0.0 V, which was
chosen for the further studies (Fig. 2A).

Hence, the sensor response was examined for increasing con-
centration of H2O2, obtaining a linear range between 0.1 and 10mM,
described by the equation y= (0.58 ± 0.02)x+ (0.17 ± 0.09), r2

= 0.9956 (Fig. 2B). Current intensities were sampled at t= 120 s, since
the amperogram signals appeared to be stable after this time. Sensi-
tivity, calculated as the ratio between the slope of the regression
equation and the working electrode surface area, resulted equal to
4.6 μAmM−1 cm−2, which is generally lower than the sensitivity re-
ported for the H2O2 PB-based detection with other electrochemical
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sensors (Cinti et al., 2014; Kubesa et al., 2014; Ricci and Palleschi,
2005). This evidence is consistent with the porous nature of the filter
paper support, which determines diffusion processes through the cel-
lulose network of the paper-based SPE (Cinti et al., 2017b; Arduini
et al., 2017).

3.2. One-layer ePAD: enzymatic reaction monitoring

The one-layer filter paper-based ePAD was hence applied for the
measurement of H2O2 by-product from the enzymatic reaction of ChOx
with the substrate Ch. These preliminary studies were carried out by
pre-loading 5 μL of Ch onto the ePAD from the back side (as further
explained in Section 3.4). Then, the amperometric measurement of the
enzymatic by-product H2O2 was performed by dropping few microliters
of a ChOx solution onto the ePAD.

In order to select the best conditions for H2O2 by-product detection,
different volumes and concentrations of ChOx solution were tested. As
shown in Fig. 3A, volumes of a 0.5 U/mL ChOx solution were used
ranging from 5 to 15 μL, obtaining the best current intensity for 10 μL.
Hence, this volume was used to study the amperometric response for
increasing concentrations of ChOx from 0.25 to 1.5mU/mL (Fig. 3B).
The concentration of 1 U/mL was chosen for the further experiments,
since it showed a good compromise between current intensity and low

amount of enzyme.
Thus, the enzymatic reaction was studied in the selected conditions,

obtaining a Michaelis-Menten curve with a KM equal to 6.1 ± 0.5mM.
This KM value is considerably higher than the one obtained in our
previous work (KM =0.62 ± 0.08mM) (Colozza et al., 2018), due to
diffusion processes within the filter paper cellulose network.

Prior to test the detection efficiency toward SM, the ePAD suitability
for the monitoring of the ChOx inhibition in presence of MAs was
verified by using a less toxic nitrogen MAs simulant, bis(2-chloroethyl)
amine. After Ch pre-loading step, different simulant solutions at known
concentrations (from 1 to 25mM) were dropped onto the Ch pre-loaded
one-layer ePAD immediately before the ChOx solution for starting the
amperometric measurement. As reported in Fig. 4, an increasing in-
hibition of the enzymatic activity was observed in the presence of in-
creasing concentrations of the simulant, with a linear correlation be-
tween 1 and 12.5 mM, corresponding to the equation y = (5.0±0.3)x
+ (7±2), r2 = 0.959. LOD was calculated for I%=15%, resulting in a
value of 1.8 mM, while the value corresponding to the concentration
giving the 50% of inhibition (IC50) was found equal to 8.0mM. These
results demonstrated the suitability of the filter paper-based ePAD to be
applied for the detection of liquid MAs in the millimolar level. Thus, we
focused our efforts to realise a ready-to-use and fully-integrated or-
igami-ePAD for the detection of the more toxic SM, which represents

Fig. 2. A) Current intensities (n=3) recorded from
amperometric detection of 5 μL H2O2 1mM at different
applied potentials. RSD% is reported for each poten-
tial. B) Calibration curve (n=3) obtained with 5 μL of
H2O2 0.1 mM (orange), 0.5 mM (red), 1mM (green),
3mM (yellow), 5mM (blue), 10mM (pink), applying
E= 0.0 V. Currents in plot are reported as absolute
values. Samples were prepared in phosphate buffer
50mM+0.1M KCl (pH=7.4). Inset: corresponding
amperograms. (For interpretation of the references to
color in this figure legend, the reader is referred to the
web version of this article).

