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The rapid detection of pollutants with high sensitivity and selectivity is of considerable significance for
security screening, environmental safety, and human health. In this study, we prepared persistent
luminescence nanoparticles (PLNPs) and constructed a label-free sensor for sensitive and selective
detection of pollutants in real samples and test papers. Following excitation, PLNPs could store absorbed
light energy and release it in the form of luminescence. Compared with a fluorescence-based technique,
a PLNPs-based measurement could effectively avoid background interference. Under optimal conditions,
the limit of detection for TNP was found to be 10 nM, while for an antibiotic it was 5 nM. The nanoprobe
was successfully applied for the detection of pollutants in real samples including milk and Dianchi Lake
water samples. Due to the long-lasting afterglow nature of PLNPs, the signal-to-noise ratio could be
greatly increased in complex real samples. By hand-writing with TNP solution as ink on filter paper, the
photoluminescence (PL) of the part stained with TNP was immediately quenched. Moreover, after direct

Received 8th November 2017 exposure under a UV lamp for 10 min and without further excitation, the luminescence of the test paper
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was investigated to avoid interferents. This PLNP material could be potentially employed as a multi-
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Introduction

The rapid and selective detection of pollutants is of consider-
able significance for security screening, environmental safety,
and human health. Antibiotics are extensively employed for the
treatment of bacterial infections in animals and humans."? It is
reported that the total antibiotic usage in 2013 was approxi-
mately 162 000 tons in China.** Moreover, the abuse of antibi-
otics could cause the accumulation of high levels of antibiotic
residues, so they are regarded as a class of important organic
pollutants.**® Similarly, nitroaromatics such as 2,4,6-trinitro-
toluene (TNT) and 2,4,6-trinitrophenol (TNP or picric acid) are
widely used as explosives, which are also considered as unde-
sirable organic pollutants in waste water.”® These chemicals are

“College of Chemistry and Chemical Engineering, Yunnan Normal University, Kunming
650092, Yunnan, P. R. China. E-mail: hudierong 168@163.com; yyhui2002@aliyun.
com; Tel: +86-871-65941087

*Molecular Science and Biomedicine Laboratory, State Key Laboratory of Chemo/
Biosensing and Chemometrics, College of Chemistry and Chemical Engineering,
Collaborative Innovation Center for Molecular Engineering for Theronastics, Hunan
University, Changsha, 410082, China

T Electronic  supplementary
10.1039/c7ra12222e

information  (ESI) available. See DOL

5714 | RSC Aadv., 2018, 8, 5714-5720

responsive luminescent sensor.

In addition, these easy-to-use visual techniques could provide
a powerful tool for a convenient POC assay of organic pollutants.

highly poisonous and difficult to degrade by nature. Apart from
being highly explosive, TNP is frequently used in dyes, fire-
works, matches and leather industries. It can cause severe irri-
tation, skin allergy, dizziness, nausea, as well as liver and kidney
damage. To address these issues, various luminescent sensors
with high sensitivity as well as simplicity have been developed
for the sensing of these specific pollutants.”** However, these
reported luminescent methods often suffer from some limita-
tions such as low detection limits or poor signal-to-noise ratio
from autofluorescence. Therefore, there is an urgent need to
explore new materials or reagents for the detection of antibi-
otics and nitroaromatic pollutants.

Recently, substantial efforts have been made worldwide to
resolve these problems. To date, numerous nanomaterials have
been synthesized for the sensitive and selective detection of
pollutants. Li et al.* and Han et al.® designed a class of porous
metal-organic frameworks (MOFs) for the selective detection
and removal of antibiotics and nitroaromatics. Xing et al.
developed amino-functionalized MOFs for the detection of
TNP." Unfortunately, MOFs are not stable in water during long-
term storage in the water. Most of the reported MOFs perform
detection of TNP is in the organic/organic-water mixture
phase,”*** which might not be applicable for real sample

This journal is © The Royal Society of Chemistry 2018
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detection, such as biological samples. Recently, Xian et al.*®
synthesized a polyimide covalent organic framework for the
detection of TNP. Wu et al.’” and Huang et al.*® synthesized
carbon nanodots for TNP detection. Chen et al.*® reported a TNP
detection strategy based on fluorescent silicon nanoparticles.
Although good performances have been achieved, these
methods usually suffered from low sensitivity. Thus, developing
a new sensing platform for pollutants in water with high
sensitivity is still necessary.

