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Enhanced upconversion fluorescent probe of single
NaYF4:Yb**/Er**/Zn?* nanoparticles for copper ion
detectiony

Baobao Zhang ® Jiajia Meng, Xiaohu Mi, Changjian Zhang, Zhenglong Zhang™*
and Hairong Zheng*

Surface modified NaYF,:Yb**/Er**/Zn®" upconversion nanoparticles were obtained by using branched
polyethylenimine (PEI). Strong fluorescence emission was observed and the influence of copper ions on
the fluorescence emission of the PEI-modified NaYF4:Yb>*/Er¥*/Zn?* nanoparticles was investigated. It
was found that the fluorescence emission can be quenched through luminescence resonance energy
transfer from the particle to the copper ions. The results show that the PEI modified NaYF,:Yb**/Er®*/
Zn?* nanoparticle can be used as a fluorescent probe for highly sensitive and selective detection of

rsc.li/rsc-advances copper ions.

1. Introduction

Rare-earth doped up-conversion nanoparticles (UCNPs) have
attracted much attention since 1990s with their excellent up-
conversion luminescence properties such as large anti-Stokes
shift, luminescence with rich color, narrowband emission and
good optical stability.** Up to now lots of research on the basic
issues of synthesis and luminescence properties of UCNPs has
been carried out.”™ Meanwhile, the application of UCNPs in
bioimaging and detection, photothermal therapy, contaminant
detection, solar cells, anti-counterfeiting technology, three-
dimensional displays and so on have been conducted.””™¢ In
the development of its application, the detection of heavy metal
ions by fluorescent UCNP probes has become a very promising
subject due to its advantages such as convenient operation, low
cost, highly sensitive and selective."”** Considering the impor-
tant role of copper ion in biological systems and their wide-
spread distribution, the development of fluorescent probe for
highly sensitive detection of copper ion is of great significance
for environmental protection and life science research.
Currently, most methods for detecting heavy metal ions by
fluorescent probes are based on liquid phase. With this
method, the sample is easy to prepare, but it needs to consume
much more fluorescent probe material during the detection
process, and the fluorescence emission intensity is easy to
fluctuate significantly due to the possible uneven distribution of
the fluorescent probes in the solution. While the strategy with
single particle probe can avoid these problems and can further
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improve detection sensitivity.”® However, compared with the
powder samples of upconversion nanoparticles, the lumines-
cence intensity of the single nanoparticle is usually very weak,
which results in the difficulty of the single nanoparticle fluo-
rescent probe for metal ion detection. In order to improve the
luminescence intensity and detecting efficiency, researchers
have proposed a variety of methods, such as ions co-doping, the
introduction of transition metal ions, core-shell coating, plas-
mon resonance enhancement and so on.*** Many studies have
been reported on the introduction of smaller radius ions (Li",
Mn?*, Mg?*, etc.)’*?® in UCNPs to enhance the upconversion
emission, but few studies on the introduction of Zn*" ions into
the rare-earth doped hexagonal phase NaYF, nanoparticles are
presented.*

In this paper, NaYF4Yb*'(20%)/Er**(2%)/Zn**(7%) nano-
particles with enhanced luminescence were successfully ob-
tained by introducing Zn>" ions in the hydrothermal synthesis
process to the UCNPs. A method for high-sensitivity detection of
copper ion by single NaYF,:Yb**/Er**/Zn®" nanoparticle fluo-
rescent probe has been developed and reported. The linear
detection range and the limit of single nanoparticle fluorescent
probe for the copper ion detection were studied experimentally.

2. Experimental
2.1 Materials

Er(NOs);-5H,0 (99.9%), Yb(NO;);-5H,0 (99.9%), PEI (99.0%)
and Y(NO3);-6H,0 (99.8%) were purchased from Sigma Aldrich.
Zn(NO;),-6H,0 (99.0%), CuCl,-2H,0 (99.0%), NaNO; (99.0%),
NaF (98.0%), C,HsOH (99.7%), C¢HsNa;0, - 2H,0 (99.0%), FeCl,
(97%), SnCl,-2H,0 (98%), KCl (99.5%), MgCl,-6H,O (98%),
NacCl (99.5%), NH,ClI (99.5%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China).

