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ABSTRACT: Real-time sensing of chemical warfare agents (CWAs) is, today, a crucial
topic to prevent lethal effects of a chemical terroristic attack. For this reason, the
development of efficient, selective, sensitive, and reversible sensoristic devices, which are
able to detect by optical response the ppm levels of these compounds, both in water and
in air, is strongly required. Here, we report the design and synthesis of a fluorescent
nanosensor, based on carbon nanoparticles covalently functionalized with ethanolamine
arms, which exploits the multitopic supramolecular interaction with nerve agents,
ensuring highly efficient (log K 6.46) and selective molecular recognition. Moreover,
given the aqueous dispersibility of carbon nanoparticles, these nanosensors ensure even
higher sensitivity, detecting sub-ppt concentration of nerve agents in water, and sub-
ppm level in air by using a common digital camera or a smartphone. Our results pave
the way to an innovative class of low-cost reusable CWA sensors, prompting, for the
first time, the simultaneous detection of nerve agents through gaseous and aqueous
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media, thus extending the protection range to public water supplies.
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1. INTRODUCTION

Nerve agents are a group of highly toxic organophosphorus
compounds developed during World War II. They are related
to organophosphorus pesticides though they have a much
higher human acute toxicity than commonly used pesticides.
Because of their high toxicity, these nerve agents have been
used as chemical weapons and for these reasons are today
called chemical warfare agents (CWAs). CWAs are classified
into three main classes: G-type, V-type, and the most recently
A-type (also called Novichok) (Chart 1).

Although CWAs are outlawed and prohibited in many
countries, the recent terrorist attacks in the Middle East and
also in Europe highlight the importance to quickly detect, in
real time, the presence of these agents."”

Toxicity levels of most used CWAs are in the ppm-sub ppm
range.” In particular, the LC50 (air concentration level of the
chemical that kills 50% of the test animals) of Tabun and Sarin
is 2 and 1.2 ppm, respectively, while Soman and VX have LCS0
of 0.9 and 0.3 ppm, respectively.” Thus, the necessity to obtain
a real practical sensor for the detection of these low
concentration values of CWAs is huge.

For security reasons, the use of CWAs is not permitted for
research activity; thus, the development of new and more
efficient sensors and relative recognition studies can only be
performed by using simulants, less toxic compounds having
similar geometric structures but different reactivitives.” In
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particular, dimethyl methylphosphonate (DMMP) is widely
recognized as one of the best simulant for G-type CWAs. In
particular, G and V-Type CWAs have two common features:
(i) the presence of a Lewis Base site (P=0) and (ii) the
presence of two hydrogen bond acceptor groups covalently
linked to the phosphorous atom. These characteristics can be
found also in DMMP.

Traditionally, the detection of G- and V-type CWAs is based
on a “covalent approach”, in which a covalent reaction occurs
between the sensor and the analyte, leading to the formation of
a new compound having different properties with respect to
the starting sensor.” In particular, detection methods based on
spectroscopic measurements (e.g., optical measurements, such
as absorbance or fluorescence) are cheap and convenient, due
to the fast and clear visible response to the presence of the
given analyte.’

However, the covalent approach suffers from many limits:
(i) it is not specific for the analyte, due to the possibility to
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Chart 1. Structures and Names of G-Type, V-Type, and General Formula of A-Type CWAs
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react with other substances; (ii) the low selectivity can lead to
false-positive responses; and (iii) these sensors cannot be

reused after the exposure to the analyte.
Recently, the alternative supramolecular approach has been

proposed.” This strategy is based on the formation of
noncovalent interactions between the receptor and analyte,
leading to a reversible but stable interaction. The goal of the
supramolecular approach is to give alternative pathways with

respect to the traditional chemical reactivity, minimizing or
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eliminating the effects of the presence of competitive analytes
and realizing a reusable sensor.*”"”

In this context, by taking advantage of the most recent
findings in the field of supramolecular chemistry,'*™>" our
research group proposed to build, with a "bottom-up’ approach,
sensing devices for the noncovalent detection of CWA
molecules via a “multitopic approach”.**~>* In particular, our
target is to recognize CWAs via noncovalent reversible
interactions, involving different recognition sites (multitopic)
of the analyte. The possibility to simultaneously recognize two

https://dx.doi.org/10.1021/acsanm.0c01593
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or more sites of the analyte leads to highly efficient and
selective sensors, thus avoiding false-positive responses.

