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Ultrasensitive and rapid colorimetric detection of urotropin boosted by 
effective electrostatic probing and non-covalent sampling 
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• Modulation on non-covalent effect 
facilitated specific recognition to 
urotropin. 

• Ultra-sensitivity promoted single uro
tropin particle detection via a facile 
mode. 

• Highly efficient sampling guaranteed 
superior sensing effect on diverse 
surface. 

• All-in-one strategy was applied to ach
ieve rapid and on-site sensing in real 
scene.  
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A B S T R A C T   

Leakage and contamination of hazardous chemical substances have been widely recognized as the critical issue in 
ensuring human health, maintaining environmental sustainability, and safeguarding public security. Urotropin 
as a crucial raw material in industrial holds a potential threat to aquatic/atmospheric environment with re
fractory degradation problem, hence, there remains a severe challenge to effectively and on-site monitor uro
tropin. Here, a general design with all-in-one strategy was presented, in which a highly integrated “pocket 
sensing chip” combining a sampling unit and a detecting unit together endows a rapid and ultrasensitive 
colorimetric detection without dead-zone towards urotropin. By loading fast blue B as sensing reagent in the 
detecting unit, a moderate and sensitive detection towards urotropin via electrostatic interaction was achieved 
with detection limits of 9 μM for liquid and 17.19 ng for particulates. Furthermore, an expandable sensing chip 
for the purpose of simultaneously screening on multi-target exhibited remarkable applicability for examining 
suspicious objects with all sorts of surface in real scenes, being unacted on environmental complexity. We expect 
this design would provide a universal strategy and the high referential value to propel the development of handy 
and portable sensing device to efficiently screen the environmental relevant critical substance on-site.   
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1. Introduction 

Hazardous chemical substances have aroused huge threats to safe 
production, public security, and lead the global governments take their 
unusual presence, storage, and transport seriously (Germain and Knapp, 
2009; Ke et al., 2022; Lee et al., 2020). Urotropin is often used as a key 
constituent in sterilant (Musher and Griffith, 1974), pesticide and so
lidifying agent (Taghdiri et al., 2013), beyond that, it is also used in high 
explosive manufacturing because of its readily availability including 
cyclonite (RDX) (Yi and Cai, 2008) and hexamethylene trioxide diamine 
(HMTD) (Dubnikova et al., 2005; Lock et al., 2012), which have become 
the powerful weapon in perpetrating terrorist attack. It is of utmost 
significance to strictly supervise its illegal storage and transporting to 
effectively lower the catastrophic threat of global terrorism and thor
oughly investigate the explosion scenes. Moreover, urotropin is widely 
applied in industry, however, its trace leakage and pollution in aquatic 
and atmospheric environment could cause asthma and skin irritation 
(Cai et al., 2018; Gupta and Mittal, 2016; Taghdiri et al., 2013; Torphy, 
1994), and the threshold limit value for occupational exposure is 3.0 
mg/m3 (Balasubramanian et al., 2003). Evidently, in support of the 
realistic application requirement, detecting urotropin has been trending 
away from the use of bulky, time-consuming laboratory instruments (Xu 
et al., 2017) and towards developing portable and rapid sensing stra
tegies. In terms of the previously explored urotropin on-site detection 
methodologies, such as surface-enhanced Raman spectroscope (Cai 
et al., 2018), fluorescence (Zhang and Du, 2017) and colorimetry 
(Tininis et al., 2000), the less robust to against the environmental 
complexity as well as lack of the consideration in handling safety and 
practicability are still remarkable, which arouses the pressing need to 
develop accurate, anti-interferent, moderate and portable method to 
rapidly detect urotropin in real scenes which may involve complicated 
environmental settings. 

Colorimetry is rapidly emerging as a preferable tool for conveniently 
recognizing and detecting different environmentally and biologically 
important analytes (Wang et al., 2021, 2018; Zheng et al., 2021), and 
when coupled with image analysis techniques and proper sampling, it 
has been demonstrated to provide remarkably high specificity and 
sensitivity, which is remarkably suitable for rapid on-site analysis (Lim 
et al., 2009; Matzeu et al., 2020; Wang et al., 2020a). Except the 
achievement of the specificity for the sensing reagent or the probe 
molecule towards target molecule, the signal response would be a 
decisive factor in developing highly sensitive on-site sensing method. 
For instance, the confinement effect was achieved by introducing 
Tween-20 in the sensing system which contributed to improving the 
colorimetric response on the surface and thus promoted the sensing 
performance (Liu et al., 2020). Furthermore, the portability of colori
metric sensors, especially for rapid on-site detection, was restricted due 
to the liquid state of the reagent which brings some inconvenience in 
carrying and storing, the alkalinity or acidity which causes varying de
grees of damage to the surface of substances the analyte absorbing on, as 
well as complex operations bring the increase of training costs, and so on 
(Lin et al., 2021; Liu et al., 2018; Su et al., 2022). For solid analytes, 
sampling acts as another important part of detection in fluorescence, ion 
mobility spectroscopy (IMS) (Staymates et al., 2016) and colorimetry, 
and the sampling paper generally includes Nomex, muslin, acetate 
paper, or polytetrafluoroethylene-coated fiberglass weave (Forbes et al., 
2020), which are mainly composed of directional or random fibers of 
raw pulp paper or non-woven fabric. The fiber structure of these sam
pling papers endows them with rough morphology and large specific 
surface area, thus enhancing the static friction force during sampling 
and improving the adsorption capacity of particles to a certain extent. 
Therefore, from the perspectives of improving the portability of colori
metric sensing and the sampling efficiency of solid particles both can be 
of great importance to facilitate the in-field detection performance, 
nonetheless only limited emphasis has been placed on in these fields. Is 
there any possibility to apply functional material (e.g., hydrogel (Hu 

