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thesis and modification of
NaYF4:Yb/Er@NaLuF4:Yb for enhanced up-
conversion luminescence for bioimaging†

Hua Li, Xuguang Liu and Xia Li *

Water-soluble NaYF4:Yb/Er@NaLuF4:Yb up-converting nanoparticles (UCNPs) with a strong green emission

were successfully prepared by a solvothermal method in a short period of time and at a low temperature.

First, the hydrophobic UCNPs were prepared by a simple solvothermal method, then modified using

a polyetherimide (PEI) surfactant or oxidation of the oleic acid ligands with the Lemieux-von Rudloff

reagent. The modified UCNPs, having an average particle diameter of 60 � 5 nm, showed a high

dispersity. The oleic acid ligand on the sample surface was oxidized azelaic acid (HOOC(CH2)7COOH),

identified from Fourier transform infrared (FTIR) spectroscopy, which results in the generation of free

carboxylic acid, hence conferring a high solubility in water. The 3-4,5-dimethylthiazol-2-yl-2,5-diphenyl

tetrazolium bromide (MTT) method and cell-targeted labeling proved that oleic acid-capped UCNPs

after oxidation (UCNPs-OAO) have a higher biocompatibility than polyetherimide-capped UCNPs

(UCNPs-PEI). Therefore, the UCNPs-OAO have a great potential in biomedical applications, such as

multimodal imaging, targeted therapy, and gene therapy.
Introduction

Rare-Earth (RE) doped up-converting luminescent materials
exhibit unique properties of high-energy emission under near-
infrared excitation, which makes them attractive for bioimag-
ing. Compared with semiconductor quantum dots and organic
dyes, rare-earth doped up-converting luminescent materials are
non-toxic, have good optical stability, and low background
uorescence interference. In addition, light scattering that
occurs when the light source penetrates the biological tissue
can be signicantly reduced under near-infrared excitation,1–17

making it suitable for cancer diagnosis, drug delivery, and gene
therapy.18–22

Among the many up-converting luminescent hosts, uoride
systems have lower phonon energy, more metastable energy
series, and a higher up-conversion luminescence efficiency.23

Therefore, sodium tetrauoroidal (NaYF4) and sodium tetra-
uoroquine (NaLuF4) crystals has been considered as the best
up-converting luminescent host materials in recent years.
Although great progress has been made in the synthesis of up-
converting luminescent materials based on NaYF4, especially
those with controllable morphology and size, the luminescence
efficiency of the materials is still not very high due to the high
surface defects, the easy interaction between rare earth ions,
ring, Qingdao University of Science &

ail: Lix@qust.edu.cn
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f Chemistry 2019
and the low quantum yield.24 Therefore, it is necessary to use
a core–shell structure because it can not only suppress
concentration quenching, but can also separate different rare-
earth doped ions in the core–shell space. This way, the up-
conversion luminescence efficiency could be further
improved.25–30 For example, Chow et al.31 prepared NaYF4:Yb,
Er@NaYF4:Yb,Tm nanocrystals, and demonstrated that the
core–shell structure increased the quantum efficiency by
anywhere from 7 to 29 times. Li Fuyou et al.32 demonstrated that
a core–shell structure reduced cross-relaxation and surface
quenching effects by introducing a CaF2 layer to improve the up-
conversion emission. Although a core–shell structure can
effectively improve the luminescence efficiency of up-converting
luminescent materials, it cannot change the surface function
group of the up-converting nanoparticles (UCNPs) with oleic
acid ligands prepared by conventional methods, which limits its
application in biology. Therefore, the primary requirement for
up-converting luminescent bioprobes is the presence of
hydrophilic groups on the sample surface and good biocom-
patibility. The main avenue for the preparation of biocompat-
ible UCNPs is surface functionalization using a SiO2 coating,33

an amphiphilic polymer coating,34 and ligand exchange.35

Although these methods can effectively improve the hydrophi-
licity, the process is complex. Therefore a simple way to modify
the surface of these up-converting nanoparticles is a priority.