The main limitation of the above described systems was the
poor solubility in water, thus precluding the possibility to
detect traces of CWAs in water. Unfortunately, the risk of
water contamination in a terrorist attack is high, and the
potential lethal effects on the human population are huge. In
fact, most of the Nerve Agents are water soluble and can be
rapidly dissolved. Thus, they could be used to poison water or
food, or can be easily nebulized in air. In this context, while the
detection of Nerve Agents in the gas phase can be performed
by a solid device, their detection in aqueous environments is
still unattained, thus leaving a substantial safety issue related
mainly to the contamination of public water supplies.

For all these reasons, the development of efficient selective
sensors that are able to detect traces (ppm or sub-ppm) of
Nerve Agents in water (monitoring hydraulic systems or food/
drink) and in the gas phase (environmental monitoring of the
atmosphere) is, today, a primary target for the human security,
precluding the lethal effect of a terrorist attack using CWAs.

For these reasons, our attention has been focused on carbon
nanoparticles. These nanostructures show interesting proper-
ties, such as high water solubility, high fluorescence emission,
the possibility to tune the emission by depending on the
chemical composition of the external shell. In addition, the
possibility to covalently functionalize the external shell leads to
a wide range of application.

Here, we describe a new water-soluble CWA sensor, CNPs-
C,-OH (Scheme 1), based on functionalized carbon nano-
particles, is able to detect traces of DMMP in water (ppt
levels) and sub-ppm concentrations in the gas phase. To the
best of our knowledge, it is the first example of a water-soluble
CWA sensor simultaneously working in aqueous and gas
media. Moreover, thanks to the high fluorescent quantum yield
of carbon nanoparticles and the supramolecular interaction
between the nanosensor and nerve agents, the sensor described
here requires a very low amount of active materials and is
reusable. Therefore, its implementation in security systems is
affordable and long lasting.

2. EXPERIMENTAL SECTION

2.1. General Experimental Methods. The NMR experiments
were carried out at 27 °C on a Varian UNITY Inova 500 MHz
spectrometer (*H at 499.88 MHz, '*C NMR at 125.7 MHz) equipped
with a pulse-field gradient module (Z axis) and a tunable S mm Varian
inverse detection probe (ID-PFG). Luminescence measurements
were carried out using a Cary Eclipse Fluorescence spectropho-
tometer at room temperature. The emission was recorded at 90° with
respect to the exciting line beam, using 5:5 slit widths for all
measurements. All chemicals were reagent grade and used without
further purification. Atomic force microscopy (AFM) images were
obtained with a Nanoscope IIla apparatus from Digital Instruments
(Santa Barbara, CA) operated in tapping mode in air. Tap 300G
silicon probes from Budget Sensors with a nominal resonance
frequency of 300 kHz were used. The transmission electron
microscopy (TEM) investigation was performed with a JEOL
ARM200F Cs-corrected microscope, equipped with a cold-field-
emission gun with an energy spread of 0.3 eV and operating at 200
keV. Micrographs were acquired in Conventional TEM (CTEM)
mode using a Gatan UltraScan 1000XP (2k X 2k) charge coupled
device camera, with low electron fluence in order to reduce the beam
damage. The TEM sample was prepared by depositing a drop of the
nanoparticle’s dispersion on a TEM grid having an ultrathin carbon
film (<3 nm), ideal for TEM imaging of low contrast particles. X-ray
photoelectron spectra (XPS) were measured at a 45° take-off angle
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relative to the surface normal with a PHI 5600 Multi Technique
System (base pressure of the main chamber 3 X 107% Pa).”>*°
Samples were excited with the Al Ka X-ray radiation using a pass
energy of 5.85 eV. Structures due to the Ka satellite radiations were
subtracted from the spectra prior to data processing. Spectra
calibration was achieved by fixing the C 1s signal at 285.0 eV.>>*°
The instrumental energy resolution was <0.5 eV. The XPS peak
intensities were obtained after Shirley background removal.*>*® The
atomic concentration analysis was performed by taking into account
the relevant atomic sensitivity factors. The fittings of the C 1s, N Is,
and O Is XP spectra were carried out using Gaussian envelopes after
the subtraction of the background until there was the highest possible
correlation between the experimental spectrum and the theoretical
profile. The residual or agreement factor R, defined by R = [ Y (F., —
Feuo)?/ Y (Fops)*]'?, after minimization of the function Y (Fy —
F..c)% converged to the value of 0.03. Samples for XPS measurement
were deposited on silicon substrates. Fourier-transform infrared
(FTIR) spectra were recorded from 1000 to 4000 cm™ with a
PerkinElmer spectrometer; pure and functionalized CNPs were mixed
with potassium bromide (KBr) and then pressed into pills.

