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Abstract

A one-target-many-trigger signal model sensing strategy is proposed for quickly, sensitive and on-site detection of the envi-
ronmental pollutant p-aminophenol (PAP) by use of a commercial personal glucose meter (PGM) for signal readout with
the core—shell “loading-type” nanomaterial MSNs @MnO, as amplifiable nanoprobes. In this design, the mesoporous silica
nanoparticles (MSNs) nanocontainer with entrapped signal molecule glucose is coated with redoxable manganese dioxide
(MnO,) nanosheets to form the amplifiable nanoprobes (Glu-MSNs@MnO,). When encountered with PAP, the redox reac-
tion between the MnO, and PAP can induce the degradation of the outer layer of MSNs@MnO,, liberating multiple copies
of the loaded glucose to light up the PGM signal. Owing to the high loading capability of nanocarriers, a “one-to-many”
relationship exists between the target and the signal molecule glucose, which can generate adequate signal outputs to achieve
the requirement of on-site determination of environmental pollutants. Taking advantage of this amplification mode, the
developed PAP assay owns a dynamic linear range of 10.0-400 uM with a detection limit of 2.78 pM and provides good
practical application performance with above 96.7 +4.83% recovery in environmental water and soil samples. Therefore,
the PGM-based amplifiable sensor for PAP proposed can accommodate these requirements of environment monitoring and
has promising potential for evaluating pollutants in real environmental samples.

Keywords Core-shell - “Loading-type” nanomaterials; MnO, nanosheets - Amplifiable nanoprobes - PAP, On-site
detection

Introduction in our living environment (air, water, soil) is always a hot

research topic, especially on-site detection.

P-aminophenol (PAP), as a kind of aromatic pollutants, has
a serious side effect to the environment and human health
due to its intrinsic properties, such as long-term migration,
difficult degradation, high toxicity, and easy bioaccumula-
tion [1-6]; therefore, monitoring the aromatic pollutant PAP
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Nowadays, various methods have developed to achieve
sensitive detection of PAP, including high-performance
liquid chromatography (HPLC) with diode array detection
[7], gas chromatography-mass spectrometry (GC-MS) [8],
electrochemical sensors with nanomaterials modified elec-
trode such as hybrid material N-doped carbon dots deco-
rated with manganese oxide nanospheres [9], Fe;O,@ Au/
MOF metal-organic framework nanoparticle [10], iodine/
iodide-doped polymeric nanospheres [11], modified micro-
chips-electrochemical [12], fluorescence methods based on
nanoprobe 3D Eu(IIl) metal—organic framework [13], silica-
coated CdTe quantum dots [14], and microchip electropho-
resis with capacitively coupled contactless conductivity
detection [15]. Although these methods are sensitive, their
practical application is greatly limited by the complexity of
the instruments and the need for skilled operators, as well
as the time-consuming pre-treatment of samples, especially
for home-style or on-site scenes.
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Scheme 1 Schematic illustration of one-target-many-trigger signal model sensing strategy for on-site detection of the aromatic pollutant PAP via

the amplifiable nanoprobes Glu-MSNs@MnO,

Driven by these issues and needs, several portable devices
that can be easily accessible to end users have been devel-
oped, such as personal glucose meter (PGM), pressure
gauges, and thermometers [16]. PGM is an extensively uti-
lized personal diagnosis device for point-of-care testing. Due
to its advantages such as pocket size, low cost, easy opera-
tion, and reliable quantitative result [17-19] as well as the
rational design of the relationship between target recogni-
tion and glucose generation, PGM has been exploited for a
variety of non-glucose targets analytes [20], including metal
ions [21], nucleic acids [22, 23], small molecules [24-27],
protein biomarkers [28, 29], etc. However, at the same time,
we must be aware that the rapid on-site analysis via PGM,
where the result read-out is based on one-target-one-trigger
signal model, is still developing with problems remaining.
Most traditional nanoprobe based on “one-to-one” signal
model always generate too low signal change to meet the
sensitivity of rapid on-site detection [30, 31].

