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ARTICLE INFO ABSTRACT

Keywords: Methylamine (MA) represents a threat to human health due to its toxic effects and potential improper use in
A?"ay . illicit activities, requiring a sensitive and selective method for its detection. In this work, MA sensing in gas phase
Diagnostics has been performed using an optical array, consisting of several organic fluorescent probes, combined with an
Methylamine optical fiber as detector. Precise control of gas concentration has been provided using a gas permeator, which
Fluorescence P : & p g a gas p s

Optical fiber

provides a highly stable and reproducible stream of MA. The combination of this system and our optical array

leads, compared with other optical sensors, to the lowest linear detection range of 100-1000 ppb, and also, an
excellent performance in normal atmospheric conditions. Moreover, the array method exhibits an excellent
selectivity in the presence of humidity and other structurally similar molecules.

1. Introduction

Methylamine (MA) is the simplest primary amine, and it derives from
ammonia, bearing a methyl group in place of a hydrogen. MA appears
like a colorless, flammable water-soluble gas, with a characteristic
ammonia pungent odor when it reaches concentrations above 100 ppm
[1]. MA can be released from both natural and anthropogenic sources,
including industries [2], tobacco smoke [3], fish processing [4], and
livestock [5], where it is present as a result of biological degradation of
nitrogen-containing compounds. Also, it is employed as a precursor in
the illicit production of methamphetamine [6]. Exposure to gaseous MA
usually occurs through inhalation in workplaces where it is produced,
handled, or stored, particularly under inadequate ventilation or during
accidental releases. This will entail eye, nose and throat irritation at
concentrations around 20-100 ppm [7], while at higher concentrations
its inhalation may lead to breathing difficulty, pulmonary edema and
cardiac palpitations. Repeated exposure may result in liver damage and
chronic bronchitis [8]. Moreover, MA can be adsorbed through various
routes, including the respiratory and gastrointestinal tracts as well as the
skin. Once in the body, it can undergo metabolic conversion into
dimethylamine or be oxidized to formic acid, both of which are associ-
ated with significant toxicity [9]. To protect workers and public health,
national and international agencies established exposure limits for MA
at gas phase: World Health Organization (WHO), European Food Safety
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Authority (EFSA) and U.S. Food and Drug Administration (FDA) agree
that the recommended exposure limit (REL-TWA) is 10 ppm [10]. In this
context, the development of a sensitive and selective method for the
detection of trace gaseous MA becomes crucial to provide accurate
monitoring and safeguard human health.

Even though various techniques are used for MA sensing, such as
liquid and gas chromatography [11], quartz crystal microbalance [12]
and electrochemical methods [13,14], they are impractical for
point-of-need monitoring, because their application represents a huge
investment in terms of instruments, technology and skilled operators.
Furthermore, they require sample preparation, and the time needed for a
single analysis may be relevant and not useful to detect the presence of
gaseous MA in real time. To overcome these issues, optical sensors have
attracted great attention due the simple identification of variations with
naked eye [15]. Among them, fluorescent sensors have been reported for
MA sensing, because they represent a good approach for environmental
monitoring, enabling to meet the demand for easy, rapid, cost-effective,
sensitive and selective detection [16-19]. Indeed, for sensing applica-
tions, selectivity plays a crucial role, especially when complex envi-
ronmental matrices are analysed. Selectivity can be gained using an
optical array sensor, a sensing platform that contains a high number of
probes, each one capable to interact with analytes via non-covalent in-
teractions [20,21], in a portable ready-to-use device. Unlike traditional
sensors that are specifically tailored to detect a single target, array-based
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Fig. 1. Schematic representation of the experimental setup built for MA detection.

systems allow for differential interactions with a wide range of com-
pounds, even when applied to challenging matrices, typical of envi-
ronmental systems [22]. The collective optical response of all probes
needs to be processed through multivariate statistical analysis to extract
meaningful information, and results in a unique fingerprint for each
analyte, thus enhancing selectivity towards the chosen analyte [23-25].

Herein, we present an optical array sensor made up of organic
fluorescent probes, able to identify and quantify gaseous MA in real
environmental matrices, reaching an experimental limit of detection as
low as 100 ppb (the lowest MA concentration used in this work), well
below the limit threshold imposed by health authorities. Moreover, the
prediction of an unknown sample was evaluated using machine learning
algorithms. To the best of our knowledge, the reported system represents
the first case in which a fluorescent array sensor is employed to detect
MA. In addition, our device detects MA in gas phase with the lowest
concentration linear range (100 — 1000 ppb).

