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Abstract
Lead ion  (Pb2+) accumulation in food consumed by humans and animals possess health threats and effects. The develop-
ment of a senor for its monitoring at its minutest accumulation in edible materials becomes an antidote to safeguarding 
human lives. A fabricated fluorescence-based sensor made of carboxyl modified upconversion nanoparticles (UCNPs), gold 
nanorods (GNRs), and cysteamine (Cys) were used as energy donor, receptor and a bridge respectively for the rapid sensing 
of  Pb2+ in Matcha. The UCNPs-Cys-GNRs sensor showed weak fluorescence signals due to the FRET, and was inhibited 
in the presence of  Pb2+ to form a complex with Cys, and the consequent recovery of fluorescence signals. Under optimized 
conditions, a good linear relationship was established between the relative fluorescence intensity and  Pb2+ concentrations 
from 1 to 100 μM with a low detection limit (LOD) of 0.5 μM. The developed sensor was applied to detect  Pb2+ in Matcha 
samples with recoveries within 93.99—102.16% and relative standard deviations (RSD) < 8%. Satisfactory results (p > 0.05) 
were obtained upon validation using a standard inductively coupled plasma mass spectrometry (ICP-MS).
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Highlights

• UCNPs-cysteamine-gold nanorods FRET sensor for fab-
ricated for Pb2+ detection

• The FRET sensor developed was deployed to detect 
Pb2+ in food samples at μM level

• A low LOD of 0.5 μM was achieved by the FRET sensor 
when deployed

Introduction

Health care-based products and health concerns are of 
utmost importance to consumers as a result of the conse-
quent the economic and debilitating effects health threats 
they have on human [1–4]. Matcha is a known health care 
product patronized by consumers due to its characteristic 
bioactive ingredients and usage as "green tea" over years 
[5]. As a result of industrialization and urbanization, anthro-
pogenic activities have seriously interfered ecosystem with 
resultant massive pollution of the atmosphere, waterbodies 
and soil with toxic materials such heavy metals and haz-
ardous chemicals [6–8]. These heavy metals and hazard-
ous chemicals are imbibed by plants roots and consequently 
accumulated in their body tissues as primary source of food 
and health product for humans as well as animals within 
the food chain and web. The resultant food harvested from 
plants grown in such soils or environment are unavoidable 
consumed by humans and thus exposing them to myriads 
of diseases with debilitating effects. Matcha as a plant used 
for tea, is known to continuously absorb heavy metals from 
its surrounding environment and soil during it growth pro-
cess via roots absorption and leaves infiltration. These heavy 
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metals become accumulated in the fresh leaves plucked and 
used as tea leaves at maturity above required limits or thresh-
olds [9]. Heavy metals levels quantification in food materials 
is a vital safety indicator or index. Lead ion  (Pb2+) has been 
reported to be one of the most toxic which accumulates in 
Matcha and its products. Match and Matcha products con-
taminated by  Pb2+ pose health threats to the human nervous, 
blood and cardiovascular systems when ingested into the 
human body [10]. Sequel, 0.5 mg/kg has been established 
as the maximum residue limits (MRLs) of  Pb2+ in Matcha 
based on the National Standard of PR China [11], with vari-
ations in other countries and jurisdictions.

Currently, conventional methods such as inductively cou-
pled plasma emission spectrometry (ICP-AES), inductively 
coupled plasma-mass spectrometry (ICP-MS) and atomic 
absorption spectrometry (AAS) are widely being used for 
the detection of heavy metal detection in various materials 
[12, 13]. However, the high operational cost, the intensive 
skilled labour required, and the complexity of the pretreat-
ment procedures associated with these methods prevent their 
use for real-time detection. These aforementioned constraints 
have been gradually addressed by the introduction of new 
sensing systems like colorimetric sensors, fluorescent sen-
sors, electrochemical sensors and surface-enhanced Raman 
scattering (SERS) sensors [14–17]. For instance, fluorescent 
based sensors have been reported to possess high sensitivity 
and analytical precision in detecting heavy metal ion in food 
materials [18–20]. Fluorescent sensors are fabricated with 
organic fluorescence dye, quantum dots and carbon dots, 
etc. However, fluorescent sensors are generally grouped 
into twofold—downconversion and upconversion fluores-
cent sensors. The former fluorescence sensors are usually 
fabricated using organic molecules, quantum dots (QDs) and 
carbon dots (CDs), which reportedly suffers from high back-
ground fluorescence of endogenous chromophores in sam-
ples; however, the latter group of fluorescence sensors are 
fabricated with rare earth-doped upconversion nanoparticles 
(UCNPs), established to possess outstanding features such as 
high Stokes shift, resistance to photobleaching and quantum 