To date, a few studies have reported on anisotropic b-
NaYF4:Yb,Er NCs prepared through a solvothermal method. For
example, the Huang group researched the synthesis of tridoped
NaYF4:Sc

3+/Er3+/Yb3+ nanoparticles by a solvothermal method
RSC Adv., 2019, 9, 42163–42171 | 42163
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View Article Online
that took 48 h.36 The Wuang group reported the synthesis of
Na(Y1.5Na0.5)F6 single-crystal nanorods via a solvothermal
method at lasting 24 h.37 Therefore, it is a challenge to prepare
UCNPs with good performance by a solvothermal method in
a short time. In 2015, our group found that the addition of
Na2HPO4 reduces the reaction temperature (down to 200 �C)
during cubic-to-hexagonal crystal transition.38 In this study, we
reported the synthesis of hydrophilic NaYF4:Yb/Er@NaLuF4:Yb
UCNPs with a strong green emission using a solvothermal
method that only lasted 4 h at 180 �C. Then the UCNPs were
modied by a PEI surfactant or through the oxidation of the
oleic acid ligands with the Lemieux-von Rudloff reagent. This
system is not known to have been reported in literature to this
date. Finally, we compared the luminescence properties and the
application of UCNPs-OAO and UCNPs-PEI for bioimaging.
Experimental
Chemicals

Erbium oxide (Er2O3), lutecium oxide (Lu2O3), ytterbium oxide
(Yb2O3), and yttrium oxide (Y2O3) were purchased from
Shanghai Yuelong Non-Ferrous Metals company (Shanghai,
China). Polyetherimide (PEI) (analytical reagent (AR), 99%) was
purchased from Xiya Chemical Reagent company (Shandong,
China). NaF (AR, 98%) and K2CO3 (AR) were purchased from
Sinopharm Chemical Reagent company (Shandong, China).
Stearic acid (AR) was purchased from Xiya Chemical Reagent
company (Chengdu, China). t-Butanol (AR), cyclohexane (AR),
NaOH (AR, 96%), hydrochloric acid (AR), oleic acid (AR), and
nitric acid (AR) were purchased from Tieta Chemical company
(Yantai, China). Phosphate buffer salt solution (PBS) (0.01 M)
and Tris–HCl buffer salt solution (TBS) (pH ¼ 7.2–7.5) were
purchased from Solarbio company (Beijing, China). Bovine
serum albumin was purchased from Oberson company (Beijing,
China). Qingdao University provided the human cervical cancer
cells (HeLa cells). The cell culture medium (RPMI 1640) was
purchased from GIBCO, United States.
Synthesis of the NaYF4:Yb/Er@NaLuF4:Yb nanoparticles

First, NaYF4:Yb/Er particles were synthesized. 5 mM NaF, 15 mL
H2O, 15 mL ethanol, and 1 mM rare earth stearates (Y : Yb : Er
¼ 78% : 20% : 2%) that were synthesized according to
a previous report39 were added to a beaker. Then, the above
solution was poured into a 50 mL Teon bottle and heated to
120 �C for 2 h. The products were obtained aer washing with
ethanol and water several times, and then drying at 80 �C for
12 h.

The synthesized NaYF4:Yb/Er nanoparticles were used as
seeds for shell heteroepitaxial growth. 1 mMRE(NO3) (Lu : Yb¼
7 : 3) and 5 mL oleic acid (OA) were added to a mixture of
ethylene glycol (EG, 15 mL) and water (10 mL). The pH was
adjusted to 8.5 using 2 M NaOH and HNO3. Aer stirring for
10 min, NaYF4:Yb/Er (0.5 g) and 1 mL HF were added to the
beaker. Then, the mixture was stirred, and the pH was adjusted
to 2.5 using 2 M NaOH and HNO3. The mixture was transferred
to a 50 mL Teon bottle and then heated to 180 �C for 4 h. The
42164 | RSC Adv., 2019, 9, 42163–42171
nal products were obtained aer washing them with a 1 : 6
trichloromethane/ethanol solution followed by a 1 : 2 water/
ethanol solution several times, and then dried at 80 �C
overnight.
Surface-modied nanoparticles