et al., 2020; Wang et al., 2020b)) and fully maximize its roles in loading 
the sensing reagent/probe and amplifying the response signal through 
keeping the colorimetric signal being observed simultaneously and 
minimizing the potential damage to the suspected surface such as skin, 
clothes, suitcase and so on? Meanwhile, would an ingenious design 
strategy contribute to a highly integrated sensing chip to further boost 
the sensing efficiency from both sampling and detection to minimize the 
operational complexity for wide-range real scenario application? 

Herein, aiming at the pressing need of developing a mild sensing 
method to on-site detect trace urotropin in preventing its potential 
threat to surrounding environment, we proposed a highly integrated all- 
in-one strategy by combining the sampling unit and the detection unit 
together with a pocket size to achieve a high-efficiency on-site detection 
towards urotropin. Starting with the electrostatic interaction between 
the lone pair electrons of N of urotropin and the diazonium compound, 
fast blue B with strong electropositivity stood out from other diazonium 
salts to interact with urotropin and show a distinct colorimetric change. 
Series of desirable sensing performances were acquired and provided a 
solid foundation for equipping fast blue B within a hydrogel to form a 
detecting unit for particles determination. Moreover, by further loading 
other sensing reagent into the detecting unit, this sensing chip was 
extended as a multi-functional tool to coping with the practical need in 
routinely wide-range screening and exhibited great sensing capability to 
exam the potential hazardous chemicals in real scenarios. Therefore, this 
universal sensing strategy is expected to shine light on on-site critical 
substance monitoring in wider fields, such as noxious substances, ex
plosives, and industrial emissions. 

2. Materials and methods 

2.1. Materials 

Fast blue B salt (C14H12Cl2N4O2⋅ZnCl2), acrylic acid (AA), N,N’- 
methylenebis(acrylamide) (MBAA), potassium persulfate (K2S2O8, APS) 
and 1,5-cyclooctadiene were obtained from Sigma-Aldrich (Shanghai, 
China). Potassium tetrachloroplatinate (II) (K2PtCl4), 2,2’:6’,2’’-ter
pyridine, ethyl acetate, sodium nitrate (NaNO3), 4-(Dimethylamino) 
cinnamaldehyde (P-DMAC), sodium perchlorate (NaClO4), sodium sul
phate (Na2SO4), sodium carbonate (Na2CO3), dimethyl sulfoxide 
(DMSO), N,N-dimethylformamide (DMF), 2-methoxyethanol, 1-naph
thol, 2,3-dihydroxynaphthalene, and polyvinyl alcohol (PVA1799, 
polymerization degree: 1750 ± 50, alcoholysis degree: 98.0–99.0%) 
were purchased from Aladdin (Shanghai, China). Polydimethylsiloxane 
(PDMS) Sylgard 184 was purchased from Dow Corning (Michigan, US). 
4-diazo-3-methoxydiphenylamine was obtained from Macklin 
(Shanghai, China). PSA (SP7533) was purchased from 3 M (Shanghai, 
China). The other chemicals used in this study were purchased from 
Sinopharm Chemical Reagent Co., Ltd. All chemicals were analytical- 
reagent grade and used directly without further purification. Ultrapure 
deionized water (18.2 MΩ) was used to prepare the hydrogel. 

2.2. General characterizations 

Ultraviolet-visible (UV–vis) spectra were recorded on a portable 
optical detector, which was built by a grating spectrometer (Ocean 
Optics, Maya 2000 Pro), a cuvette holder (Ocean Hood, CUV-10–4- 
WAY) as well as a light source consisting of deuterium lamp and halogen 
lamp (Ocean Hood, DH2000). Optical transmittance spectra were 
recorded on a Hitachi U3900 UV–vis spectrophotometer and a self-built 
portable spectrometer. Field-emission scanning electron microscopy 
(FE-SEM, JEOL JSM-7610 F Plus) was used for morphology character
ization with a voltage of 4.0–6.0 kV. Elemental analysis was performed 
by an Energy-Dispersive Spectroscopy System (EDS, OXFORD X-Max 50) 
equipped on the FE-SEM. Attenuated total reflection Flourier trans
formed infrared (ATR-FTIR) spectra were obtained using a PerkinElmer 
Frontier with a universal ATR sampling accessory from PerkinElmer. 
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The digital photographs were captured by an industrial camera (Vision 
Datum Mars 5000S-20gc). The reaction-diffusion process of urotropin 
particles with different masses on the fast blue B-PAA hydrogel sensor 
were filmed by a video camera (Imavision, MER-2000–5GM/C-P) with a 
minimum resolution of 1.2 µm × 1.2 µm. 

