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Abstract

Bisphenol A (BPA) is one of the endocrine-disrupting chemicals which might cause reproductive and endocrine system diseases,
and poses a serious threat to the ecosystem and human health. This paper reports an ultrasensitive sensor for trace BPA detection
employing fluorescence resonance energy transfer (FRET) between modified upconversion nanoparticles (UCNPs) and
tetramethylrhodamine. To circumvent the problems of low luminous efficiency of FRET and low sensitivity of sensor, the
upconversion nanoparticles with very strong fluorescence efficiency were prepared and quantitatively modified. Results showed
that the concentrations of amino groups and streptavidin were 43 nmol/mg and 6.12 pg/mg on the surface of the UCNPs,
respectively. Under the optimal detection conditions, the peak intensity of UCNPs at 547 nm was linear with the logarithm of
the BPA concentration with the detection limit of 0.05 ng/mL. Without complicated pre-processing, the recoveries were in
general between 91.0 and 115.0% in tap water, river water, and disposable paper cup water. Therefore, the proposed sensor is

suitable for effective sensing of trace BPA in water samples.
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Introduction

Bisphenol A (BPA), a typical environmental estrogen, is wide-
ly applied to the plastic products such as disposable paper cup,

Qiaofeng Li and Jialei Bai contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/500216-018-1425-8) contains supplementary
material, which is available to authorized users.

>< Baoan Ning
ningba@163.com

< Zhixian Gao
gaozhx@163.com

Tianjin Key Laboratory of Risk Assessment and Control Technology
for Environment and Food Safety, Institute of Environmental and
Operational Medicine, Academy of Military Medical Science,
Academy of Military Science, Da Li Road 1, Tianjin 300050, China

State Key Laboratory of Food Science and Technology, School of
Food Science and Technology, Lihu Road 1800,
Wauxi 214122, Jiangsu, China

School of Chemistry, University of New South Wales,
Sydney, NSW 2052, Australia

Published online: 03 November 2018

feeding bottles, and water bottles [1]. What’s notable is that it
can migrate into water and food by leaching from landfills,
combustion of domestic waste, and degradation of plastics in
the environment [2], causing the issue of public health [3].
Considering the extensive application and toxicological im-
pacts of BPA, Chinese National Standard (GB 5749-2006,
Standards for drinking water quality) proposed that the con-
centration of BPA in drinking water should not exceed
0.01 mg/L. Therefore, the methods for determining trace
BPA may prove to be pivotal and highly desired.

Up to now, different analytical technologies have been used
for BPA detection, such as high-performance liquid chroma-
tography (HPLC) [4], chromatography and chromatography-
mass spectrometry [5], liquid chromatography coupled with
mass spectrometry (LC-MS) [6, 7], immunoassay methods
[8—10], and colorimetric methods [11]. These instrumental
analysis methods exhibit high accuracy, but the major disad-
vantages are expensive, time-consuming, and requiring well-
trained operators. In view of the complex processes of anti-
bodies and the high requirement in detecting conditions, im-
munoassay methods might lead to unsatisfactory results. In
recent years, a novel single-stranded DNA/RNA oligonucle-
otides (also called aptamer), selected in vitro by systematic
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evolution of ligands by exponential enrichment binding
(SELEX) was finally proposed [12]. Aptamer can specifically
bind to kinds of targets by folding together or forming certain
conformations [13]. Especially, the characteristics of cost-
effectiveness and the convenience of synthesis render aptamer
an ideal sensing element in BPA determination [14, 15]. Since
the BPA aptamer was first screened, many related types of
research have been reported [16-22]. Among these methods,
the electrochemical method takes up a large proportion.
While, the fluorescent methods draw close attention thanks
to the advantages of easy operation, quick response, and con-
venient signal transduction [23].