Fig. 3. A) Study of the volume of ChOx solution (using
a ChOx concentration of 0.5 U/mL) and B) study of the
concentration of ChOx solution (using a ChOx volume
of 10 μL) (n= 3), obtained from amperometric detec-
tion (E=0.0 V and t= 300 s) of H2O2 enzymatic by-
product, by using the one-layer ePAD pre-loaded with
Ch 5mM. C) Amperograms obtained from the detec-
tion (E=0.0 V and t= 300 s) of H2O2 enzymatic by-
product obtained with the one-layer ePAD pre-loaded
with 5 μL of increasing concentration of Ch: 0.1 mM
(black), 0.5 mM (red), 1mM (green), 3mM (yellow),
5mM (blue), 10mM (pink), 15mM (light blue),
20mM (grey), and D) corresponding Michaelis-
Menten curve (n= 3). Currents in plot are reported as
absolute values. Measurements were carried out in
phosphate buffer 50mM+0.1M KCl, pH=7.4. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article).
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the major threat within the family of MAs.

3.3. Origami-ePAD: origami settings

In the second part of the work, the two-layer origami-ePAD was
designed and developed on the basis of the behaviour observed for the
one-layer ePAD. In order to realise the origami sensor, a second layer
was added constituting in a wax-printed filter paper PAD, which was
fixed together with the SPE-layer by means of a common glue. Starting
from the configuration used for the already described one-layer ePAD,
different possibilities for the reagent pre-loading step were evaluated.
In details, Ch and ChOx solutions were added or pre-loaded according
to four different pre-loading configurations, as schematised in Fig. 5A:

1. Ch pre-loaded onto the back side of the SPE (one-layer ePAD);
2. Ch pre-loaded onto the front side of the SPE (one-layer ePAD);
3. Ch pre-loaded onto the front side of the SPE, ChOx pre-loaded onto

the PAD (origami-ePAD);
4. ChOx pre-loaded onto the front side of the SPE, Ch pre-loaded onto

the PAD (origami-ePAD).

The starting concentration of Ch and ChOx were chosen in order to
obtain the final concentration of 5mM and 1 U/mL, respectively, taking
into account the dilution factor that occurred for each configuration.
The amperometric measurements of the enzymatic by-product H2O2

were carried out by dropping few microliters of a ChOx solution in the

case of configurations 1 and 2, while for the configurations 3 and 4 only
phosphate buffer solution was needed, since both the enzyme and the
substrate were pre-integrated into the origami-ePAD. The resulting
amperometric responses were compared to evaluate the effects of the
different configurations on the enzymatic kinetic (Fig. 5B). While no
significant differences were observed between the configurations 1 and
2 (one-layer ePAD), a sharp decrease of current intensity occurred for
the origami-ePAD (configurations 3 and 4). The small difference in the
current signals observed between the configurations 1 and 2 (one-layer
ePAD) highlighted that the enzymatic reaction is not significantly de-
pendent on Ch solution pre-loading step. Differently, the decreasing of
the amperometric response in the cases of the origami-ePAD config-
urations (3 and 4) showed that the enzymatic kinetic was remarkably
delayed when also ChOx was pre-loaded. This evidence can be attrib-
uted to the diffusion processes into the cellulose network in which the
reagents are loaded. Moreover, it can be noted that the configuration 4
lead to higher current intensity than the configuration 3, suggesting
that the effect of diffusion processes onto the enzymatic kinetic is less
significant when the enzyme is closer to the electrode surface (config-
uration 4). In the light of these observations, the configuration 4 was
chosen for the realisation of the origami-ePAD for MAs detection.