2.3. Preparation of fast blue B solution 

14.3 mg fast blue B was added in 30 mL 2-methoxyethanol with a 
magnetic stirring of 20 min to form a homogeneous solution, followed 
by a filtration with a 0.22 µm syringe filter to remove the insoluble 
impurities. Thus, 1 mM fast blue B reagent was obtained and stored in 
dark for future usage of detecting urotropin solution. 

2.4. Preparation of the polyacrylic acid (PAA) hydrogel based detecting 
unit 

PAA hydrogel was prepared according to a previously reported 
literature with slight modification (Jing et al., 2018). The PAA aqueous 
prehydrogel was firstly prepared by dissolving 1.4 g AA, 20 mg MBAA, 
and 200 μL 25 g L-1 APS (in ultrapure deionized water) in 10 mL ul
trapure deionized water consecutively with magnetic stirring for 10 min. 
Next, the PAA aqueous prehydrogel was poured into an airtight glass 
mold with a customized size followed by heating the mold at 65 ◦C for 6 
h. After that, the PAA hydrogel was soaked in the ultrapure deionized 
water for storage. The water content (WC) of the as-prepared PAA 
hydrogel is 99.79%, calculated according to the reported references (Hu 
et al., 2020; Louf et al., 2021; Su et al., 2021). To obtain the hydrogel 
detecting unit, the as-prepared PAA hydrogel (10 × 10 × 1 mm) was 
immersed in 20 mL 2 mM fast blue B salt solution for 2 h at room 
temperature, thus, the fast blue B salt incorporated hydrogel detecting 
unit was acquired. 

2.5. Construction of the sampling unit and pocket sensing chip 

By applying screen-printing, the pressure-sensitive adhesive (PSA) 
was patterned onto the filter paper as the sampling unit. A transparent 
polyethylene glycol terephthalate polymer membrane was applied as 
the main substrate to integrate the detecting unit with the sampling unit 
together, for which the PSA was also applied to adhere the back side of 
the sampling unit onto the substrate while the detecting unit was fixed 
onto the substrate via its own adhesion. 

In terms of the construction of the six-in-one sensing chip array, 
PDMS was employed to fabricate the barrier to separate each two 
adjacent sensing units by pouring a mixture of the PDMS Sylgard 184 
base and curing agents (10:1 by weight) into a prepared resin mold 
followed by a heating step at 70 ◦C for 5 h. After washing the PDMS 
barrier with ethanol for several times, each detecting unit was fixed at an 
individual area. 

2.6. Calculation method 

An optimization strategy combined a global semi-empirical quantum 
mechanical search and density functional theory (DFT) was adopted to 
determine the most stable structures of urotropin, fast red B, 4-diazo-3- 
methoxydiphenylamine, fast blue B as well as the complex of urotropin 
and fast blue B by the Gaussian 09 (Frisch et al., 2016). All of the ge
ometries were fully optimized using the B3LYP (Stephens et al., 1994) 
with Grimme’s DFT-D3(BJ) (Grimme et al., 2011) empirical dispersion 
correction abbreviated as B3LYP-D3(BJ) with the def2-SVP (Weigend, 
2006; Weigend and Ahlrichs, 2005) basis set. A larger basis set 
def2-TZVP (Weigend, 2006; Weigend and Ahlrichs, 2005) with 
CAM-B3LYP-D3(BJ) (Yanai et al., 2004) was adopted to obtain higher 
quality wave functions and were further used for the minimum elec
trostatic potential (ESP) (Murray and Politzer, 1998) and independent 
gradient model (IGM) (Lefebvre et al., 2017) analysis. A further 

frequency calculation at the same theory level was also performed at the 
optimized geometries to ensure that the located minimum points have 
all positive frequencies. In order to simulate the absorption condition, 
the time dependent density functional theory (TD-DFT) (Scalmani et al., 
2006) calculations were carried out to obtain the vertical excitation 
energies for 30 lowest singlet transitions at the CAM-B3LYP/def2-TZVP 
level. The convolution of the spectrum was obtained using a gaussian 
function with a full width at half maximum (FWHM) of 0.3 eV. The 
polarizable continuum model (PCM) (Miertus et al., 1981; Pascualahuir 
et al., 1994) was employed to take into account the effect of 2-methox
yethanol solvent. SAPT2 + /aug-cc-pVDZ level was employed in our 
analysis. Symmetry-adapted perturbation theory (SAPT) (Parker et al., 
2014) was carried by PSI4 1.5 code (Parrish et al., 2017). All above the 
wave function analyses were conducted by using Multiwfn software (Lu 
and Chen, 2012b) and the VMD 1.9.3 program (Humphrey et al., 1996) 
was used to plot the graph. In order to elucidate the interaction between 
the fast blue B and urotropin from an energy perspective, we conducted 
symmetry-adapted perturbation theory (SAPT) analysis. 

