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Abstract
A high-sensitivity fluorescence immunoassay for atrazine was established. It is making use of hydrophilic NaYF4:Yb/Er
upconversion nanoparticles (UCNPs) conjugated to the anti-atrazine antibody as signal probe, and of polystyrene magnetic
microspheres (PMMs) conjugated to the coating antigen as the capture probe. The coating antigen on the capture probe competes
with atrazine for binding to the antibody on the signal probe to form the immuno complex. The complex is separated from the test
system bymagnetic action, and its green fluorescence is thenmeasured at excitation/emissionwavelengths of 980/552 nm using a
fluorescence spectrophotometer equipped with an external 980 nm laser. The method was applied to the determination of atrazine
in corn, rice, sugar cane juice, and river water. The immunoassay has a linear range that extends from 0.005 to 10 μg·L−1. The
assay also recognizes propazine and prometryn, and it therefore can be applied to detect these three herbicides simultaneously.
Sugar cane juice and river water samples can be analyzed directly without any pretreatment. The detection limits for atrazine are
2 ng·L−1 in sugar cane juice and river water samples, and 20 ng·kg−1 in corn and rice samples. The recoveries of spiked samples
range from 84.7 to 113.6%.
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Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1, 3, 5-
triazine) has been used worldwide for more than 50 years. It
is mainly used to effectively control the annual grasses and

broad leaf weeds of corn, sugar cane and other crops by
blocking the photosynthesis process of plants [1, 2]. Owing
to its stable structure, long residual period and certain water
solubility, atrazine will accumulate in water, soil and animals
[3, 4]. Atrazine can be detected in leafy vegetables, soil and
water even in urban areas. In China, the contamination of
atrazine has been reported in Yangtze River Delta agricultural
soils [5], and Taihu Lake [6]. Note that the trace amounts of
atrazine and metabolites have great potential hazards to hu-
man health and biological system. The toxic effect of atrazine
has been pointed out by a great quantity research [4]. Such as
atrazine can induce endocrine disorders, affect immune regu-
lation, cause mitochondrial dysfunction, and it also has genet-
ic toxicity, reproductive toxicity, and carcinogenesis [7–10].
Many countries have imposed restrictions on atrazine due to
its toxicological effects. Atrazine has been classified as an
endocrine disrupting pesticide and its Maximum
Contaminant Level (MCL) has set as 3 μg·L−1 by US
Environmental Protection Agency (EPA). The International
Agency for Research on Cancer (IARC) has categorized atra-
zine in the list of carcinogenic pesticides. The European
Union (EU) has banned the use of atrazine. Considering the
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hazard of atrazine, it is important to establish a high sensitive
method to detect atrazine.

Many methods have been developed to analyze atra-
zine. The conventional analytical techniques such as
high-performance liquid chromatography (HPLC) [11],
liquid chromatography tandem mass spectrometry (LC-
MS/MS) [12], gas chromatography-mass spectrometry
(GC-MS) [13], surface-enhanced Raman scattering
(SERS) [14], capillary electrophoresis (CE) [15], color-
imetric method [16], sequential injection chromatogra-
phy (SIC) [17] have been applied to sense the trace
amount atrazine in water and food samples. In addition,
many immunoassays with the advantages of high sensi-
tivity, short analysis time, specificity for target recogni-
tion, including enzyme-linked immunosorbent assay
(ELISA) [18–21], immunochromatographic assay [19,
22], liposome immune lysis assay [23], chemilumines-
cence enzyme immunoassay [24], electrochemical
immunosensor [25, 26], surface plasmon resonance
immunosensor [27], fluorescent immunosensor [28] and
fluorescence immunoassay [29, 30] have been proposed
to detect atrazine.

