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HIGHLIGHTS GRAPHICAL ABSTRACT

« Rare earth core-shell nanoparticles Rare earth core-shell nanoparticles are designed and constructed for detecting Cu?* and temperature.
are designed and constructed for
detecting Cu®* and temperature. " PAA

« Forster resonance energy transfer
based on rare earth nanoparticles is
studied for Cu?* sensing.

« The rare earth core-shell
nanoparticles concurrently exhibit
high sensitivity and superior
selectivity.

« The relative sensitivity of rare earth
core-shell nanoparticles reaches
1.23% K~! for temperature sensing.
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ARTICLE INFO ABSTRACT

Article history: Cu?" is an essential trace element for humans and animals, and the precise detection of Cu®* can help
Received 26 September 2022 diagnose many diseases. However, the current Cu?* detection technology still needs to be improved in
Revised 13 October 20?2 terms of the biocompatibility of the material, the penetration of the excitation source, and the detection
Q\C/igtbeli iglglc;v;nklzlvjr?bir 2022 limit. In this paper, the polyacrylic acid (PAA) capped NaYF,:Yb**/Er3*@NaYF, core-shell nanoparticles
(NPs) with a particle size of about 22.5 nm is proposed. Under the excitation of 980 nm with strong pen-
etration, the Cu?* concentration can be detected by the emission intensity of NPs at 520 nm, and the
Yb3+/Er3+ codoping detection limit is 0.018 puM. In addition, this material can also perform temperature detection within
Cu2+ detection 296-373 K with a relative sensitivity of 1.23 % K~!. Therefore, this NPs is a promising multifunctional
Temperature sensing material that can detect temperature and Cu** concentration.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:

1. Introduction example, neurotransmitters, synapses, hippocampus, and cerebel-
lum contain Cu?*, and the formation of melanin and the operation
Cu?* widely exists in natural water and wastewater and is a of some enzymes are also inseparable from Cu?* [4-6]. Low levels

trace element necessary for humans and most animals [1-3]. For of copper in the human body will lead to slow growth, anemia, and
other symptoms, while high levels will affect the nerves, liver, car-
diovascular, and kidneys [7-9]. Therefore, it is an essential require-
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in organisms and living water precisely [10,11]. There are many
detection methods, such as atomic absorption spectrometry,
inductively coupled plasma mass spectrometry, colorimetry,
voltammetry, etc. [12-16]. However, they have their limitations,
such as being unsuitable for biological applications, high detection
limits, and low sensitivity [17,18].

Using optical probes to detect Cu?* is a promising way because
of a series of advantages like high response speed, low detection
limit, high sensitivity, and low cost [19-21]. Commonly used
probes for detecting Cu?" include rhodamine B derivatives, cou-
marin derivatives, and gold NPs [22-24]. In recent years, rare
earth-doped NPs have become commonly used as biosensing
probes due to their sizeable anti-Stokes shift, long fluorescence
lifetime, good biocompatibility, and high physicochemical stability
[25-27]. Typically, in NPs based sensors, the NPs serve as energy
donors, and the family of rhodamine B act as energy acceptors in
the Férster resonance energy transfer (FRET) based Cu?* detection.
However, these sensors exhibit low emission when dispersed in
water[9]. Recently, the sensor based on another FRET architecture
that the NPs are still employed as energy donors while Cu®* ions
act as acceptors was proposed. For example, with Cu?*, the car-
boxylate group of PAA can bind selectively to the Cu?* ions owing
to the electrostatic interaction between Cu?* and carboxylate anion
of PAA, forming copper carboxylate complex to quench the NPs flu-
orescence [1,9,18].

On the other hand, a multifunctional biosensing probe that can
accomplish two tasks at once is desperately needed. Non-
destructive temperature detection of the living organism is
required in biological applications. In recent years, the temperature
measurement method based on the fluorescence intensity ratio
technology of rare earth doped nanoparticle materials has great
application prospects in temperature detection due to its advan-
tages of fast response speed, high sensitivity, and little influence
by external conditions [28-31]. The doping of Yb>* makes the
material can be excited by the near-infrared 980 nm laser, which
has the advantages of strong penetration in biological tissues and
weak bio autoluminescence. Yb**/Er®* codoped materials have
become a research hotspot for thermometric materials due to their
high luminous efficiency and wide temperature measurement
range [32-34]. NaYF4-basal core-shell material has the character-
istics of a large specific surface area, low phonon energy, non-
toxicity, high physical and chemical stability, can flexibly modify
the surface, and can be combined with fluorescent probes, widely
used in optical sensors. There have been many reports of biological
temperature sensing using NaYF,4:Er**/Yb3*, and the principle is
that under the excitation of 980 nm, the ratio of the luminous
intensity of the thermally coupled energy level pair (ZHH,Z and
4S3),) of Er** ions changes regularly with temperature [35,36].
Meanwhile, as Cu?* detection probes, Yb>*/Er>* codoped NaYF,
NPs have also received wide attention because of their high Cu?*
detection limits [9,18,25].