And a series of amplification strategies, especially iso-
thermal nucleic acid amplification methods, have been
integrated with PGM detection to construct “one-to-many”
signal model and achieve the effective sensitivity for on-site
detection, whereas the whole sample-in-answer-out detec-
tion process of most such strategies still requires a longtime
operation (nearly 1-2 h) which is not suitable for rapid on-
site detection. Obviously, achieving new signal amplification
strategies becomes one of the core tasks in the development
of on-site detection. Nanoprobes as the cornerstone of detec-
tion process is a key element for achieving signal amplifica-
tion. More recently, mesoporous silica nanoparticles (MSNs)
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as a type of loading nanomaterials have successfully inte-
grated biorecognition unit, signal amplification unit, and
carrier unit all-in-one to construct such nanoprobes, which
have achieved effective “one-to-many” signal amplification
and sensitive detection [32, 33]. Therefore, the combina-
tion of the “loading-type” nanomaterial as nanoprobes and
the PGM as signal-readout device will accommodate this
requirement and provide new directions to trace low abun-
dance of environmental pollutants on-site.

Herein, we proposed a one-target-many-trigger signal
model sensing strategy for rapid on-site detection of the
environmental pollutant p-aminophenol (PAP), which used
a commercial PGM for signal readout and the core—shell
“loading-type” nanomaterials MSNs @MnO, as amplifiable
nanoprobes (Scheme 1). Specifically, the MSNs entrapped
signal molecule glucose is coated with a redoxable man-
ganese dioxide (MnO,) nanosheet to form the amplifiable
nanoprobe. When encountered with PAP, the redox reac-
tion between the layer MnO, and PAP induces the degra-
dation of the outer layer of Glu-MSNs@MnO,, liberating
multiple copies of the loaded glucose to light up the PGM
signal. Owing to the high loading capability of nanocarrier,
a “one-to-many” relationship exists between the target and
the signal molecule glucose, which can generate adequate
signal outputs to achieve the requirement of on-site analysis
of environmental pollutant.
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Experimental section
Reagents

Sodium hydroxide (NaOH), potassium permanganate
(KMnO,), p-aminophenol (PAP), methyl ethanesulfonate
(MES), potassium dihydrogen phosphate (KH,PO,), dipo-
tassium hydrogen phosphate trihydrate (K,HPO,), and glu-
cose were purchased from Sinopharm Chemical Reagent Co.
Ltd.; 4-aminobenzenesulfonic acid, 4-aminobenzoic acid,
diphenylamine, N-phenyl-1-naphthylamine, ethyl orthosili-
cate (TEOS), 3-aminopropyltriethoxysilane (APTES), and
cetyltrimethylammonium bromide (CTAB) were purchased
from J&K Scientific Co. All the chemicals were analytical
grade and used without further purification.

Instruments

The UV—-Vis measurements were performed on UV spectro-
photometer UV-1900i (Shimadzu, Japan). All glucose lev-
els were recorded by a personal glucose meter (Performa,
ROCHE, Germany). The pH values were obtained by a PHS-
3C pH meter (Leici, China). The N, adsorption—desorption
isotherm was measured on Auto-sorb-iQA3200-4 (Quanta
Tech Co., USA). The nanomaterials were characterized
by JEM-2100 F Transmission Electron Microscope (Jeol,
Japan).

Synthesis of MSNs and Glu-MSNs@MnO,
nanomaterials

The MSNs were synthesized according to the previous
research work with minor modification [34]. Specifically,
CTAB (208 mg, 5.7 X 1074 mol) was dissolved in 100 mL
pure water and was gently stirred at 600 rpm to clarifica-
tion; then, 0.725 mL of 1 M NaOH was added. The reac-
tion solution was heated to 95 °C, and TEOS (1.04 mL,
4.67 x 10~ mol) was dropwise added to the above solu-
tion and then reacted for 2 h. After cooling, a milky white
flocculent was obtained; then, the product was centrifuged
at 8000 rpm for 3 min to remove excess reagents, and the
residue was washed three times with pure water and ethanol
respectively. The precipitate was dried in a vacuum oven at
60 °C for 10 h and was further calcined in a muffle furnace at
550 °C for 6 h to remove the surfactant template for obtaining
the desired mesoporous nanomaterials (MSNs).