The mechanism of fluorescence resonance energy transfer
(FRET) refers to a typical non-radiation energy transfer from
donors to receptors based on the interaction of electrical dipole
moment [24]. Spectral overlapping and the suitable distance
between donors and receptors facilitate the fluorescence reso-
nance energy transfer effective occurrence. Gold nanoclusters,
semiconductor quantum dots (QDs), and fluorescent dye such as
carboxytetramethylrhodamine (TAMRA) have been extensively
reported as luminophores [25-28]. However, high background
signals and lack of stable optical signals limited their wide use in
detecting some samples at trace levels. To improve this, many
reporters’ attentions have shifted to the upconversion nanoparti-
cles which can translate near infrared low-energy excitation ra-
diation to higher visible energy emission. Nevertheless, previous
studies based on UCNPs and FRET for detecting bisphenol A
are rarely involved, not to mention systematic quantification of
modified compounds coating on UCNPs [29-31]. What’s more,
to the best of our knowledge, the sample pre-treatment of the
above methods are complex. Thus, an ultrasensitive and simple
method based on modified UCNPs and TAMRA-based FRET
are likely to be promising for the detection of trace BPA and
other environmental estrogens.

Herein, a sensor based on modified upconversion nanopar-
ticles and FRET was developed for sensitive detection of trace
BPA in water samples. Through experimental exploration, the
prepared UCNPs possess significant fluorescence efficiency
with an ultra-thin silicon shell (6 nm), then streptavidin (SA)-
modified UCNPs were prepared and upconversion fluores-
cence probes were formed as soon as UCNPs labeled with
biotin-modified BPA aptamer through biotin-SA system.
BPA-cDNA was labeled with TAMRA, rendering the FRET
phenomenon possible under the special recognition between
BPA aptamer and BPA-cDNA. In the presence of different
concentrations of BPA, the fluorescence recovery intensity
was proportional to the concentration of BPA. It is noteworthy
that we implemented a strategy by connecting the aptamer to
the UCNP via the biotin-SA system to achieve signal ampli-
fication. More importantly, the UCNPs with much more
surface-modified amino groups were preferred and quantified.
This strategy could maximize the consumption of the saved
biological molecules, and achieve the purpose of minimizing
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the detection limit, thereby improving the detection sensitivi-
ty. Based on the above design, a sensitive and convenient
approach was well-established for trace BPA detection.

Material and methods
Reagents and materials

YCl3°7H,0, YbCl3*6H,0, and ErCl;6H,O (with the
purity 99.99%) were obtained from Xiya Chemical
Reagent (Shandong, China). Tetrabromo-bisphenol A
(TBBPA), 4,4-bisphenol (BP), bisphenol B (BPB),
4,4'-(hexafluoroisopropylidene) diphenol (6F-BPA), and
bisphenol C (BPC) were purchased from Yuanye
Biotech Company (Shanghai, China). Tetracthoxysilane
(TEOS), bisphenol A (BPA), and 3-aminopropyl
triethoxysilane (APTES) were purchased from Sigma-
Aldrich Co (St. Louis, MO, USA). Millipore Milli-Q
ultrapure water (Millipore, Z 18 MQ cm™') was pre-
pared in our laboratory. All solvents and chemicals were
of reagent quality and used without further purification.
Actual water samples were taken from the tap water in
our laboratory and Haihe River in Tianjin, China.
Disposable paper cups were bought from the local
supermarket.

The BPA aptamer and its complementary DNA were syn-
thesized by Sangon Biological Science & Technology
(Shanghai, China). The sequences of the oligonucleotides
are designed according to reported studies [17]. The detailed
sequences are as follows:

*  BPA aptamer: 5'-biotin-CCGGT GGGTG GTCAG
GTGGG ATAGC GTTCC GCGTA TGGCC CAGCG
CATCA CGGGT TCGCA CCA-3'

*  BPA complementary DNA (cDNA): 5'-CTGAC CACCC
ACCGG-TAMRA-3'

Apparatus

UV-visible absorption spectra of the modified UCNPs were
recorded by a TU-1901 spectrometer (Shimadzu, Japan).
Millipore Milli-Q ultrapure (18 M cm ') was used through-
out the whole research and obtained from a Millipore Direct-
Q®3 system (Merck Millipore, Billerica, MA, USA).
Transmission electron microscopy (TEM, JEOL, Japan) with
a JEM-100CXII instrument was performed to observe the size
and shape of UCNPs. Fourier-transform infrared spectroscopy
(FTIR) of the modified UCNPs were observed via a Bio-Rad
FTS6000 Fourier-transform infrared spectrometer (FTIR
spectrometer) using the KBr method. The upconversion lumi-
nescence spectra were collected by an F-4500 fluorescence
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spectrophotometer (Hitachi, Japan) with an external 980-nm
laser (Beijing Hi-Tech Optoelectronic, China).