In this paper, core-shell NPs with Yb>*/Er®*-doped NaYF, as the
core layer and pure NaYF, as the shell layer were synthesized by
co-precipitation method. The average particle size of the NPs is
22.5 nm, the thickness of the shell layer is 2.5 nm, and the NPs are
capped by PAA. The optimal doping concentration of Er** was
explored, and the X-ray diffraction (XRD), Transmission electron
microscopy (TEM), and Fourier-transform infrared spectroscopy
(FTIR) were used to characterize the material. Under excitation at
980 nm, the NPs can selectively detect Cu?* with a superior detection
limit. In addition, the fluorescence intensity ratio of 520 and 540 nm
of the material can be used for temperature measurement, and it
exhibits good temperature sensing properties within 296-373 K.
Therefore, this core-shell NPs can be used as a multifunctional
material integrating temperature sensing and Cu®* detection, and
has application prospects in biological, industrial and other fields.
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2. Experimental
2.1. Materials

All chemicals below were used as received without further
purification. Ytterbium acetate hydrate (Yb(Ac)s-xH,0, 99.9 %),
erbium acetate hydrate (Er(Ac)s-xH,0, 99.9 %), yttrium acetate
hydrate (Y(Ac)s-xH,0, 99.9 %), oleic acid (OA, 90 %), 1-octadecene
(ODE, 90 %) and poly acrylic acid (PAA) were obtained from Sigma
Aldrich Company. Sodium hydroxide (NaOH, 96.0 %) and ammo-
nium fluoride (NH4F, 98 %) are supplied by Aladdin Industrial Cor-
poration. Methanol (CH3OH, 99.5 %), absolute ethanol (C;HgO,
99.7 %) and cyclohexane (CgH13, 99.5 %) were purchased from Sino-
pharm Chemical Reagent Company.

2.2. Preparation of NaYF,:Yb**/Er®* core NPs

Y(Ac)3-xH,0 (0.78 mmol), Yb(Ac)s-xH,0 (0.2 mmol), Er(Ac)s-
-xH,0 (0.02 mmol), OA (6 mL) and ODE (14 mL) was added into
a three-necked flask. After draining at 100 °C for 30 min, the mix-
ture was kept at 150 °C for 30 min to obtain orange-yellow solu-
tion. After the solution was cooled to room temperature,
methanol solution of NaOH (2 mmol) and methanol solution of
NH4F (1 mmol) were added dropwise in turn. Thereafter, keep
the solution temperature at 80 °C for 30 min to remove methanol.
Then rapidly raise the temperature to 290 °C for 2 h under nitro-
gen. After cooling to room temperature, the resultants were
washed with cyclohexane-ethanol (1:1) and redissolved in 4 mL
cyclohexane.

2.3. Preparation of NaYF,:Yb>*/Er**@NaYF, core—shell NPs

Y(Ac)3-xH0 (1 mmol) was mixed with OA (6 mL) and ODE
(14 mL) in a three-necked bottle. The mixture was drained at
100 °C, and then kept at 150 °C for 30 min. After cooling to room
temperature, 4 mL of the prepared cyclohexane solution of core
NPs was added, and then cyclohexane was discharged at 70 °C.
The solution was cooled to room temperature again, methanol
solution of NaOH (2 mmol) and NH4F (1 mmol) was added, and
methanol was then discharged at 80 °C. Finally, the solution was
rapidly heated to 290 °C for 2 h. After cooling, the core-shell NPs
were obtained after centrifugation and washing.

2.4. Preparation of PAA capped NPs

The hydrophilic modification was performed with hydrochloric
acid to wash off OA ligands on the surface of NPs. Then 0.1 mmol of
PAA was added to the ligand-free NPs aqueous solution, and the pH
was adjusted to 7 with NaOH. After stirring for 12 h, the PAA-
capped NPs were obtained by washing with deionized water/etha-
nol (1:1).

