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Abstract: Detection of nerve agents (NAs) gas in the environment through portable devices to
protect people in case of emergencies still remains a challenge for scientists involved in this research
field. Current detection strategies require the use of cumbersome, expensive equipment that is
only accessible to specialized personnel. By contrast, emerging optical detection is one of the most
promising strategies for the development of reliable, easy readout devices. However, the selectivity of
the existing optical sensors needs to be improved. To overcome the lack of selectivity, the innovative
strategy of the optical arrays is under evaluation due to the specific response, the ease of preparation,
the portability of the equipment, and the possibility to use affordable detectors, such as smartphones,
that are easily accessible to non-specialized operators. In this work, the first optical-based sensor
array for the selective detection of gaseous dimethylmethylphosphonate (DMMP), a NAs simulant,
is reported, employing a simple smartphone as a detector and obtaining remarkably efficient and
selective detection.

Keywords: nerve agents; optical array; selectivity; smartphone

1. Introduction

The real-time detection of hazardous gases in the environment using easy-handling,
reliable systems still represents a challenging target that has recently attracted many sci-
entific interests. Special attention is focused on the detection of toxic gases. Among these,
nerve agents (NAs) are still used to harm people during conflicts and terrorist attacks, as
demonstrated by recent international events [1,2]. The most common compounds used
for this purpose are organic esters of phosphoric acid, also known as organophosphates
(OP), namely the G-type (Sarin, Soman), V-type (VX), and the latest developed A-type
(also known as Novichok) (see Figure 1) [3]. Despite the fact that the production, stockpile,
and use of these agents are strictly forbidden, they are still used to harm civilians during
conflicts, representing a threat to human safety. Due to the high toxicity of NAs, reliable
model compounds, also called simulants, are widely employed for research purposes. This
class of less toxic organophosphates mimics the structure and properties of the real NAs.
In particular, dimethylmethylphosphonate (DMMP) has been demonstrated to be one of
the best simulants of G-type nerve agents (Figure 1) [4].

The detection of nerve agents is efficiently performed by means of instrumental
techniques, including GC-MS and HPLC, reaching high sensitivity and selectivity. However,
the time-consuming sample preparation precludes real-time detection in the field. In
addition, only specialized operators have access to such expensive and technologically
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advanced equipment. To overcome these limitations, many efforts have been oriented
toward the development of portable, easy readout and affordable devices for the real-
time sensing of OP gas, accessible to everyone [5-7]. Detection of NAs using molecular
probes has been demonstrated to be a powerful approach [8-12]. In particular, the use of
optical (colorimetric and fluorescent) receptors seems to be the most convenient detection
technique due to the high sensitivity achievable, the low cost of the equipment, the easy
readout, and the fast response [13-27]. To meet the need for easy accessibility, an intriguing
recent strategy involves the use of widely diffused tools, such as smartphones and digital
cameras, as detectors. In this context, only a few examples of portable optical devices based
on a smartphone as a detector can be found in the literature that are able to efficiently detect
NAs gas [28-31].

NAs Chemical structures
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Figure 1. Chemical structures of organophosphorous NAs and simulants used in this work.

One of the main problems related to sensing, and in particular the sensing of haz-
ardous compounds, is the need for selectivity in order to avoid false-positive responses.
Recently, this problem has been bypassed by array technology, a device containing different
“receptors” able to interact with different affinity with the target analyte. Considering
the whole response of these receptors and exploiting multivariate statistical analysis, a
characteristic fingerprint of the desired analyte can be measured, obtaining excellent levels
of selectivity [32-36].

In addition, optical-based array sensors can reveal and discriminate many chemical
compounds. These systems work in a similar way to the mammalian olfactory system,
leading to a complex response due to all probes being unique for a single analyte. An
optical array comprises many optical/fluorescent organic receptors, which show different
affinity for the target analyte. The array technology is based on the non-specific interaction
of multiple organic receptors with the selected analyte [37]. To the best of our knowledge,
no example of NA detection by an array device has been reported in the literature.

In this work, we present the first fluorescent-based array for the selective detection
of DMMP gas. The synthesis of different chemiresponsive fluorescent receptors was per-
formed, with each one able to give a typical change in the emission intensity after the
non-covalent interaction with DMMP in solution and in the gas phase. To this purpose,
specifically functionalized Bodipys (MBP, OBP, OBEP, BDPy-Di-AE, BDPy-AE, PBP,
MBEP, PBEP), Rhodamine (RhBP, RhBM), Naphthylamide (Napht-1) fluorescent scaf-
folds, and properly modified Carbon Dots (CDs-C,-OH, CDs-C3-OH e CDs-C4-OH) (see
Figure 2) were synthesized and dropped onto a solid support, obtaining the array device
able to selectively detect DMMP vapors in ppm/sub-ppm. Selectivity was confirmed by
PCA analysis, obtaining detection limits lower than the toxicity levels of NAs.
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Figure 2. Representation of the array and chemical structures of the organic probes used in the device.