2.2. Synthesis of CNPs-C,-OH. Native CDs (100 mg)*’ were
mixed with 20 mL of thionyl chloride (274 mmol) and 500 uL of
pyridine under N,. The reaction was heated at 50 °C overnight. Then,
500 mg (8.20 mmol) of ethanolamine were added and the reaction
mixture was refluxed for 48 h under a nitrogen atmosphere. The
reaction was cooled to room temperature and rotovaporated under
vacuum to remove volatile compounds. Excess of ethanolamine, and
other undesired products, was removed by dialysis (11,000 Da cut-
off). "H NMR (500 MHz, D,0) & 3.25 (t, ] = 5.5 Hz, 2H), 2.99 (t, ] =
5.5 Hz, 2H).

2.3. Procedure for Fluorescence Titrations. Two mother
solutions of the host (0.05 mg/mL) and guest (1.0 X 107> M) in
water were prepared. From these, different solutions with different
DMMP volume (0, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 5.0, 7.0, 10.0, 15.0, 20.0,
50.0, 70.0, 100.0, and 150.0 L) were prepared, and the emission
spectra were recorded at 25 °C. Fluorescence titration was performed
by using A., 300 nm, recording the emission values at 406 nm. The
apparent binding affinities of CNPs-C,-OH with DMMP were
estimated using HypSpec (version 1.1.33),>* 7! a software designed
to extract equilibrium constants from potentiometric and/or
spectrophotometric titration data. HypSpec starts with an assumed
complex formation scheme and uses a least-squares approach to
derive the spectra of the complexes and the stability constants. y* test
(chi-square) was applied, where the residuals follow a normal
distribution (for a distribution approximately normal, the y* test
value is around 12 or less). In all of the cases, > < 10 were found, as
obtained by 3 independent measurements sets. The limit of detection
was calculated by the method of the calibration curve using the
formula DL = 3 s/K, where s is the standard deviation of the blank
and K is the slope of the calibration curve. The estimated ®f value of
CNPs-C,-OH is 0.32, calculated by using N-butyl-4-butylamino-1,8-
naphthalimide as a standard (®; = 0.81).*

2.4. Procedure for Test Strip. Two microliters of a solution of
CNPs-C,-OH (0.05 mg/mL in water) and unfunctionalized carbon
nanoparticles (0.05 mg/mL in water) were adsorbed onto several
neutral alumina foils (1.5 X 3.5 cm) and the solvent was removed
under nitrogen flow. Each of these solid samples were inserted into a
vial (23 mL) containing different amounts (0, 0.2, 0.5, 0.7, 1.0, 2.0,
5.0, 10.0, 20.0, 30.0, 50.0, 60.0, 70.0, 80.0, 90.0, and 100.0 uL) of
DMMP. All vials were maintained at 50 °C for 1 h in an oven. This
temperature and time were selected in order to guarantee the
presence of DMMP in the gas phase (at 25 °C, volatility of DMMP is
3 times lower). After this time, the foil was observed under a UV—vis
lamp at 365 nm. The vapor concentration of DMMP was calculated
by considering the volatility of DMMP (60,570 mg/m? at 50 °C),*
and the total volume of the vial used for the Test Strip (23 mL).

2.5. Automatic Image Processing Methods. We selected the
region of interest related to the spot from the pictures and we
normalized the gray level images intensity I (vide infra, see Figure 6c)
according to the following equation
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_ (I — min(I)) X 255
(max(I) — min(I))

(1)
Normalizing with respect to the maximum value of the average
luminance I; we obtain the set of experimental data points (An, /ﬁt)
where 0 < ul < 1. Starting from such a set of experimental data
points (An,, ml), (An,, ﬂz), vy (An,, /ﬁm), we obtained a curve that
is the “best fit” for the data in the least-squares sense as the normal
and useful practice used in many applications in statistics, engineering,
and other applied sciences. More precisely given the set of discrete
data points (An, mi), i=1,2,., m Find the algebraic polynomial

@)

such that the error E(ay, ay, .., ay) in the least-squares sense in
minimized, that is

PN(M) =a, + allm + “zmz + ot “NIHN (N < 'm)

E(ao, ayy e aN)

= Z (An; — ag — “1/ﬁi - “zmiz - “NmiN)z

i=1

©)

is minimum. Here, E(ay, a,, ..., ay) is a function of (N + 1) variables:
dg, dy, .., dy. After the minimization of this function, we obtain a
system of (N + 1) equations in (N + 1) unknowns a4y, 4;, ..., ay. These
equations are called normal equations.