yields. Furthermore, UCNPs have high chemical stability, 
low cytotoxicity and stable luminescence properties capable 
of converting long-wavelength to short-wavelength light to 
prevent background autofluorescence and improved sensitiv-
ity [21]. These unique properties of UCNPs have enabled 
their successful application for the fabrication of sensors 
for the detection of heavy metal ions in various materials 
[22–24].

Several works have been carried out and reported as 
regard fluorescent sensors fabrication. For example, a turn-
on nano-fluorescence sensor for mercury  (Hg2+) detection 
based on FRET between aptamer modified UCNPs and gold 
nanoparticles (GNPs) was developed by Liu et al. with a 
linear range of 0.2—20 μM limit of detection (LOD) of 
60 nM obtained [18]. Additionally, Vijayan et al. proposed a 
UCNPs based signal-amplication sensor for  Hg2+ detection. 
In view of that, DNA-conjugated UCNPs was used as  Hg2+ 
capture unit via the interaction between the thymine bases 
from DNA and  Hg2+ to form a thymine—Hg2+- thymine 
complex, which achieved a LOD of 0.14 nM [24]. Wang 
et al. reported a RFET based biosensor using UCNPs as 
donors and Au NPs as receptors to form an assembly via 
complementary aptamer hybridization for  Pb2+ detection 
[25]. The FRET breaks in the presence of  Pb2+ to affect the 
dissociation of donors and receptors. The afore-stated fabri-
cated sensor yielded a LOD of 4.1 nM when tested in buffer 
solution. Conversely, complexity of aptamer modification 
operations, render the practical application of UCNPs-based 
sensors difficult due the unstable nature of aptamers in real-
life situations. Its therefore germane to probe into the fabri-
cation of a simpler and more efficient UCNPs-based sensors 
for  Pb2+ detection.

This paper focused on the design and application of a 
label-free UCNPs- cysteamine-gold nanorods FRET sen-
sor for the detection of  Pb2+ in food samples. As shown 
in Scheme 1, a novel carboxyl modified UCNPs (UCNPs-
COOH) was designed and fabricated as energy donor, gold 
nanorods (GNRs) synthesized as energy acceptor, and 
cysteamin (Cys) used as a bridge to connect the donor and 

Scheme 1  Schematic description of the UCNPs-Cys-AuNRs fluorescence nanosensor for  Pb2+ detection
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acceptor through an amide and gold sulfhydryl bond respec-
tively. The resultant complex displayed a weak fluorescence 
signal due to the FRET. However, the signal amplified in 
the presence of  Pb2+ due to its complexation with Cys. This 
resulted in the release of the latter (Cys) from the assembly, 
and the subsequent interruption of the RFET to emit strong 
fluorescence signal. Thus, the intensity of the fluorescence 
signal is expected to be stronger with increasing concentra-
tion of the  Pb2+ to enable the design of a Cys modulated 
UCNPs biosensor for the detection of  Pb2+. As far as we 
know, this work reports the first attempt of using the devel-
oped UCNPs- cysteamine-gold nanorods FRET sensor for 
the detection of  Pb2+ in Matcha, with great promise also 
shown for its possible deployment for the determination 
of other heavy metal ions with better stability and repro-
ducibility. The developed sensor is expected to be possibly 
deployed for the detection of  Pb2+ in real samples, as well as 
provide an innovative idea for the design of other label-free 
sensors for heavy metal ion detection.