This journal is © The Royal Society of Chemistry 2018
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All the chemicals were used without further purification.

2.2 Characterization

Morphologies of NaYF,:Yb*'/Er*" and NaYF,:Yb*'/Er*'/zn**
particles were characterized by scanning electron microscope
(SEM, FEI-Nova-450) and transmission electron microscopy
(TEM, FEI-Tecnai G2 F20). Crystalline phase of the particle was
studied by the powder X-ray diffraction (XRD, D8 Advance). The
PEI modified NaYF,:Yb**/Er**/Zn*" nanoparticles were exam-
ined by Fourier transform infrared spectra (FTIR, TENSOR II).
These samples were excited by a femtosecond laser at 980 nm
with power of 100 mW (Coherent Mira 900-F). The spectral data
and microscopic images were collected by the micro-
spectroscopy system which consists of a spectrometer (Prince-
ton Instruments SP2750i) equipped with charge coupled device
(CCD, ACTON PIXIS 100) and microscopy (OLYMPUS BX51)
equipped with camera (Thorlabs 4070C-USB).

2.3 Sample characterization

In order to obtain UCNPs with high luminescence efficiency and
high surface to volume ratio so that a suitable single nano-
particle fluorescent probe can be designed,**** the hexagonal
NaYF,:Yb*'/Er’" microdisks and NaYF,:Yb*'/Er**/zn*" nano-
particles were synthesized by hydrothermal method.** As shown
by scanning electron microscope (SEM) images (Fig. 1(a and b))
and size distribution graphs (Fig. S1(a and b)}), the morphol-
ogies of particles are uniform hexagonal disks. According to X-
ray diffraction (XRD) shown in Fig. S2,1 the crystallization of
particles matches to the hexagonal phase crystal. Comparing
with NaYF,:Yb*'/Er’** microdisks, we found that the diffraction
peak position and intensity of the NaYF,:Yb**/Er**/Zn*" nano-
particles did not change significantly, which indicates the low
content of Zn>" ions in nanoparticles and less significant
change of the crystal structure. Fig. 1(c and d) are typical

Fig. 1 (a) The SEM image of the NaYF4:Yb**/Er®* microdisks, (b)-(d)
the SEM, TEM and HR-TEM images of the NaYF,:Yb3*/Er®*/Zn?*
nanoparticles, (e) elemental mapping images of the NaYF4:Yb**/Er**/
Zn?* nanoparticle.
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morphology of the NaYF,:Yb**/Er’**/Zn** nanoparticle, which
was further provided by TEM and HR-TEM. The spatial distri-
bution of the Na, Y, F, Yb, Er, and Zn in the nanoparticle are
shown by elemental mapping images (Fig. 1(e)) of the single
NaYF,:Yb*'/Er**/Zn*" nanopatrticle, directly indicating that Zn>*
icons have been incorporated into the
nanoparticle.

successfully

3. Results and discussion
3.1 Property of luminescence emission

To study the effect of doped zinc ions on the emission property
of the single UCNP, the luminescence emission spectra from
single NaYF,:Yb*'/Er**/Zn>" nanoparticle and single NaYF,:-
Yb*'/Er*" microdisk were measured under the 980 nm laser
excitation, which are shown in Fig. 2(a). Five dominant emis-
sion peaks at around 468 nm, 503 nm, 521 nm, 556 nm and
654 nm are displayed by both particles, which correspond to
transitions of *G,, = L1z, “Gi1j2 = "Tizse, “Hire = "Lisp, “Sape
— *I5, and *Fo;, — 155, respectively. In the obtained emis-
sion spectra, the red emission intensity was similar for both
particle of NaYF,:Yb*'/Er** and NaYF,:Yb**/Er**/Zn*" nano-
particle, while the green and blue light emission were enhanced
for NaYF,Yb*'/Er**/Zn®* nanoparticle comparing with that
from NaYF,:Yb**/Er’" microdisk. Taking into account the
difference in the size of NaYF,:Yb*'/Er**/Zn>" nanoparticle and
NaYF,:Yb*'/Er*" microdisk, the enhancement factors for blue,
green, and red light emission per unit volume of the particle
were 176, 45, and 20, respectively. Although such an estimation
ignored the influence of absorption difference of particles and
covered area of the excitation light spot etc., the enhancement
factor 10" to 10 was sufficient to show that the effect of Zn**
ions to the enhancement of upconversion luminescence from
the rare-earth doped single NaYF, particle was very significant.
Our study on the enhancement mechanism and related reports
suggest that the observed enhancement could be due to the
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Fig. 2 (a) Luminescence spectra from single NaYF4Yb®*/Er®*/Zn?*
and NaYF,:Yb>*/Er®* particle, (b) energy level diagram and possible
transitions of Yb** and Er** ions, (c) enhancement factors for blue,
green, and red light emission per unit volume of single particle.
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local symmetry decrease of the crystal field around Er** ion by
the introduction of Zn** ions into the particle.?*3*33