The synthesis of oleic acid-capped UCNPs aer oxidation
(UCNPs-OAO) was performed as follows: 0.10 g of prepared
UCNPs were weighed accurately and were added to a beaker
containing a mixture of 10 mL distilled water, 70 mL t-butanol,
5 mL K2CO3 (5 wt%) and 100 mL cyclohexane and was well
mixed. Then, a certain amount of Lemieux-von Rudloff reagent
(solution of 0.105 mM NaIO4 and 5.7 mM KMnO4) was added to
the beaker containing the above mixture and was heated to
40 �C, stirred for 3 h, and then centrifuged. Aer centrifugation,
the sample was transferred to a 50 mL hydrochloric acid solu-
tion (pH ¼ 4–5) and stirred. Then, it was washed twice with
deionized water and dried at 80 �C overnight. The synthesis of
polyetherimide-capped UCNPs (UCNPs-PEI) was performed as
follows: the UCNPs-PEI were obtained by the previous method
while replacing the oleic acid with polyetherimide. 0.02 g of the
prepared UCNPs in 2 mL hexane and 0.02 g polyetherimide in
2 mL ethanol were mixed, ultrasonicated for 30 min, and stirred
for 6 h. Finally, the powder was obtained through centrifugation
and drying.
Cell culture and cytotoxicity assay of the surface-modied
nanoparticles

HeLa cells were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, and were incubated in 5%
CO2 humidied at 37 �C according to published protocols.35,40

The number of viable HeLa cells aer treatment with modied-
sample was evaluated by the MTT assay. Cellular uptake by
HeLa cancer cells was recorded on an inverted uorescence
microscope. Then, 200 mgmL�1 of up-converting TBS buffer was
dispersed into 2 mL of the cell culture medium, and incubated
at 37 �C for 2 h. Finally, the samples needed for the test were
prepared according to a published protocol.41
Characterization

X-ray diffraction (XRD), using Cu Ka ¼ 1.5406 Å, was used to
probe the crystal structure of the samples. Transmission elec-
tron microscopy (TEM) and high-resolution TEM (HR-TEM),
using a JEOL JEM-2010 instrument at an accelerating voltage
of 200 kV, was used to characterize the morphology of samples.
The Fourier transform infrared (FT-IR) spectra were measured
using a Brüker TENSOR-27 spectrometer with the samples in
KBr pellets. The Hitachi F-4600 spectrophotometer (Tokyo,
Japan) and Edinburgh s1000 recorded up-conversion spectra
of samples and excitation state life of rare earth ion using
a 980 nm laser diode, respectively. Digital camera (Nikon D300)
recorded the solubility and luminescence properties of samples
in aqueous solution. Confocal imaging of the cells was per-
formed using a modied Olympus FV1000 laser-scanning
confocal microscope (LSCM) equipped with a continuous-
This journal is © The Royal Society of Chemistry 2019
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View Article Online
wave (CW) near-infrared (NIR) laser at 980 nm (Connet Fiber
Optics, China).
Results and discussion
XRD analysis