2. Experimental section
2.1. Preparation of the array

Several circular supports in polyamide (5 cm diameter, 0.2 pm pore
size) underwent UV/Og3 treatment, to purify and activate their surface
before the deposition of the fluorescent probes. The probes were drop
casted in different positions of the support, 1.5 pL of 1 mM solution in
CHCl3 per each, except for phenanthrene (1.5 pL of a 0.5 M solution in
CHCl3), and the solvent was allowed to evaporate at room temperature
The arrays were laid one day for stabilization before any use.

2.2. Experimental setup

The experimental setup (Fig. 1) built for the measurements consists
of a transparent box, where three identical arrays were placed, by
attaching them to the lid’s inner surface. Different gaseous MA con-
centrations are generated using a gas calibrator (PermacCal, from LNI
Swissgas SA, Switzerland), that operates by diluting a 100 % pure
CH3NHy gas source compressed in permeation tubes with a carrier gas
(nitrogen for the array calibration and air for the other analyses).
Likewise, for the interferents, 100 % pure gas sources of hydrogen
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Fig. 2. Overlap of emission spectra of one representative probe: blank spectrum
is reported in red, and the probe’s spectrum after exposure to MA is reported
in green.

sulfide, ethyl mercaptan and ammonia were employed and diluted with
carrier gas as previously described for MA. When the permeation tube is
maintained at a constant temperature of 50 °C inside the oven, the
weight of both the permeating and evaporating diffusion gases remains
steady, making the instrument a fundamental tool to have an accurate
control over the final analyte concentration in the gaseous stream [26],
in a range between 100 and 1000 ppb.

The box with the array devices is equipped with a hygrometer, that
provides the values of relative humidity (RH %) and temperature during
all the experiments. Each measurement, performed at 25 °C inside the
box, is carried out in two steps that result in two different configurations
of the system: stream stabilization (blank) and injection of the analyte
(inject). Stream stabilization and analyte injection procedures were
carefully optimized to ensure reproducibility and accurate sensitivity/
selectivity measurements. During the blank phase, a stable carrier gas
flow was passed through the optical array while monitoring the baseline
fluorescence response until full stabilization. Once the baseline was
constant, the system was switched to the injection phase, in which a
known concentration of methylamine gas was introduced using a
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Fig. 3. Layout of molecular probes in the optical array, divided into fluorophores families: the fluorescent cores are reported in black, and the recognition sites are
highlighted in green. The real device under 365 nm UV LED irradiation is shown in the bottom right of the figure.

calibrated gas permeator device. This setup ensured a highly stable and
reproducible analyte concentration reaching the sensing chamber. In
particular, during the stabilization phase, only valves V; and V3 (Fig. 2,
on the left) are open; in this configuration, air flows into the box, while
MA-enriched stream from the permeator is directed to waste. Once the
target flow conditions are stabilized (it takes one night), the gas flow is
diverted into the chamber by switching the valves configuration: valves
V; and V3 are closed, and valve V5 is open, letting the gaseous analyte at
the desired concentration to reach the array sensors inside the chamber.
Valve V4 is closed during calibration experiments. It is opened only
when measurements at high humidity are performed. In particular, in
order to generate such levels of humidity, a parallel air stream must be
directed to a bubbler filled with water, which produces a maximum
relative humidity of 70 % inside the box, as measured with a hygrom-
eter. The characterization of Hyperspectral Ultraviolet-Induced Visible
Fluorescence Mapping (HUVFM) was conducted using a custom-built
instrument (Fig. 1, on top). The optical fiber employed, acquired from
Thorlabs, features a pure silica core with a fluorine-doped silica cladding
with high hydroxyl ion concentrations, and a total diameter of 220 pm,
including core and cladding. The analysis probe consists of a bundle of
19 Y-shaped fibers (BF19Y2HSO02 sourced from Thorlabs), provided with
a beam collimator (F220SMA-532 sourced from ThorLabs) separated by
the box lid from the analysis point. Among the 19 fibers, 10 are Y-ends
connected to the source, which is a 365 nm LED sourced from Thorlabs.
The remaining 9 fibers are linked to an optical block housing bandpass
filter sourced from, designed to block backscattered light from the
source. Subsequently, the CCD detector (CCS100/M sourced from
Thorlabs) is connected to a bundle of optical fibers arranged linearly
(BFL200HSO02 sourced from Thorlabs), maximizing the light collected by
the sampling led.

2.3. Data collection and elaboration

First, fluorescence intensity data were collected for the blank, that is

the emission of probes before exposure to any analyte (Ipjank). Second,
we let MA enter the chamber with the array devices and collected the
fluorescence intensity of the probes after exposure to the gaseous ana-
lyte (Ima). A representative comparison between the two spectra is
shown in Fig. 2.

In order to provide the dataset to the software that performs multi-
variate analysis, fluorescence intensity data were processed according to
the following formula, where N. I indicates the Normalized Intensity:

Ina

NI =
Toiank

This simple ratio enables the normalization with the contribution
due to the blank signal, providing the intensity variation associated with
each probe after exposure to the analyte.