Experimental

Materials

Analytical grade solvents and materials were used in this 
work, without further purification. Materials such as Yttrium 
chloride hexahydrate  (YCl3%6H2O, 99.99%), erbium (III) 
chloride hexahydrate  (ErCl3%6H2O, 99.99%), and ytter-
bium (III) chloride hexahydrate  (YbCl3%6H2O, 99.99%) 
were all obtained from Aladdin Industrial Inc. (Shanghai, 
China). Oleic acid (OA, 90%), 1-Octadecene (ODE, 90%), 
ammonium fluoride  (NH4F, 96%), trisodium citrate dihy-
drate (99%), and chloroauric acid hydrated  (HAuCl4·4H2O) 
were procured from Macklin Biochemical Technology Co., 
Ltd (Shanghai, China). Methanol, sodium hydroxide, etha-
nol, cyclohexane, diethylene glycol, toluene, cetyltrimeth-
ylammonium bromide (CTAB, 99%), sodium borohydride, 
sodium oleate, silver nitrate, hydrochloric acid, ascorbic 
acid, cysteamine and lead nitrate were all acquired from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 
Deionized water obtained via a smart-s ultrapure water sys-
tem was utilized throughout the conduct of the experiment.

Instruments and characterizations

The confirmation of the size and morphology of UCNPs and 
GNRs were done utilizing a JEOL JEM-2100 (HR) high-res-
olution transmission electron microscope (HR-TEM; JEOL 
Ltd., Japan) at 200 kV accelerating voltage. The crystalline 
phases of the synthesized nanomaterials were character-
ized by X-ray powder diffractometer (XRD) patterns based 
on a D8 Advance (Germany) X-ray diffractometer at a 5°/

min scanning rate in the 2θ range from 10° to 60°. UV–Vis 
absorption spectrum was recorded with Agilent 8453 Ultra-
violet–visible (UV–Vis) spectrophotometer (Agilent Tech-
nologies Inc.). The Fourier transform infrared (FT-IR) 
spectra were all obtained using a Nicolet Nexus 470 Fourier 
transform infrared spectrophotometer (Thermo Electron Co., 
U.S.A.) based on the potassium bromide method.

Synthesis and modification of UCNPs

Oil soluble UCNPs were initially synthesized via a high 
temperature thermal decomposition technique with some 
modifications [26]. An amount of 0.78 mmol  YCl3·6H2O, 
0.2 mmol  YbCl3·6H2O, and 0.2 mmol  ErCl3·6H2O were dis-
solved in 5.0 mL methanol and then transferred into a three 
(3) round bottomed flask containing 6.0 mL oleic acid and 
15.0 mL 1-Octadecene. The mixture was heated to the 160 ℃ 
and maintained for 30 min with stirring under argon protec-
tion of argon. After it was cooled to 50 ℃, 4.0 mmol  NH4F 
and 2.5 mmol NaOH solution in methanol was dropped in 
the resultant mixture under stirring. Subsequently, it was 
heated to 70 ℃ under stirring for 40 min until the methanol 
evaporated. The temperature of the content was raised to 
100 ℃ and sustained for 10 min, and further raised to 300 ℃ 
for 1.5 h to form nanocrystals. Upon the completion of the 
reaction, the content was cooled to room temperature, and 
the resultant product washed with cyclohexane-ethanol solu-
tion (2:1) and centrifuged at 8000 rpm. The OA-UCNPs 
were obtained after drying in a vacuum oven at 70 ℃ for 
12 h.

In fabricating a detection system for  Pb2+, the OA-
UCNPs synthesized was made water-soluble. This was real-
ized by modifying the surface of OA-UCNPs with carboxyl 
groups via ligand exchange process with oleic acid citrate 
[27]. During the process, 2 mmol sodium citrate was dis-
solved in 15 mL diethylene glycol and heated subsequently 
for 30 min under argon condition to 110 ℃. After cooling 
the resultant content to 60 ℃, 10 mg OA-UCNPs deposited 
in cyclohexane – toluene solution (v/v = 3:2) was thereaf-
ter added and heated to 130 ℃ in order to evaporate the 
cyclohexane and toluene. Afterward, the temperature was 
further raised to 180 ℃ under argon condition until yellow 
colour was observed for the resultant solution. The product 
obtained (UCNPs-COOH) was subsequently washed thrice 
with 50% ethanol solution and centrifuged for 15 min at 
12,000 rpm. The UCNPs-COOH was finally dispersed in 
ultrapure water and stored at 4 ℃.