Conventional downconversion fluorescent materials, such
as dye, quantum dots (QDs) [28, 31], were widely used in
biomedical and analytical applications due to its special opti-
cal properties. However, these materials also have many de-
fects, such as low light transmission depth, biological toxicity,
strong fluorescent background effects, potential photodamage
to biological tissue, unstable chemical properties, etc. These
defects will become the important factors limiting the appli-
cation of down conversion materials. To address these short-
comings, alternative development of upconversion
nanomaterials as fluorescent labels has attracted great atten-
tions from researchers due to the particular luminescent prop-
erties of rare earth nanocrystals. Lanthanide-based
upconversion nanoparticles (UCNPs) can emit short-
wavelength light of different colors under excitation of near-
infrared light. They have some advantages in comparison with
traditional down conversion materials, like narrow emission
peak, large Stokes shift, low toxicity, high quantum yield, and
high chemical stability. Another important reason is that the
luminescence of UCNPs requires near-infrared excitation, and
there is no autofluorescence [32], the sensitivity can be
improved to some extent. The analytical method using
UCNPs as fluorescent markers to detect atrazine has not
been reported so far, although there have been some
reports on the detection of pesticides, antibiotics, and
other targets [33, 34]. In our work, a highly sensitive
fluorescence immunoassay using the coating antigen-
modified polystyrene magnetic microspheres as capture probe
and the antibody-modified UCNPs as signal probe was
established and applied to detect atrazine in cereal, sugar cane
juice, and water samples.

Experimental

Materials and apparatus

C6H9O6Yb·4H2O, C6H9O6Er·4H2O, C6H9O6Y·4H2O,
diethylene glycol (DEG), polyacrylic acid (PAA), N-
hydroxysuccinimide (NHS), 1-ethyl-3-[3-(dimethylamino)
propyl] carbodiimide (EDC), and ovalbumin (OVA) were pur-
chased from Sigma-Aldrich Co. (St. Louis, MO, USA, www.
sigmaaldrich.com). Oleic acid (OA, 90%), 1-octadecene
(ODE, 90%), methyl alcohol, ammonium fluoride, sodium
hydroxide were purchased from Sinopharm Chemical
Reagent Co. Ltd. (Tianjin, China, www.sinopharmtj.cn). The
anti-atrazine polyclonal antibody and atrazine-hapten were
produced in our laboratory. The BCA protein quantification
kits were purchased from Solarbio Science and Technology
Co., Ltd. (Beijing, China, solarbio.bioon.com.cn). The
magnetic microspheres were obtained from BaseLine
Chrom Tech Research Centre (Tianjin, China, www.
qiuhuan.com). Upconversion fluorescence intensity was
measured using an F-2500 fluorescence spectrophotometer
(Hitachi, Japan, www.hitachi.com) equipped with an
external 0~2.4 A adjustable continuous-current 980 nm laser
source (Hi-Tech Optoelectronics Co., Ltd., Beijing, China,
www.htoe.cecep.cn).

Synthesis and surface modification of NaYF4:Yb,
Er upconversion nanoparticles (UCNPs)

NaYF4:Yb, Er UCNPs were synthesized by reported method
[34]. A total amount of 1 mmoL RE (CH3COO)3·4H2O
(RE =Y, Yb, Er) with molar ratio of 78:20:2 were dissolved
in a 100-mL flask containing the mixture of OA (6 mL) and
ODE (17 mL). Then, the solution was stirred vigorously to
make it evenly mixed at room temperature. Under the
degassed state, the resulting mixture was heated to 100 °C
within 10 min. The reaction mixture was ulteriorly heated to
160 °C for 30 min under the protection of an inert gas follow-
ed by cooling down to room temperature. Then a methanol
solution (10 mL) containing NH4F (4 mmoL) and NaOH (2.5
mmoL) was added into the mixture and stirred for 30 min at
room temperature. After that, the temperature was raised to
80 °C for 50 min in order to remove methanol. Under the
degassed state, the reaction system was heated to 100 °C for
10 min. The resultant mixture was ulteriorly heated to 300 °C
for 1 h. The reaction mixture was washed with ethanol and the
precipitate was collected by centrifugation (10621 rcf) at
25 °C, the appeal operation was repeated three times.
Finally, the OA-capped UCNPs (OA-UCNPs) were placed
in a 37 °C drying oven for drying and the dried products were
stored for later use.