Lanthanides (Ln**)-doped upconversion nanoparticles
have been rapidly developed in the past decade. These parti-
cles are suitable for use as alternatives to conventional
downshifting luminescent bioprobes, such as quantum dots
or organic fluorescent dyes, because of their long photo-
luminescence (PL) lifetimes and low toxicity.*** Inspired by
the unique properties of upconversion nanoparticles, in this
paper, a new method for the synthesis of persistent lumines-
cence nanoparticles (PLNPs) is presented. PLNPs are one of
the important light-light transformation and energy-saving
materials,”?” which could store the absorbed light energy
and release it in the form of luminescence following excita-
tion. The photoluminescence lifetime of PLNPs is of the order
of several hours or longer,>**® while common organic dyes and
biocompounds are of the order of nanoseconds.>*° These
PLNPs phosphors might open numerous technologically
important applications in security, solar energy utilization and
medical diagnosis.

Compared with fluorescence-based techniques, PLNPs-
based measurements could effectively avoid background inter-
ference. They exhibit less autofluorescence, have reduced light
scattering and are less affected by the environment, such as
fluctuations in oxygen concentration and the emission spectra
of other heavy metal complexes. These properties make PLNPs
promising alternatives for bioimaging and biosensor applica-
tions. For example, Yan et al.>* reported a fluorescence reso-
nance energy transfer (FRET) inhibition assay for a-fetoprotein
(AFP) detection using functionalized PLNPs. Their long-lasting
afterglow nature allows detection and imaging without
external illumination, thus eliminating autofluorescence and
light scattering from biological matrices encountered under in
situ excitation. Thus, PLNPs would appear to be a favorable
platform for the construction of detection methods for pollut-
ants. However, these materials have rarely been explored in
biosensor applications such as the detection of antibiotics and
explosives in the environment. Therefore, it is of great interest
to use these PLNPs for the detection of antibiotics and organic
explosives due to their low autofluorescence and reduced
light scattering, which could effectively avoid background
interference.

Herein, we constructed a label-free sensor for sensitive and
selective detection of organic pollutants (Fig. 1). There was
a wide overlap between the absorption spectra of the pollutants
and the photoluminescence (PL) excitation spectra of the
PLNPs. Thus, the luminescence of PLNPs could be quenched by
antibiotic and nitroaromatic pollutants. Consequently, quanti-
tative and selective analysis of the antibiotic and TNP could be
achieved under optimal conditions. The nanoprobe was
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Fig. 1 Schematic illustration for the sensitive and selective detection
of organic pollutants based on the PLNPs nanoprobe.

successfully applied for the detection of pollutants in real
samples including milk and Dianchi Lake water samples. Due
to the long-lasting afterglow nature of PLNPs, the signal-
to-noise ratio could be greatly increased in complex real
samples. Whether it was dipped or written with the TNP solu-
tion on the paper, the PL of the part stained with TNP was
immediately quenched (under irradiation with UV lamp). High
background fluorescence arising primarily from paper whit-
ening additives was observed. Therefore, a test paper without
further excitation after direct exposure under a UV lamp for
10 min was also used to avoid interferents. In addition, the
pattern became increasingly darker as the concentration of TNP
in the ink increased. This quenching process is quick, and
could be finished within half a minute. These easy-to-use visual
techniques could provide a powerful tool for a convenient POC
assay for organic pollutants.

Experimental
Materials and apparatus

Al, O3, europium nitrate Eu(NOj);-6H,0, Dy,03, antibiotic
nitrofurazone and Sr,03; were purchased from Aladdin Co., Ltd.
(Shanghai, China). TNP was obtained from West Long Chemical
Co., Ltd. (Sichuan, China). Urea and phosphate buffer solution
(PBS, pH 7.4) were obtained from Sigma Co., Ltd. (Missouri,
USA). All other reagents were of analytical reagent grade and
used without further purification. Doubly distilled water
(resistance > 18 MQ cm ) was employed throughout all the
experiments.