3. Results and discussion

The designed optical array sensor is made up of 19 fluorescent
organic molecules, each featuring two functional parts: a fluorophore,
which enables detection by fluorescence, and a recognition site, which
establishes non-covalent interactions with the analyte. The selected
fluorophores are BODIPY’s, rhodamines, naphthalimides and phenan-
threne derivatives. These fluorescent cores were chosen due to their
wide absorption ranges, distinct emission ranges within the visible
spectrum and the possibility to be excited by UV light at 365 nm. In
particular, this excitation wavelength interacts with the conjugated ar-
omatic portion of the chromophore, leading to n-n* transition. In detail,
rhodamines were selected because they absorb in the range between 500
and 600 nm and emit between 550 and 650 nm; they were functional-
ized with recognition sites capable of forming hydrogen bonds with MA.
BODIPY derivatives were chosen due to their strong absorption around
500 nm and emission that covers the 500-700 nm range, depending on
the functionalization. They were modified with groups able to form
hydrogen bonds as well as CH-n interactions with the analyte.
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Fig. 4. Expected CH3NH, gas concentration vs Predicted CH3NH, gas concen-
tration expressed in ppb and calculated using PLS model with 5 PCs (blue dots).
Validation datasets are reported in orange stars and green diamonds.

Naphthalimides absorb in the 340-385nm region and emit at
450-460 nm. They were functionalized with groups capable of
hydrogen bonding and CH-r interactions with MA. Finally, phenan-
threne was selected because it absorbs mainly in the 300-340 nm region
and emits in the 340-380 nm range; it can interact with methylamine
through CH-r interactions [21].

The recognition sites were picked basing on their ability to engage in
non-covalent interactions, such as hydrogen bonding, ion-dipole and
dipole-dipole interactions. The probes, with their molecular structure,
are reported in Fig. 3, divided into fluorophores families, with the
fluorescent core reported in black, while the recognition sites are
highlighted in green.

Syntheses and characterization of the probes are extensively dis-
cussed in the Supplementary Material. In particular, methylamine con-
tains a hydrogen bond acceptor group (nitrogen atom) and two
hydrogens able to act as donor groups. The recognition sites introduced
in the chromophore of the array contain several complementary groups
able to interact with MA by one or more hydrogen bonds.

The box where the array devices are placed (Fig. 1) is not fully
sealed. In fact, it includes an outlet hole which ensures that gas does not
accumulate inside. This design allows to work in a condition of constant
flow rate, preventing the buildup of high analyte concentrations and
enabling to have a controlled exposure, thus enhancing reproducibility.
Moreover, the transparency of the chamber makes possible external
fluorescence measurements of the probes, without the need to open it,
with the risk of losing its internal environment.

The optical fiber, used for the optical analyses, has the dual purpose
of delivering the excitation light from the LED to the array’s probes and
of simultaneously collecting their emission, sending it to a CCD, which
converts the optical signal into an electric one. This allows to obtain the
full spectrum of the probes, then visualized in a computer. In particular,
we collected for each probe a spectrum during the stabilization phase,
when the arrays are exposed only to gas carrier, whose emission
maximum is labeled as Ipjank, and a spectrum when the arrays have been
exposed to gaseous MA for 1 h, to capture the sensor’s response to the
analyte, with the emission maximum indicated as Iya. For example,
Figure S1 (see Supplementary Material) shows a strong quenching of the
emission the optical spectra of probe 2, the most correlated to MA
quantification, obtained before and after the presence of MA (500 ppb).
The response of each probe has been evaluated, showing that at low MA
concentration values, rhodamines present the major change of the
emission (see Supplementary Material, Figure S2).

Array calibration with MA concentration values of 100 ppb, 250 ppb,
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Fig. 5. Loadings plot form PLS model, w*c [1] vs w*c [2]. The light blue circles
are the probes, while the green square is the target variable, representing MA
concentration.

500 ppb, 750 ppb and 1000 ppb was firstly performed. The different MA
concentration values are obtained by proper setup of the permeator,
which is able to finely tune the desired concentration of the gaseous
analyte. Normalized intensity values for each concentration, obtained as
reported in the Supplementary Material, were elaborated through
multivariate statistical analysis. In particular, Partial Least Squares
(PLS) model was applied using 5 principal components (PCs) to obtain a
response of the array to gaseous MA in the above-mentioned range,
showing an excellent linearity, with R = 0.9998 (Fig. 4, blue spots and
line). Two more test sets were imported as validation datasets, to un-
derstand if these independent measurements are in accord to those used
to train the PLS algorithm. The found data are perfectly stackable to the
calibration, showing similar values in the investigated range, with R2 of
0.9998 and 0.9996, respectively (Fig. 4, orange stars and line, green
diamonds and line), thus demonstrating the high reproducibility of the
method. The values obtained as outcomes of multivariate analysis are
reported in Table S1 (see Supplementary Material).