Fig. 1 shows the crystal structure of a-NaYF4:Yb/Er (a) and a-
NaYF4:Yb/Er@b-NaLuF4:Yb (b–d) prepared by a solvothermal
method that took 4 h at 180 �C. As can be seen from Fig. 1a, the
diffraction peak positions of the sample matched the data for
the cubic phase (PDF le no. 77-2042). All of the crystal struc-
tures of the a-NaYF4:Yb/Er@b-NaLuF4:Yb nanoparticles appear
to be a cubic and hexagonal mixed structure aer hetero-
epitaxial growth in Fig. 1(b and c). The diffraction peaks of the
synthesized core–shell nanoparticles can be indexed as mixed
phases, which match the standard cards of b-NaLuF4 (PDF le
no. 27-726) and a-NaYF4 (PDF le no. 77-2042). This is
a preliminary indication of the presence of a b-NaLuF4 crystal in
the sample. However, only the diffraction peak of the hexagonal
NaLuF4:Yb was observed in Fig. 1d when the reaction time is 4 h
and matches the standard card (PDF le no. 27-726). In addi-
tion, we also can see from the magnication of 2q from 29.4� to
31.1� in the upper right corner, that the intensity of the b-
NaLuF4 diffraction peak of the core–shell particles becomes
gradually more intense with a longer reaction time. This is
because the heterogeneous interface between the core and the
shell leads to the growth of the hexagonal phase of the shell,
which is consistent with previous observations by Chen and co-
workers.42 Importantly, an increase in the intensity of the b-
NaLuF4 diffraction peak means an increase in the content of b-
NaLuF4, resulting in an increase in the luminescence intensity
of the sample. Zhao and Li et al. reported that they obtained
pure hexagonal phase NaYF4:Yb/Er by a solvothermal method at
200–300 �C.43,44 Chen and co-workers42 prepared a-NaGdF4 core
Fig. 1 XRD patterns of NaYF4:Yb/Er (a) and NaYF4:Yb/Er@NaLuF4:Yb
with reaction time of 2 h (b), 3 h (c), 4 h (d), respectively. The inset
shows a magnified patterns of 2q about 30�C and the bottom part is
the lines pattern of the hexagonal phase (PDF 27-726) NaLuF4 and
cubic phase (PDF 77-2042) NaYF4, respectively.

This journal is © The Royal Society of Chemistry 2019
nanocrystals by a solvothermal method at 180 �C. The prepa-
ration temperature of their experiments is higher than ours (120
�C), highlighting an obvious advantage to this work.

In the previous report,45–48 the stable alpha-phase is oen the
rst formed when prepared by wet chemical methods due to
a small size-effect. This is a common phenomenon that the
smaller nanoparticles tend to have a more symmetrical crystal
structure in nanosystems, so alpha-phase (high symmetry) is
easier to form than hexagonal phase (low symmetry). Never-
theless, the number of effective collisions and exchanges
between Lu3+ and Y3+ will increase as the reaction time
increases, which can lead to the growth and transformation of
crystals. The results in Fig. 1 t well with this rule.
Morphology analysis

As can be seen from the Fig. 2a, a-NaYF4:Yb, Er nanoparticles
with an average particle size of about 35 nm are spherical,
uniform in morphology, and have a narrow in size distribution.
These particles also show lattice spacing of approximately
0.318, according to the HR-TEM scan, which is accorded with
the XRD data (JCPDS card no. 77-2042). This indicates that the
nanoparticles are enclosed by {111} facets. In order to study the
growth process of core–shell nanoparticles, we prepared core–
shell nanoparticles at each reaction time and stage of the het-
eroepitaxial growth. Fig. 2(b–d) shows the SEM images of a-
NaYF4:Yb,Er/b-NaLuF4:Yb nanoparticles at different reaction
times. As shown in the gure, the morphology of the sample
remains essentially the same during the entire growth process
from core to core–shell, and all of the particles were spherical.
However, the size of the nanoparticles increases gradually with
the increase in reaction time. The particle size of a-NaYF4
crystal nucleus is 35 nm, and the diameter of heterogeneous
core–shell nanoparticles increases to 50 nm, 55 nm and 60 nm
when the heteroepitaxial growth time is 2, 3 and 4 h. We can
clearly see lattice boundaries from HR-TEM images, and the
lattice spacing is about 0.295 nm, which matches the (110)
crystal plane spacing of b-NaLuF4. Therefore, we can further
show that a-NaYF4:Yb,Er/b-NaLuF4:Yb nanoparticles have been
successfully prepared by increasing the size of core–shell
nanoparticles, through analyzing the appearance of b-NaLuF4
lattice stripes in HR-TEM, and by combining the data with the
X-ray diffraction data of core and core–shell nanoparticles in
Fig. 1.