3. Result and discussion 

3.1. Overview of the all-in-one sensing strategy 

Considering that the universal adaptability and the well-acceptable 
compliance are great of significance for efficiently wide-range 
screening in real scenarios, the sampling, detecting, and signal output 
were integrated as all-in-one scheme based on an elaborately design 
(Fig. 1). Starting with the finely selection of the sensing reagent with 
couple of diazonium salts whose N+ enables a high affinity towards the 
lone pair electrons of N of urotropin, the polyacrylic acid (PAA) 
hydrogel was employed as the basic sensing substrate to load the 
optimal diazonium salt based on hydrogen interaction as the detecting 
unit. With the aid of the screen-printing, the pressure-sensitive adhesive 
(PSA) was attached onto the filter paper to be manufactured as the 
sampling unit which inherently holds the multi-interaction with the 
texture of the potential suspect substances. A polymer membrane was 
applied as the main substrate to integrate the detecting unit with the 
sampling unit together and extra provides an omnidirectional physical 
touch due to its soft and flexible character and an intuitive observation 
of colorimetric signal from its transparent morphology. Generally, this 
portable sensing chip with an all-in-one scheme can be adopted uni
versally via inversely folding and wrapping the chip around the hand of 
the operator to ensure the sampling unit face down to the potential 
suspect substance and by gently pressing to adhere the particles on the 
object surface. Afterwards, the detecting unit side was folded 360 de
grees to merge with the sampling unit side. In detail, the particles fully 
contact with the sensing reagent which is confined into PAA hydrogel 
network, and then the sensing outcome could be acquired 

Fig. 1. Schematic illustration of the highly integrated sensing chip and the 
proposed mechanism for sampling and detecting. 
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straightforward and immediately via naked-eye observing the coloring 
on detecting unit side through the transparent polymer substrate. 

3.2. Electrophilic effect of diazonium enabled colorimetric sensing 
towards urotropin 

By means of density functional theory (DFT), the interaction mech
anism between urotropin with diazonium as well as the corresponding 
optical property were systematically studied. It was found that urotropin 

enables an electrostatic potential (ESP) at N atoms with a value around 
− 28.6 kcal/mol, which were inclined to strongly combine with the 
electrophilic substance via electrostatic interaction (Fig. 2a) (Lu and 
Chen, 2012a; Murray and Politzer, 1998). Thus, couple of diazoniums 
due to their electrophilic character were examined with ESP profile, 
showing that fast blue B hold the maximal ESP at two diazonium groups 
(176.83 and 160.69 kcal/mol) while fast red B (147.93 kcal/mol) and 
4-diazo-3-methoxydiphenylamine (103.10 kcal/mol) only carry one 
diazonium group and exhibited relatively weaker ESP. The possible 

Fig. 2. (a) ESP-mapped molecular van der Waals (vdW) surface of urotropin, fast red B, 4-diazo-3-methoxydiphenylamine, fast blue B as well as the complex of 
urotropin and fast blue B, surface maximal and minimum of ESP presented in gold and cyan dots, respectively. (b) Simulated ultraviolet-visible (UV–vis) absorption 
spectra (curve) before and after interacting with urotropin by the full width at half-maximum of 0.3 eV from the broadened oscillator strength (spikes). (c) Dominant 
contributions of molecular orbital (MO) transitions in the process of interaction: S0→S1 excitation (isovalue = 0.05) and S0 → S6 excitation (isovalue = 0.05). Light 
yellow and dark orange regions denote the positive and negative orbital phases, respectively. The numbers of the outside and the inside of the parentheses denote the 
energy gaps of orbital (in eV) and the contributions of the transition to corresponding excitation, respectively. The value of μT stands for contribution of each orbital 
transition to transition dipole moment (in a.u.). (d) Independent gradient model (IGM) scatter graph and isosurface (value=0.01 a.u.) of the non-covalent interactions 
between urotropin and fast blue B. (e) UV–vis absorption spectra measured at 20 s while the urotropin solution with a varied concentration from 0 to 3311 μM was 
added in fast blue B solution. (f) The absorption intensities at 461 nm with a linearly fitted curve and the corresponding images. (g) Selectivity study of fast blue B 
solution towards series of urotropin solution with the presence of different interferents. 
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explanation could be that electron property of the surrounding groups of 
the diazonium group differs from each other, for example, the –NO2 in 
fast red B shows a certain electron withdrawing effect to make its dia
zonium group more positive, while there is no electron withdrawing 
group within 4-diazo-3-methoxydiphenylamine leading to its diazonium 
group less electron-positivity. In terms of fast blue B, two diazonium 
groups express relatively stronger electron withdrawing interaction to
wards each other, empowering the electropositivity for both diazonium 
groups were lifted significantly and fast blue B potentially have better 
affinity towards urotropin due to more diazonium groups. Hence, the 
UV–vis absorption spectra and the corresponding images (Fig. S1) were 
applied to experimentally verify the above theoretical deduction under 
the optimized condition, in which slight color change can be seen for fast 
red B after interacting with urotropin while no observable color changed 
and spectrum altered in the case of 4-diazo-3-methoxydiphenylamine 
and urotropin. There was an apparent color change for fast blue B 
from light yellow to golden before and after interacting with urotropin 
and a new peak at 461 nm found in UV–vis absorption spectrum, indi
cating a strong interaction occurred (Fig. 2b). Time-dependent Density 
Functional Theory (TD-DFT) (Scalmani et al., 2006) method was 
adopted to calculate the excitation energies and the oscillator strengths 
(f) of fast blue B before and after interacting with urotropin, the calcu
lational ƒ and excitation energy of the specific excited states were used to 
simulate the UV–vis absorption spectra considering the solvent envi
ronment. Comparing to the main absorption peaks of fast blue B located 
at around 320 nm plus a shoulder peak at 375 nm (f=0.13), the main 
absorption peak shifted to 370 nm and a new peak appeared at around 
570 nm (f=0.11) after interacting with urotropin. 

