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Abstract

A fluorescent nanoprobe for Pb(II) has been developed by employing aptamer-functionalized upconversion nanoparticles (UCNPs)
and magnetic Fe;0,-modified (MNPs) gold nanoparticles (GNPs). First, aptamer-functionalized UCNPs and aptamer-functionalized
magnetic GNPs were synthesized to obtained the fluorescent nanoprobe. The particles were combined by adding a complementary
ssDNA. In the absence of Pb(Il), the UCNPs, MNPs and GNPs are linked via complementary base pairing. This led to a decrease in the
green upconversion fluorescence peaking at 547 nm (under 980 nm excitation). In the presence of Pb(II), the dSDNA between UCNPs
and MNPs-GNPs is cleaved, and fluorescence recovers. This effect allows Pb(Il) to be quantified, with a wide working range of 25—
1400 nM and a lower detection limit of 5.7 nM. The nanoprobe gave satisfactory results when analyzing Pb(Il) in tea and waste water.
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Introduction

Lead is widely used in batteries, fertilizers and plastic stabi-
lizers, resulting in water, soil and air pollution [1, 2]. Pb>* not
only acts as an environmental pollutant but also adversely af-
fects human health. The maximum residual limits of Pb®* set
by the World Health Organization (WHO) and the U.S.
Environmental Protection Agency (EPA) for drinking water
are about 35.7 nM [3] and 53.6 nM [4], respectively. Various
analytical techniques such as colorimetric [5, 6], fluorescence
[7, 8] and surface-enhanced Raman scattering (SERS) [9] have
been developed to detect Pb>* with low concentration.
However, the fluorescence method has become an influential
method for its high selectivity and sensitivity. Nowadays,
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many fluorescence chemosensors have been successfully de-
veloped for the detection of Pb>*. However, the most fluores-
cence chemosensors consist of organic fluorescent dyes, which
have some disadvantages like toxicity, prolonged synthesis
time, interference of background and poor water solubility,
which limit the prospect of application in the detection of real
sample. For instance, Y Xiang et al. developed a 2-amino-
5,6,7-trimethyl-1,8-naphthyridine fluorescence sensor (excita-
tion/emission = 358/405 nm) for detection of Pb>" with LOD
of 4 nM [10], however, the dye used is poisonous and the
fluorescence spectra cannot abstain from background interfer-
ence; S Zhan et al. reported a label free fluorescence sensor
(excitation/emission = 490/535 nm) for Pb>" with LOD of
13.5 nM [11], which is also bear the weakness of background.
Therefore, a new fluorescence sensor with low background
interference and high sensitivity is greatly needed to develop
for Pb** detection.

Compared to the fluorescent dyes, rare-earth-doped
upconversion nanoparticles (UCNPs) with high anti-Stokes
shift, low auto-fluorescence background and high penetration
depth can convert near infrared long-wavelength excitation
radiation to shorter visible wavelength [12—14]. In addition,
upconversion nanoparticles are less toxic and can be modified
into water soluble [15, 16]. Due to the above features, UCNPs
has been successfully applied for the detection of metal ions
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[17, 18] based on the fluorescence quenching or fluorescence
recovering by fluorescent acceptor. Therefore, it is very im-
portant to select a suitable fluorescent acceptor to develop an
optimum probe for Pb** detection.

Gold nanoparticles (GNPs) exhibit their unique optical
properties [19, 20] such as high extinction coefficients, colors
arising from GNPs and strongly distance-dependent optical
properties. In addition, the GNPs possess superior chemical
properties such as size, mild surface chemistry and exhibit low
toxicity [21]. Owing to the above advantage, GNPs have been
applied in colorimetric assays for the detection of metal ions.
MNPs [22, 23] have gained increasing interest, due to its low
cost, wide availability, high stability, easily chemically modifi-
able surfaces and convenient magnetic separation properties
[24]. Consequently, the composite assembly of MNPs and
GNPs as fluorescent acceptor is suitable.