Successively, several volumes of phosphate buffer solution were
used to study the best conditions for amperometric monitoring of the
enzymatic reaction with the origami-ePAD. As reported in Fig. 5C and
D, a clear influence of the phosphate buffer volume toward the resulting
amperometric current was observed. Volumes lower than 10 μL was not

Fig. 4. A) Amperograms obtained from the detection
(E=0.0 V and t= 300 s) of H2O2 enzymatic by-pro-
duct, by using the one-layer ePAD pre-loaded with Ch
5mM, in absence (black) and in presence of increasing
concentrations of MAs simulant (bis(2-chloroethyl)
amine): 1 mM (red), 2.5 mM (blue), 5 mM (green),
7.5 mM (yellow), 12.5 mM (pink), 15mM (light blue),
25mM (grey). B) Corresponding inhibition percentage
plot (n=3). Measurements were carried out in phos-
phate buffer 50mM+0.1M KCl, pH=7.4. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article).

Fig. 5. A) Schematic representation of the one-layer
ePADs and origami-ePADs herein realised and B) cor-
responding trend of the current intensities, obtained
from the amperometric measurements of the enzy-
matic by-product H2O2. C) Amperograms obtained
using the origami-ePAD (configuration 4) from the
detection (E=0.0 V and t= 300 s) of H2O2 enzymatic
by-product by using increasing volumes of phosphate
buffer solution: 5 μL (black), 10 μL (green), 15 μL
(red), 20 μL (blue) and 25 μL (orange). D)
Corresponding plot of the current intensities, recorded
at t= 300 s, for each phosphate buffer volume
(n=3). Measurements were carried out in phosphate
buffer 50mM+0.1M KCl, pH=7.4, and obtaining a
final concentration of Ch and ChOx equal to 5 mM and
1 U/mL, respectively, for each configuration. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article).
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sufficient to permeate both layers of the origami and to allow for the
dissolution and reaction of the reagents, as shown by the very low
amperometric signal obtained with 5 μL of phosphate buffer solution
(Fig. 5C, black line). The increase of the phosphate buffer volume led to
a progressive increase of current intensity and electrical noise. The
latter behaviour is probably to be ascribed to aqueous solution diffusion
towards electrical contact. Indeed, if large amount of solution is used,
the aqueous solution can diffuse overcoming the wax–based zone, with
consequently wetting of the electrical contact and noise generation.
Furthermore, the significant increase of sensitivity observed for dif-
ferent volumes of phosphate buffer confirmed that the origami-ePAD
performances are markedly influenced by the diffusion processes in-
volved for the reagents re-dissolving and reaction. Hence, the volume of
20 μL was chosen, as a good compromise to ensure the efficient re-
dissolving of the reagents and, at the same time, to avoid electrical
noise.

3.4. Origami-ePAD: detection of liquid SM

The origami-ePAD was thus applied for the detection of standard
solutions of SM in liquid phase. SM samples from 1 to 8mM were
prepared in pure ethanol, since the SM solubility in aqueous solution is
very low (0.0043M at 25 °C) (Menger and Elrington, 1991). In order to
minimise the inactivation of the enzyme due to presence of ethanol, the
amperometric measurements were carried out by analysing 1 μL of SM
solution in ethanol, obtaining a ethanol concentration of 5% v/v within
the final working solution (i.e. 20 μL of phosphate buffer). Indeed, we
have previously pointed out that the condition of 5% v/v of ethanol
corresponds to a good compromise between a limited enzyme in-
activation and a significant solubilisation of SM (Colozza et al., 2018).
A mixture of phosphate buffer and ethanol at 5% v/v was used to obtain
the reference amperometric signal in absence of the inhibitory agent
(I0), in order to take into consideration the slight enzyme inactivation
occurred in this conditions for the inhibition percentages calculation (as
described in Section 2.8).

Hence, SM solutions were dropped on the front side of the SPE layer,
facilitating the interactions between the inhibitor and the enzyme.
Then, the origami-ePAD was closed and the amperometric measure-
ment was immediately started by the dropping of 20 μL of phosphate
buffer solution. As shown in Fig. 6A, a linear range between 1 and 6mM
was obtained, described by the equation y= (13 ± 1)x+ (15 ± 6), r2

= 0.8854. A LOD value equal to 0.4 mM was calculated for I%=20%,
while IC50 was obtained equal to 2.5mM. The results obtained for the
SM detection showed lower IC50 and LOD values, as well as an earlier
interruption of the linearity trend (which can be observed in the SM
inhibition percentage plot, Fig. 6A) with respect to the simulant
(Fig. 4), highlighting the higher toxicity of SM.