Previously, we used the array technology to detect trinitrotoluene (TNT) [34] and
plant pathogenic fungi [37]. The array used for the TNT detection was limited to seven
different fluorescent probes, which do not guarantee the sufficient selectivity required
for the Nas detection. While, in the case of fungi detection, we realized an array with
17 fluorescent molecular probes. In the present work, we realize an array device containing
15 different fluorescent probes, also including properly functionalized carbon nanoparticles,
considering the high detection efficiency of these nanosystems towards DMMP [38].

2. Materials and Methods

General Experimental Methods: The NMR experiments were carried out at 27 °C
on a Varian UNITY Inova 500 MHz spectrometer (International Equipment Trading Ltd.,
Mundelein, IL, USA) (*H at 499.88 MHz, 13C NMR at 125.7 MHz) equipped with a pulse
field gradient module (Z axis) and a tunable 5 mm Varian inverse detection probe (ID-PFG).
ESI mass spectra were acquired on an API 2000- ABSciex using CH3CN or CH3OH (positive
or negative ion mode).

Procedure for sensing by array: experimental setup. The power of the UV-Vis lamp
selected was 6 W, and the excitation wavelength used was 365 nm. The array device was
placed in the dark chamber, and its position can be modified thanks to the presence of
the control probe. Indeed, any difference in light irradiation is normalized to the control.
The UV source and the smartphone were placed 20 cm away from the array plate. The
array device was obtained by dropping 2 uL of each fluorescent probe (1 x 107> M in
CHCI3) and 2 pL of the phenanthrene (control, 1 M in CHCl3) in different positions onto
rectangular 5 x 3 cm RP18 silica gel foils. The array plate was then irradiated through
an UV lamp (A 365 nm) in the dark chamber, and the image of the emission was acquired
using a smartphone (iPhone 13, 24 Mpixel). Then, the array was introduced in a closed
container (580 cc) containing a precise amount of DMMP. These vials were heated (by an
oven) at 50 °C for 1 h to totally evaporate the DMMP. The amounts in ppm of DMMP have
been calculated considering the partial pressure of DMMP at 50 °C [39]. After this time,
the image has been acquired and elaborated with Fiji. In details, this software transforms the
image from the RGB value to grayscale by the formula G = (Rvalue + Gvalue + Bvalue)/3. The
grayscale values are normalized to the control (phenanthrene). The statistical treatment was
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performed by Excel (Microsoft 365). Multivariate quantification was performed by means of
the PLS tool of SIMCA-P 11 (Umetrics). The dataset was centered and unity scaled.

Synthesis of probes: RhB has been acquired by Merck. RhBP, RhBM [40], OBP,
MBP, PBP, OBEP, MBEP, PBEP [41], Napht-1 [42], BDPy-Di-AE and BDPy-AE [43], and
CDs [38] have been synthesized following a modified synthetic procedure and are detailed
in Supplementary Materials.

3. Results and Discussion

We based our array device on four different classes of organic fluorophores, in particular
rhodamines, Bodipy’s, naphthylamides, and carbon dots (CDs), properly functionalized with
functional groups able to interact through non-covalent interactions with DMMP. These probes
were selected to cover a wide range of emission: 400-700 nm with rhodamines, 500700 nm with
Bodipy’s, 400-600 nm with naphthylamides, and 350-500 nm with carbon dots. Furthermore,
the probes in the array will interact with DMMP through non-covalent interactions, such as
hydrogen bonds, ion—dipole interactions, and 77— interactions.

The commercially available Rhodamine-B (RhB) was treated with 2-hydroxypiperazione
or morpholine in the presence of HBTU (O-(Benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium
hexafluorophosphate) as coupling reagent, thus obtaining RHBP or RhBM, respectively
(Scheme 1, see Supplementary Materials for the details).

Scheme 1. Synthesis of Rhodamine probes. Reagents and conditions: (a) morpholine, CH3CN,
DIPEA, HBTU, RT, Ny, yield: 80%; (b) N-(2- hydroxyethyl)piperazine, CH3CN, DIPEA, HBTU, RT,
Ny, yield: 84%.