Synthesis of AuNRs

A modified seed mediated growth technique was utilized 
for the synthesis of Gold nanorods (AuNRs) [28]. This was 
done by mixing 2 mL  HAuCl4 (0.5 mM) with 2 mL CTAB 
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solution (0.2 M). A volume of 0.4 mL  NaBH4 solution 
(0.06 M) was added and stirred vigorously for 2 min until 
a color change from yellow to pale brown was observed. 
The resultant seed solution obtained was stored at 25 ℃ for 
usage. A mixture solution of 0.56 g CTAB, 0.10 g sodium 
oleate and 20 mL ultra-pure water was kept at 50 ℃ for 
30 min, and then cooled to 30 ℃. Subsequently, 1.92 mL 
 AgNO3 (4 mM) was added to react with it for 15 min; and 
thereafter 20 mL  HAuCl4 (1 mM) added to further react for 
another 90 min. When a change in the color of the solution 
from dark yellow to colorless was observed, 0.17 mL HCl 
solution (12.1 M) was added to adjust the pH value, and the 
resulting content stirred steadily for 15 min. Subsequently, 
0.10 mL solution of fresh ascorbic acid (0.06 M) was added 
while stirring briskly for 30 s. Lastly, 64 μL seed growth 
solution was added under stirring for 30 s and heated at 30 ℃ 
overnight to finally obtain the AuNRs.

Fabrication of UCNPs‑Cys‑AuGRs label‑free based 
fluorescence sensor

The core principles underpinning the fabrication of UCNPs-
Cys-AuGRs label-free based fluorescence sensor includes: 
the ability of amino and sulfhydryl groups of cysteamine to 
form amide bond and Au–S bond to create UCNPs; as well 
as Cys and AuNRs to combine; the fluorescence quenching 
effect of AuNRs on UCNPs; the complex effect between 
 Pb2+ and Cys, the capability of the formed complex to inter-
fere with the fluorescence quenching process and induce the 
fluorescence signal of UCNPs to be reactivated. The detailed 
design of the core principle underpinning the fabricated sen-
sor is shown in Scheme 1. In the absence of the target  Pb2+, 
Cys functions as a bridge to form both amide bond with car-
boxyl from UCNPs, and Au–S bond through its sulfhydryl 
group with AuNRs. The complex formed exhibits weak fluo-
rescence signals due to the FRET. However, in the presence 
of  Pb2+, the complexation between Cys and  Pb2+ produces 
interference in the FRET process and also induces the recov-
ery of fluorescence signal of the sensor. With the increase 
in the  Pb2+ concentration, the fluorescence intensity of the 
system surges steadily. Thus, indirect relationship between 
the  Pb2+ concentration and the fluorescence signal intensity 
of the system established, enabling a quantitative analysis 
of the target substance to be realized. In order to accomplish 
that, the synthesized AuNRs were diluted thirty (30) times 
with Britton Robinson (BR) buffer solution, and 300 μL of 
diluent mixed with a certain concentration of Cys at 25 ℃. 
Subsequently, 300 μL of UCNPs-COOH was added to the 
afore-stated to make UCNPs-Cys-AuGRs detection system. 
Thereafter, various concentrations of  Pb2+ (100 μL) were 
introduced and incubated at 25 ℃. The fluorescence spectra 
of the reaction solution with different concentrations of  Pb2+ 

were finally collected based on 980 nm excitation using the 
preheated upconversion fluorescence spectrometer.

