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A multilayer fluorogenic material for the
ultrasensitive detection of TATP in air, suitable for
implementation on a mechanized semi-
autonomous robotic platform
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We describe a multilayer fluorogenic material, composed of a fluorescent probe supported on silica,
polydimethylsiloxane and glass slides, that is implemented on a mechanized device for semi-autonomous
measurements of airborne triacetone triperoxide (TATP) in operational spaces. By using a UV LED and a
commercial micro-fluorometer as the measuring block, a mini-PC and a Wi-Fi card as the control block,
all integrated in a mobile robotic platform, and a mobile phone as the receiver, we have constructed the
first semiautonomous airborne TATP detection system useful for scanning the presence of IEDs in routine
environments. It worked by exposing a sensing stick to the air flow in a room and sending the remote
measurements to a mobile phone app. The presence of TATP is subsequently detected by the difference in
the fluorescence signal from the initial and final measurements. The system can help combat the threat of

rsc.li/sensors

Introduction

Improvised explosive devices (IEDs) pose some risk in the
normal life of everyone. They were initially used in war
scenarios but then quickly moved to the terrorist attacks in
western countries and now they are an everyday risk." The
social and economic consequences of terrorism have been
substantial by causing large direct and indirect costs, which
may range from the loss of human lives and the destruction
of assets to reduced economic growth and life satisfaction. In
2024, 58 terrorist attacks were recorded in the European
Union, of which 34 were completed, which marked a
significant increase from 2023. Burning, bombing, IEDs and
improvised incendiary devices (IIDs) were employed in most
of the attacks.> Between the many known explosives that can
be used to construct IEDs, one of them surpasses the rest in
the easy availability and use in IED terrorist attacks; it is
constituted by triacetone triperoxide (TATP), a white powder
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improvised explosive devices (IEDs) composed of TATP.

that is prepared at home from simple precursors that can be
found at the supermarket.® It was used, as a well-known
example, at the March 22, 2016 airport bombing in Belgium.*
The fact that TATP could be prepared on site during a long
flight is the reason that liquids are forbidden in the airplane
cabin of commercial flights.> Thus, our everyday life is
threatened by this substance. Other substances such as
hexamethylene triperoxide triamine (HMTD), albeit of
terrorists’ interest, are less used.® TATP is a volatile
compound but has no odour, but dogs can be trained to
detect it,” albeit they are most commonly trained for the
detection of classic nitrated explosives such as trinitrotoluene
(TNT), a common explosive that is also routinely checked for
by fluorescence swab at airport checkpoints.®® But there is no
commercial system for the detection of TATP, despite its
enormous importance in everyday life.">"" While the science
community has produced several hundreds of chemical
probes through the years, possibly all of them work well in
the laboratory but not many are suitable for detection of
analytes in real environments under common life conditions.
As a main subject of research, we have been working in
chemical sensors for especially important analytes, such as
toxins,'* nitrated"® or peroxide'* explosives, and chemical
weapons.”® Methods of detection in air are less common but
most necessary for real life applications.'®>> For practical
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applications, some problems have to be resolved such as
sampling in public spaces®®*” or automatization.?®*° Directed
oxidation of surfaces by external agents with a subsequent
change in spectroscopic properties’®®! constitutes a useful
approach for the design of new sensor materials in the gas
phase. The easy sublimation of TATP should permit its
detection from hidden sources of the material in the gas
phase. By the controlled detection of the oxidation of a
fluorescent dye on the surface of silica nanoparticles, we have
previously described a functional test unit for the detection of
TATP, the most common component in IEDs.*> The material
was able to detect traces of TATP in air with an extremely low
limit of detection (LOD = 13.3 ng L' measured in a
microfluidic device), in environments suitable for use under
normal living conditions, such as a regular office. It worked
by an increase of the fluorescence signal in the presence of
TATP traces, therefore taking measurements before and after
the presence of the suspected TATP in the air gave a
quantitative detection of the presence and the amount of the
substance. We envisioned that by using such material in a
mechanical device, IEDs concealed in confined public spaces
could be detected, but technical improvements in the use
need to be accomplished. Building upon the concept, we
have now developed a standardized methodology to support
the material on Sylgard 184, a standard polydimethylsiloxane
(PDMS), on glass slides of a specific shape and thickness, so
it can be used in a mechanized device for autonomous
measurements. By using a UV LED and a commercial
microfluorometer (Hamamatsu) as the measuring block, a
mini-PC and a Wi-Fi card as the control block, all integrated
in a controlled or semiautonomous platform (a home-made
terrestrial robot), and a mobile phone as the receiver, we
have constructed the first semiautonomous TATP detector
system that can be used for standard scanning of IEDs in
routine environments or terrorist scenarios, where it is
suspected that TATP can be present. The new system works
by exposing a previously background-measured multilayer
detection stick to the air flow in a room or any part of a
closed building, moving the stick to take measurements at
fixed time periods on a fluorometer assembled in the
system, and sending the measurements to a mobile phone
by an Excel application and a Wi-Fi communication
protocol. The presence of TATP is subsequently detected by
the difference in the fluorescence signal from the initial and
final measurements taken along the protocol. The system is
suitable for many improvements and applications, for
example, the sticks are wearable so they can be part of the
police or soldier's equipment in search of IEDs and the
semiautonomous platform can be used as the mobile
measurement  detection,  therefore = multiplying the
possibilities of IED detection in the field. The system has
been improved for its use in operational scenarios, on the
way to commercialization for standard use in confined
public spaces such as an airplane cargo hold or a stadium
storage area where the threat of IEDs including TATP is
suspected. The device will improve the safety of citizens in
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the fight against terrorism as a threat so the IEDs used in
terrorist attacks can be detected before they cause any harm.
The results of the research are presented here.