2.5. Characterizations

In this work, the phase of NaYF,:Yb**/Er**@NaYF, was identi-
fied by X-ray diffraction (XRD, D2 PHASER) with Cu-Ky; irradiation,
the 26 range is from 10° to 80°. The morphology of NPs was
observed by transmission electron microscope (TEM, FEI TECNAI
G2 F20) and high-resolution transmission electron microscope
(HR-TEM, JEM-2100F). The qualitative analysis of the NPs was per-
formed by X-ray energy dispersive spectroscopy (EDS, SU8010), X-
ray photoelectron spectroscopy (XPS, ESCALAB 250XI) and Fourier
transform infrared spectroscopy (FTIR, BRUKER TENSOR 27). The
emission spectra were obtained by a spectrometer (FL3-211-P),
and the excitation source was a 980 nm laser.
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3. Results and discussion

The phase analysis of the as-prepared NPs was carried out by
XRD, as shown in Fig. 1a. The XRD spectrum is well matched to
the standard card JCPDS#16-0334 of NaYF,. There are diffraction
peaks corresponding to (100), (110), (101), (201), and (211)
crystal planes at 17.17, 30.02, 30.88, 43.65, and 53.83, respectively.
It shows that the prepared NaYF,:Yb>*/Er**@NaYF, NPs have high
crystallinity. The FTIR spectra can analyze the surface chemical
bonds of OA and PAA-coated NPs [37]. As shown in Fig. 1b, the
OA-coated NPs have peaks at 1418, 1563, 2850, and 2940 cm™!,
corresponding to the symmetric vibration of —~COO, the asymmetric
vibration of -COO, symmetric vibration of -CH,, asymmetric vibra-
tion of —-CH,, respectively. The existence of these functional groups
indicates that the surface ligand is OA. The PAA-NPs do not have a -
CH, vibration peak, but at 1644 cm™! a corresponding vibration
peak for —-COO, indicating that PAA successfully replaced OA.

Fig. 1c is the EDX spectrum of the prepared core-shell NPs, and
the inset is its element map. The EDX spectrum demonstrates that
this material contains F, Na, Y, Yb, and Er, which proves the suc-
cessful incorporation of Yb/Er in the material, and the content of
each element in the NPs is F > Y > Na > Yb > Er. The element
map can also reflect that these five elements are uniformly dis-
tributed. In addition, XPS can also conduct a qualitative analysis
of the material. Fig. 1d-e is the XPS survey spectrum of NaYF,:
Yb**/Er>*@NaYF,. It is clear that the material comprises Na, Y, F,
Yb, and Er because the peak at 1071.08 eV belongs to Na 1 s, the
peak at 685.08 eV corresponds to F 1 s, the peak at 186.28 eV refers
to Yb 4d, the peak at 173.78 eV corresponds to Er 4d, and the peak
at 185.48 eV relates to Y 3d.

The size and morphology of NPs have a crucial impact on lumi-
nescence, so morphology analysis is essential. TEM and HRTEM
were used to analyze the morphology of the as-prepared NPs.
Fig. 2a is the TEM image of the core NPs, from which it is apparent
that the NPs are uniform in size and monodisperse, with approxi-
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mately a regular hexagon. The particle size analysis in Fig. 2b
reveals that the size of the core NPs is 16.9-18.1 nm, and the aver-
age size is about 17.5 nm. The HRTEM image of the core NPs
(Fig. 2c) shows the crystal plane fringes of the core NPs with a d-
spacing of 0.515 nm, corresponding to the (100) plane of the
hexagonal phase NaYF,. The inset further supports the fact that
the core NPs have good crystallinity without obvious defects. The
NaYF,:Yb3*/Er**@NaYF, are uniformly dispersed NPs, the majority
of which are hexagonal and some of which are rectangular, as
shown by the TEM images of the core-shell NPs (Fig. 2d). Fig. 2e
is the particle size analysis of the core-shell NPs, which shows that
the size distribution of the NPs is in the range of 21.7-23.3 nm, and
the average diameter is about 22.5 nm. Therefore, it can be con-
cluded that the thickness of the shell is about 2.5 nm, and the par-
ticle size distribution of the core NPs is narrower than core-shell
NPs. Fig. 2f is the HRTEM image of the core-shell NPs, which can
reflect the core-shell structure of the NPs, and can also indicate
that the shape of the NPs is hexagonal.