To further investigate the alteration of these absorption peaks, from 
the molecular orbital (MO) analysis of the excited states, the shoulder 
peak at 375 nm was mainly ascribed to S0→S1 from the critical 
MO69→MO70 transition (Fig. 2c), which corresponds to the 
n→p * excitation with a fraction of 96.3% of the total excitation energy 
and a quite large transition dipole moments (μT =(2.05, 0.00, 0.77)). 
After the addition of urotropin, the new appeared peak at around 
570 nm was from the S0→S6 induced by MO141→MO146 and 
MO141→MO147 transitions with fractions of 76.9% and 8.6% of the total 
excitation energy and the μT values of (− 1.47, − 0.55, 0.24) and (− 0.14, 
− 0.12, 0.11), respectively. This result suggests that the excitation of the 
fast blue B altered from n→p * to p→p * due to the existence of uro
tropin, which was embodied as the decreased energy gaps from 3.92 eV 
to 2.81 eV and 3.64 eV, indicating that the absorption peak started to 
shift into the visible light region. Furthermore, it is considered that the 
diazonium of fast blue B and the N atoms in urotropin could be bound in 
the form of electrostatic interaction (Table S1), this strong inter- 
molecular attraction was verified by the discrete dots in the scatter 
graph of similar patterns with spikes around the negative sign(λ2)ρ 
(− 0.03) and the δ values close to 0.06 obtained by the independent 
gradient model (Fig. 2d) (Lefebvre et al., 2017). 

As expected, an apparent enhancement of the absorption at 461 nm 
could be observed in the UV–vis spectra with the addition of different 
concentrations of urotropin (99–3311 µM, Fig. 2e), this absorption 
enhancement suggested a progressively deepened color trend in the 
optical images from light yellow, bright yellow, golden to orange 
(Fig. 2 f). The correlation between the enhanced absorption and the 
increasing urotropin was established and the fitted curve exhibits a good 
linearity when the urotropin concentration varied from 99 to1324 μM, 
accordingly, the limit of detection (LOD) was further obtained as 9 μM 
which was defined as LOD = 3σ/k (k represents the slope of the linear 
fragment of the fitted calibration curve with a value of 0.0010, and σ 
stands for the standard deviation of noise with a value of 0.0030. 
Furthermore, a time-dependent observation of the coloring response 
towards series of urotropin shows an instantly visualized coloring and 
the absorption at 461 nm fluctuated within 0.096 during 60 s (Fig. S2 
and Table S2). When the observation lasted for longer time, it is noted 
that the color started to fade after 10 min and faded significantly after 

20 min (Supplementary video 1), which could be confirmed by UV–vis 
absorption spectra as well (Fig. S3). It illustrates that the colorimetric 
sensing signal is quite reliable for a certain period which is long enough 
to make a judgment for on-site detection. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.jhazmat.2022.129263. 