PAA-capped UCNPs (PAA-UCNPs) were prepared by li-
gand exchange method [35]. Briefly, 1.5 g of PAAwas added
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to 30 mL of diethylene glycol, and the mixture was heated to
110 °C for 1 h under vigorous agitation. Then 6 mL of toluene
solution containing 90 mg of OA-UCNPs was quickly added
to the above system and the resultant system was kept at
110 °C for 1 h followed by heating to 240 °C for 1 h. After
cooling down to room temperature, an appropriate amount of
hydrochloric acid solution was added to the above mixture for
ultrasonic treatment for 10 min. The precipitate was collected
by centrifugation (10621 rcf, 25 °C) for 10 min and washed
three times using ultrapure water. Finally, the PAA-UCNPs
were collected and placed in a 37 °C drying oven for drying
and the dried products were kept in a desiccator.

Preparation of coating antigen

The coating antigen (atrazine-OVA) was prepared by an active
ester method. Firstly, 4.97 mg of the atrazine-hapten (the
structure of atrazine-hapten is shown in Electronic
Supplementary Material, Fig. S1) was dissolved in 600 μL
of anhydrous DMF by ultrasonic treatment for 5 min. Then,
17.25 mg of EDC and 10.46 mg of NHS were added into the
above solution under stirring, and the mixture was con-
tinuously stirred overnight in the dark at room temper-
ature. The resulting solution was added dropwise into
4 mL of 10 mmol·L−1 PBS (phosphate-buffered saline,
8.0 g NaCl, 0.2 g KCl, 1.42 g Na2HPO4, and 0.24 g
KH2PO4 in 1 L deionized water, pH 7.4) containing
15 mg of OVA in ice-bath. Subsequently, the resulting
mixture was stirred for 1 h at room temperature and then kept
stirring overnight at 4 °C. Finally, the solution was dialyzed
against PBS (10 mmol·L−1, pH 7.4) for three days and stored
at −20 °C before use.

Preparation of probe

The active ester method was applied to prepare fluorescence
signal probe. Firstly, 2.5 mg of PAA-UCNPs was dispersed in
1 mL of 2-(n-morpholino)ethanesulfonic acid buffer (MES,
10 mmol·L−1, pH 5.5) containing 2.5 mg of NHS and 5 mg
of EDC by ultrasound treatment, and the mixed solution on
shaking table was incubated at 30 °C for 2 h. Then the acti-
vated UCNPs were collected by centrifugation (1699 rcf) for
10 min at 4 °C and washed using ultrapure water for three
times. The precipitate was added to 1 mL of N-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid buffer
(HEPES, 10 mmol·L−1, pH 7.2) containing serial amounts
anti-atrazine antibody. The mixture was incubated at 4 °C
for 12 h. The antibody-UCNPs conjugate was separated by
centrifugation and washed using HEPES for three times. And
then the antibody-UCNPs conjugate after final centrifugation
was dissolved into 1 mL of HEPES with 10 mg of OVA and
incubated at room temperature for 1 h in order to block the
excess active sites on the surface of activated UCNPs. The

antibody-UCNPs conjugate was centrifuged and washed
using HEPES for three times. Finally, the resulting signal
probe (antibody-UCNPs conjugate) was dispersed in 1 mL
HEPES.

Similarly, the coating antigen can be conjugated with the
carboxyl group on the surface of PMMs by active ester meth-
od to prepare the capture probe. Firstly, 5 mg of NHS and
10 mg of EDC were added to PBS (10 mmol·L−1, pH 7.4)
containing 5 mg of PMMs and the mixture was incubated at
room temperature for 1 h with shaking. After wash at three
times with PBS, the activated PMMs were collected by mag-
netic separation and transferred into 1 mL of PBS. And the
coating antigen was added into the above solution and incu-
bated for 4 h. The coating antigen-PMMs conjugate was sep-
arated by external magnetic force and washed using PBS for
three times. And then the coating antigen-PMMs conjugate
after final magnetic separation was dissolved into 1 mL PBS
containing 20 mg of OVA and incubated at room temperature
for 1 h in order to block the excess active sites on the surface
of activated PMMs. The coating antigen-PMMs conjugate
was separated by external magnetic force and washed using
PBS for three times. Finally, the resulting capture probe (coat-
ing antigen-PMMs conjugate) was dispersed in 5 mL PBS for
subsequent use.