Determination of  Pb2+ in real matcha samples

Matcha samples bought from local Auchan supermarket 
were pretreated as follows. A mass of 0.5 g Matcha sam-
ples were weighed and placed in microwave digestion tank 
with 10 mL of nitric acid. The microwave digestion tank 
was moved into the microwave digestion oven and heated 
to 120 ℃ for 5 min, raised to 160 ℃ for further 10 min, 
and then to 180 ℃ for 20 min to enable the digestion of the 
samples. When cooled, the digestion tank was moved out 
and kept in a constant temperature oil bath within the range 
of 140—160 ℃ to enable the acid to evaporate and reduce 
to 1 mL. The content of the digestion tank was thereafter 
membrane-filtered. Consequently, the sodium hydroxide 
prepared was added to the filtrate drop by drop to adjust the 
pH value to 7.4 and the digestion solution diluted with PBS 
buffer (2 mL), and the different standard  Pb2+ concentrations 
of samples added and mixed for usage. Lastly, the fluores-
cence spectral data of the spiked samples were obtained, and 
their respective  Pb2+ contents in the above spiked samples 
predicted using the established linear relationship based on 
the recovery rates computed. Additionally, Matcha tea sam-
ples adulterated with  Pb2+ were determined by the designed 
sensor and compared with results from traditional atomic 
absorption spectrometry following the same pretreatment 
process. The detection of the  Pb2+ content of the pretreated 
spiked samples using the inductively coupled plasma mass 
spectrometry (ICP-MS). In the process, 0.5 g Matcha sam-
ples were put into the microwave digestion inner pot fol-
lowed by the addition of 1 mL standard  Pb2+ solution of the 
concentrations (0, 50, 100, 500, and 1000 μg/L) respectively 
and 9 mL of nitric acid. The content was covered for an 
hour and then digested. The digestion solution was heated 
at 100 ℃ for 30 min and its constant volume set to 50 mL 
for usage. Finally, the blank solution and the sample solution 
were injected into the inductively coupled plasma mass spec-
trometry (ICP-MS), and the signal response values of the 
elements and the internal standard elements were measured.

Results and discussion

Characterization of UCNPs‑COOH

Upconversion nanoparticles (UCNPs) were synthesized by 
high temperature thermal decomposition method. The sur-
face of the oleic acid coated UCNPs was replaced by citrate 
via the ligand exchange method, giving the nanoparticles 
good dispersion in water. Figure 1A shows a typical TEM 
image of OA-UCNPs with a diameter of about 20 nm. The 
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hexagonal phase of OA-UCNPs was further confirmed by 
X-ray diffraction as captured in Fig. 1B. As a fluorescent 
marker, UCNPs gave excellent luminescent properties and 
also good hydrophilic properties for practical application. 
The surface functionalization of UCNPs was realized by 
grafting carboxyl group using the ligand exchange method. 
FT-IR analysis was conducted to verify the surface groups 
of the modified UCNPs. Figure 1C captures the characteris-
tic peaks of OA-UCNPs. Five obvious peaks at 2928  cm−1, 
2852  cm−1, 1562  cm−1, 1465  cm−1 and 3443  cm−1 were 
noticed and ascribed to asymmetrical and symmetrical 
stretching vibration of methylene (-  CH2 -) in hydropho-
bic long alkyl chain of oleic acid; symmetrical and asym-
metrical stretching vibration of carboxyl group in oleic acid 
ligand; and vibration of hydroxyl group (- OH) contained in 
oleic acid ligand. After ligand exchange, the peaks related 
to oleic acid at 3443, 2928 and 2852  cm−1 vanished, while 
an observable peak at 3420  cm−1 related to the stretching 

vibration of hydroxyl groups in water and citric acid, and 
the band related to carboxyl group shifted to 1618 and 
1427  cm−1 respectively [27]. These results reveal that the 
UCNPs surface was successfully coated with the citrate. Fig-
ure 1D shows the fluorescence spectra of the water-soluble 
UCNPs under 980 nm laser excitation. Two characteristic 
emission peaks at 547 nm and 660 nm corresponding to the 
energy level transition of  Er3+ ions from the excited state 
(4S3/2 and 4F9/2) to the ground state (4I15/2) were seen.

Characterization of AuNRs

Gold nanorods (AuNRs) were synthesized by seed medi-
ated growth method and characterized by UV–Vis absorp-
tion spectroscopy and TEM. As shown in Fig. S1A, AuNRs 
have a characteristic UV absorption peak at 527 nm, which 
overlaps with the UCNPs emitted fluorescence peak of at 
547 nm, satisfying the condition for fluorescence resonance 

Fig. 1  TEM image (A), XRD pattern (B), FT-IR spectroscopy (C) and fluorescent emission spectra (D) of UCNPs
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energy transfer. The characteristic fluorescence peak at 
547 nm was hence selected as the reporter signal in the 
experiment for subsequent data analysis. Transmission 
electronic microscope (TEM) was used to characterize the 
size and morphology of AuNRs as shown in Fig. S1B. The 
AuNRs synthesized appeared rod-shaped with uniform mor-
phology and good dispersion. The sizes of the long and short 
axes of the nanorods were estimated to be 100 nm and 28 nm 
respectively.