3.2 Fluorescent probe of single UCNP for Cu®* detection

Since UCNP doped with zinc ions has much stronger lumines-
cence emission and larger surface-to-volume ratio, we choose
PEI-modified NaYF,:Yb*"/Er*"/Zn>" as single-particle fluores-
cent probe. In order to investigate the detection ability and
detection limit of the particle probe for detecting Cu®" ions, we
designed the single particle detecting system that is shown by
Fig. 3. The luminescence of PEI-modified NaYF,:Yb**/Er**/Zn>*
nanoparticle might be quenched by copper ions and the
concentration of copper ions can be calculated based on the
degree of luminescence quenching.

In order to conduct the selective detection of copper ions, we
modified the surface of the UCNPs with PEI by physical
adsorption. As shown in Fig. 4(a), the PEI and PEI-modified
UCNPs both exhibited characteristic absorption peak at
1648 em™ " that was assigned to the bending vibration of NH,
bond, since the absorption peak did not be observed from the
unmodified UCNPs, this result indicates that PEI has been
successfully modified on the particle for PEI-modified UCNPs.
To examine the application possibility of PEI-modified UCNPs
and the selection on the ions in the solution, the elemental
distribution was characterized after adding 10 pL CuCl, solu-
tion that contains both Cu?* and CI~ ions to PEI-modified
nanoparticle. Fig. 4(b) shows that a large amount of Cu** ions
were adsorbed on the nanoparticle while chloride ions were
seldomly detected. This indicates that the amino group con-
tained in PEI can selectively bind with Cu®" ions forming
a complex with copper ions. Therefore, the modified nano-
particle can be a good candidate of single-particle fluorescent
probe.

To illustrate the application of single PEI modified UCNP for
detecting copper ions in solution, we conducted the experi-
mental measurement with following procedure. First, the
luminescence intensity of single-particle fluorescent probe was
measured and the corresponding image was taken too. After

laser W
®
\'V.
. Yb3+
\ UCNP PEI @ Er3*
Cu2+

Fig. 3 Schematic of the single particle probe for detecting the
concentration of copper ion solution.
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that, 10 pL solution of 20 nM copper ions was completely added
to the particle dropwise in situ, luminescence spectrum and
microscopic image were recorded accordingly. Fig. 4(c) shows
the luminescence spectra and corresponding images of the
single particle probe before and after the addition of copper ion
solution drop by drop. Obviously, after the copper ion solution
was added, the luminescence intensity of the particle probe was
significantly reduced. By integrating the luminescence intensity
of the emission in the green region, we found that the degree of
fluorescence quenching caused by copper ion solution was
52%, 77%, 93%, respectively. The degree of fluorescence
quenching is estimated based on the formula of

2 I(A)dA — [ 1(2)dA

. x 100%
12 I(2)dA

P =

where Qr is the degree of fluorescence quenching after adding
copper ion solution to the single particle probe. I,() and I(2) are
the luminescence intensity of the fluorescent probe at wave-
length A with and without the addition of the Cu®" solution.
Base on the previous investigation,” the resonance energy
transfer from the Yb®" ions in the excited state to copper
ammine complexes might be the reason for fluorescence
quenching of NaYF,:Yb*'/Er**/Zn*" particle by Cu®* ions.