Test principle and procedure

Figure 1 displays the test principle of this fluorescence immu-
noassay for atrazine. In test system, the capture probe (coating
antigen-PMMs conjugate) can capture the signal probe
(antibody-UCNPs conjugate) to form an immune complex
(PMMs-OVA-atrazine-antibody-UCNPs). The immune
complex can be separated from test system by external
magnetic force. In the presence of atrazine, they can
compete with the capture probes to bind with the signal
probes. Via 980 nm laser excitation, the fluorescence
signal of the complexes at 552 nm decreases with the
increase of the concentration of atrazine and there is the
strongest fluorescence signal in the absence of atrazine.
The use of correlation between the fluorescence signal and the
concentration of atrazine allows for quantitative detection of
atrazine in the sample.

First, 70 μL of signal probe and 50 μL of atrazine standard
solution (or sample) were incubated in a centrifuge tube con-
taining 50μL of capture probe at room temperature for 50min
with shaking. The immune complex was collected via mag-
netic separation and washed using PBS for three times.
Subsequently, the complex was dispersed in 400 μL of PBS
to measure the fluorescence intensity at excitation/emission
wavelengths of 980/552 nm using a fluorescence spectropho-
tometer (voltage: 700 V; scan speed: 1500 nm·min−1)
equipped with an external 980 nm excitation source (working
current: 0.9 A).
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Sample treatment

The river water and fresh sugar cane juice samples can be
directly measured without any treatment. For corn and rice
samples, 2 mL of water/methanol extraction solution (distilled
water: methanol, 1:1, v/v) was added to 1 g corn or rice sample
in a centrifuge tube. The mixture was vortexed and extracted
for 10 min. After centrifugation (10621 rcf, 4 °C, 10 min), the
supernatant was collected and then diluted 5-fold using PBS
for analysis by this method. The spiked samples with atrazine
were analyzed by this method in our paper and LC-MS/MS
was applied to estimate the accuracy of this method. The sam-
ple treatment process and conditions of chromatogram and
mass spectrum for LC-MS/MS are provided in Electronic
Supplementary Material.

Results and discussion

Characterization of UCNPs

TEM images (Fig. 2a, b) show that the nanomaterials are
spherical with smooth surface. Via surface modification, the
formation of the hydrophilic PAA layer made the size of PAA-
UCNPs relatively larger than that OA-UCNPs (see the size
distribution in Fig. S2). The presence of carboxyl groups on
the surface of PAA-UCNPs was confirmed by FT-IR spectros-
copy. Figure 2c shows the infrared spectra of UCNPs before
and after PAA treatment. Two peaks appear in 2856.4 cm−1

and 2947 cm−1, which are the symmetric and antisymmetric
stretching vibration of the methylene group (-CH2) in the long
chain alkyl of hydrophobic OA-UCNPs. The blunt peaks
appearing at 3435 cm−1 are the characteristic peaks of the
hydroxyl group (-OH). After ligand exchange using PAA,
the methylene group characteristic peak disappeared and a
new peak appeared at 1731.9 cm−1 in the spectrum of PAA-
UCNPs. These features indicated that oleic acid on the surface
of OA-UCNPs had been replaced and the carboxyl groups (-
COOH) were introduced successfully on the surface of PAA-
UCNPs. Figure 2d indicates the fluorescence spectra of the
UCNPs with excitation at 980 nm. There was no significant
difference in fluorescence features of PAA-UCNPs in compar-
ison with OA-UCNPs, and these UCNPs had a single charac-
teristic peak at 552 nm and no interference peaks.