Results and discussion
Preparation of material

The material used for TATP detection consisted of a glass on
which a layer of Sylgard-184 and a layer of silica
nanoparticles were deposited, then the active dye [(piperidin-
4-yl)-4-[2-(4-Boc-piperazin-1-yl)pyrimidin-5-yl|naphthalene-1,8-
dicarboxylmonoimide]** (ACTD) adsorbed on the
nanoparticles, so the multilayer material was ready for TATP
detection (Fig. 1). First, microscopy slides (Deltalab) were
cut into approximately 38 x 10 mm size strips with a
diamond tip and cleaned with ethanol. The strips are then
placed in the chuck at the center of a spin coating machine
chamber (Laurell), held under vacuum and the chamber
under compressed/clean dry air (CDA) at 4-5 bar, from a
Sicolab compressor (Fig. 1, a)). A layer of Sylgard-184 was
deposited on their surface by using a static procedure, in
which Sylgard-184 (where the polymer was in a 1:0.1 ratio
with the crosslinking agent) was deposited on a non-
rotating substrate with a syringe and then rotated at a
spreading step of 500 rpm for 2 seconds, casting step of
1500 rpm for 10 seconds, and final step of 3000 rpm for 30
seconds (Fig. 1, b)). Then, a layer of silica nanoparticles
(Aldrich, nanopowder, 10-20 nm particle size, 99.5% trace
metals basis) (Fig. 1, c)) was deposited on Sylgard-184 and
the system was cured in an oven for 2 hours at 70 °C
(Fig. 1, d)). After Sylgard-184 was cured, the excess silica
nanoparticles that were not attached to the adhesive layer
were removed. Then, 0.12 mg of the active dye (ACTD),*?
dissolved in 8 ml of chloroform, were poured into a glass
reaction vessel (Fig. 1, e)), a silica covered strip was placed
and the reaction vessel was covered with Parafilm and
stirred by an orbital shaker under a stream of nitrogen for
20 minutes, until evaporation of the solvent and adsorption
of the ACTD on the silica nanoparticles (Fig. 1, f)).
Deposition of ACTD on silica nanoparticles was followed by
structural and elemental TEM images of the ACTD@SiO,
nanoparticles, as well as high resolution TEM images and
elemental composition by EDX (Fig. 2).