DNAzyme (catalytic strand) mainly consists of nucleic ac-
id, which can either bind with target molecules or implements
catalytic reactions with the ability to recognize metal ions [2].
Besides, DNAzyme has successfully been applied in the de-
tection of many metal ions, like, Zhang et al. developed a
biosensor based on DNAzyme decorated Au@Ag core-shell
nanoparticles for mercury [25]. Some related research works
[10, 11, 26] using DNAzyme to develop a biosensor for the
detection of Pb>* have also been reported. These fluorescence
biosensors cannot detect Pb>* in complex samples due to their
unstable optical properties and their detection limit also need
to improve. Therefore, developing a new nanoprobe based on
DNAzyme is significant.

In this paper, we have devised and prepared an “off-on”
upconversion fluorescent nanoprobe that consists of aptamer-
functionalized UCNPs and MNPs-GNPs for Pb** detection.
Without the addition of Pb**, the link between UCNPs and
MNPs-GNPs formed by the complementary pairing of
aptamer, led to the distance between UCNPs and MNPs-
GNPs less than 10 nm, causing the occurrence of FRET.
Upon addition of Pb**, Pb** captured by DNAzyme and re-
sulted in the catalytic hydrolysis of the oligonucleotide, which
diminished the effect of FRET, consequently recovering the
fluorescence. This novel fluorescent nanoprobe not only has a
wide linear range but also exhibits a low detection limit for the
determination of Pb*".

Experimental
Materials

YCl3-6H,0(99.99%), YbCl3-6H,0(99.99%), GdCl;-
6H,0(99.99%), HoCl5-6H,0 (99.99%), 1-octadecene (>
90%) and oleic acid (> 90%), and chloroauric acid trihydrate
(HAuCly-3H,0, 99.9%) were purchased from Sigma-Aldrich
(Shanghai, China www.sigmaaldrich.com). Phosphate-
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buffered saline with 0.9% NaCl (PBS) (10 mM, pH=7.4),
3-aminopropyltrimethoxysilane, tetraethyl orthosilicate
(TEOS, > 98%), sodium hydroxide (NaOH, 96%), ammoni-
um fluoride (NH4F, 98%), iron chloride hexahydrate, avidin
and other reagent were obtained from Alfa Aesar (www.alfa.
com). The catalytic strand 5'-Biotin-CGATCA CTA ACT ATr
AGG AAG AGATG-HS-3' (Aptl) and complementary strand
5'-NH,-TGA GTG ATA AAG CTG GCC GAG CCT CTT
CTC TAC-3'" (Apt2) were purchased from Sangon
Biotechnology Co., Ltd. (Shanghai, China).

Characterization

he shape and size of the silica-coated UCNPs, MNPs and
GNPs were characterized by a Tecnai G2 F30 transmission
electron microscopy (TEM) at an accelerated voltage of
120 kV. A Siemens D5005 instrument (Bruker AXS, Ltd.,
Germany) was used to record the X-ray diffraction (XRD)
pattern. The infrared (IR) spectra were recorded by a Nicolet
Nexus 470 Fourier transform infrared spectrophotometer
(Thermo Electron Co., U.S.A.). The absorption spectra were
acquired by a Shimadzu UV-1800 UV-Vis spectrophotometer
(Shimadzu, Japan). The zeta potentials were measured using
Malvern Zetasizer Nano (Malvern Instruments Ltd., U.K).

Synthesis of upconversion nanoparticles (UCNPs)

Oleic acid-capped NaYF,4: Gd, Yb, Ho nanoparticles (OA-
UCNPs) were prepared according to the previous literature
[27, 28] with some modification and detail procedure has been
assimilated in the supporting information. Water-soluble
upconversion nanoparticles were prepared with the modifica-
tion of amino group using the following procedures: 100 mg
of UCNPs and 40 mL of ethanol mixed by ultrasound for
20 min in 100 mL conical flask. Then the mixture was heated
to 35 °C under continuous stirring for 10 min. Thereafter,
10 mL of pure water and 1.2 mL of ammonia solution were
added respectively to the above mixture and heated to 60—
70 °C. After that, 100 puL of tetracthyl orthosilicate
added slowly under continuous stirring and kept for 8-
10 h in the same condition. Subsequently, 100 uL of 3-
aminopropyltriethoxysilane was added with the above
mixture and kept for another 3 h under the same con-
dition to yield amino-functionalized UCNPs. Finally, the
amino-functionalized UCNPs solution was washed by
water-ethanol (1:3) three times and dried in a vacuum
oven at 60 °C for 6 h. .