Optimization of the fluorescence immunoassay

The following parameters were optimized: (a) added amount
of coating antigen in preparation of capture probe; (b) added
amount of antibody in preparation of signal probe; (c) added
volume of signal probe; (d) incubation time. The BCA protein
quantification kit can be used for detection of the amount of
unconjugated coating antigen (or antibody) with the PMMs
(or PAA-UCNPs). The amount of conjugated coating antigen
on capture probe (or antibody on signal probe) was calculated
as the difference between the total added amount of coating
antigen (or antibody) and the amount of unconjugated coating
antigen (or antibody). The conjugation rate expressed as a
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percentage (%, w/w) of the amount of conjugated coating
antigen (or antibody) in the total added amount of coating
antigen (or antibody).

Respective data and Figure are given in the Electronic
Supplementary Material (Fig. S3). The following experimen-
tal conditions were found to give best results: (a) optimal
added amount of coating antigen was 90 μg in preparation
of capture probe; (b) optimal added amount of antibody was
55 μg in preparation of signal probe; (c) optimal added vol-
ume of signal probe was 70 μL in test process; (d) optimal
incubation time was 50 min in test process.

Evaluation of assay sensitivity

To evaluate assay sensitivity, various concentrations of atra-
zine were analyzed by this fluorescence immunoassay under
optimized conditions. The upconversion fluorescence intensi-
ty of test system at 552 nmwith excitation at 980 nm achieves
maximum in the absence of atrazine and decreases gradually
as the atrazine concentration increases (Fig. 3a). There is a
correlation between the concentration of atrazine and the
change in fluorescence intensity (△I). Wherein △I value is
calculated by the formula: ΔI = I0 − I, wherein I0 is the
upconversion fluorescence intensity in the absence of atrazine,
and I is the upconversion fluorescence intensity in the pres-
ence of atrazine. Figure 3b shows the change in fluorescence
intensity (△I) induced by various concentrations of atrazine.
The △I value increased with the increase in the concentration

of atrazine and tended to changeless when the concentration of
atrazine was more than 10 μg·L−1. Via plotting the △I value
against the logarithmic value of each concentration, a good
linearity (R2 = 0.9950) is observed in the range from 0.005 to
10 μg·L−1 with a linear equation of y = 171.75 ln(x) + 1277.2
(inset in Fig. 3b). The limit of detection (LOD) was calculated
according to the 3σ rule. This fluorescence immunoassay had
a 0.002 μg·L−1 of LOD for atrazine in PBS.

Evaluation of assay specificity

Specificity is an important index in the evaluation of perfor-
mance of detection method. The specificity of assay can be
analyzed by comparing the change in fluorescence intensity
(△I) in the absence and presence of atrazine and other triazine
herbicides at the same concentration (10 μg·L−1). As shown in
the Fig. 4, propazine and prometryn caused a same and strong
fluorescence change (△I) compared with atrazine, and other
structural analogues did not. Those results indicated that the
fluorescence immunoassay can be used for the simultaneous
detection of atrazine, propazine, and prometryn, and other
triazine herbicides can not influence the performance of
immunoassay.

Sample analysis

Many compounds in food and organic reagents in sample ex-
traction buffer may decrease the binding capability between

Fig. 2 Characterization of
NaYF4:Yb, Er UCNPs. a, b
transmission electron microscope
(TEM) images, c fourier
transform infrared (FT-IR)
spectra, d fluorescence spectra
(excitation/emission wavelengths
of 980/552 nm)
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antibody and antigen and then reduce the reliability and sensi-
tivity of the immunoassay. This fluorescence immunoassay had
good capacity of resisting interference from food matrix. The
high content of sugar in juice did not influence the analytical
performance of fluorescence immunoassay. No matrix affect
was observed for river water and fresh sugar cane juice samples
(Fig. S4), they can be directly analyzedwithout any pretreatment
by this fluorescence immunoassay. For corn and rice samples,
the sample extracted solution cannot be directly used for analy-
sis due to the sample matrix and presence of high levels of
organic reagents which can affect the specific conjugation of
the antibody with antigen. Therefore, the corn and rice samples
extracted solutions need to be diluted for analysis. As shown in
Fig. S4, the organic reagents and sample matrix effects can be
removed when the corn or rice sample extracted solution was
diluted 5-fold with PBS by comparing the fluorescence intensity
of test system using PBS and diluted samples extracted solution.