Bodipy’s probes have been synthesized following the pathway reported in Scheme 2.
In particular, PBP, MBP, and OBP have been synthesized by the reaction of 3,5-dimethyl-4-
ethyl pyrrole with the appropriate pyridine-carboxy aldehyde in the presence of triethy-
lamine and boron trifluoride. PBEP, MBEP, and OBEP were obtained after the reaction of
PBP, MBP, and OBP with an excess of ethyl iodide. The reaction of 3,5-dimethyl-4-ethyl
pyrrole with chloroacethyl chloride leads to BDPy-Cl, which, in the presence of an ex-
cess of ethanolamine or diethanolamine, can be converted into BDPy-AE or BDPy-Di-AE,
respectively (see Supplementary Materials for the details).

Napht-1 was synthesized following a modified procedure [32]. In particular, anhydride-
Br-NO;-naphthoic was converted into isobuthyl-Br-NO,-naphthalimide by reaction in
the presence of a slight excess of isobuthylamine. Then, the reaction of this imide with
a large excess of ethanolamine leads to Napht-1 with a good yield (see Scheme 3 and
Supplementary Materials for the details).
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BDPy-CI

BDPy-Di-AE

Scheme 2.  Synthetic pathways for the synthesis of Bodipy’s probes.  Reagents and
conditions: (c) 4-Pyridinecarboxaldehyde, TFA, DDQ, EtsN, BF3(OEt;), CH,Cly, R.T. 24%;
(d) 3-Pyridinecarboxaldehyde, TFA, DDQ, Et;N, BF3(OEt;), CHCl,, RT. 17%; (e) 2-
Pyridinecarboxaldehyde, TFA, DDQ, Et3N, BF3(OEt;), CH,Cly, R.T. 24%; (f) chloroacethyl chlo-
ride, Et3N, BF3(OEt;), CH,Cly, R.T. 22%; (g) ethanolamine, Et;N, CH3CN, 80 °C, yield 49%;
(h) diethanolamine, Et3N, CH3CN, 80 °C, yield 49%; (i) Iodoethane, CH3CN, 50 °C, 95%.

NOZ Br N02 Br NH HN
anhydride-Br-NO,-naphthoic
isobuthyl-Br-NO,-naphthalimide OH HO
Napht-1
o
m ~_-OH
- H
CDs-C,-OH
o
n
n H/\/\OH
CDs-C;-OH
CDs-Pf 0
o N/\/\/OH
—
CDs-C4-OH

Scheme 3. Synthetic pathway for the synthesis of Napht-1 and CDs. Reagents and conditions: (j)
isobuthylamine, CH3CH,OH, reflux, yield: 53%; (k) NH,CH,CH,OH, CH3;0OCH,CH,OH reflux,
yield:47%; (1) EDAC, 50 °C, 16 h; (m) ethanolamine, DIPEA, CH,Cly, r.t. 3 days; (n) propanolamine,
DIPEA, CH,Cly, r.t. 3 days; (o) butanolamine, DIPEA, CH,Cly, r.t. 3 days.

Carbon dots (CDs) functionalized with alcoholic groups were obtained following the
pathway reported in Scheme 3. In particular, the reaction of native CDs with an excess of
pentafluoro phenol in solvolysis leads to CDs-Pf covered by pentafluoro phenol, which, in
the presence of the appropriate amino-alcohol, is converted into CDs-C,-OH, CDs-C3-OH,



Chemosensors 2023, 11, 503

6 of 12

RP-18]

and CDs-C4-OH, respectively (see Scheme 3 and Supplementary Materials for the details).
All compounds and CDs have been fully characterized (see Supplementary Materials).

An array device was prepared following the scheme represented in Figure 3. The solid
support selected for this purpose is reverse-phase silica gel (RP-18), to avoid interaction
between the solid phase and probes as well as the DMMP. Then, 2 uL of the 1 mM chlo-
roform solution of each probe was dropped onto the solid support, and the solvent was
removed by evaporation at room temperature. An image with the smartphone has been
acquired before and after the exposition to DMMP vapors. In particular, a precise amount
of DMMP was inserted into a closed vial together with the array device. The vial has been
kept at 50 °C for 1 h, allowing the total evaporation of DMMP. After this time, a new image
has been acquired and elaborated with Fiji [44]. A typical example of setup analysis is
reported in Figure S14 of the Supplementary Materials. This software converts the images
into RGB channel values, which are then converted to the gray channel (G) by using the
formula G = (Ryaiue + Gvalue + Bvalue)/ 3, thus obtaining a single value for each pixel. The
emission intensities of this G scale for each probe have been compared to phenanthrene
(Ctrl in Figure 1), and these normalized values (ratio between the intensity of each probe
and the intensity of the control) have been tabulated for statistical treatment using the Excel
software (Microsoft 365 ProPlus).