To further investigate the specificity of fast blue B salt toward uro
tropin, the common daily necessities (including flour, salt, sugar, 
laundry detergent, hand sanitizer, toothpaste, Florida water), the haz
ardous chemicals/explosives as well as structural analogues, were 
selected as potential interferents. Upon the addition of the 15 mM uro
tropin, the absorbance at 461 nm elevated significantly, while various 
analytes with 3.3 times higher concentration (50 mM) were added into 
fast blue B, the absorption at 461 nm decreased at different extent 
except laundry detergent, Ca(ClO)2 and Na2SO4 which three showed 
neglectable increase (Fig. 2 g and S4a). The coloring change also shows 
that only the addition of urotropin induced the emergence of a bright 
yellow from light yellow, this well verifies that the fast blue B possesses 
desirable specificity to discriminate urotropin with other potential 
interferents (Fig. S4b). The reasonable explanation could be that N with 
lone pair electrons (e.g., urotropin) shows stronger electrostatic inter
action with fast blue B. In terms of the structural analogues, N-hydroxy 
succinimide (NHS) and urea which also contain N atom but equip with 
the positive ESP (Fig. S5), would not be apt to form electrostatic inter
action with fast blue B embodied as no obvious coloring response after 
mixing with fast blue B. It should be noted that this fast blue B reagent is 
also inert to tetrahydrocannabinol (THC), which is different from the 
common magenta coloring process used in forensic analysis with the 
presence of NaOH (Bordin et al., 2012; Kanter et al., 1982) demon
strating the excellent selectivity of the present design. 

3.3. Sensing of floating urotropin particulates 

The sensing reagent loaded hydrogel substrate can be applied as a 
promising candidate to visually detect the particulate matter in real 
scenes, such as on the surface of clothes, as it could be bent into large 
angle for omnidirectional sampling. Among various available hydrogel 
matrixes (Li et al., 2019; Tan and Park, 2021), the chemically 
cross-linked polyacrylic acid (PAA) hydrogel was determined as a sub
strate in this work, because of its highly transparent and colorless 
morphology in the visible region (≥99%) as well as electrical-neutrality 
property to benefit for stabilizing the loaded fast blue B solution (Xu 
et al., 2018) (Fig. 3a and S6). As observed in SEM characterization, the 
PAA hydrogel substrate exhibited a porous morphology with an even 
pore size distribution, ranging from 20 to 50 µm (Fig. S7), which affords 
the three-dimensional skeleton and plenty of cavities to carry large 
amount of fast blue B molecules. After loading, the hydrogel showed 
slightly beige but transparent whose transmittance was maintained as 
80% at 420 nm, providing a desirable background color to be differen
tiated with the characteristic color of the interaction between fast blue B 
towards urotropin. The success of incorporation of fast blue B was also 
demonstrated based on Flourier trans formed infrared (FTIR) spectros
copy analysis as no chemical damage to the PAA hydrogel occurred, 
being embodied as the existence of the characteristic peaks of the 
hydrogel skeleton (carboxyl at 2933 cm-1, carbonyl at 1700 cm-1) during 
the entire process (Fig. S8). Comparing with the detection towards 
urotropin solution, the absorbance around 461 nm of the fast blue 
B-PAA hydrogel sensor also increased obviously after detecting uro
tropin particles, likewise, its color changed into bright yellow, aligning 
well with the color change in detecting urotropin solution (Fig. 3b). 
Moreover, by making the small particles of 18 potential co-existing 
interferents float down to the hydrogel detecting unit (Fig. 3c), it 
shows that only the urotropin particles led to a bright yellow, flour and 
TNT particles caused distinguishable light orange, and all others were 
inert to the hydrogel detecting unit. By further extracting the 
Hue-Saturation (HS) color values of 20 points at the surrounding area of 
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each particle, it can be found that the coordinate positions of urotropin 
particles formed a separate cluster and were far away from those of the 
interference particles. These results strongly illustrate that the hydrogel 
detecting unit holds good specificity towards urotropin particulates and 
the hydrogel substrate did not influence this specific recognition at all 
(Fig. 3d). 

3.4. Signal amplification facilitated single urotropin particulate detection 

Except the role as a carrier to eliminate the concern of the opera
tional safety aroused by sensing reagent itself, the hydrogel skeleton 
offers a signal amplification function which could enlarge the edge of the 
particulate falling onto the hydrogel surface rather than the original 
particle size. Hence, when urotropin particulates were floating nearby 
and part of them physically fell onto the surface of the fast blue B-PAA 

Fig. 3. (a) Optical transmittance of the prepared pristine PAA hydrogel (gray) and the fast blue B loaded PAA hydrogel (yellow). (b) UV–vis spectra and the cor
responding images of the fast blue B-PAA hydrogel detecting unit before and after detection of urotropin particles. (c) Optical images of the anti-interference 
characterization of the fast blue B-PAA hydrogel detecting unit to 18 interferents particles. (d) Data coordinates of the urotropin particles and interferents parti
cles in the Hue-Saturation (HS) color system. 

Fig. 4. (a) Images for each particulate fell onto the hydrogel sensor at 0 s and 120 s (n = 44). (b) Correlation curve between diffusion diameter at 120 s and the 
calculated particle mass. (c) Diffusion images of the four particulates chosen as the test sample. 
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hydrogel sensor, subsequently diffused into the liquidous micro- 
environment enclosed with the hydrogel skeleton and immediately 
reacted with the free-state fast blue B molecule. A detailed investigation 
regarding the reaction-diffusion process of urotropin particles with 
different masses on the fast blue B-PAA hydrogel sensor was further 
dynamically filmed (Supplementary video 2). The enlarged optical im
ages for each particle were extracted along with time lapsed, showing 
that the particle was gradually solved in hydrogel and lost its crystalline 
morphology (Fig. S9a). After deducting the background of the hydrogel 
sensor itself, the coloring procedure was more obvious, showing a pro
gressive extending navy blue spot which quit to extend within 120 s 
(Fig. S9b and S9c). Subsequently, a statistic investigation was performed 
by analyzing the diffusion area of 44 particulates with a time-lapse 
period of 120 s (Fig. 4a). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.jhazmat.2022.129263. 