The LODs of atrazine in river water, fresh sugar cane juice, corn
and rice samples were 0.002 μg·L−1, 0.002 μg·L−1, 0.02 μg·
kg−1, and 0.02 μg·kg−1, respectively.

In recoveries study, the spiked corn, rice, sugar cane juice
and river water samples were analyzed simultaneously by this
fluorescence immunoassay and LC-MS/MS. The recoveries
of atrazine varied from 84.68% to 113.65% for this method
and from 89.88% to 119.24% for LC-MS/MS (Table 1). This
method has shown relatively well accuracy to detect atrazine
with a correlation (R2 = 0.9931) between the results obtained
by our immunoassay and LC-MS/MS. The coefficients of
variation varied from 6.74% to 15.20% for this method and
from 2.89% to 7.14% for LC-MS/MS. The coefficients of
variation for this method were higher than those results ob-
tained by LC-MS/MS, indicating that the precision of this
fluorescence immunoassay was not as good as LC-MS/MS.

Analytical performance of the fluorescence
immunoassay

Table 2 summarizes the analytical parameters of some report-
ed immunoassays and this work. As shown in Table 2, the
fluorescence immunoassay in this work displays higher sensi-
tivity than these reported immunoassays using various detec-
tion strategies and signal label materials for the determination
of atrazine. In this work, the same coating antigen (atrazine-
OVA) and anti-atrazine polyclonal antibody have been applied
to develop this fluorescence immunoassay and a traditional
indirect competitive enzyme-linked immunosorbent assay
(ELISA) simultaneously. The optimal working conditions of
this traditional ELISA is summarized in Table S1 and the
standard curve is shown in Fig. S5. The sensitivity (IC50)
and LOD (IC15) of this traditional ELISA for atrazine in
PBS are 4.28 ± 0.29 and 0.13 ± 0.04 μg·L−1, respectively.

Fig. 3 Sensitivity evaluation of the fluorescence immunoassay. (a)
upconversion fluorescence of the immune complex at 552 nm in the
absence of atrazine and in the presence of varying concentrations of
atrazine with excitation at 980 nm, (b) △I values corresponding to varying
concentrations of atrazine (ΔI = I0 − I, wherein I0 is the upconversion

fluorescence in the absence of atrazine, and I is the upconversion
fluorescence in the presence of atrazine), inset: calibration plot of the
fluorescence immunoassay for atrazine in PBS. Each data point is the
mean of triplicate analyses

Fig. 4 Specificity analysis of the fluorescence immunoassay. Each data
point is the mean of triplicate analyses
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The fluorescence immunoassay is more sensitive for the de-
tection of atrazine in PBS with a LOD of 0.002 μg·L−1. In
comparison with this traditional ELISA, the fluorescence im-
munoassay has shown good interference-free capacity. The
high content of sugar in juice do not influence the analytical

performance of fluorescence immunoassay. The river water
and fresh sugar cane juice samples can be directly analyzed
without any pretreatment by this fluorescence immunoassay.
And the river water and fresh sugar cane juice samples need to
respectively be diluted 5-fold and 10-fold to eliminate matrix

Table 2 An overview on recently reported immunoassays for the determination of atrazine

Method applied Materials used Limit of detection (LOD) (μg·L−1) References

ELISAa Horseradish peroxidase 0.02 [18]

Horseradish peroxidase 0.01 [19]

Horseradish peroxidase 0.16 [20]

TELISAb β-lactamase 0.66 [21]

Immunochromatographic assay Gold nanoparticle 3 (visual LOD) [22]

Gold nanoparticle 2 (visual LOD) [19]