was

In-the-office-room measurements of airborne TATP

The material was checked for its performance for out-of-the-
laboratory portable measurements of airborne TATP in a
typical (15 m?) study room with the shape and dimensions
shown in Fig. 3. The experiments were standardized to 5 mg
of TATP, which was placed at 30 cm from a source of a
continuous stream of clean air (100 cm® min™, 0.8 cm
internal diameter), and evaporated by the air stream on the
way to the sensing strips, which where exposed to TATP vapor
for 30 minutes, maintaining the temperature at 25 °C, at
increasing distances from the TATP sample (10, 25, 50, 75,
100, 150, 200 and 300 cm). The emission spectra of the glass

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
composition of the ACTD@SiO, nanoparticles.

strips before and after exposure to TATP vapors were
measured using a Hamamatsu C10082CA mini-spectrometer,
and the measurements are carried out in the same room
immediately after exposure to TATP vapors. For excitation, a
LED (Hamamatsu L14310-115)* with its power supply
(Hamamatsu C14052-1-A3) and an optical fiber (Hamamatsu

© 2026 The Author(s). Published by the Royal Society of Chemistry

(@ and b) Structural and (c-e) elemental TEM images of the ACTD@SiO, nanoparticles. (f-h) High resolution TEM images and (i) elemental

A15362-01) connected to a mini-spectrometer (Hamamatsu
C10082CA mini-spectrometer)*® were placed 7 cm away from
a quartz cell where the glass sensing strips were introduced
for measurement (Fig. 3). The intensity of the LED was
regulated by a homemade shutter (circular black cardboard
with a 3 mm central hole). All measurements were also
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(a) Measurements of the office where the experiments were performed, showing an image of the clean air compressor. (b) Detailed

arrangement of the TATP sample in between the airflow and a sensing strip. Inset: a picture of the intrinsic fluorescence of a sensing strip. (c)
Arrangement of the power supply, LED, fibre optics and mini-spectrometer for measurements of sensing strips.

repeated by using an Edinburgh FLS980 spectrometer. These
measurements were used as a double check of the
performance and reliability of the portable minifluorometer
compared to a high-tech fluorometer.

Experiments were repeated on different days, and the
results were checked by comparison of measurements from
both spectrometers, concluding that measurements from
both spectrometers were coherent, therefore, the reliability of
the data from the Hamamatsu C10082CA mini-spectrometer
was ensured (Fig. 4). For an easy visualization of the data,
first we plotted the emission intensity variation before and
after exposure to TATP vapours versus the distance to the
TATP source, then, a common initial emission level was
established by using the lowest value measured for the strips
prior to the exposure to TATP vapours, finally, a subtraction
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was made between the final and initial emission, generating
a graph of emission variation as a function of the distance to
the TATP source plotted as a 3D representation of the
information for both sets of measurements (Fig. 4). For
comparison purposes, the mean and error of the variation of
the fluorescence emission (%) as a function of the distance
to the TATP source, measured by both fluorometers, was also
plotted, showing similar tendencies in both series of
measurements (Fig. 4).

From both plots it was clear that the tendency to detect
the TATP vapor by fluorescence variations as the sensing
material is closer to the source is maintained, therefore the
sensing strips can operate under operational conditions
where TATP vapour is present. From the standard amount of
5 mg TATP evaporated during the experiments (the room has
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Fig. 4 (Left) 3D representation of the variation of the normalized emission intensity as a function of the distance to the TATP source measured
using the Hamamatsu C10082CA mini-spectrometer (straw yellow to dark pink) and the Edinburgh FLS980 spectrometer (light blue to navy blue).
(Right) Mean and error of the variation of the fluorescence emission (%) as a function of the distance to the TATP source, measured by the
Hamamatsu C10082CA mini-spectrometer (orange) and by the Edinburgh FLS980 spectrometer (transparent purple), used for the validation of the
previous measurements.
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a volume of 40.7 m®), a minimum concentration of 0.12
milligrams per cubic meter of air was the working limit of
TATP measured at the farthest distance in the experiments. If
we consider that a cubic meter of air weighs 1.2 kg, our
working concentration limit is 10 ppb, which, considering
such simple methodology, competes with currently known
working detection limits**” and with more sophisticated
and expensive methods in terms of sensitivity and
selectivity.*®°