The above system has the form

Viva =b (4)
where
a4
a=
N (8)

The matrix V is the Vandermonde matrix. Because in our case
values /ﬁt are distinct, the system has a unique solution (Theorem of
Existence and uniqueness of Discrete Least-Squares Solutions). In
order to find the “best fit” for the data, we have used 16 normalized
experimental data points (m = 16) and a polynomial of order 10 (N =
10). By analyzing the coefficients of the polynomial obtained with the
solution of eq 3, we noticed that these coefficients coincide (unless
approximation errors) with the coefficients of the series expansion of
the function

Ayl) =1 - & H

(6)

3. RESULTS AND DISCUSSION

3.1. Design, Synthesis, and Characterization. This new
nanosensor was designed starting from our recent fluorescent
probe Naphthyl-di-AE (Scheme 1).> In particular, we
demonstrated how the presence of ethanolamine arms leads
to an efficient supramolecular binding of DMMP, by the
formation of multiple hydrogen bonds (Scheme 1). Naphthyl-
di-AE was constituted by a chelating group (ethanolamine
arms, in red in Scheme 1-top) and an aromatic fluorescent
scaffold (Naphthyl-diimide scaffold, in blue in Scheme 1-top).
Therefore, in the present work we extended the fluorescent
moiety, exploiting the emission properties of carbon nano-
particles, associated with the proximity effect of the
nanostructure, which should lead to an amplification effect.
In addition, the presence of multiple alcoholic groups on the
nanoparticle surface leads to a water-soluble organic
nanostructure.

In details, CNPs-C,-OH has been designed to exploit the
recognition properties of ethanolamine arms,*’ also improving
the solubility in water.

8185

Carbon nanoparticles (CNPs) are a new class of carbon
nanomaterials, having characteristic photochemical and redox
properties.”* These nanomaterials are about 10 nm in
diameter, with a quasi-spherical shape. They are characterized
by high optical and chemical stability, good water solubility,
photobleaching resistance biocompatibility, and low-cost
preparation. For these reasons, nowadays CNPs found
application in a wide range of fields, such as analytical
chemistry,35 biosensing,36 bioimaging,37 theranostics,>® molec-
ular communication,®” and photocatalytic energy conversion.*’

Our strategy is to combine the recognition properties oftered
by the “multitopic approach” with the water solubility and the
excellent optical properties of CNPs, in order to obtain a new
generation of nanostructured water-soluble sensors for the
efficient and selective detection of CWAs in water and gas
phases. In the proposed nanosensor, in fact, the multitopic
recognition site is due to the presence of ethanolamine arms,
which is able to interact with the CWA simulant by exploiting
multiple hydrogen bonds (see Scheme 1-top). This H-bond
configuration guarantees high selectivity, reducing the
possibility to false-positive responses. The synthesis of
CNPs-C,-OH is reported in Scheme 1-down.

One of the main advantages of the carbon nanoparticles is
the easy preparation. In particular, the starting material is citric
acid. To covalently functionalize the nanoparticle surface, we
considered the nanoparticle surface as a simple carboxylic acid.
In fact, after thermal treatment in water, citric acid leads to
carboxy-terminal CNPs,”” which have been activated by using
thionyl chloride into the relative acylic chlorides. In the
presence of an excess of ethanolamine, the CNPs-C,-OH can
be easily obtained (see the Experimental section). Function-
alized nanoparticles have been purified by dialysis, and they
have been chemically characterized by '"H NMR and XPS,
confirming the covalent functionalization of the surface (see
Supporting Information).

In particular, the '"H NMR spectrum in D,0 of CNPs-C,-
OH shows two triplet signals having different chemical shifts
with respect to the ethanolamine protons (see Supporting
Information, Figure S2), supporting the covalent reaction
between nanoparticles and the ethanolamine.

CTEM investigation was performed to obtain a statistical
distribution of nanoparticle diameters. More than 650
nanoparticles were analyzed, and an average diameter of 16.4
+ 7.6 nm was obtained. Figure 1 reports a TEM image of
nanoparticles. Diameter distribution was fitted with a Gaussian
distribution peaked at 14.1 nm (inset of Figure 1).