Optimization of detection conditions

Optimization of the detection conditions was carried out in 
order to obtain the best detection performance of the fab-
ricated sensor. To do established that, the detection con-
ditions such as the concentration of AuNRs, Cys and the 
 Pb2+ response time of the mixed system were optimized. The 
effect of the concentration of AuNRs was initially studied. 
Equal amount of Cys and UCNPs-COOH solution mixed 
with varied concentrations of 300 μL AuNRs independently 
(0, 2.5, 5, 10, 15, 20, 40, 60 pM) and the subsequent addition 
of 100 μL of water. The fluorescence signals of the various 
mixtures were recorded. As seen in Fig. 2A, the intensity of 
the UCNPs fluorescence signal steadily decreased with the 
increase in AuNRs concentration. When the AuNRs concen-
tration exceeded 40 pM, the signal intensity became fairly 
stable. As a result, 40 pM AuNRs solution was selected as 
the best concentration for this experiment. The effect of 
Cys concentration on the developed UCNPs-based sensor 
was thereafter carried out. Varied concentrations of Cys 
solution (0, 50, 100, 200, 300, 400, 500, 600 μM), 300 μL 
UCNPs solution and 100 μL deionized water were added 
to 300 μL AuNRs. After simple mixing of the contents at 
25 ℃, the fluorescence intensities of the mixed solutions 
were recorded. As captured in Fig. 2B, increase of Cys con-
centration triggered a steady decrease in the fluorescence 

intensity of UCNPs at 547 nm as a result of the increasing 
amount of UCNPs-Cys-AuNRs complexes. When the con-
centration was exceeded 500 μM, stability in the fluores-
cence intensity was observed. Based on that, 500 μM was 
selected as the best concentration of Cys for  Pb2+ detection. 
Furthermore, the response time of the sensor to detect  Pb2+ 
was optimized based on the stability in the fluorescence 
intensity of the mixed solution with time as the evaluation 
criterion. Under the optimal detection conditions,  Pb2+ were 
introduced into the mixed detection system. After incuba-
tion at 25 ℃ for 1, 2, 4, 6, 8, 10 and 12 min, the fluorescence 
spectral data of the mixed solution under different reaction 
times were collected. The variation curve for fluorescence 
intensity with time at 547 nm is shown in Fig. 2C. It can be 
observed that the detection system reacts rapidly with  Pb2+ 
at 25 ℃ while and the fluorescence intensity of the system 
remained unchanged. Thus, 1 min was selected as the best 
incubation time.

Establishment of detection standard curve

Under the optimized experimental conditions, the upcon-
version fluorescence spectra of the mixed detection system 
were collected after adding series of  Pb2+ standard solu-
tions of varied concentrations. Figure 3A shows the changes 
of UCNPs fluorescence spectra of the system after adding 
varied concentrations of  Pb2+. It is seen the Fig. 3A that 
increased amount of the target molecular concentration 
allows the gradual dissociation of Cys from the assembly, 
and the consequent steady enhancement of the fluorescence 
intensity of the mixture at 547 nm. Figure 3B shows the rela-
tionship between the relative fluorescence intensity (F–F0) / 
 F0 (F and  F0 representing the fluorescence intensity value at 
547 nm prior and post addition of  Pb2+) and  Pb2+ concen-
tration. A linear regression equation was obtained for the 
relationship as (F–F0) /  F0 = 0.048 x + 1.308,  R2 = 0.987, and 

Fig. 2  Fluorescence spectra of upconversion with addition of dif-
ferent concentrations of AuNRs (A), Fluorescence intensity of the 
system at different concentrations of cysteamine at 547  nm. Error 

bar = SD (n = 3) (B) and Optimization of incubation time after adding 
Pb2 + to the detection system (C)
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a LOD of 0.5 μM attained by the sensor. The characteristics 
comparison between the fabricated sensor and other reported 
 Pb2+ detection methods are captured in Table 1 [29–33]. It is 
observed from the results that the designed sensor has high 
detection sensitivity.