@ @ ®

real image Fiji window

% mage export

Choice of solid Drop casting “ Vaporizing \ S Tabulation of
support each probeson | DMMP ‘ ?Nlth 2 and processing values for
[Silica gel, the support ,’ solutlons ina W|th Fiji statistical

Figure 3. Sensing by array by smartphone.

Figure 4 shows the normalized response of each probe to 100 ppm of DMMP. In
particular, MBEP and PBEP show an increasing emission in the presence of the analyte,
while the other probes decrease their emission. Selectivity is a crucial parameter for a real
sensing device. To validate the efficacy of the array technology, we tested the response of
the array to other organic molecules commonly present in the air (i.e., acetone, ethanol,
acetic acid, ethyl acetate, ammonia, and triethylamine), chlorinated organic solvents (i.e.,
chloroform and tetrachloroethane TCE), and other phosphorous-based compounds (i.e.,
triethylphosphine and triphenylphosphine). In particular, Figure 5a shows the response
of each probe to 100 ppm of these analytes. As we can see, each probe shows a different
response to the different compound, supporting the good selectivity for DMMP, which is
also confirmed by the PCA analysis reported in Figure 5b. Good clustering and discrim-
ination can be observed with all the selected analytes. Plots also reveal that the outliers
representing observations are inside the Hotelling T2 ellipses at 95% confidence.

Then, we tested the array’s response to different concentrations of DMMP vapors. In
particular, Figure 6 shows the change in emission of the probes at different ppm of DMMP.
We note that a sort of linear response can be detected for Bodipy’s receptors, PBP, OBP,
OBEP, BDPy-Di-AE, and PBEP. Furthermore, we observed that cationic Bodipy’s (MBEP



Chemosensors 2023, 11, 503

7 of 12

and PBEP) show an increase in emission in the presence of DMMP, while non-charged
probes (PBP, OBP, and BDPy-Di-AE) undergo a quenching of emission. Figure 6b shows
the responses of these probes to the progressive amounts of DMMP. In particular, each
probe changes its emission with different behavior, suggesting that a quantitative analysis
is difficult to perform. Notably, the array can detect 0.1 ppm of DMMP, which is lower than
the LD50 values of G- and V-type NAs [3].

0.15 4
0.10
0.05

0.00

Normalized emission change

-0.05

172 345 67 89 1011121314 15
Figure 4. Normalized emission responses of G channel (I/Iy where I and I are the emission of probes
after and before the exposition to the 100 ppm of DMMP vapours, respectively). Probes are numbered
1 (RhBM), 2 (RhBP), 3 (RhB), 4 (PBP), 5 (MPB), 6 (OBP), 7 (MBEP), 8 (OBEP), 9 (BDPy-Di-AE),
10 (BDPy-AE), 11 (PBEP), 12 (CDs-C,-OH), 13 (Naph-1), 14 (CDs-C3-OH), and 15 (CDs-C4-OH).
Results are obtained from three independent measurements.

To verify the capabilities of the method in quantitative respects, we applied multivari-
ate Partial Least Squares (PLS) regression. PLS is a multivariate statistical technique used
for regression and dimensionality reduction, particularly in cases where a high-dimensional
dataset is collected and it is required to establish a relationship between predictors (inde-
pendent variables) and a response (dependent variable). Figure 7 reports the results. The
model used 5 principal components, accounting for a cumulative Q2 value of around 0.8
as evaluated by the cross-validation procedure. Results revealed good linear multivariate
regression quantification from 5 to 100 ppm. At lower concentrations, the analyte is de-
tectable but barely quantifiable. The red line represents the linear fit, and the green line
represents the ideal linear relationship. The extreme closeness and similarity of the two
curves confirm a very good quantification capability above 5 ppm, close to the LD50 values
of G- and V-type NAs [3].

A few examples of NAs sensors exploiting a smartphone as a detector have been
reported. Sulfur mustard and phosgene have been detected by using a fluorescent sensor,
obtaining a turn-on response after the covalent reaction between sensor and analytes and
a limit of detection in solution of 14 and 70 ppb, respectively [45]. Similarly, diisopropyl
fluorophosphates (DFP) have been detected by colorimetric change by a covalent reaction
with the sensor, obtaining a limit of detection of 0.17 ppm in the solid state [31]. Our
research group realized a fluorescent reusable sensor for DMMP with a limit of detection of
535 ppm on solid state [28]. In the present work, we obtained a lower detection limit on
solid state (0.1 ppm), supporting the selectivity with a wider range of different analytes.