Accurate AFM analysis shows isolated carbon dots without
any tendency to aggregate (see Supporting Information, Figure
S3). The section analysis characterization reveals polydispersity
on both dot diameter and height (see Supporting Information,
Figure S3). In particular, the height distribution, ranging from
sub-nanometer to few nanometers, indicates a disk-like shape
of such organic nanostructures lying on the substrate. As the
typical thickness of a graphene layer is 0.4 nm, the measured
heights reveal that carbon dots are formed by few or by few
tens of graphene-lake flakes.

In order to verify the chemical composition of these
functionalized nanoparticles, thus confirming the presence of
ethanolamine arms onto the surface, extended X-ray photo-
electron spectroscopy (XPS) characterization was performed.
In particular, the electronic structure of the functionalized
nanoparticles provides important information on the chemical
environment.”' ~*

https://dx.doi.org/10.1021/acsanm.0c01593
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Figure 1. TEM image of nanoparticles. Inset shows the Gaussian
fitted diameter distribution.

Figure 2a shows the high-resolution XP spectrum of the
CNPs-C,-OH sample in the C 1s binding energy region. An
accurate fitting of this spectrum revealed the presence of four
components at 285.0, 285.8, 286.8, and 288.3 eV, respectively.
The first component (285.0 eV) is due to both aliphatic and
aromatic backbones.”> The peaks at 285.8 and 287.8 eV are
assigned to the C—N and C—OH groups, respectively.***
The peak at 288.3 eV is assigned to the carbon of the amide
group (—OC—NH-).**” The presence of this signal confirms
the covalent functionalization of the nanoparticles with
ethanolamine.

Figure 2b shows the O 1s peaks of the CNPs-C,-OH. The O
1s spectral profile was fitted using two Gaussian components at
531.3 and 532.6 eV. The lower energy peak, located at 531.3
eV corresponds to the oxygen of the O=C—N amide group,
and further confirms the covalent functionalization of the
nanoparticles with the ethanolamine molecule.”® The higher

280 285 290 530 535

Binding Energy / eV Binding Energy / eV

Figure 2. Al Ka excited XPS of CNPs-C,-OH in the (a) C Is binding
energy region: the blue, cyan, magenta, and dark yellow lines refer to
the 285.0, 285.8, 286.8, and 288.3 components; the green line refers
to the background and the red line superimposed to the experimental
black profile refers to the sum of all Gaussian components; (b) O 1s
energy region: the black line refers to the experimental profile; the
green line refers to the background; the Gaussian at 531.3 (blue line)
and that at 532.6 eV (cyan line) represent the two O 1s components;
the red line, superimposed to the experimental profile, refers to the
sum of the Gaussian components.

energy peak, located at 532.6 eV, is assigned to the —OH
groups of both CNPs and ethanolamine molecule.*”’

Covalent functionalization of nanoparticles was further
demonstrated monitoring the XP spectrum of CNPs-C,-OH
in the N 1s binding energy region (see Supporting
Information, Figure S4). In particular, a band at 400.5 eV in
the N Is region, relative to the amide group (—OC-
NH-),”**® clearly indicates the covalent link between
ethanolamine and carboxylic groups of carbon nanoparticles.

Finally, the XPS probed depth in a carbonaceous material,
measured at a 45° take-off angle relative to the surface normal,
is about 45 A. The XPS atomic concentration analysis
performed on the carbon nanoparticles functionalized with
ethanolamine suggests a high surface coverage, with the
nitrogen relative intensity 13.3%, confirming the actual
reaction of ethanolamine with the functional groups of the
nanoparticle surface.”’

Also the FTIR analysis of CNPs-C,-OH confirmed the
covalent functionalization with ethanolamine arms as revealed
by the bands in the region 1000—1250 cm-1 assigned to the
C—N stretching (see Supporting Information, Figure SS) with
respect to the unfunctionalized carbon nanoparticles.

3.2. Sensing Studies. Sensing studies were performed in
water by fluorescence titrations. In particular, we explored the
possibility to recognize DMMP in a concentration range of
10~° M to 107 M in pure water, by using CNPs-C,-OH (0.05
mg/mL). By excitation at 300 nm, nanoparticles show an
emission band centered at 406 nm, which undergoes an
intensity decrease upon the addition of progressive amounts of
DMMP, probably due to a ghotoinduced electron transfer
(PET) mechanism (Figure 3).”> A nonlinear curve fit of these

500

Intensity (a.u.)