Selectivity analysis

Analysis of the selectivity and specificity of the fabricated 
nano fluorescent sensor to detect  Pb2+ was evaluated using 
common metal ions such as  (Ba2+,  Cd2+,  Ca2+,  Na+,  Al3+, 
 Mg2+,  K+,  Zn2+,  Cu2+,  Mn2+,  Fe3+,  Ag+,  Fe2+) as targets. 
Results shown in Fig. S2, reveal that when all metal ions 
were added at the same concentration (20 μM) and con-
dition, only  Pb2+ significantly increased the fluorescence 
intensity of the detection system at 547 nm, while the fluo-
rescence changes caused by other pesticides were almost 
insignificant. This indicates that only  Pb2+ can form a 
complex with Cys, which results in its dissociation from 
the assembly and the consequent recovery of upconversion 
fluorescence. The results suggest that the upconversion fluo-
rescent nanoprobes have good selectivity and specificity for 
 Pb2+ detection.

Determination of  Pb2+ in real matcha samples

The practicability of the upconversion fluorescent nanoprobe 
to detect  Pb2+ in real samples and its recovery rate in Mac-
cha samples were carried out and the analyzed results cap-
tured in Table 2. The detection value of  Pb2+ obtained was 
consistent with the standard addition amount and a detection 
recovery range between 93.99—102.16% with the relative 
standard deviation of 2.4—7.8% was computed. Addition-
ally, the developed sensor was validated by the traditional 
inductively coupled plasma mass spectrometry (ICP-MS) 
based on the same pretreatment process. Table 3 shows that 
the difference between obtained results of the fabricated 

Fig.3  Fluorescence spectra of upconversion with addition of different concentrations  Pb2+ (A) and the standard curve (B). Error bar = SD (n = 3)

Table 1  Comparison of the 
analytical performances of 
different methods for  Pb2+ 
detection

Method Linear range (μM) LOD (μM) Reference

Flame atomic absorption spectrometry 3–150 0.75 [29]
Electrochemical analysis 0.5–10 0.3 [30]
Electrochemical aptasensor 0.001–0.04 0.37 ×  10–3 [33]
Ccolorimetry 0.5–25 0.5 [31]
Fluorescent sensor – 2.23 [32]
Upconversion fluorescence method in this study 1–100 0.5 –

Table 2  Determination of  Pb2+ in various spiked samples using the 
developed method

Matcha Addition 
(μg/g)

Found (μg/g) Recovery (%) RSD (%)

Sample 1 0 / / /
Sample 2 5 4.699 93.99 5.631
Sample 3 15 14.275 95.16 7.717
Sample 4 30 30.647 102.16 2.407
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UCNPs-based sensor and ICP-MS method were not sig-
nificantly different (p > 0.05). The results obtained prove 
that the fabricated sensor is stable, sensitive and accurate 
for  Pb2+ detection and quantification in practical Matcha 
samples.

Conclusions

This paper reported on the development of A UCNPs-Cys-
AuNRs based FRET biosensor for the determination of  Pb2+ 
residues in Matcha samples. The Cys was used as a bridge to 
connect UCNPs and AuNRs via chemical bond. The result-
ant fabricated sensor based on this study was deployed to 
quantitatively detect  Pb2+ in Matcha samples. When the 
fabricated sensor was deployed under the optimal condi-
tions, a LOD of 0.5 μM was achieved and a good linear 
correlation between the relative fluorescence intensity and 
the concentration of  Pb2+ within a range of 1–100 μΜ estab-
lished. Additionally, it was proven that the resultant sensor 
yielded a high selectivity and specificity for the detection 
of  Pb2+ based on specificity analysis carried out. Finally, 
the recovery test of  Pb2+ in actual Matcha samples and the 
comparison of detection results realized through the use 
of the fabricated sensor with that of inductively coupled 
plasma mass spectrometry, revealed the fabricated sensor 
as simple, fast, accurate and reliable to be deployed for the 
quality and safety monitoring of  Pb2+ in Matcha and other 
food materials.
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