Synthesis of surface modification Fe;0, magnetic
nanoparticles (MNPs)

Amine-functionalized Fe;O, MNPs was fabricated according
to the previous work [14]. First, 3.2 g of 1, 6-hexanediamine,
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1.0 g of anhydrous sodium acetate and 1.0 g of FeCl; 6H,O
were dissolved in 15 mL of glycol. Then, the mixture was
heated to 50 °C to obtain a homogeneous colloidal solution,
followed to transfer into a Teflon-lined autoclave and kept at
198 °C for 6 h to form amine-functionalized Fe;O, MNPs.
Finally, the products were washed with ethanol-water three
times and dried in a vacuum oven.

Synthesis of gold nanoparticles (GNPs)

GNPs was obtained according to the previous literature [29]
with appropriate modifications and detail procedure has been
assimilated in the supporting information.

Preparation of aptamer-functionalized upconversion
nanoparticles (UCNPs)

The aptamer-functionalized UCNPs was fabricated applying
the classical glutaraldehyde method. First, 1.25 mL of glutar-
aldehyde and 10 mg of amino-modification UCNPs were dis-
persed in 5 mL of PBS by ultrasound for 30 min. After reac-
tion for 1 h, the UCNPs was washed by PBS three times and
re-dispersed in 5 mL of PBS. Then, 0.5 mL of 200 mM Apt2
was added to the UCNPs solution and reacted at room tem-
perature for 6 h. Finally, the UCNPs solutions were washed
and re-dispersed in 5 mL of PBS.

Preparation of aptamer-functionalized GNP-MNPs

The procedure for the avidin-modified MNPs was adapted
from reported literature [14, 30]. Briefly, 10 mg of MNPs
dispersed in 5 mL of PBS then added 1.25 mL of 25% glutar-
aldehyde to the above mixture and kept for 2 h at room tem-
perature. Then, MNPs were magnetically separated and sub-
sequently washed with PBS. Thereafter, 2 mL of 5 mg/mL
avidin solution was added to the above solution and kept for
12 h at room temperature. Finally, the yielded avidin-modified
UCNPs was washed with PBS three times and dried in a
vacuum oven at 37 °C for 12 h.

The aptamer-functionalized GNP-MNPs was synthe-
sized according to our previous literature [31]. First,
0.5 mL of 200 mM Aptl was added to 10 mg of
avidin-modified MNPs solution and incubated for 6 h
at room temperature to fabricate MNPs-Aptl. Then the
MNPs-Aptl was magnetically separated and re-dispersed
in 4.0 mL of PBS. After that, 1.0 mL of GNPs was
poured into the mixture and incubated at 50 °C for
16 h. Thereafter, 0.1 M of NaCl and 10 mM of PBS
buffer were added to the above mixture and reacted for
another 40 h. Finally, the GNPs-MNPs was magnetically
separated and stored at 4 °C. The concentration of
GNPs-MNPs was calculated according to the concentra-
tion of MNPs.

Fabrication of the nanoprobe

The UCNPs-GNPs-MNPs nanoprobe was synthesized as
follows. 200 puL of 1.0 mg/mL aptamer-functionalized
GNPs-MNPs was mixed with 200 pL of 1.0 mg/mL
aptamers-modified UCNPs and reacted for 10 min at
37 °C to fabricate UCNPs-GNPs-MNPs nanoprobe. Then,
the nanoprobe was magnetically separated and washed
with PBS. Finally, the nanoprobe was re-dispersed in
PBS buffer solution.