Wavelength (nm)

Figure 3. Fluorescence intensity titration of CNPs-C,-OH (0.05 mg/
mL in water, ., 300 nm) upon the DMMP additions (0.01 mM stock
solution); the inset shows the intensity decreases at 406 nm upon the
progressive addition of DMMP).

data indicates a binding constant affinity of log 6.46 + 0.09,
thus suggesting that the presence of multiple chelating arms on
the nanoparticle surface leads to an increase of the affinity
toward DMMP (if compared to the relative sensor having only
two arms).23’53

We have designed an organic nanostructure that is able to
selectively recognize warfare agents in the aqueous environ-
ment by exploiting a fluorescence detection mechanism based
on the emission quenching. The motivation for this strategic
choice lies in the awareness that the law of exponential decay
with the analyte concentration allows for a greater variation at
lower concentrations. Indeed, notably, the detection limit
calculated for this sensor in the water solution is 0.39 ppt,
which is so far the lowest reported value. Considering that, the
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LC50 levels of G-Type CWAs is in the range 0.3—2 ppm,’ our
sensor is able to detect, in the water solution, a lower order of
magnitude of CWAs with respect to the lethal dose.
Selectivity is one of the crucial parameters for in operando
conditions of a sensor. In this context, the classical CWA
probes are based on covalent reactions between a nucleophilic
substituent on the sensor scaffold and a given nerve agent
simulant. These reactions can lead to false-positive responses
because of the low specificity of the reactions itself. By
contrast, the success of the multitopic supramolecular
approach is based on the formation of reversible noncovalent
interactions with two or more sites of the guest, thus leading to
higher selectivity and reducing the possibility of a false-positive
response. Thus, the air mixture (containing 24,000 ppm of
water, 400 ppm CO,, S ppm NO, and 10 ppm CO) was
bubbled for 30 min into a 0.05 mg/mL in the water solution of
CNPs-C,-OH. The fluorescence spectra of the sensor were
acquired before and after air bubbling. Both spectra are
superimposable (see the Supporting Information, Figure S6),
thus demonstrating that the emission profile of CNPs-C,-OH
does not change in the presence of standard analytes/
contaminants contained in air (Figure 4). Furthermore,
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Figure 4. Normalized fluorescence responses of CNPs-C,-OH (0.0S
mg/mL in water, A, 300 nm) to air (bubbled for 30 min), various
competitive guests (SO ppm of acetic acid, acetone, triethylphosphite,
triphenylphosphine, and phosphocholine) and DMMP (1 ppm). Bars
represent the initial over the final emission intensity at 406 nm.

selectivity of CNPs-C,-OH was tested also by using acetic
acid, acetone, and other organophosphorus compounds, such
as triethylphosphite, triphenylphosphine, and phosphocholine,
as competitors. The addition of 50 ppm of these analytes does
not change the emission profile of the nanosensor (Figure 4).
Then, 1 ppm of DMMP was added to this air-saturated sensor
solution, also containing acetic acid and acetone, observing a
clear decrease of the emission intensity, according to the
titration described before. These data confirm that the
presence in the same arms of NH and OH groups, separated
by 2 methylene carbon atoms, allows a perfect distance to bind
DMMP both to the P=0 and to the O—CHj,. These results
confirm the high selectivity of CNPs-C,-OH toward DMMP,
in real atmospheric conditions and also in the presence of
other competitive analytes. Furthermore, the presence in the
air of acid or basic conditions (due to traces of H,S or NHj; in
the gas phase) should not interfere with the response of the
nanosensor. In fact, we demonstrated that acetic acid does not
change the emission of CNPs-C,-OH. While alcoholic groups

8187

need a strong base, which is difficult to obtain in the gas phase,
to be deprotonated; thus, modifying the recognition process.

We note that the nanosensor can differ from the ideal
geometry reported in the case of Naphtyl-di-AE. In fact, we do
not exclude the interaction of only one ethanolamine arm with
DMMP; however, we demonstrated that, also in this case, the
binding of DMMP occurs, although with a lower binding
constant in the case of a molecular sensor.”’