The structure of the as-prepared core-shell NPs is shown in
Fig. 3a. The core layer is Yb>*/Er>*-doped NaYF,, and the outer layer
is a protective undoped inert NaYF, shell with a modified PAA
ligand. The NPs emit light under the excitation of a 980 nm laser.
The luminescence mechanism is shown in Fig. 3b. The Yb®* can
receive the energy of the 980 nm laser and transition from the
ground state energy level (*Fy,) to the excited state energy level
(®Fsp2). Because the energy range between theYb®*:?Fs;, and the
Er?*: *1y12, *Foja, and “Fy, is not more than 1000 nm, energy trans-
fer can occur to make Er’* in the excited state. In addition, Er** can
also absorb the energy of the 980 nm pump source to generate
ground-state transitions (GSA, *I;s;p—2Hi1;2) and excited-state
transitions (ESA, 2Hy12—F7, and *l13;,—%Fgp2). After a series of
non-radiative relaxations, the electrons accumulate at the 2Hi, 20
4S5/, and “Fop,, and then return to the *I;55; by releasing photons,
resulting in green emission at 520 and 540 nm, and red emission
at 654 nm, respectively.
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Fig. 1. (a) XRD patterns of the sample and NaYF, standard card, (b) FTIR spectra of OA and PAA coated NPs, (c) EDS and MAPPING characterization of the NPs, (d) XPS survey
spectrum of NaYF,:Yb**/Er**@NaYF,, (e) XPS spectrum of Na 1's, F 1's, Yb 4d, Er 4d, Y 3d.
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Fig. 2. TEM images (a), particle size distribution images (b) and HRTEM images (c) of NaYF,:Yb*/E™* core NPs; TEM images (d) and particle size distribution images (e) and

HRTEM images of NaYF,:Yb>"/Er>*@NaYF, core-shell NPs.

To determine the optimal Er>* doping concentration, we inves-
tigated the emission spectra of NPs with Yb®* concentration of 20 %
and Er** concentrations of 1 %,2 %, 3 % and 4 %, as shown in Fig. 3c.
When the Er®* concentration is 2 %, the emission intensity reaches
the highest, and as the Er®* concentration continues to increase,
the emission intensity decreases due to concentration quenching.
Fig. 3d compares the luminescence intensities of core NPs and
core-shell NPs. With the application of an inert shell layer, the core
layer can be protected, and luminescence attenuation caused by
external chemical and physical changes can be reduced. As a result,
the luminescence intensity of the core-shell NPs is significantly
enhanced, about 1.3 times that of the core NPs.

To investigate the upconversion emission of the NaYF4:20 %
Yb3*/2%Er>*@NaYF, NPs, the variation of luminescence intensity
as affected by pump power was tested. As shown in Fig. 3e, the
luminescence intensity of NPs is enhanced as the pump power
increases. When the power density is 4.8 W/cm?, the luminescence
intensity at 520, 540, and 654 nm is enhanced to 29.9, 16.5, and
40.5 times that at 0.8 W/cm?, respectively. There is a relationship
between the luminous intensity (I) and the power density (P) as
shown in Equation (1):

[ o P (1)

where n is the number of luminous photons. Therefore, taking the
logarithm of luminous intensity and power density (as shown in
Fig. 3f), the slope obtained by fitting is the number of pump pho-
tons. The n at 520, 540 and 654 nm is 1.93, 1.57 and 2.03, respec-
tively, indicating that the transitions are all two-photon processes,
which are the same as those reported [38].

There have been many studies on the detection of Cu?* by PAA-
modified NPs. These studies show that the detection of Cu?* is
based on the principle that when Cu?* is present in the solution,
the complex formed by Cu?* and PAA accepts part of the energy
from the NPs, resulting in the decay of the luminescence of the
NPs. Fig. 4b shows the emission spectra of the materials under dif-

ferent Cu?* concentrations. The concentration of Cu?* in the solu-
tion was increased from 0 to 1.75 pM with an interval of
0.25 uM. With the increase of Cu?* concentration, the lumines-
cence intensity of NPs decreased and finally decreased by 70 %.
The inset compares the luminescence photos of NPs before and
after adding Cu?*, which also reflects the decrease in luminescence
brightness after adding Cu?*. To explore the relationship between
the concentration of Cu?* and fluorescence quenching, we per-
formed the Stern-Volmer plots shown in Fig. 4c, where [ is the
luminescence intensity at 540 nm after adding CuCl,, I is the ini-
tial luminescence intensity, and Io/I-1 represents the luminescence
decay efficiency. The detection limit (1min) of Cu?* can be obtained
from Equation (2) [39,40]:

Nmin = 30/S (2)

where ¢ represents the standard deviation and S is the slope. In our
research, the ¢ is 0.0072 and S is 1.23, so it can be concluded that
the detection limit of Cu?* detection based on this material is
0.018 uM, which is better than many reported materials [1,18,41].
To investigate the selectivity of NPs towards Cu?*, the luminescence
of NPs in other metal ion solutions was measured, as shown in
Fig. 4d. In these metal ion solutions, the luminescence of NPs was
attenuated, and the emission intensity was as follows: Fe* > K* >
Ca%* > Mn?* > Zn?* > Pb?* > Co?" > Cu?*. Only the luminescence
in the Cu?* solution can be significantly quenched, so the NPs syn-
thesized in this paper can specifically detect Cu*.