Synthesis and modification of NaYF,: Yb, Er UCNPs

In this study, the UCNPs were synthesized according to related
literature [32] and compared under different experimental con-
ditions, such as the molar ratio of LnCl;, maximum tempera-
ture, and incubation time. At last, the group with the highest
luminous intensity was chosen. The final UCNPs used in this
experiment were prepared as follows: YCl3+7H,O0,
YbCls*6H,0, and ErCl3*6H,O (molar ratios, 78% Y:20%
Yb:2% Er) were dissolved with 10 mL oleic acid and 35 mL
1-octadecene under constant stirring in a 100-mL flask. Then, it
was heated to 160 °C and kept for 15 min to form a homoge-
neous solution, cooled down to room temperature. Twenty mil-
liliters of a methanol solution containing 0.20 g NaOH and
0.35 g NH4F was added dropwise into the flask, and the reac-
tion continued for 30 min with vigorous stirring. The mixture
was degassed at 100 °C for removing water vapor and metha-
nol. Then, the remaining solution was heated to 320 °C quickly
under the nitrogen atmosphere with a retention time of 1 h.

The precipitates were obtained by centrifugation, washed
with ethanol for several times, then dried under vacuum at
60 °C for 12 h. Amino-functionalized UCNPs were prepared
through the Stober-based method [33] with minor alteration.
Typically, 150 mg of NaYF,4: Yb, Er UCNPs was dispersed in
95 mL of alcohol by ultrasonication for 30 min. Then, 3.8 mL
of ammonium hydroxide, 30 mL of water, and 90 uL. of TEOS
were added to the suspension. After the reaction system was
sustained at 40 °C under vigorous agitation for 4 h, 300 puL of
APTES was added dropwise into the above mixture and the
mixture was kept for 6 h. Finally, amino-modified UCNPs
were formed and collected by centrifugation, washed with
ethanol, and dried at 60 °C for 12 h.

Quantitative modification of UCNPs and fluorescence
probe preparation

The connection amount of amino groups and SA quantification
coated on the surface of UCNPs were explored cause it might
have much more subsequent attachment of biomolecules if
much more surface-modified UCNPs existed. The amount of
amino groups on the surface of nanoparticles was determined as
shown in Fig. S5 (see Electronic Supplementary Material,
ESM) and the main experimental steps for SA quantification
were referenced to previous research [34]. Firstly, before the
quantitative determination, a standard curve was drawn accord-
ing to the relationship between different concentrations of SA
and the characteristic absorption peak of the protein at 282-nm
wavelength before and after the SA reaction using a UV-Vis
spectrophotometer. Next, 5 mg amino-functionalized UCNPs
was dispersed in 2.5 mL of 0.01 M PBS by ultrasonication for

at least 15 min, and then 0.63 mL of 25% glutaraldehyde was
added and the mixture was shaken gently on a shaking table for
2 h at room temperature. The resultants were separated by cen-
trifugation (10,000 rpm, 10 min) and were washed with PBS
for three times to remove redundant glutaraldehyde. The above
nanoparticles were redispersed in 0.01 M PBS, then several
concentrations of SA were added to the solution and the mixture
was shaken slowly for 12 h at 25 °C. Afterwards, the SA-
modified UCNPs were centrifuged, washed, and suspended in
2.5 mL of 0.01 M PBS. The first supernatant was used to
quantify the connected SA with reference to the standard curve.

Prior to fluorescence probe preparation, the BPA aptamer
was pre-treated to ensure the better combination with the tar-
get. After dissolution, the aptamer was heated at 95 °C for
5 min, placed in ice water immediately to reduce the effect
of nucleic acid secondary structure on the experiment. Next, a
certain amount of BPA aptamer was added to 0.5 mg/mL of
SA-modified UCNPs at 37 °C for 1 h under vertical mixing.
After final centrifugation, the products were washed for three
times with PBS and stored at 4 °C before use.

Assay protocol and sample preparation

After the upconversion, fluorescence probe was obtained, a
total 500 pL reaction system of the probe and the optimized
BPA-cDNA in buffer were incubated at 37 °C for 40 min.
After that, the products were separated by centrifugation and
resuspended in a buffer, thus BPA probe-cDNA was obtained.
After that, 100 puL of BPA standard solutions of various con-
centrations was added into the reaction system and further
incubated at 37 °C for 1 h. After being separated and washed
three times, the final mixture was determined with a 980-nm
excitation laser to get the luminescence intensity.