In order to prepare the amplifiable nanoprobe Glu-
MSNs@MnO,, 450 mg of glucose was dissolved in 5 mL
of pure water, 20 mg of MSNs was added and ultrasoni-
cally dispersed in the glucose solution, and then, the solu-
tion was kept gently stirred at 600 rpm for 18 h to achieve

the maximum loading efficiency. After loading process, the
shell MnO, nanosheets was synthesized in situ. Specifically,
97.6 mg of MES and 3.95 mg of KMnO, were added to the
above Glu-MSNs solution and ultrasonicated for 30 min;
when the solution turned brown, it illustrated that the outer
layer MnO, was successfully formed. Finally, the product
was centrifuged at 6000 rpm for 2 min, and the residue was
washed thoroughly with deionized water and redispersed in
2.5 mL buffer solution to obtain the nanoprobe Glu-MSNs @
MnO, nanoprobes.

Detection of PAP via the Glu-MSNs@MnO,
nanocomposites

In order to investigate the detection capability of the nano-
probes Glu-MSNs@MnO,, 20 pL of different concentrations
of PAP solution was added into 180 pL of the Glu-MSNs@
MnO, detection system, respectively, and the final concen-
tration of PAP in detection process was kept as 0, 10 pM,
20 pM, 50 pM, 100 pM, 200 pM, 400 pM, 500 pM, 1 mM,
and 2 mM. After reacting for 6.5 min, the signal of the detec-
tion system was directly read out by PGM. All experiments
are repeated at least three times.

Performance of PAP assays in real samples
River water.

Five hundred milliliters of river water was taken from Junzi
Lake (Nanjing, China) and filtered to remove impurities by
0.22-um filter membrane. The prepared PAP solution was
added to 1 mL of river water to obtain samples with final
concentrations of 30 pM, 80 uM, and 150 pM PAP.

Soil samples.

Soil samples were collected in Nanjing, China, and sieved
through an 80-mesh sieve after natural air-drying. The soil
was mixed with pure water at a ratio of 1:10 and sonicated
for 1 h to allow sufficient dispersion. Then, the mixture was
shaken overnight and the suspension was removed to obtain
a dark yellow supernatant with pH 7.0 and conductivity 245
puS cm™! for further experiments. The prepared PAP solution
was added to 1 mL of the prepared soil samples to obtain
samples with final concentrations of 30 pM, 80 pM, and
150 pM PAP.

After the preparation of real samples, the performance of
Glu-MSNs@MnO, nanoprobes in real samples was tested
following the above detection procedure. The only differ-
ence was substituting the PAP solution with a series of real
samples.
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Results and discussion

Characterization of the Glu-MSNs@MnO,
nanomaterials

The transmission electron microscope (TEM) image
revealed that the as-prepared MSNs were highly monodis-
persed and spherical with a uniform diameter of ~ 100 nm
(Fig. la), and the HRTEM image and the N, adsorp-
tion—desorption isotherm analysis demonstrated that the
MSNs owned well-ordered porous structures with high
specific surface areas 924 m?.g~!, pore volume 0.886
cm® g7!, and a narrow pore-size distribution with the
average diameter of 2.84 nm. After loading process, the
surface area and pore volume of Glu-MSNs were signifi-
cantly reduced to 425 m>-g~! and 0.287 cm® g~!, indicating
a noticeable amount of glucose molecules was loaded into
the pores (inset of Fig. 1a; Fig. S1). After in situ assembly
of the outer layer, the rough surface MnO, was around
the core MSNs, and the synthesized Glu-MSNs@MnO,
nanomaterials possessed a well-defined hybrid structure
(Fig. 1b). The corresponding scanning TEM (STEM)-
energy-dispersive system (EDS) line spectrum and chem-
ical maps confirmed the coexistence of Mn, Si, and O
elements (Fig. 1c; Fig. S2). Furthermore, XPS characteri-
zation was performed to investigate the composition and
valence state; the results of XPS scan spectrum confirmed
that the nanomaterials contained Mn (Mn 2p), Si, and O
(Fig. 1d). As shown in the Mn 2p spectrum, two binding

energies at 653.4 eV and 641.9 eV were consistent with
metallic Mn 2p,, and Mn 2p5,,, respectively. In addition,
the spin-energy separation of 11.5 eV indicated that the
chemical state of Mn in the nanomaterials was tetravalent
(Fig. 1e). And the XRD pattern of the Glu-MSNs@MnO,
nanomaterials demonstrated that four diffraction peaks at
12.5°, 25.2°, 36.2°, and 65.6° of the nanomaterials corre-
spond to (001), (002), (110), and (020) reflections, respec-
tively, which were consistent with the previous report [35].
All results demonstrated the successful fabrication of Glu-
MSNs@MnO, nanomaterials.