Lead(ll) detection

Pb(NO3), stock solution was used for Pb** sensitivity
studies. Various concentrations of Pb** solution were pre-
pared from the stock solution using serial dilution to de-
termine the sensitivity limits of the UCNPs-GNPs-MNPs.
The fluorescence detection of aqueous Pb** was per-
formed at optimal conditions. Briefly, 200 pL of Pb>*
with different concentrations (25, 50, 100, 200, 400,
600, 800, 1000 nmol/L) were added separately to 3 mL
glass bottle containing 200 pL of UCNPs-GNPs-MNPs
solution. The glass bottle was subsequently shaken for
10 min to confirm the reaction. For the selectivity and
practical assay, all samples were analyzed in the same
condition. The selectivity over other metal ions (Cd2+,
CI‘3+, Ba2+, Zn2+, Ca2+, Ml’l2+, Mg2+, Fez+, CO2+, Ni2+,
Cu®*, Hg?*) under same conditions were investigated.
To confirm the selectivity of our developed method,
200 uL of various metals ion were prepared and added
to 200 puL of UCNPs-GNPs-MNPs solution. Selectivity
was tested as follows: 200 puL of mixed metal ions
(1 uM Pb** and 100 puM one of the other metal ions)
was prepared and added to 200 puL of UCNPs-GNPs-
MNPs solution.

Detection of lead(ll) in spiked real samples

Waste water samples obtained from domestic and indus-
trial waste water sources and centrifuged at 10000 rpm for
30 min. Spiked samples were prepared by adding Pb** at
specific concentrations. Then spiked samples were detect-
ed using the UCNPs-MNPs-GNPs nanoprobe. Black tea
was purchased from local supermarket and pretreatment
of tea was followed by a previous method [32] with a
little modification. First, the tea sample was dried in an
oven at 35 °C, then 1.0 g of tea sample was digested with
a mixture of concentrated HNO; (4 mL) and HC1O,4
(1 mL) for 1 h and filtered under atmospheric pressure.
Afterwards, various concentrations of Pb>* were mixed
with the filtrate. Finally, the filtrate was detected using
our developed method.
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Results
Characterization

To comfirm the shape, size, crystal form, zeta potential and
surface modification of UCNPs, MNPs and GNPs, we con-
ducted a series of characterization and the results are shown in
Fig. 1. As seen from the TEM image, as synthesized UCNPs
was covered by uniform silicon shell with good dispersibility
and the average size of the particle was 35 nm (Fig. 1a). The
TEM image also revealed that GNPs and MNPs were spher-
ical in shape with an average diameter of 20 nm and 200 nm
respectively and well dispersed as captured in Fig. 1b, c.
Additionally, the relative zeta (()-potential of UCNPs, GNPs
and MNPs were measured and the results are shown in Fig.
1d. Amino-modified UCNPs was positively charged with zeta
potential of +12.32 mV. After aptamer-modification, the zeta
potential changed to +23.67 mV. The opposite zeta potential
was found between GNPs (—11.79 mV) and MNPs
(+36.72 mV), but after the conjugation by the aptamers, the
zeta potential of MNPs-GNPs was positively charged with
+18.87 mV, indicated that the UCNPs-MNPs-GNPs
nanoprobe formed by the bases complement not by the elec-
trostatic adsorption.

The crystal structure and phase purity of UCNPs and
MNPs were determined by XRD. The diffraction peaks of