All measurements were carried out at room temperature
unless otherwise stated. UV-vis spectroscopic measurements
were carried out using a U-3310 spectrophotometer (Hitachi
Company, Tokyo, Japan). Luminescence measurements were
performed on a microplate reader (Gene Company Limited,
USA). PL measurements were carried out on an F-4600 spec-
trofluorometer (Hitachi Company, Tokyo, Japan).
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Preparation of PLNPs

Briefly, Sr,0; and Dy,0; powder were dissolved in concentrated
nitric acid to obtain Sr(NO;), and Dy(NO3); solution (0.1 M). All
other raw materials were dissolved in ultrapure water to obtain
a solution with a final concentration of 0.1 M. Then, 5 mL urea,
4 mL Sr(NO3),, 8 mL Al(NO3);, 0.08 mL Eu(NO3);-6H,0, and
0.16 mL Dy(NO3); were added together to form a solution. The
mixture was allowed to react for 1 h. Then, the final solution was
adjusted to pH 8 with ammonia. After 2 h, the mixture was
transferred into Teflon-lined stainless steel autoclave and
heated at 140 °C for 12 h. After cooling down to room temper-
ature, the obtained product was collected and washed several
times with distilled water and absolute ethanol and then dried.
The resultant product was directly fired in a zircon crucible in
a weak reductive atmosphere [10% H,, 90% Ar] at 1200 °C for
10 h. Finally, the powder was ground with an agate mortar and
pestle to obtain the desired nanoparticles.

Cell culture

HeLa cells (cervical cancer cells) were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS) (heat
inactivated, GIBCO) and 100 IU mL~" penicillin-streptomycin
(Cellgro) at 37 °C in a humid atmosphere with 5% CO,. The cell
density was determined using a hemocytometer prior to each
experiment.

Initially, 0.5 mg mL~" PLNPs were incubated with HelLa
cancer cells at 37 °C for 2 h. Then, the old medium was removed
and replaced with fresh medium. Confocal microscopy was
then used to monitor the results.

MTS experiments were prepared according to the literature.**
Cells (5 x 10® HeLa cells per well) were treated with PLNPs in
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FBS-free medium. The supernatant medium was replaced after
incubation for 2 h in a cell culture incubator. Then, fresh
medium (10% FBS, 200 uL) was added for further cell growth
(48 h). Subsequently, the medium was again removed, and Cell-
Titer reagent (20 pL) diluted in fresh FBS-free medium (100 pL)
was added to each well and incubated for 1-2 h. The absorbance
(490 nm) was recorded using a microplate reader. Cell viability
was determined according to the manufacturer's description.

Measurement procedure

In a typical test, 10 pL PLNPs solution (1 mg mL~") and 10 pL of
different concentrations of target analytes were taken in
a centrifuge tube and reacted for 10 min. Then, 180 pL PBS
buffer was added to the above solution and the total volume of
the reaction solution was fixed at 200 pL.

Results and discussion

The Sr,Al40,5:Eu”**,Dy>* PLNPs were prepared by the
hydrothermal-coprecipitation method. Fig. 2 shows the digital
photos of the PLNP powder. The deep-green persistent lumi-
nescence could be discerned by the naked eyes, revealing a high
quantum yield (Fig. 2a). For the PLNPs colloidal solution,
transmission electron microscopy (TEM) shows that the as-
prepared NPs are roughly spherical (Fig. 2b). Dynamic light
scattering (DLS) analysis shows a hydrodynamic diameter of
170 nm (Fig. S1, ESIT). In order to reveal the spectroscopic
properties of the PLNPs colloidal solution, the PL emission and
excitation spectra of the PLNPs were investigated. Under exci-
tation wavelengths from 300 nm to 370 nm, one main fluores-
cence emission peak at 468 nm was detected, indicating that
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Fig. 2 (a) The digital photos of PLNPs powder (left), and 5 s after stop
emission spectra of the PLNPs; (d) time-dependent PL intensity of PLNPs
lamp for 10 min; (e) PL responses of the PLNPs in different pH solutions;
ions: 10 uM.
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energy transfer was still effective in water (Fig. S2, ESI{). A
maximum intense peak at 468 nm was obtained when the
excitation wavelength was set at 370 nm (Fig. 2c and S2, ESI¥).
The as-synthesized PLNPs exhibited excellent long-lasting
luminescence without further excitation. The PL of as-
prepared PLNPs lasted 6 h and became stable in a period of
20 min after excitation (Fig. 2d).

In order to achieve the best sensing performance, the
stability of the PLNPs was then studied at different pH and in
the presence of different ions to investigate whether they can
work in different conditions. As shown in Fig. 2e, the PL
intensity was almost constant from pH 3 to pH 10, indicating
that the PLNPs were basically stable at different pH conditions.
The stability of the PLNPs in the presence of several ions was
also investigated (Fig. 2f). The PL intensity of the PLNPs was
almost negligible in different ionic media, suggesting the
possibility of their application in high ionic strength
environments.