At a pump power of 0.8 W/cm? of the used 980 nm laser, we
measured the spectra of NPs in the range of 296-373 K with a tem-
perature interval of 10 K. As shown in Fig. 5a, the NPs have emis-
sion bands at 509-534 nm, 534-563 nm, and 640-677 nm,
corresponding to the 2H;q, ;52 transition, the 4S3;, -5 tran-
sition, and the *Fg, 1,5, transition, respectively. And as the tem-
perature increases, the emission intensity increases. It can also be
seen in Fig. 5b that the main emission peaks have been enhanced
to different degrees, and the peak at 520 nm has the most increase,
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with a 2.65-fold increase. The emission at 540 nm was increased by
a factor of 1.25 with the slowest enhancement. ?H;j; and *S;; are
used as the thermal coupling energy levels, and the fluorescence
intensity ratio (FIR) technology is used to measure the tempera-
ture. The principle is shown in the following Equation (3) [42]:

o I o ngZhVZ o AE;;

where L,&1,, 2,621, A,&A,, and v,&v, represent the emission inten-
sity, degeneracy, and spontaneous emission rate frequency of the
thermal coupling energy levels, respectively. h is the Planck con-
stant, C is a constant, AE,; is the energy range of the two energy
levels, kg is the Boltzmann constant, and T is the absolute tempera-
ture. Fig. 5c is the fitting curve of FIR-temperature for PAA-NaYF,:
Yb**/Er**@NaYF, NPs. It is obtained that C is 6.8, AE is 755 cm™ .
And R? is 0.9989, indicating that FIR correlates well with
temperature.

Relative sensitivity (Sg) and absolute sensitivity (Sa) are impor-
tant parameters to determine the temperature measurement per-
formance of materials, and the analysis methods are shown in
Equation (4) and Equation (5) [43]:

AEz1)

Sa=FIR 4
A * (I{BTZ ( )
5, 1 dFIR _AE; )

THR AT kT?

The Sa and Sk of the as-synthesized materials are given in
Fig. 5d. The Sa ranges from 2.163 x 102 K! (296 K) to
2.894 x 1073 K~! (373 K). Sg ranged from 0.78 %K~ ! (373 K) to
1.23 %K~! (296 K). Among the optical temperature measurement
materials doped with Yb3*/Er3*, the sensitivity of this material is
above average [33,35]. Fig. 5e shows the FIR at 296, 333 and
373 K in 5 heating and cooling experiments. The deviation of each
time is not large, indicating that the material has good repeatabil-
ity. Another important parameter (temperature uncertainty, AT)

that characterizes the temperature measurement performance
can be obtained by processing the data of multiple experiments
according to Equation (6):
o

AT = S, (6)
where g denotes the standard deviation. As shown in Fig. 5f, and the
o is in the range of 0.53 x 103-1.09 x 1073, the temperature uncer-
tainty of this material is within 0.6-0.12 K, which is better than
many reported materials [44,45]. Therefore, this material has excel-
lent thermometric properties and has great prospects for biometric
applications due to the good dispersion of PAA-modified NPs in
water.

4. Conclusions

In conclusion, we prepared PAA-NaYF,:20 %Yb3*/2%Er>*@NaYF,
core-shell NPs with a particle size of about 22.5 nm by the copre-
cipitation method. The materials were analyzed by XRD, XPS, EDS,
FTIR, etc., which proved the successful incorporation of Yb**/Er**
and the successful capping of the PAA on the surface of the NPs.
Because of the specific binding of PAA and Cu?*, the concentration
of Cu?" can be detected according to the change of the emission
light at 520 nm of NPs, and the lowest detection limit can reach
0.018 M. In addition, under the excitation of 980 nm, the synthe-
sized material emits light at 509-563 nm and 645-676 nm. Utiliz-
ing luminescence at 520 and 540 nm, the NPs can perform
temperature sensing detection within 296-373 K, and the sensitiv-
ity can reach 1.23 % K~'. Therefore, the NPs can be a multifunc-
tional material for temperature measurement and Cu?*
concentration detection, which has application prospects in Cu?*
detection and temperature sensing in biological, industrial, and
other fields.
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