Actual water samples used in this work were taken from the
tap water in our laboratory, Haihe River in Tianjin, China, and
water in disposable paper cups. Considering BPA may dissolve
from disposable paper cups at high temperature, the disposable
paper cups were placed in 150 mL tap water at 100 °C for
30 min. Then, three kinds of water were not subjected to other
complex pre-treatment except filtration by 0.22-um filter twice.

Results and discussion
Design strategy for this method

The schematic of detection for BPA is shown in Fig. 1. In brief,
UCNPs modified with SA are linked to BPA aptamer by the
biotin-SA system, subsequently hybridized with the BPA-
cDNA; thus, the fluorescence resonance energy transfer occurs
between UCNPs and TAMRA. Spectral overlap between
UCNPs fluorescence and TAMRA absorption can be seen in
Fig. 2. The nanocomposites are formed; witness the minimal
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Fig. 1 Schematic illustration for BPA detection

luminescence intensity when the system is excited at 980 nm. In
the presence of BPA, the aptamer prefers to bind with BPA
which causes the dissociation of some BPA-cDNA and leads
to the recovery of fluorescence intensity. As a result, the highly
specific and sensitive fluorescence detection of BPA is
established and the fluorescence intensity is linearly correlated
to the logarithm of the BPA concentration in the sensing system.

Synthesis and characterization

It is found that the molar ratio of lanthanides, incubation temper-
ature, and time had great influence on the size and shape of
particles during the synthesis of UCNPs. Therefore, after
adjusting the reaction conditions (see ESM Fig. S1 and
Table S1), the UCNPs with the highest luminescence efficiency

@ Springer

were prepared and chosen by comparing the fluorescence inten-
sity of bare UCNPs and silicon-coated UCNPs (ESM Fig. S2). It
is remarkable that UCNPs coated with a silicon shell still exhibit a
higher luminescence efficiency and ensure cross-linking of more
biomolecules. The TEM images of UCNPs for this research be-
fore and after modification are shown in Fig. 3(A) which is from
group (C) Fig. S1 (see ESM). The average diameter of UCNPs is
73 nm. After modification, UCNPs increases to approximately
85 nm because of a 6-nm-thick silica layer. Meanwhile, dynamic
light scattering was performed to characterize the UCNPs. The
average diameters of UCNPs and amino-functionalized UCNPs
are measured to be 73 £0.5 nm and 85+ 0.6 nm, respectively
(ESM Fig. S3). Moreover, the UCNPs before and after modifi-
cation were dispersed in water, respectively. Furthermore, the
photographs of two groups of UCNPs were taken under natural
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Fig. 2 Spectral overlap between UCNP fluorescence and TAMRA

absorption. The absorption spectra of TAMRA (with the maximum

absorption wavelength at 553 nm) and the emission spectrum of UCNPs

(with the maximum emission wavelength at 547 nm) have a certain overlap
which can produce efficient FRET between them under specific conditions

light and 980-nm laser illumination (ESM Fig. S4). Results reveal
that the solubility of the UCNPs has changed, indicating the
successful surface modification of the UCNPs. The UCNPs emit
green fluorescence under 980-nm laser illumination, but there is
no significant difference between the two groups of the UCNPs.
The phenomenon above indicates the UCNPs still have a strong
fluorescence intensity after modification.

To confirm the SA-modified UCNPs, FTIR spectrum was
used for characterization. As can be seen in Fig. 3(B), the bands
at 2926 cm ' and 2854 cm ! are the asymmetric and symmetric
stretching vibrations of a methylene group (-CH2-), respectively,
caused by the long-chain alkyl from oleic acid molecules. In
addition, the two peaks at 1562 cm ™' and 1463 cm " are assigned
to the asymmetric and symmetric stretching vibrations of the
carboxylic group (COO-). It confirms that OA-UCNPs have been
formed (red line). After silica and SA modification, the symmetric
stretching vibration of the silicon-oxygen bond (Si-O) can be
found at 1091 cm '. Meanwhile, the bands at 1650 cm ! and
1535 cm™' appear which belong to the stretching and bending
vibrations of an amide group (-CONH-), indicating that the
amino-modified UCNPs is successfully formed (black line).