Liposome immune lysis assay Calcein 0.13 [23]

Chemiluminescence enzyme immunoassay Horseradish peroxidase/luminol/urea-H2O2 0.01 [24]

Electrochemical immunosensor Gold nanoparticle 0.016 [25]

Nb2O5 nanotube/chitosan/Fe3O4 nanoparticles 0.018 [26]

Surface plasmon resonance immunosensor Gold film 0.02 [27]

Fluorescence immunosensor Fluorescence dye 0.16 [28]

Fluorescence immunoassay Eu2O3 nanoparticle 0.5 [29]

Fluorescence dye/gold layer 0.015 [30]

Upconversion nanoparticle 0.002 This work

a ELISA: Enzyme linked immunosorbent assay
b TELISA: Thermal enzyme linked immunosorbent assay

Table 1 Recoveries of atrazine
from spiked samples by this
method and LC-MS/MS (n = 3)

Sample Spiked conc. (μg·kg−1 or μg·L−1) This method LC-MS/MS

Recovery
(%)

CV (%)a Recovery
(%)

CV (%)

Corn 0.1 109.44 10.99 —b –

1 110.39 15.20 92.34 6.60

10 99.57 12.92 93.40 5.14

100 96.34 12.00 89.88 7.14

Rice 0.1 108.53 12.07 – –

1 112.60 11.18 111.05 3.52

10 89.48 7.15 110.91 3.23

100 98.81 14.01 89.90 6.33

Sugar cane juice 0.01 108.63 10.38 – –

0.1 93.81 9.46 – –

1 84.68 8.40 90.54 5.19

10 87.27 13.80 101.36 4.31

River water 0.01 113.65 10.31 – –

0.1 88.44 10.78 – –

1 109.25 6.74 119.24 2.89

10 100.95 12.40 92.75 3.01

a CV coefficient of variation
b The concentration is lower than the limit of detection of LC-MS/MS
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effect on this traditional ELISA. The LOD values of this tra-
ditional ELISA for river water and fresh sugar cane juice sam-
ple are 0.65 and 1.3 μg·L−1, respectively. Additionally, the
organic reagents and samplematrix effects on the fluorescence
immunoassay can be removed when the corn or rice samples
extracted solution was diluted 5-fold using PBS, and 10-fold
dilution can eliminate these effects on the traditional ELISA.
The LOD values of corn and rice sample were 2.6 μg·kg−1.
Furthermore, the fluorescence immunoassay is relatively easy
to operate for test process, only one step of incubation opera-
tion and one step of washing operation are needed in whole
test procedure.

Conclusion

An immunoassay is reported for sensitive detection of atrazine
based on hydrophilic NaYF4:Yb/Er UCNPs with emission
maximum at 552 nm as signal labels combining magnetic
separation. This method is sensitive to detect atrazine in
PBS with a LOD of 0.002 μg·L−1. The assay can also recog-
nize propazine and prometryn indicating that it can be used to
detect these three triazine herbicides simultaneously. This
method only needs one step of incubation operation and one
step of washing operation in entire test process, and the mag-
netic separation operation by the external magnet is more rap-
id and convenient. The high content of sugar in juice do not
influence the analytical performance of fluorescence immuno-
assay and fresh sugar cane juice samples can be directly ana-
lyzed without any pretreatment. This might be due to the
unique luminescence propert ies of upconversion
nanomaterials, thereby the interference of autofluorescence
is avoided effectively and the capacity of resistant to food
matrix is improved. Therefore, the upconversion
nanomaterials are good candidates as signal labels in analyti-
cal method system. This fluorescence immunoassay com-
bined with magnetic separation can serve as an alternative
detection approach to quantificationally detect atrazine in food
and environmental samples. In this work, the added amounts
of coating antigen or antibody are relatively large in prepara-
tion of capture or signal probes, thereby it causes waste of
coating antigen or antibody and increase of cost. The less
added amounts of coating antigen or antibody can be used
for preparation of capture or signal probes in order to decrease
test cost in the future.
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