A real-life detection of NAs by using this sensor can be performed by simple exposure
of the array to air contaminated by a nerve agent. In particular, due to the higher volatility
of NAs with respect to DMMP (e.g., the volatility of Soman and DMMP is 22,000 mg/m?
and 5562 mg/m?, respectively) [39], the array will detect NA gases instantaneously, and by
exploiting a camera or a smartphone, a real-time analysis can be obtained. This system can
be used by militaries or adopted by sensitive targets, such as stations or airports.
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Figure 5. Selectivity test. (a) Normalized emission responses of the G channel (I/1y, where I and I are
the emission of probes after and before the exposition to 100 ppm of different analytes, respectively).
Probes are numbered 1 (RhBM), 2 (RhBP), 3 (RhB), 4 (PBP), 5 (MPB), 6 (OBP), 7 (MBEP), 8 (OBEP),
9 (BDPy-Di-AE), 10 (BDPy-AE), 11 (PBEP), 12 (CDs-C,-OH), 13 (Naph-1), 14 (CDs-C3-OH), 15
(CDs-C4-OH); (b) t1 vs. t2 scores plot; the ellipses represent T> Hotelling at 0.95 confidence. Results
are obtained from three independent measurements.
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Figure 6. Linearity test. (a) Normalized emission responses of the G channel (I/Iy where I and Ij are
the emission of probes after and before the exposition to the amount of DMMP reported in the inset).
Probes are numbered 1 (RhBM), 2 (RhBP), 3 (RhB), 4 (PBP), 5 (MPB), 6 (OBP), 7 (MBEP), 8 (OBEP),
9 (BDPy-Di-AE), 10 (BDPy-AE), 11 (PBEP), 12 (CDs-C,-OH), 13 (Naph-1), 14 (CDs-C3-OH), and 15
(CDs-C4-OH). (b) Plot of the normalized emission response of the G channel (reported in Figure 6a)
as a function of DMMP concentrations.
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Figure 7. Expected vs. predicted dilution factor calculated by the PLS model with 5 components. The
red line represents the linear fit, and the green line represents the ideal linear relationship.

4. Conclusions

In summary, the first example of an optical array device able to detect efficiently
(0.1 ppm) DMMP gas (a simulant of NAs G-Type) and with selectivity by exploiting a
simple smartphone as a detector has been reported. This array has been prepared by
dropping organic fluorescent probes based on Bodipy’s, Rhodamine, Naphthylamide, and
carbon dots onto reverse-phase silica gel (RP18). This device shows good selectivity, also
confirmed by multivariate analysis, for DMMP with respect to other common solvents
and phosphorous-based organic molecules. Furthermore, the possibility of detecting sub-
ppm levels of DMMP was demonstrated, establishing an emission trend for some of the
Bodipy’s probes. The use of a smartphone, easily connected to the internet, also leads to the
possibility of sending data to a remote control station, thus elaborating on the results in real
time. Further studies are being conducted to perform quantitative analyses, improve the
elaboration of images by an application for the smartphone, and recover the device. At this
stage of the work, the quantitative analysis needs to be improved. However, we believe
that, in the case of the presence of nerve agent, a quantitative analysis is secondary to the
qualitative detection of the NA. In fact, the crucial problem is whether the NA is present
or not in the environment in order to sound the alarm. Furthermore, we tried to recover
the array by exposing the device to thermal cycles or solvent washing. These preliminary
tests show a progressive degradation of the solid support. The possibility of using other
polymeric materials is under evaluation.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/chemosensors11090503/s1, synthesis and characterization of probes,
detailed procedure for the array preparation and sensing. Figure S1. 'H NMR spectrum of RhBP
in CDCl3; Figure S2. 'H NMR spectrum of RhBM in CDCls; Figure S3. 'H NMR spectrum of
PBP in CDCls; Figure S4. 'H NMR spectrum of MBP in CDCly; Figure S5. 'H NMR spectrum of
OBP in CDCl3; Figure S6. 'H NMR spectrum of PBEP in CDCl;; Figure S7. 'H NMR spectrum of
MBEP in CDCl3; Figure S8. 'H NMR spectrum of OBEP in CDCl3; Figure S9. 'H NMR spectrum of
isobuthyl-Br-NO,-naphthalimide in CDClj3; Figure S10. 'H NMR spectrum of Napht-1 in acetone-dg;
Figure S11. TH NMR spectrum of BDPy-CH,Cl in CDCl3; Figure S12. THNMR spectrum of BDPy-AE
in CDCl3; Figure S13. TH NMR spectrum of BDPy-Di-AE in CDCl3; Figure S14. Representation of
analysis setup.
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