3.5. Origami-ePAD: detection of aerosolised SM

After having demonstrated the suitability of the developed origami-
ePAD for SM detection in liquid phase, a flow analysis system was
realised for the detection of aerosolised solution of SM, in order to test
the applicability of the developed device for the real-time measurement
of airborne SM. The experimental conditions realised for this study was
designed to simulate the spread of SM into air during a chemical attack.
SM solutions were aerosolised by means of a nebuliser and let flow
through a three-neck bottle, in which the biosensor was placed (Fig.
S1).

The origami-ePAD was employed for the detection of SM in the
aerosolised form, with the aim to apply the ready-to-use sensing tool for
the real-time monitoring of SM aerosolised into air. For these experi-
ments, the filter paper PAD layer of the origami was punctured in order
to allow the SM aerosol to effectively reach the inner part of the origami
and hence promoting its interaction with the enzyme pre-loaded onto
the SPE layer. Thus, the origami-ePAD was folded, wet with 20 μL of
phosphate buffer solution and introduced into the three-neck bottle.
The sensor cable was fixed to a metallic support, in order to minimise
the sensor cable oscillation and avoid an excess of electrical noise. The
amperometric measurement was thus carried out simultaneously with
the exposure to the SM aerosol, for a period of 5min. With this ap-
proach, SM standard solutions down to 0.1mM were detected, corre-
sponding to aerosol concentrations of 0.019 g/m3. This concentration is
consistent with the level of SM (12–30mg·min/m3) which causes only
minor ocular irritation (Anderson, 1942). As shown in Fig. 6B, current
values were sampled at three times of the resulting amperometric
measurement (180 (●) 240 (▼) and 300 (■) s), to evaluate the in-
hibition extent at different times of exposure. It can be observed that no
significant difference can be appreciated among the three different
sampling times, confirming the reversible nature of the inhibition me-
chanism (Arduini et al., 2015). The repeatability of the measurements
was evaluated for the concentration of 0.76 g/m3 at the three sampling
times, resulting in RSD% ranging from 6% to 11%. The LOD was cal-
culated for the inhibition occurred after 60 s of exposure, which re-
sulted equal to I% = 10%. As a consequence, we can state that the
developed sensing tool is able to alert for the presence of airborne SM in
only 60 s. Taking into consideration that the toxic effects of SM are
cumulative and hence proportional to the time of exposure to this
chemical threat, a very fast detection of airborne SM can represent a
vitally important factor, allowing for the immediate warning to the
affected bystanders. For instance, a fast detection provides a properly
management of the terrorist attack, through the rapid evacuation of the
target area and the prompt intervention of medical assistance. Thanks
also to the wearability of the origami-ePAD, these observations pave the
way for real-time monitoring of SM present in the air by means of an
easy and ready-to-use analytical tool, which can be easily disposed after
its use.

Fig. 6. Results obtained for sulfur mustard (SM) de-
tection by using the origami-ePAD. A) Inhibition per-
centage values (n= 3) for increasing concentrations of
liquid SM: 1mM (red), 2mM (blue), 4 mM (green),
6mM (orange), 8 mM (pink). Inset: corresponding
amperograms (E=0.0 V and t= 300 s) obtained from
the detection of H2O2 enzymatic by-product in absence
(black) and in presence of SM concentrations equal to
2mM and 4mM. B) Inhibition percentage values
(n=3) for increasing concentrations of aerosolised
SM: 0.019 g/m3 (light blue), 0.19 g/m3 (red), 0.76 g/
m3 (green), calculated from current values sampled at
different time of measurement: 180 (●) 240 (▼) and
300 (■) s. Inset: corresponding amperograms