The stability of the nanoprobes

In order to obtain the best detection performance, the load-
ing capability and stability of the Glu-MSNs@MnO, were
firstly investigated. Based on the measurements of PGM,
the loading quantity of glucose molecules in the MSNs was
calculated to be approximately 1.95 mmol g~! MSNs, which
was comparable to the previous reported work in the term
of loading efficiency [36]. And the results showed that in
the absence of target PAP, slight PGM signal change was
observed even incubated after 24 h (nearly 0.6) (Fig. S3),
indicating that negligible entrapped glucose molecule was
released and the Glu-MSNs@MnO, nanoprobes owned
excellent stability. While adding the target PAP to the
detection system, the outcomes was completely different.
Just adding 200 pM PAP, significant PGM signal change
was observed; the signal increased sharply and reached
the maximum at 6.5 min. All the results revealed that the
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Fig.1 a TEM image of MSNs and HRTEM image of MSNs (inset).
b TEM image of the Glu-MSNs@MnO, nanocomposites. ¢ STEM—
EDS chemical element mapping of the Glu-MSNs@MnO, nanocom-
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Glu-MSNs@MnO, nanoprobes can successfully react with
the target PAP, further induce the degradation of outer
MnO, and the remarkable release of glucose molecule,
and then generate significant PGM signal, which verified
the detection capability of Glu-MSNs@MnO, nanoprobes.
Meanwhile, the PGM signal raised up to the maximum at
6.5 min and then reached the plateau; therefore, 6.5 min
was chosen as the optimal reaction time for further experi-
ments (Fig. 2a). Moreover, a long-time test was performed
to investigate the detection ability of Glu-MSNs@MnO,
nanoprobes; the outcomes demonstrated that the nanoprobes
owned excellent stability and target-response capability even
after stored 2 weeks (Fig. 2b). All these corroborated that
the prepared Glu-MSNs@MnO, nanoprobes owned excel-
lent performance stability for the on-site monitoring of PAP.

Detection capability of Glu-MSNs@MnO, nanoprobes

Based on the optimal experimental conditions, the detection
performance of Glu-MSNs@MnO, nanoprobe for PAP was
investigated. As can be seen in Fig. 3a and Fig. S4, with
the increment of the concentration of PAP, the PGM signal
showed a gradual increase, which indicated that the reaction
between PAP and the outer layer MnO, successfully induced
the degradation of the locker layer of the Glu-MSNs@MnO,

nanoprobe, then triggered the unlocking process and the
release of entrapped glucose, and achieved “one to many”
signal output. And the PGM signal of detection system
exhibited a linear correlation to the concentration of PAP
in the range of 10—400 pM (Fig. 3b), with a linear regres-
sion equation ¥=(0.269+0.172) + (0.070 £9.14 x 1074 x
(%)) (R>=0.9992), and the detection limit was calculated
as 2.78 pM according to 3o/slope, where Y is the PGM sig-
nal and X is the PAP concentration. Moreover, the effect
of temperature and pH on the detection capability of Glu-
MSNs@MnO, nanoprobes was investigated, and the results
demonstrated that the temperature and pH factor have slight
effect on the PGM signal change of the detection system
(Fig. S5). All results demonstrated that the amplifiable nano-
probes Glu-MSNs@MnO, owned excellent performance for
sensitive detection of trace PAP.

The selectivity test

The selectivity test was performed to determine whether
the Glu-MSNs@MnO, nanoprobes own high specific-
ity for PAP detection in complex environment condition.
Similar benzene systems such as 4-aminobenzenesulfonic
acid, 4-aminobenzoic acid, diphenylamine, and N-phenyl-
I-naphthylamine were selected as analogs to investigate
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change of Glu-MSNs@MnO,
nanoprobe in the presence of 16 i $ 6 } [} } ¢ ¢
PAP (200 pM) with the reaction - . :
time prolonging. b At a series E el S 144 With PAP
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centrations of targets PAP (0, S 25| 25
10 pM, 20 pM, 50 pM, 100 pM, € E
200 uM, 400 pM, 500 pM, = 2} = 20
1 mM, 2 mM). b The linear g §
relationship of PGM signal to % 15} > 15F
target concentrations of PAP = ;
2 10} o 10
o
5F <4 gt
e
of . . . . L ok, A . . .
0 400 800 1200 1600 2000 0 100 200 300 400
Cpap (UM) Cpap (UM)