Fig. 1 TEM image of amino-
modified upconversion nanopar-
ticles (UCNPs) (a), gold nano-
particles (GNPs) (b) and Fe;04
magnetic nanoparticles (MNPs)
(¢). (-Potential of UCNPs-NHy,,
UCNPs-aptamer, (GNPs), MNPs-
NH,4, MNPs-GNPs-aptamer (d)
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the UCNPs (Fig. 2a) were well agreed with the calculated
values of standard hexagonal NaYF, phase (JCPDS no.49—
1896), indicate that synthesized UCNPs had crystalline hex-
agonal phase. The relative intensities of all diffraction peaks of
MNPs corresponded to the phase structure of magnetite
(JCPDS no. 88-0866) as shown in Fig. 2b.The surface prop-
erties of UNCPs and MNPs were determined by FT-IR spec-
troscopy. As presented in Fig. 2¢, the characteristic peaks at
3412 cm ! was assigned to the stretching vibration of hydrox-
ide radicals (-OH) of oleic acid on the surface of UCNPs;
2923 cm ™', 2847 em ™' and 1579 cm™' and 1431 cm™
corresponded to the stretching vibration absorption peaks of
hydroxide radicals (-CH,-) and the carboxylic group (-
COOH) of oleic acid, respectively (curve a in Fig.2c (b))
[33]. After surface modification, the stretching vibration of
the Si-O (1614 cm ') band and stretching and bending vibra-
tion of amine groups (1102 cm™ ') appeared, indicated that the
UCNPs was successfully modified with NH, (curve a in Fig.
2¢ (c)) [34]. The peak appeared at 1391 cm ™' and 1047 cm !
were ascribed to the rocking vibration of N-H in the amine and
stretching vibration of -CH—; while the characteristic peak at
1627 cm™' was attributed to the scissor bending vibration of
amine group. The peak appeared at 580 cm ™' was attributed to
the Fe-O vibrations (curve a in Fig. 2c (a)) [14]. The data of
UV-Vis spectrophotometer approved that MNPs-GNPs and
UCNPs were successfully modified by aptamer (Fig. 2d).
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Fig. 2 XRD patterns of UCNPs a b
(a) and MNPs (b). ¢ FT-IR spectra @11)
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Fig.3 a Schematic presentation of fluorescent nanoprobe based on fluorescence resonance energy transfer (FRET) between UCNPs and GNPs-MNPs

for detection of Pb**. b The structure formula of combined UCNPs and MNPs-GNPs
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Fig.4 a Upconversion fluorescence spectra of UCNPs-MNPs-GNPs under 980 excitation with addition of different concentration of Pb>". b The plot of

upconversion fluorescence spectra intensity at 547 nm versus Pb>*

After aptamer modification, the new absorption peak at
280 nm appeared, confirmed that UCNPs and GNPs-MNPs
were modified by aptamer successfully.

Principle of the “turn-on” upconversion fluorescent
nanoprobe for lead(ll)

The detection mechanism of the “turn-on” for Pb** based on
upconversion fluorescent nanoprobe is described in detail in
Fig.3. A single-stranded aptamer (Apt2) was modified with
UCNPs. Hitherwards, the MNPs and GNPs were modified
and linked by the Aptl. In the absence of Pb>*, UCNPs was
combined with MNPs-GNPs by the interaction of aptamer and
the fluorescence resonance energy kept transferring to the
MNPs-GNPs.

This is attributed to the overlap between the fluorescence
spectrum of UCNPs and the absorption spectrum of MNPs-
GNPs in 500-600 nm that cause FRET between them. In the
presence of Pb**, the catalytic strand was cut off by Pb**.
Meanwhile, the base pairs break, led to the separation of
UCNPs and MNPs-GNPs, resulted in the quenched fluores-
cence restoration through removing the effect of FRET.
Therefore, the Pb** concentrations were monitored by the
fluorescence at 547 nm.

Optimization of experimental conditions

In order to obtain better sensing performance for Pb**
detection, the following parameters were optimized: (a)
Optimal concentration ratio of UCNPs and MNPs-
GNPs: 1.0 mg/mL UCNPs and 1.0 mg/mL MNPs-
GNPs; (b) Best hybridization time between aptamer-
functionalized UCNPs and aptamer-functionalized
MNPs-GNPs:10 min; (c) Best reaction time after addi-
tion of Pb®*: 4 min. All the experiments were conducted
at room temperature.

Determination of lead(ll)

The fluorescence intensity of the assay solution was investi-
gated using 200 uL. UCNPs-MNPs-GNPs conjugates upon
addition of different concentrations of Pb** (25, 50, 100,
200, 400, 600, 800, 1000 nmol/L) under the optimized condi-
tions, as shown in Fig.4. Figure 4a shows upconversion fluo-
rescence spectra against the concentration of Pb”* in the ho-
mogeneous assay. The fluorescence intensity gradually in-
creased with the raised concentration of Pb".