The set of measurements by using the semi-autonomous
mobile sensing platform and the sensing strips at fixed
positions

Miniaturization of the system was performed by substituting
the laptop with a mini-PC and a Wi-Fi communicated with a
mobile phone (Oppo Find X3 Pro) and an Excel app for
measurements (Fig. 5) (see the SI section, Videos S1-S5). We
first checked that the measurements were comparable to the
tabletop previous system and then inserted the new device
system into a robotic mobile platform assembled in the
laboratory, that included a custom-made box constructed by
3D impression, containing all electronics and a mobile cart
guide for the sensing strip to perform measurements before
and after the presence of airborne TATP (Fig. 5).

A series of detection experiments with the mobile
platform were then performed (Fig. 6). Blank experiments
for background measures were taken in all experiments
(Fig. 6a). The measurements in the presence of TATP were
performed by placing the TATP sample (experiments were
standardized to 5 mg of TATP) on top of a height-
adjustable laboratory stool (Fig. 6b) instead of on the floor,
the air stream was maintained (100 cm® min™, 0.8 cm
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Fig. 5
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internal diameter), and the measurements were taken at
similar distances from the vapor source as in previous
cases, 10 to 200 cm away from the TATP source, at similar
temperature and time for every measurement, 25 °C and
30 min. The mobile platform drew in outside air through
a suction system, activated manually from the operator's
control panel or automatically through the vehicle's
internal programming, and the air was subsequently
evacuated through the air outlet nozzles (100 cm® min™ to
maintain the continuous flow of clean air). An initial
comparative analysis of the sensing strip deposited inside
the robot on the sample cart, and the subsequent analysis
once the outside air suction time has been concluded, was
performed in all cases. The sample remained inside the
analysis chamber for a programmed time, 2 min, and after
that time, the sample carriage, along with the sensing
strip, returned to its initial position, sliding on the guide
base. The movement of the sample carriage was carried
out by the action of a gearwheel, the rack of the sample
carriage, and a motor housed on a support, controlled by
its corresponding hardware and programming (Fig. S27-
S29). Both the sample carriage and the sensing strip
moved between two fixed points, therefore the analysis was
always performed in the same position. For general use,
once the analysis was complete, if it was positive, the
vehicle emitted an alarm sound and displayed a red
message on the mobile device. In contrast, when the
analysis was negative, a green message was displayed.
Communication between the robot and the mobile device
located on the control station was carried out wirelessly via
a modem housed in the communication support. The
sample acquisition, sampling, and analysis system,
comprising a guide base, sample carriage, gear wheel,

2888

Inset box on the left: the components of the miniaturized system used for the portable sensing device. (a) Front and (b) oblique front view

h) Fluoem. UV ex.

ey

Glass Sensing Strip
in Camera Obscura

of the mobile platform, (c) side view and (d) oblique rear view of the mobile platform with the box for electronics, portable fluorometer, LED
(intensity at 2%), and mini-PC, (e) the mobile platform stripped of the box cover, showing the camera obscura and the mechanism for inserting the
sensing strips, and (f and g) detailed view of the sensing strip insertion mechanism and the internal sensing strip cart guide. (h) Sensing strip
between the LED and the fluorometer optic fibre for measurements of fluorescence differences before and after the presence of TATP, inside the

dark chamber.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Sens. Diagn.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sd00218d

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 1:32:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

airborne TATP

¥a¥

View Article Online

Sensors & Diagnostics

d)

©

e
N

o0

2]

0.254

‘emission intensity after exposure

Mean Aemission intensity (%)

"o 50 100 150 200
Distance to TATP source (cm)