Considering the excellent results obtained in aqueous
solution, we tested the sensorial capabilities of the organic
nanostructured sensor under the primary conditions of a real
sensor: in air, by exposing to CWA vapors. In particular, the
ability of CNPs-C,-OH to detect DMMP with high affinity
and sensibility has been investigated with the Test Strip for
vapor sensing. To this end, we exposed the functionalized
nanoparticles to progressive amounts of DMMP vapors
(control tests were performed by using unfunctionalized
nanoparticles exposed to the same amounts of the simulant)
into a closed vial, for 1h at 50 °C. A clear change of emission
intensity was observed under UV irradiation. In particular, 2
UL of a sensor solution (0.0S mg/mL) were properly deposited
onto several substrates. No optical response was observed after
the exposition to CWA vapors of the functionalized nano-
particles deposited on cellulose paper or silica gel. Conversely,
by using a neutral alumina substrate, an increase of the
fluorescence intensity was detected. This behavior can be
described in terms of interaction with the substrate of the
functionalized nanoparticles. It is known that by depositing
fluorescent nanostructures onto a solid substrate, surface-
induced quenching phenomena may occur.”™*® This is
probably what happens with such OH-rich surfaces of cellulose
or silica, which strongly interact with the surface of the organic
nanostructure, thus avoiding the possibility to recognize
DMMP. By contrast, using neutral alumina, the interaction
with the surface will be milder, thus allowing the interaction
with the DMMP vapors. The enhancement of the fluorescence
emission by the progressive increase of the simulant
concentration is ascribable to the shielding effect of DMMP
coating on nanoparticles, which limits the interactions with the
alumina surface.”**> As a result of the formation of the
supramolecular complex between the organic nanostructure
and the simulant, the photoexcited nanoparticles will find
pathways of radioactive relaxation so that they will emit into
the visible in an apparent way, as shown in Figure S.

In order to verify the sensory capabilities as the
concentration of CWA vapors increases, we implemented an
automatic image processing method allowing to extract
quantitative information from the luminance of the spot.

pLof DMMP: 0

0,5 1 2

10 20

TEST

CONTROL

Figure S. Test Strip vapors: images of 2 mL of CNPs-C,-OH (TEST,
0.05 mg/mL in water) and 2 mL of unfunctionalized carbon
nanoparticles (CONTROL, 0.05 mg/mL in water), adsorbed onto
neutral alumina foil, exposed to progressive amounts of DMMP for 1
h at 50 °C, and then exposed under UV—vis lamp (365 nm). Pure
DMMP does not interfere with the fluorescence enhancement (see
Figure S8 of the Supporting Information).
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Figure 6a shows some region of interest related to
fluorescence spots obtained for different concentrations of

m
o

Figure 6. (a) Selected region on interest related to fluorescence spots
obtained at different concentrations. From left to right: 0.87, 3.04,
4.00 and 12 ppm. (b) Same in their gray level version. (c) Normalized
version.

CWA vapors by using a smartphone to collect these images. As
the concentration of the nerve gas increases, the average
luminance of the relative image increases, so this feature can be
used to discriminate the various gas concentrations. Becasue
this feature is preserved in the gray level image version, we
transformed the color images into gray level ones (see Figure
6b), thus reducing the computational burden. In order to
emphasize the mean luminance difference between the
different images, we normalized the gray level image intensity
I (see Figure 6¢).

Figure 7a reports the relationship between normalized
average luminance (Ay) as a function of the normalized
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Figure 7. (a) Best fit of the experimental data obtained by using eq 1;
(b) magnification of the low concentration region of section (a).

DMMP volume (uL) (see the Experimental section). We
found a very good fitting with the equation

Ay(L) =1 = e 7* (7)

on the set of experimental data available (80 data points),
obtaining an average error of about 8%, with & = 12. The curve
shows that, due to the DMMP vapor saturation of the
container used for the Test Strip, at high concentrations the
fluorescent spots do not change. Notably, functionalized
nanoparticles are able to detect nerve gas vapors even at low
concentrations. These low concentration values are, in general,
the most important concentration ranges where a sensor
should efficiently work. In addition, in this crucial area, a
simpler linear relationship can be used between the amount of
DMMP to which functional nanoparticles are subjected to and
their solid luminescence. Therefore, by means of simple
periodic calibration procedures, it would be possible to use the
solid device for the quantitative determination of nerve gas.
Figure 7b shows the calibration line as experimentally
evaluated (expressed in ppm of DMMP vapor presented in
the closed box). It is noteworthy that, even in the solid state, it
is possible to reach extremely low concentrations to detect
even values in the order of ppm or lower.