The fast blue B-PAA hydrogel sensor could immediately respond to 
all urotropin particles within 2 s no matter of the difference in size and 
the minimal observable particle mass was 17.19 ng with a final spot area 
of 303 µm, illustrating a rapid response with a naked-eye LOD of 
17.19 ng. Compared to other detection methods (Table S3), this work 
has satisfactory sensitivity without sample pretreatment or heating in 
the detection process of urotropin. According to the pixel number and 

the length, as well as the urotropin density, the approximate mass of 
each particulate was calculated, thus, a positive correlation trend be
tween particle mass and the final diffusion spot area was obtained which 
suggests a semi-quantitative capability (Fig. 4b). It is worthy to note that 
the ratio between the diameter of the final diffusion area at 120 s and the 
actual particle size at 0 s varied from 5.00 to 10.73 (Table S4), indicating 
the observable particulate diameter was increased at least 5.00 times 
which empowers an enhanced visible response sensitivity. Furthermore, 
another four particulates were chosen as the test sample (Fig. 4c), their 
masses were evaluated through the above established positive correla
tion between diffusion diameter and particle mass (shown as dash lines 
in Fig. 4b), which were close to their actual size calculated based on the 
pixel of their diffusion diameter (labelled as hollow symbols in Fig. 4b. 
These results illustrate that this hydrogel sensor contributes to amplified 
sensing response and further prompts a semi-quantification capability to 
analyze single urotropin particle even with an extremely small size. It is 
evident that this hydrogel sensor is a promising candidate to sensitively 
detect the floating particulates which also possesses great possibility to 
be employed for monitoring other trace environmentally hazardous 
particulates. 

Fig. 5. (a) Photographs of the sampling unit under 365 nm illumination, inset: the amplified SEM image. (b) Photographs of the filter paper (top-left) and sampling 
unit (top-right) after capturing phosphor particles under 365 nm illumination, and the corresponding heat maps for the fluorescence intensity. (c) Sampling efficiency 
of the sampling unit towards urotropin particulates on different textures. (d) FT-IR spectra of the sampling unit before and after capturing urotropin particles. (e) 
Photographs of the morphology of the sampling unit and the N element distribution before and after sampling urotropin particles. 
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3.5. Construction of the sampling unit and the evaluation on its sampling 
efficiency 

The sampling unit fabricated via the screen-printing consists of a 
paper substrate and a layer of PSAs with the customized pattern, the 
latter shows slight blue fluorescence under 365 nm UV light (Fig. 5a) 
with a relatively smooth appearance and sharp edge through the SEM 
observation (the inset in Fig. 5a). To evaluate the adhere efficiency, both 
filter paper and the sampling unit were applied to collect the green 
phosphor powders with gentle touch, subsequently, the comparison 
images under dark field show that the PSA covered area of the sampling 
unit exhibits a mass of green dots while very few dots can be found from 
the filter paper (Fig. 5b). With digitally processing the total intensity of 
the pixels was calculated as 84.7 for the sampling unit which is 13.2 
times higher than that for the filter paper. This well verifies the sampling 
unit could gather much more particulates with the presence of PSAs, 
which can be ascribed to the multi-interaction of PSAs towards the 
subject including hydrogen-bonding, electrostatic interaction, metal 
complexation and other secondary bonds. To explore whether the object 
texture would affect the sampling efficiency, 20 mg urotropin powders 
were placed onto plastic, glass, and paper surface, respectively, after 
sampling the amount of the remanent powders was examined. It could 
be seen that whatever the substrate texture was, an excellent sampling 
performance with the efficiency around 90% was demonstrated 
(Fig. 5c), and it should also be noted that the PSAs did not remain any 
residue on the object surface due to its great cohesiveness which could 
be repeatedly use without warry of the residue issue. FTIR spectroscopy 
analysis further confirms the sampling result as the distinct character
istic peaks of urotropin (C–N stretching vibration at 994 cm-1 and its 
bending vibration at 808 cm-1/668 cm-1) appear in the spectrum of the 
sampling unit after sampling (Fig. 5d). Meanwhile, densely stacked 
urotropin particulates can be observed within the PSAs covered area 
under SEM after sampling, accompanying plenty of blue dots in energy 
dispersive spectrometer (EDS) analysis which indicates the N element of 
urotropin molecule (Fig. 5e). Hence, this PSAs equipped sampling unit 
exhibits awfully satisfactory sampling efficiency via mild action, being 
conducive to enrich trace particulates and guarantee the prerequisite for 
highly sensitive detection. 