(E=0.0 V and t= 300 s) obtained from the detection of H2O2 enzymatic by-product in absence (black line) and in presence of SM concentrations equal to 0.019 g/
m3 and 0.76 g/m3. Measurements were carried out in a mixture of phosphate buffer 50mM +KCl 0.1M (pH=7.4) and ethanol at 5% v/v (A) and 2.5% v/v (B). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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3.6. Origami-ePAD: stability and selectivity

The origami-ePAD stability over the time was evaluated by storing
the devices in controlled conditions after the reagent pre-loading. Since
the stability of enzymatic biosensor is usually dependent on the enzyme
stability, this key aspect has been already studied in the previous work
(Colozza et al., 2018) by maintaining the enzyme solution at 4 °C up to
7 days, observing a good stability of the enzyme. In the present work,
we studied the stability of origami-ePADs stored both at room tem-
perature (between 22 and 25 °C) and at 4 °C up to 7 days. The resulting
amperometric responses (Fig. S2A) highlighted a slight decrease of the
enzymatic activity after 12 h and 24 h (around 20% of decrease), while
higher decrease occurred after 72 h (around 40% of decrease) and 168 h
(around 60% of decrease). No significant difference between the two
storage temperatures was observed. These results showed that the de-
veloped origami-ePADs can be used within 24 h after the pre-loading of
the enzyme and the substrate.

Also the specificity of the origami-ePAD was investigated. Since the
detection is based on the monitoring of ChOx enzymatic activity, an
intrinsic selectivity is already provided by the selectivity of the enzy-
matic reaction itself. However, possible interferences can be caused by
other inhibitors that can be found in the battlefield, such as other kinds
of chemical warfare agents or secondary products derived from the use
of firearms and bombs. For these reasons, we tested the origami-ePAD
response in presence of three substances: paraoxon (POX), which is a
simulant of another kind of chemical weapons, namely nerve agents;
As3+, which can be found as a by-product of arsenic-based chemical
weapons (i.e. arsine, Lewisite); Pb2+, which can be released into the
environment from the use of firearms and bombs. Such substances can
be found in the battlefield at a trace level, and represent possible en-
zyme inhibitors. In detail, the origami-ePAD response was tested in
presence of 150 ppb of each of substances, corresponding to the mi-
cromolar level. In addition, taking into account that different chemical
warfare agents can be used simultaneously, the effect of POX was stu-
died also at concentration of 150 ppm (0.5mM), with the aim to eval-
uate the effect of nerve agent simulant using a concentration compar-
able with the range studied for mustard agents. The results (Fig. S2B)
showed that the origami-ePAD response was slightly affected by the
tested substances. More precisely, the enzymatic activity underwent an
inhibition of 35% in the case of As3+, and lower than 20% in the case of
POX at both ppb and ppm levels, while the presence of Pb2+ did not
cause appreciable inhibition. This study confirmed the affordability of
the developed origami-ePAD for the in-field monitoring of MAs.

4. Conclusions

Herein, the first origami-inspired paper-based electrochemical bio-
sensor for MAs detection was developed. Such miniaturised ePAD was
designed for the measurement of MAs both in the liquid and aerosol
phase, with LOD equal to 1mM and 0.019 g/m3, respectively. The use
of filter paper as support of the ePAD allowed to pre-integrate the re-
agents into the origami layers, obtaining a regent-free biosensor which
represents one among the few examples of paper-based wearable
electrochemical sensor developed for application in the security field.
In particular, it meets many of the requirements needed for the devel-
opment of easy/ready-to-use and portable devices, resulting in a sui-
table analytical tool for the on-site detection of MAs as well as for the
realisation of rapid and wearable alarm systems to be applied in the
high-risk zones. In detail, the wearability of such sensors allow for its
integration into portable monitoring devices, drones, or military uni-
forms. It is worthy to highlight that the analytical approach shown
herein could represent a vitally important strategy applicable for the
real-time monitoring of a variety of chemical weapon threats, since it
can favour early medical interventions as well as the immediate eva-
cuation of affected areas.
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