The sensing platform was first used for antibiotic detection.
In the presence of the antibiotic, the PL of PLNPs could be
quenched (Fig. S3, ESIt). The antibiotic nitrofurazone exhibited
a wide absorption spectrum from 300 nm to 480 nm, with
a strong absorption peak at 372 nm (Fig. S4, ESI{). After the
addition of TNP into the PLNPs, both their excitation and
emission spectra were quenched (Fig. S5, ESIf). This PL
quenching may arise from the potential ET process from the
excited PLNPs to the pollutant.'®® Then, a series of different
target concentrations were added to test whether the proposed
biosensor could be employed for quantitative detection of the
antibiotic. We can observe that the PL intensity gradually
decreased with an increase in target concentration. The
quenching efficiency could be quantitatively explained by the
Stern-Volmer (SV) equation:****

(IO/I) =1+ KSV[Q]7

where [Q] is the molar concentration of the analyte, K, is the
Stern-Volmer constant; I and I, are the PL intensities after and
before addition of the analyte, respectively. The change in PL
intensity with concentration was linear in the range from 0.025
to 2.5 uM (Fig. 3). A limit of detection (LOD) of 5 nM was ob-
tained by 3d/slope. Our proposed strategy exhibits shorter assay
time and a comparable or even lower, detection limit."**

To evaluate the selectivity of the PLNPs-based detection
system, the responses induced by several potential interferents
were also investigated under identical conditions. The obtained
results demonstrate that the antibiotic has a high quenching
efficiency towards NPs. Other interferents did not cause
significant changes in the PL intensity (Fig. S6, ESIT). In other
words, our designed biosensor has a high selectivity towards
other molecules.

The PLNPs could also be employed for imaging in living
cells. As shown in Fig. S7,7 the cells incubated with PLNPs show
a strong luminescence signal. In addition, the bright-field
image confirmed that the cells were viable throughout the
imaging experiments. Confocal imaging indicated that the
nanoprobe could be imaged in living cells. One key issue for
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Inset shows the responses of the sensing system to antibiotic at low
concentration.

practical bioapplications is the toxicity of PLNPs when
employed in bioimaging.*® The MTS assay shows that PLNPs
have a negligible influence on cancer cell proliferation
(Fig. S8t), indicating great prospects for biomedical
applications.

The biosensor was then applied in the detection of the
antibiotic in real samples (milk). The nanoprobe was first irra-
diated for 10 min before detection because the milk solution
might produce a strong fluorescent background under in situ
excitation.** Therefore, it could eliminate further excitation
during the detection process in milk samples and avoid the
fluorescent background noise originating from in situ excita-
tion. As shown in Fig. 4a, due to the long-lasting afterglow
nature of PLNPs, our proposed sensor could effectively avoid
autofluorescence and scattering of light from milk samples
under in situ excitation. As shown in Fig. S9, the PLNP image
showed a dark view after the addition of the antibiotic, while the
milk solution with the PLNPs exhibited a bright long-lasting PL
in the absence of the target. From the above results, we can
conclude that the sensor could be successfully employed to
detect antibiotics in complex real samples. Then, the detection
range and LOD of the antibiotic in milk were also determined.
The detection range was 0.1-50 uM in the milk sample (Fig. 4b)
with a detection limit of 50 nM at a signal-to-noise ratio of 3.

RSC Adv., 2018, 8, 5714-5720 | 5717
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(a) PL response of milk solutions with antibiotic after in situ excitation (365 nm) with a UV lamp for 10 min and subsequent removal of the

excitation source. The antibiotic concentration was 1 uM. (b) The relationship between fluorescence enhancement and the target concentration
in the real milk samples without further excitation after direct exposure under a UV lamp for 10 min.

TNP has a strong absorption at 370 nm; therefore, there
could be a competition for adsorption of excitation light
between TNP and PLNPs. Hence, PLNPs could also be employed
for the detection of organic explosives based on their PL
quenching processes (Fig. S10 and S11t)."* As displayed in
Fig. 5a, the PL intensity decreased significantly with an increase
in the target concentration. The change in intensity exhibited
a good relationship within the concentration range of 50 nM-5
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Fig.5 (a) PL spectra of assay systems at various concentrations of TNP
corresponding to data in the graph. (b) The relationship between
luminescence enhancement and the target concentration. Inset
shows the responses of the sensing system to TNP at low
concentration.