3.6. Expansibility of the sensing chip and the applications in real scenarios 

Given that the multi-target detection is imminently expected to cope 
with the wide-range screening for further assessing environment risk as 
well as ensuring the operators’ health, this pocket sensing chip was 
obtained by integrating six sensing reagents/probes into the detecting 
unit with individual partition as a multi-functional tool (Fig. 6a and 
S10), which could specifically recognize hazardous chemicals, respec
tively, including perchlorate (Su et al., 2022), potassium permanganate 
(Liu et al., 2020), urea (Hu et al., 2020), hypochlorite (Jin et al., 2018) 
and ammonium (Ke et al., 2022; Sasaki et al., 1998). By applying this 
highly integrated sensing chip to examine the unknown particles on the 
surface of the mask, the suitcase, the shoe, and the suitcase wheel, it is 
clearly shown that the detecting array immediately exhibited the char
acteristic color once it was contacted with the sampling unit (Fig. 6b). It 
should be noted that even the component or the texture of the sampled 
surface was rather complicated (e.g., the mask, the shoe, and the zipper) 
constituting of multi-target or including the environmental interferents 
(e.g., the wheel), the detection towards the target was not bothered by 
each other or the non-target particles. Subsequently, the corresponding 
detecting unit would present the distinguishable coloring (like from 
light yellow to golden, yellow to violet, colorless to green, yellow to 
purple-red, colorless to pink and light yellow to olive), warning the 
existence of the target component (Fig. 6c and Table S5). Furthermore, 
by digitally extracting the hue value of more than 100 points of each 
coloring region generated under the experiment condition, a deter
mining range for locating the hue datum of unknown particle was 
established. Afterwards, a blind test of three points from the measure
ment towards practical object surface was correctly discriminated based 
on the above determining range, although the color response of hypo
chlorite was similar to that of urea by the naked-eye observation, as well 
as for urotropin and ammonium, which still could be distinguished by 
the array position. This well illustrates that this sensing chip could be 
expanded with customized purpose with an outstanding sensing per
formance to discern multi-target and a great anti-interference capability 
to external factors, offering a highly effective solution for simulta
neously in-field detecting multiple potential hazardous substances. 

Fig. 6. (a) Schematic illustration of the 
extended sensing chip with a detecting array. 
(b) Practical applications for detecting the sus
picious particle constituent on the surface of the 
mask, the shoe, the suitcase, and the wheels. (c) 
The corresponding coloring responses in 
detecting 6 hazardous materials and corre
sponding hue value range of the coloring 
response in each sensing region, in which the 
light gray columns represent the location of 
each sensing region while the columns in 
different colors stand for the hue value range of 
each target component after detection, the 
sphere, cube and tetrahedron were used to 
represent the hue values of three randomly 
selected points around the coloring area in 
Fig. 6b, respectively.   
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4. Conclusion 

In summary, upon the coloring response arising from the electro
static interaction between urotropin with fast blue B, a unique all-in-one 
strategy was proposed by integrating the sampling unit and the detec
tion unit as a “pocket sensing chip” to achieve rapid sampling plus 
directly naked-eye readout within seconds. Specifically, fast blue B holds 
stronger electropositivity than other diazoniums, empowering a high 
sensitivity towards urotropin solution (9 μM) as well as great anti- 
interference capability towards potential co-existing substances under 
a mild condition. With the loading of fast blue B into the hydrogel, the 
detecting unit was acquired with an ultra-sensitive and fast response 
towards urotropin particulates (17.19 ng), while the sampling unit 
constituted of the pressure-sensitive adhesive with great cohesiveness 
guaranteed an excellent sampling efficacity of 90% without the residue 
on the sampled object surface. Moreover, by equipping with multi- 
sensing reagent/probe, this sensing chip was expanded as a multi- 
functional tool to be able to recognize multiple targets synchronously 
in real scenarios, substantially promoting the screening efficacy. We 
believe that this novel strategy is expected to break through the dilemma 
of the trace floating hazardous substance particulates, meanwhile, it will 
open up a perspective for effectively probing multiple critical hazardous 
chemicals, noxious substances, and even explosives without the concern 
to the operational safety, maneuverability and portability being con
fronted by the on-site environmental sensing development nowadays. 
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Environmental Implication 

Urotropin is widely applied in industry, however, its trace leakage 
and pollution in aquatic/atmospheric environment could cause asthma 
and skin irritation, for which it is strictly limited with a threshold value 
(3.0 mg/m3) for occupational exposure. Furthermore, it is also used in 
high explosive manufacturing because of its readily availability (e.g., 
cyclonite, RDX, a powerful weapon in perpetrating terrorist attack). It is 
greatly significant to realize ultrasensitive on-site detection of urotropin. 
This work proposed an integrated all-in-one strategy upon precise mo
lecular modulation to realize an ultrasensitive (17.19 ng), rapid 
response (2 s) towards single urotropin particulate through a pocket-size 
chip. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2022.129263. 
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