a

before _sm

The standard curve of the amino-group quantification of the
UCNPs’ surface was made (ESM Fig. S5), from which we
could calculate each milligram of UCNPs coupled with 43 nmol
amino group. The optimal concentration of SA was studied
after the amino-functionalized UCNPs conjugated to SA suc-
cessfully. The conjugation of the SA and amino-functionalized
UCNPs was examined by UV-Vis absorption spectroscopy.
Figure 4(A) showed the calibration curve of the absorbance
versus different concentrations of SA. The distinct decrease of
the absorption maximum at 280 nm of the SA concentration in
the supernatant before and after the cross-linking reaction sug-
gests that SA is successfully conjugated to amino-modified
UCNPs. The optimal concentration of SA is obtained by com-
paring the absorption decrease between different concentrations
of SA which can be seen in Fig. S6 (see ESM). The results show
that 0.04 mg/mL of SA exhibits maximum reduction of absor-
bance. According to the calibration curve of the absorbance
versus different concentrations of SA, each milligram of
UCNPs could be coupled with 6.12 pug SA.

The nanoparticles were modified in multiple steps, there
might be a small amount of other substances in the system.
Therefore, we further explored the fluorescence intensity of nano-
particles in different states to analyze whether BPA aptamer was
successfully coupled to SA-functionalized UCNPs and cDNA.
Figure 4(B) shows the different fluorescence intensities in the
system. The fluorescence intensity of UCNPs is the highest,
while the others show a slight decrease, but once BPA-aptamer-
modified UCNPs and BPA-cDNA are coexisting, the fluores-
cence intensity will decrease significantly due to the FRET be-
tween UCNPs and TAMRA, which indirectly proves the success
of coupling BPA aptamer with SA-functionalized UCNPs. The
conjugation of BPA aptamer and SA-functionalized UCNPs was
determined by a specific adsorption experiment.

Optimization of detection conditions

The fluorescence parameters have a direct influence on the fluo-
rescence intensity of UCNPs: the detection results would be
more accurate by optimizing the current intensity and slit width

b
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after 4000 3500 3000 2500 2000 1500 1000 500
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Fig. 3 (A) TEM images of UCNPs before and after modification. (B) FTIR spectra of bare UCNPs (red line) and modification UCNPs (black line)
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Fig. 4 (A) Calibration curve of the absorbance versus different
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ticles in different states through specific adsorption experiment (1,

parameters. The changes of parameters have a significant effect
on the fluorescence quenching intensity (4F) which can be seen
in Fig. 5(A). The more intensity quenched, the wider detection
range of BPA is, but the most quenched was discarded in case of
great error because it exceeded the instrument range. Therefore,
the fluorescence parameters are chosen as follows: the current
intensity (), 0.35 A; slit width of excitation luminescence (Ex)
and emission luminescence (Em), 2.5 nm and 5.0 nm.

We optimized the type and pH of several buffers as different
buffer solutions might seriously impact the detection results.
Figure 5(B) shows that the first buffer contributes to the max-
imum quenching. The reason for this is probably that the ap-
propriate concentrations of sodium and magnesium ions are
likely to reduce the Debye length caused by the negative charge
of the DNA phosphate backbone, thereby reducing the hybrid-
ization resistance and achieving the purpose of more efficient
binding of the reactants [35, 36]. According to the information I
have, aptamers and its complementary sequences are easier to
combine in alkaline solution. Based on the principle of simplic-
ity and practicability, we roughly selected three concentrations
and found that the pH 7.6 works best (ESM Fig. S7). Thus, for
the buffer of 100 mM NaCl+ 10 mM MgCl, + 10 mM PBS,
pH 7.6 is used in the subsequent experiments.