Fig. 6 (a) Blank test with no TATP. (b) Arrangement of the TATP sample for measurements with the mobile platform. (c) 3D bar graph representing
the variation of the fluorescence emission of the mobile sensing platform (%) as a function of the distance to the TATP source in experiments 1-12.
(d) Column + label graph representing the mean and error of the variation of the fluorescence emission measured by the mobile sensing platform

(%) as a function of the distance to the TATP source.

motor support, an electric motor, cylindrical coupling, UV
supports, and a guide base, along with the measuring
devices (minifluorometer, UV light emitter) and data
management device, were located within the upper fairing,
which consisted of the upper sample cover, the upper
cover for measuring devices, and the middle fairing. The
vehicle was moved by a traction system composed of
caterpillar wheels and electric motors. Both the middle
fairing and the front fairing had mapping sensors that
allowed the vehicle to be guided when in autonomous
mode. The results of the experiments were then collected
by an Excel app by the control system (Fig. 6).

From the results plotted in Fig. 6 it was clear that by
carrying the traces of airborne TATP over the sensing strip,
inside the sample chamber of the semiautonomous
platform at the same air flow, the conditions previously
optimized for the sensing strips were kept. Therefore, the
relation between the enhancement of the fluorescence
signal with the proximity of the TATP source was
maintained (Fig. 6¢c and d), and the performance of the

a)

airborne
TATP

system was demonstrated as suitable for practical purposes
under operational conditions.

Measurements by using the semi-autonomous mobile
sensing platform and the sensing strips moving in the room

Additionally, a set of 5 experiments was carried out
consisting of driving the robot inside the room containing
TATP and causing the device to move around the entire room
while passing at different distances from the TATP source for
a period of 30 minutes. Fluorescence measurements of the
sensing material were acquired before and after the mobile
sensing platform, containing the sensing strips, was forced to
move along the room in which the TATP was placed. For
every one of the experiments, control measurements of the
fluorescence of the sensing material in the mobile sensing
platform were performed after following an identical route in
the room lacking TATP (Fig. 7a).

Finally, variation of the fluorescence emission at the
wavelength of maximum emission (525 nm) was calculated

d)
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Fig. 7 (a) A cartoon of the experiment of the mobile sensing platform moving in the room. (b) 2D bar chart representing the variation (%) of the
fluorescence emission of the mobile platform sensing material in experiments 1 to 5. (c) Box and whisker plot representing the variation (%) of the
fluorescence emission of the mobile platform sensing material in experiments 1 to 5. (d) Fluorescence spectra showing an example of the variation
increase of the fluorescence emission measured by using the mobile platform sensing material.
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for every experiment. The emission of the sensing material
increased by an average of 6.95 + 0.66% over the 5
experiments, with a standard deviation of 0.53. The graphs
shown in Fig. 7 were obtained as graphic representation of
the variation of the fluorescence emission. From the results
plotted in Fig. 7 it can be noticed that the fluctuations of the
data were much higher than in cases where the passive air
flow was used but the performance of the system is
maintained, which made the system suitable for its use in
operational scenarios, confined public spaces where TATP is
subliming from a hidden source, as a contribution to the
fight to terrorism in cases where IEDs containing TATP are
used.

Experimental

A complete description of the general methods used in the
experimental part, synthesis of the active dye, complete
characterization of active dye, all experimental details,
materials, devices and protocols is given in the SI section.

Conclusions

In conclusion, we have developed a new TATP sensing
material by supporting a fluorogenic probe on silica,
polydimethylsiloxane, and glass slides, to be used in a
mechanized device for semi-autonomous measurements of
airborne TATP. By using a UV LED and a commercial micro-
fluorometer as the measuring block, a mini-PC and a Wi-Fi
card as the control block, all integrated into a bespoke
mobile platform, and a mobile phone as the receiver, we have
constructed the first semiautonomous airborne TATP
detector system that can be used for scanning IEDs in
operational environments. It worked by exposing a sensing
stick to the air flow in a room and sending the
measurements to a mobile phone. The presence of TATP is
subsequently detected by the difference in the fluorescence
signal from the initial and final measurements. The system
has been improved for application in confined public spaces
of buildings where the threat of IEDs including TATP is
suspected.
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