@ Springer



127 Page6of8

Microchim Acta (2024) 191:127

16
141
121

10 1

(]
1

(-2}
1
\-‘——’———————————’

PGM signal (mM)

IS
L

N
=3

«Q
-
Q
=
=

1

-
—
()
e
)
=
)
=2
@)
D

Fig.4 Selectivity test. PGM signal of the Glu-MSNs@MnO, nano-
probes reacting with target PAP (200 pM) and other analogues
(1 mM)

the selectivity of the nanoprobes. As shown in Fig. 4,
even added a higher concentration of analogue to the Glu-
MSNs@MnO, detection system, no significant PGM sig-
nal change was observed. While added with 200 pM PAP,
a remarkable signal increase was observed, and the PGM
signal was nearly 21 times higher than that of analogs
detection. Moreover, in order to verify the selectivity of
our method in environmental samples, several types of
inorganic substances such as monovalent cations (K*, Na*,
NH,*) and divalent cations (Mn**, Ca*") were utilized
for the selectivity test. As shown in Fig. S6, only target
PAP induced a significant PGM signal change; conversely,
there was negligible PGM signal change in the presence of
other inorganic substances. All results indicated that the
Glu-MSNs@MnO, nanoprobes own good selectivity and
can act as excellent candidate for on-site detection of PAP.

Real sample assays

In order to investigate the applicability of the Glu-MSNs@
MnO, nanoprobes, the recovery tests of water and soil sam-
ples were performed. Specifically, different concentrations
of PAP were spiked in river water and soil samples to obtain
final PAP concentrations of 30.0 pM, 80.0 pM, and 150 pM,
respectively. Then, these real samples were analyzed by the
Glu-MSNs@MnO, nanoprobes. As can be seen in Table 1,
the recovery rates were up to 98.8 +1.77-101 £4.77% in
river samples and also up to 96.7 +4.83-98.6 +2.02% in
soil samples. Moreover, in order to further prove that the
Glu-MSNs@MnO, nanoprobes can be used to detect PAP in
complex environmental samples, a real sample was detected
by the commonly used quantitative technology UV—Vis
quantitative analysis and the proposed method simultane-
ously. The results revealed that the accuracy of the designed
method showed good agreement with that of the UV—Vis
quantitative analysis (Fig. S7). And compared with other
detection methods, the outcomes revealed that the proposed
strategy owned comparable sensitivity, easier operation and
faster detection time (Table S1). All results indicated that
the Glu-MSNs@MnO, nanoprobes own excellent stability
in complex environment and possess a promising applica-
tion for sensitive detection of the environmental pollutants.

Conclusions

We designed and fabricated a one-target-many-trigger signal
model sensing strategy for rapid and sensitive detection of
the pollutant via the amplifiable nanoprobe Glu-MSNs@
MnO,. Compared to conventional pollutant detection meth-
ods, this new strategy possesses several distinct advantages.
First, attributed to the high loading capability of MSNs,
“one-to-many” signal response model is achieved, which
means that very small amount of target PAP can induce the
release of a large amounts of signal molecules. Thus, sig-
nificant signal amplification and highly sensitive detection
of PAP are realized. Second, due to the quick response of
the locker layer MnO, to the target PAP, the whole analysis

Table 1 Recovery tests of PAP

. i . Samples Added/(uM) Measured/(pM) Recovery/(%) RSD (n=3, %)
spiked in soil and river water
sample via the Glu-MSNs@ River water 0 <LOD _ _
MnO, nanoprobes 30.0 304 101 477
80.0 79.0 98.8 1.77
150 151 101 0.95
Soil 0 <LOD - -
30.0 29.0 96.7 4.83
80.0 77.6 97.0 3.60
150 148 98.6 2.02
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process was rapid; it just needed 6.5 min, which is beneficial
for on-site environmental detection. Third, any commercial
PGM can be employed as the signal readout in this method,
significantly decreasing the cost and the difficulty of opera-
tion and increasing the portability and application of such
nanoprobes. Therefore, the unique features of the amplifiable
nanoprobe Glu-MSNs@MnO, make the proposed strategy
owns promising potential to achieve rapid, portable, and sen-
sitive on-site detection of aromatic pollutants.
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