Recovery tests were performed in order to validate the
reversibility of the solid device, guaranteed by the supra-
molecular approach. Solid devices previously exposed to
simulant vapors have been recovered to the initial fluorescence
intensity by exposure to moderate high temperature (+80 °C)
for 4 h. This temperature value allows to break hydrogen
bonds between the nanosensors and the simulant, thus
restoring the starting sensor. Intensity emissions recorded
after further exposures to the same amount of simulant vapors,
as reported in Figure 8, demonstrate the robustness of the
sensor adsorbed on the solid support, also after 7 cycles. Figure
9 summarizes the sensing cycles on CNPs-C,-OH.

100{ m g
80 -
60 -
40

20

Normalized emission

01 m = = " =

Blank 1° 2° 3° 4° 5° g 7°
Cycles

Figure 8. Recovery tests: normalized fluorescence responses of Test
Strip to 2 mL of DMMP into a closed 23 mL vial, and successive
recovery of the sensor by exposure of the solid device to a
temperature of 80 °C for 4 h in an oven.

Because of the similar volatility value of DMMP (5562 mg/
m? at 25 °C) with respect to the G-type CWAs (Tabun: 576—
610 mg/m?® at 25 °C, Sarin 16,400—22,000 mg/m?® at 25 °C,
Soman 3060—3900 mg/m3 at 25 °C), this Test Strip can be
considered validated also for real Nerve Agents. In addition,
the LCtSO (concentration—time product, i.e., lethal to 50% of
those exposed and reflects toxicity by the inhalational route)
for Tabun, Sarin, and Soman are in the range 1.5-24 ppm X
m® X h™,® thus our nanosensor is able to detect these CWAs
in time before the lethal effect.
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Figure 9. Schematic representation of sensing in gas media performed
by CNPs-C,-OH, and successive recovery of the nanoscale sensor.

The International Union of Pure and Applied Chemistry
(IUPAC) defines a chemical sensor as a small measurement
system that allows the qualitative and quantitative conversion
of the chemical information about the presence of the selected
analyte.”® The other known sensors for the detection of CWAs
are: (i) mass sensitive, based on the piezoelectric effect, in
which the detection limits are in most cases in the order of
ppm; (ii) surface acoustic wave chemical sensors, where the
analyte detection is related to a change in acoustic frequencies
of surface waves; (iii) quartz crystal microbalance sensors,
which reach the detection limit of 0.13 ppm of DMMP;and
(iv) semiconductor sensors, which are sensitive to a change of
resistance in the presence of the anlyte, based on carbon
nanotubes, metal oxides, zeolite, and graphene.57 In all these
cases, many technological processes are required, such as
photolithography and screen printing. Furthermore, the
materials (silicons, geramics and polymer) and the technolo-
gies required to realize the above-mentioned sensors are
expensive. Here, we propose a prototype, based on easily
functionalized carbon nanoparticles, adsorbed onto aluminum

foil.
4. CONCLUSIONS

A new nanostructured sensor for the simultaneous detection of
nerve agents in air and water, based on carbon nanoparticles
functionalized with ethanolamine arms, has been synthesized
and characterized by NMR, AFM, XPS, and TEM. The ability
to detect DMMP, a CWA simulant, both in solution and in the
gas phase has been demonstrated by fluorescence spectrosco-
py. In particular, the supramolecular approach here proposed
allow us to obtain an efficient sensor (log 6.46), having high
selectivity for the selected target analyte. Notably, the limit of
detection in solution is lower than the ppt levels. Solid devices
obtained by the simple deposition of nanoparticles onto
neutral alumina foil, which are able to detect the presence of
sub-ppm levels of the simulant in the gas phase smartphone or
a digital camera, can be recovered at least 7 times. Because of
the LCSO0 values, Sarin (1.2 ppm), Soman (0.9 ppm), and VX
(0.3 ppm),” our nanosensor is able to detect amounts of NAs

much lower than these values. In addition, the IDLH values of
these NAs (the concentration of toxin, ie, immediately
dangerous for life and health) are 0.03 ppm for Tabun and
Sarin, 8 ppb for Soman, and 2 ppb for VX. Also in this case, the
nanosensor here reported can efficiently recognize lower levels,
by standing as an efficient real device to detect the chemical
warning in a terrorist attack. By changing the functionalization
of the external shell of the nanoparticle, we are working to
realize selective supramolecular nanosensors for V-Type of
CWAs, which require the noncovalent recognition of longer
aliphatic chains with respect to the G-Type.
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