To examine the influence of water solvent on the lumines-
cence particle probe, we also carried out the spectral measure-
ment of the probe particle by adding pure water solvent to it. It
was found that the luminescence intensity of the single-particle
fluorescent probe was also quenched obviously after water
solvent added (see Fig. S4f). But the degree of luminescence
quenching caused by water solvent was much less than that
caused by copper ions. It was also found that the luminescence
intensity of the bare NaYF,:Yb**/Er**/Zn*" particle (unmodified
with PEI) did not present obvious change after adding copper
ion solution or water solvent to it. Therefore, it is reasonable to
use PEI modified single NaYF,:Yb*'/Er**/Zn>" particle as a fluo-
rescent probe for Cu®>" ion detection.

3.3 Sensitivity and selectivity of the single particle probe

Considering that the copper ion solution is added dropwise and
assuming that the copper ions are evenly distributed in the
solution, we suppose that the number of copper ions accumu-
lated on a single particle is basically the same for each droplet.
With this assumption, the number of Cu®" ions detected by the
single particle probe can be considered equally increase with
increase of the droplet number, which is equivalent to the
increase of the Cu®" concentration by one droplet.

Since the luminescence intensity of the single-particle probe
can also be influenced by water solvent, one need to deduct the
luminescence emission contribution resulted by water solvent
during the Cu®** ion detection. Based on this consideration,
experimental data obtained from the system with pure water
solvent and Cu** ion water solution were plotted separately in
the Fig. 5(a). After the contribution of water removed, the degree
of luminescence quenching on the probe was plotted and fitted
in Fig. 5(b). It shows that the single-particle fluorescent probe
has a linear detection in the range of 20-60 nM, and the

n
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Fig. 4 (a) Fourier transform infrared spectra of the PEI, bare and PEI modified NaYF4:Yb>*/Er®*/Zn?* nanoparticles, (b) the distribution of copper
and chloride ions on single particle fluorescent probe after the addition of 1 uM CuCl, solution to the particle, (c) emission spectra and cor-
responding microscopic images of the single particle probe before and after adding copper ion solution on it, and the scale bars are 2 um.
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Fig. 5 (a) Luminescence quenching of the single particle fluorescent
probe with 20 nM copper ion solution and water solvent, respectively
(b) linear data fitting on the degree of luminescence quenching of the
single particle fluorescent probe with the concentration of copper ions
after taking off the solvent contribution.

detection limit is about 11 nM that is comparable to the limit
detected by existing methods."”*%%

In addition, the selectivity of the single particle fluorescent
probe for copper ion detection was investigated. As shown in
Fig. S5,f the single particle probe exhibited significantly
different fluorescence quenching responses to 60 nM Cu®*
solution and 600 nM other ions (Fe*", Na*, K", Mg**, Sn**, NH,")
solution. It was found that the single particle probe exhibited
high selectivity towards Cu**, which can be used for copper ion
detection of the tap water from the Water Supply Company. As
shown in Fig. $6,1 the concentration of Cu®** in the tap water
was between 0.3-0.6 pM according to fitting result in Fig. 5(b),
which was similar to the concentration (<0.4 uM) detected by
Water Supply Company.

4. Conclusions

NaYF,:Yb**/Er**/zn** nanoparticles with enhanced lumines-
cence emission were synthesized and surface modification of
the particles was performed successfully by using PEI It was

This journal is © The Royal Society of Chemistry 2018

found that the PEI modified NaYF,:Yb**/Er**/Zn>" particle can
be a good fluorescent probe for Cu>* ion detection. By studying
the luminescence quenching effect of the single PEI-modified
NaYF,:Yb*"/Er®*/Zn** particle, we obtained the linear detec-
tion range of 20-60 nM for the single particle probe, and the
detection limit was around 11 nM. The current work offered an
ion detection system with high sensitivity and selectivity, it also
suggested that more single-particle fluorescent probe can be
constructed for the detection of heavy metal ions and
biomolecules.
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