The optimal concentration of aptamer would have a signifi-
cant effect on the detection sensitivity and linear range. Thus, a
comparative study was performed to determine the maximum
quenching of the nanocomposites. The mixture of 0.5 mg/mL
SA-modified UCNPs and different concentrations of biotin-
aptamers was shaken slowly at 25 °C for 1 h. After centrifugation
and washing, cDNA was added to the system and hybridized at
37 °C for 40 min. As shown in Fig. 5(C), the quenching intensity
increases with an increasing concentration of BPA aptamer, and
it reaches a maximum with the addition of 6 uM of BPA aptamer.
This indicates that too low or too high concentration of BPA
aptamer might count against the effect of reaction, thus the opti-
mal concentration of aptamer is determined.
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Just as mentioned above, in the presence of BPA, the
aptamer prefers to bind with BPA and causes the dissoci-
ation of cDNA, leading to the recovery of fluorescence
intensity of UCNPs at 547 nm. Hence, a different incuba-
tion time of BPA and aptamer were tested. As shown in
Fig. 5(D), with an increase in reaction time from 10 to
60 min, the fluorescence recovery intensity gradually in-
creases. It reaches a maximum at 60 min and then a slight
decline occurred. Thus, incubation for 60 min is sufficient
for this system.

Assay protocol and calibration curve

Based on the optimal conditions, the variation of fluorescence
intensity under different concentrations of BPA was studied.
The fluorescence spectrum of various luminous intensities ob-
tained in the presence of different concentrations of BPA is
shown in Fig. 6. The results show that fluorescence intensity
AF (AF = F — F, wherein F, and F represent the fluorescence
intensity in the absence and presence of different concentrations
of BPA, respectively) increases linearly with the logarithm of
the BPA concentration in the range of 0.1 to 25 ng/mL (R* =

0.9938), which is lower than the maximum residue limit (MRL)
10 ng/mL of BPA in drinking water (GB 5749-2006, National
Standard for drinking water quality of China). Such a low de-
tection line might be due to the ultrahigh fluorescence efficien-
cy of UCNPs and the specificity of this method.

Specificity evaluation and sample detection

To investigate the specific response of our new approach to
BPA over other analogs, the fluorescence intensity of each
analog was recorded. In Fig. 7, the results indicate that BPA
induces a noticeable fluorescence change at 547 nm; however,
its analogs arouse quite low signals. Moreover, considering
that foreign cations and anions may have an effect on the
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Table 1  Detection results of BPA spiked in water samples via this
method (n=6)

Sample Background  Added Found Recovery RSD
(ng/mL) (ng/mL)  (ng/mL) (%) (%)
Tap water 0 0.1 0.103 103.0 3.7
0 5 5.430 108.6 2.8
0 25 23102 924 2.8
Haihe River 0 0.1 0.091 91.0 2.3
0 5 5.085 101.7 2.1
0 25 24802 992 4.5
Disposable ~ 0.253 0.1 0.368 115.0 7.2
papercup - (253 5 5.502 105.0 2.6
0.253 25 25.303 100.2 3.9

experimental results, the different cations and anions (10 times
concentration of BPA) were added in the buffer to investigate
this conjecture (ESM Fig. S8). The results confirm that this
method possesses extraordinary selectivity to BPA. The rea-
son might be that the aptamer mainly binds to the target
through the hairpin structure or spatial configuration, and oth-
er substances are insufficient to cause conformation change of
aptamer, so the influence of the analogs and foreign ions on
the detection of actual water sample can be ignored.

Finally, in order to further investigate the application of this
method, the spiking known quantity BPA in tap water, water
from Haihe River, and water in the disposable paper cup was
determined. BPA was detected in the original samples by
HPLC. As shown in Table 1, the recoveries are in general
between 91.0 and 115.0% and the RSD is below 7.2% which
obtained by six independent experiments. A comparison of
recovery between this method and other reported methods
for BPA is summarized (ESM Table S2). Compared with other
methods, the proposed fluorescent method has a wider detec-
tion range with the much lower detection limit of 0.05 ng/mL.
In addition, the proposed method allows direct detection in
real water samples in 2 h with only twice-filtered.

Conclusion

In summary, relying on the quantitatively modified UCNPs, a
sensitive sensor was developed for detecting trace BPA in
water samples. Compared to other methods, we prepared the
high-efficiency luminescent NaYF,: Yb, Er UCNPs and uti-
lized UCNPs and TAMRA making the FRET happen, ensur-
ing a higher fluorescence response and super-duper sensitivi-
ty. Through optimizing crucial reaction conditions, the pro-
posed method is superior to other fluorescence methods with
the detection limit of 0.05 ng/mL, especially in oversimplified
sample pre-treatment. It is reasonable to imagine that this
analysis platform possessing the strengths of being highly
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sensitive, time-saving, simple, and practical provides a useful
model for detecting contaminants in water samples.
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