5718 | RSC Aadv., 2018, 8, 5714-5720

uM (Fig. 5b). The new system is very sensitive, with a detection
limit of 10 nM determined by the 3d/slope. Thus, compared to
other nitroaromatic detection methods, the PLNPs nanoprobe
exhibited a much higher fluorescence quenching response
toward TNP (Table S17).°*"2**¢3® The responses induced by
several potential interferents were also studied under the same
conditions as those used for TNP detection. The results
demonstrate that TNP has high quenching efficiencies toward
NFs, but interferents did not induce a visible PL response
(Fig. 6).

To further demonstrate the applicability of the TNP sensor,
the nanoprobe for the detection of TNP in water samples was
investigated. The water samples were obtained from Dianchi
Lake (Yunnan, Kunming, China). The water samples were
filtered and centrifuged. The recovery experiment was per-
formed on the samples spiked with TNP at different concen-
tration levels because there was no TNP in the water samples
detected by the PL sensor.** As shown in Table S2,f it was
observed that the real water samples showed good recovery
values, suggesting no interferences in these samples. The
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Fig. 6 Specificity for the determination of TNP using the proposed
sensor. The concentration of TNP and other interferents is 75 uM.
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relative standard deviation (RSD) of each sample was below 5%,
indicating that this assay has high reproducibility. Conse-
quently, the proposed PLNPs-based sensor could be success-
fully applied for the detection of TNP in real water samples.
Then, the nanoprobe sensor was employed for the detection
of TNP in the test paper. For test paper assays, a piece of
chromatography paper was first inserted into photoluminescent
PLNPs colloidal solution. Then, the paper was removed from
the solution and dried at 70 °C. The images were recorded by
a cell phone. As shown in Fig. 7, a normal paper without any
treatment appeared white. Under a 365 nm UV lamp, the paper
exhibited bright blue-green photoluminescence (Fig. 7a).
Moreover, the PL intensity increased as the concentration of
PLNPs increased (Fig. 7a and b). However, when the word “TNP”
was written on the photoluminescent paper using TNP solution,
the luminescence of the part stained with TNP was quenched
immediately (Fig. 7c and d). In addition, four different
concentrations of TNP solutions were dripped on different
zones in the paper. Under 365 nm UV light irradiation, the PL
intensity of the four zones was different, and the intensity
became increasingly darker when the concentration of TNP was
increased. From these abovementioned observations, we can
infer that the interference from the background fluorescence
arises primarily from paper whitening additives. Therefore, in
the following experiment, the treated paper was used without
further excitation after direct exposure under a UV lamp for
10 min. As shown in Fig. 7e, a clear and bright luminescence
image without any interference from background fluorescence

Fig. 7 Photo images of the test paper with high (a) or low concen-
tration of (b) PLNPs treatment; (c and d) visual detection of TNP by
handwriting on the treated paper with TNP solution. The concentra-
tion of TNP is 0.5 uM, 5 uM, 35 puM, and 1 mM from pattern under
a 365 nm UV lamp; (e) visual detection of TNP on the treated paper
with TNP solution without further excitation after direct exposure
under a UV lamp for 10 min; (f) photo image of the paper without any
treatment.

This journal is © The Royal Society of Chemistry 2018
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was observed. The part stained with TNP was still dark, which
revealed that the PLNP nanoprobe has the ability to suppress
background fluorescence. These properties of PLNPs demon-
strate a great potential for latent-finger print imaging, which do
not require special equipment. Moreover, the strategy could be
integrated with other recognition elements to broaden its
applications in bioassays. The above results indicated that our
proposed biosensor for the detection of TNP was successfully
fabricated.

Conclusion

In summary, a highly sensitive and label-free photo-
luminescence sensing platform based on long persistent lumi-
nescence nanoparticles was developed for assays of antibiotics
and 2,4,6-trinitrophenol. The biosensor was successfully
applied for the detection of pollutants in real samples and test
papers. Persistent luminescence nanoparticles with long-lasting
afterglow could effectively avoid background interference.
Under optimal conditions, the limit of detection for TNP was
found to be 10 nM. The limit of detection for the antibiotic was
found to be 5 nM as determined by the 3d6/slope. The nanoprobe
was successfully applied for the detection of pollutants in real
samples, i.e., milk and Dianchi Lake water samples. Due to the
long-lasting afterglow nature of PLNPs, the signal-to-noise ratio
could be greatly increased in complex real samples. By hand
writing or finger printing with TNP solution as ink on filter
paper soaked with the luminescence nanocomposites, the PL of
the part stained with TNP was immediately quenched. More-
over, a test paper without further excitation after direct exposure
under a UV lamp for 10 min was used to avoid interferents.
These easy-to-use visual techniques could provide a powerful
tool for a convenient POC assay for organic pollutants.
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