We applied loadings plot from PLS, in order to identify which vari-
ables best quantify MA (Fig. 5). In particular, each variable represents
one of the fluorescent probes of the array, and its position in the plot
reflects its contribution to the quantification of the gaseous analyte.
Variables which are highly correlated appear closer in the graph because
they have similar weights. In fact, those located closer to the target
variable “Sample_rep” are the most strongly statistically correlated with
MA concentration. From the plot, we observed that probe 2 (a rhoda-
mine with an ethyl piperazine as recognition site) is the variable that
best quantifies MA. Also note that probes 1, 3, 4 and 5 are located close
to the “Sample_rep” variable, and they are all rhodamines. This may
suggest that the interaction between MA and the recognition sites of
rhodamines drastically changes the emission of the fluorescent core,
supporting the response results showed in Figure S2 (see Supplementary
Material). In particular, all these rhodamine probes contain heteroatoms
(i.e., oxygens and nitrogens) in the recognition site able to form
hydrogen bonds with the hydrogen contained in MA. The formation of
these hydrogen bonds leads to a PET mechanism due to the MA coor-
dination by the lone pairs of these heteroatoms [27].

Comparison between pre- and post- exposure emission spectra of
probe 2 at a representative concentration of 500 ppb is reported in the
Supplementary Material (Figure S1).

Then, we evaluated the cross sensitivity, in particular the effect of the
matrix, including the relative humidity (RH%), on the array sensor’s
performances and if it could affect MA identification and quantification.
In detail, we tested the ability of our array to detect traces of MA in the
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Table 1
Values obtained from PLS model for MA detection experiments in air, with
different RH%.

Expected CH3NH, gas RH Expected CH3NH, gas RH

conc. (ppb) =45% conc. (ppb) =70%
500 518.5 1000 990.1
500 534.5 1000 928.1
500 528.8 1000 1023.7

real atmosphere, containing all real common interferents. Two sets of
measurement were carried out with MA concentration of (i) 500 ppb and
RH 45 %; (ii) 1000 ppb with RH 70 %, using actual ambient air as gas
carrier. The data extracted from the array under these new conditions
were used as secondary datasets and compared to the PLS calibration
model (Fig. 4). Fig. 6a shows the PLS model, where the dots represent
the replicates: we can observe that the concentrations predicted by the
PLS model are very close to the real concentrations used (Table 1).
Basing on these results, we can affirm that the sensor array performance
in the MA detection and quantification is not significantly affected by
the matrix and the humidity. We note that these experiments have been
performed in different months (32 weeks apart), demonstrating the
long-term stability of the sensor.

Finally, selectivity experiments were carried out by exposing the
sensor arrays to three different gaseous pollutants, namely ammonia
(NH3), ethyl mercaptan (CH3CH2SH) and hydrogen sulfide (H,S), each
tested at a concentration of 500 ppb, and making three replicates per
gas. These interferents have been selected as gaseous hydrogen bond
donors (ethyl mercaptan and hydrogen sulfide) and simplest nitrogen-
based gas. As before, data collected from these measurements were
used as secondary dataset and compared to the calibration model
trained with MA. As shown in Fig. 6b, these three interferents gave us a
different array response respect to MA, highlighting the discriminating
ability of our array. In particular, random output values were obtained
for all three gases (see Supplementary Material, Table S2), confirming
the specificity of this method.

4. Conclusions

In conclusion, the development of an innovative optical array sensor
for gaseous MA detection and quantification is here reported. The sensor
is able to quantify MA in an experimental range between 100 and 1000
ppb, reaching the lowest experimental LOD compared to previous
works. Also, it shows selectivity with respect to other common volatile
pollutants contained in air, and it is not affected by the presence of

similar gaseous molecules and humidity at different percentages. We are
working on the analyses in-situ and recovery test. However, due to the
low cost of each array device (ca. 5€), probably the “disposable mode” is
more convenient respect to the restore of the device. This work paves the
way to the development of a fast, easy and selective method to detect
and quantify methylamine in real atmospheric condition. It is important
to highlight that a real-world application of this sensor will require a
proper calibration step performed under atmospheric conditions that
closely mimic the sampling environment, but in the absence of
methylamine. This calibration step is crucial to eliminate matrix effects
arising from the presence of non-target atmospheric components (such
as COz, Nz, and others) as well as from temperature fluctuations, thereby
ensuring reliable and reproducible quantification of methylamine levels.
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