Figure 4b shows the upconversion fluorescence inten-
sity at 547 nm for the different concentrations of Pb**.
The upconversion fluorescence intensity at 547 nm was

Table 1 Comparison between the

developed biosensors for Pb>* Method Technique or material Liner range (nM) LOD (nM) Ref
and other reported method
colorimetric gold nanoparticle 1-1000 24 [35]
colorimetric glutathione functionalized gold nanoparticles 100-10,000 100 [36]
Fluorescence 2-amino-5,6,7-trimethyl-1,8-naphthyridine 0-1000 4 [10]
Fluorescence boron-doped carbon 25-250,000 8.47 [37]
Our method UCNPs-MNPs-GNPs 25-1400 5.7
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Fig.5 The selectivity of the fluorescent nanoprobe for 1 M Pb>* against
various kinds of 100 uM interference ions. Schematic presentation of
fluorescent nanoprobe based on fluorescence resonance energy transfer
(FRET) between upconversion (UCNPs) and gold nanoparticles (GNPs)-
Fe;0,4 magnetic nanoparticles (MNPs) for detection of Pb>*

found to be linear with the concentration of Pb** ranging
from 25 to 1400 nM, and the linear regression equation is
y=1.212 x+677.29 (R*=0.993), The LOD (5.7 nM) can
be calculated by 3S,/S (S, represents the standard devia-
tion of 10 blank fluorescence measurements and S is the
slope of calibration plot). A comparison between the de-
veloped nanoprobe and other reported methods [10,
35-37] for Pb** detection are summarized in Table 1.
The above results confirmed that the developed method
had high sensitivity in their detection.

The selectivity of the assay

As shown in Fig. 5, several metal ions (1 uM Pb>* and
100 uM Cd**, Cr’*, Ba®*, Zn**, Ca’*, Mn®*, Mg”",
Fe?*, Co?*, Ni**, Cu®*, Hg*") were examined. The in-
tensity at 547 nm had high only when Pb** was added,
while other metal ions in 100 times were not able to
initiate “turn-on” effect, demonstrated the high selectiv-
ity of our method. In addition, the results are also

Table2 Determination of Pb>* in real sample using the developed method

shown in Fig. 5. Almost the same upconversion fluores-
cence intensity was observed even with other metal
ions, indicated other metal ions cannot influence the
nanoprobe for Pb** detection.

Lead(ll) determination in real samples

To evaluate the applicability of this nanoprobe in real
samples, the UCNPs-MNPs-GNPs nanoprobe was used
to measure Pb®* in waste water and black tea and the
results are shown in Table 2. Atomic absorption spectrom-
etry (AAS) was used as a conventional method to verify
the reliability of this nanoprobe. It was found that recov-
eries were in the range of 99.6 to 105.2% and the relative
standard deviation (RSD) (n=3) was less than 2.2. As
illustrated in Table 2, the values determined by our sug-
gested method were in good agreement with AAS.
Therefore, it can be concluded that our approach would
be suitable for practical application.

Conclusion

A new nanoprobe is described for Pb** detection in aque-
ous media, using DNAzyme as Pb**-capturing element,
upconversion particles as fluorescence donors and
MNPs-GNPs as fluorescence acceptor. The sensitivity of
UCNPs-MNPs-GNPs nanoprobe can be impacted under
the ratios of UCNPs and MNPs-GNP, hybridization time
and reaction time after the addition of Pb** evidently. The
newly prepared UCNPs-MNPs-GNPs nanoprobe had a
specific fluorescence response to Pb>" with a detection
limit of 5.7 nM. Moreover, the obtained results for the
detection of Pb** in water and black tea samples gave
credence to its potential deployment for the safety moni-
toring of the toxic metals in food.

Samples Added amounts(nM) Measured amounts * (nM) Recovery (%) RSD (%) n=3 Measured amounts ° (nM)
tap water 200 2104 £ 0.31 105.2 22 211.2 £0.22

400 408.6 + 0.27 102.1 14 411.2 £0.31

600 612.7 £ 041 102.1 0.9 615.7 = 0.08

800 796.4 £ 0.12 99.6 1.7 802.4 £ 0.51
Black tea 200 214.1 £ 0.37 107.0 1.3 217.3 £0.23

400 4123 £ 0.34 103.1 2.1 415.4 £0.17

600 616.7 = 0.22 102.8 0.8 608.3 £ 0.25

800 8124 +£0.26 101.6 1.5 809.1 £ 0.39

#Values determined by the developed method
®Values determined by AAS
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