Fig. 2(e and f) shows morphologies of modied-
nanoparticles (UCNPs-OAO and UCNPs-PEI) with about
a 60 nm diameter. The morphology and size of modied-
nanoparticles did not change compared with NaYF4:Yb/
Er@NaLuF4:Yb. As can be seen from the elemental mapping
images (Fig. 2g), a single particle, contains a distribution area
where Y content is smaller than that of Lu and Yb, which
indicates that Y exists in an internal nuclear crystal, while Lu
and Yb are distributed in the outer shell. This result strongly
proves the formation of a-NaYF4:Yb,Er/b-NaLuF4:Yb core–shell
nanoparticles. The energy dispersive spectroscopy (EDS)
(Fig. 2f) demonstrated that Lu, Y, Yb, and Er were present in the
as-prepared sample, and the peak intensity of Y is lower than
RSC Adv., 2019, 9, 42163–42171 | 42165
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Fig. 2 SEM images of NaYF4:Yb/Er (a), NaYF4:Yb/Er@NaLuF4:Yb with reaction time of 2 h (b), 3 h (c), 4 h (d), UCNPs-OAO (e), UCNPs-PEI (f),
respectively; elemental mapping and EDS of NaYF4:Yb/Er@NaLuF4:Yb with reaction time of 4 h (g) and (h), respectively. Insets in (a)–(f) show HR-
TEM images of UCNPs. Scale bars represent 20 nm for insets.
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View Article Online
that of Lu when the molar number is the same. This result once
again shows that Y exists in the inner core, while Lu exists in the
shell.

Luminescence study

Fig. 3a shows uorescence spectra and luminescence photo-
graphs of NaYF4:Yb/Er and NaYF4:Yb/Er@NaLuF4:Yb nano-
particles excited by 980 nm diode laser. Fig. 3, illustrates that at
980 nm excitation, there are three distinct characteristic peaks
at 523 nm, 541 nm, and 657 nm. At 541 nm, the intensity of
NaYF4:Yb/Er@NaLuF4:Yb is about 40–50 times that of NaYF4:-
Yb/Er, which is corroborated by the XRD results. The shell
modied by Yb3+ is quite important in sustaining the excitation
42166 | RSC Adv., 2019, 9, 42163–42171
energy and achieves an effective energy transfer toward nano-
core surfactants, resulting in the luminous intensity being
improved signicantly. Fig. 3a also indicates that the lumines-
cence intensity of NaYF4:Yb/Er@NaLuF4:Yb nanoparticles with
reaction time of 4 h is much higher than that of 2 h and 3 h. The
reason is that the growth process of the shell is not complete at
the shorter times and the proportion of b-NaLuF4 on the shell is
small when the reaction time is 2 h, so the luminescence
intensity is lower. The hexagonal phase on the shell increases
and the luminescence intensity increases at 4 h, which is
consistent with the results of XRD analysis. In summary, the
core–shell NaYF4:Yb/Er@NaLuF4:Yb nanoparticles with the
highest luminescence intensity were prepared at reaction time
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Upconversion emission spectra of NaYF4:Yb/Er and NaYF4:Yb/Er@NaLuF4:Yb (0.3 g powder) with different reaction time excited by
980 nm CW diode laser (a); insets in (a) show luminescence photographs of UCNPs dispersed in cyclohexane. Red and green emission intensity
relationship with dependence of the laser pump power for the NaYF4:Yb/Er@NaLuF4:Yb with reaction time of 4 h (b).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 1
0:

00
:4

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of 4 h. The dependence of the red-green emission intensity on
the laser pump power for the NaYF4:Yb/Er@NaLuF4:Yb with
a reaction time of 4 h is shown in Fig. 3b. It indicates that green
and red emissions are three-photon and two-photon transfer
processes, respectively.
FTIR analysis

Fig. 4 shows the infrared spectra of the modied NaYF4:Yb/
Er@NaLuF4:Yb. All spectra reveal a wide band centered at
3410 cm�1 related to the O–H stretching vibrations. These
vibrations are mainly from the surface of the nanoparticles with
assimilated H2O molecules. Symmetric and antisymmetric
vibrational peaks at 2913 cm�1 and 2825 cm�1 of methylene
were as attributed to the oleic acid. The absorption peaks in the
1590–1420 cm�1 range can be attributed to the stretching
vibration absorption peaks of the carboxyl group, and are also
observed in the samples (Fig. 4a and b), conrming the
Fig. 4 FTIR spectra of the surface modified samples: NaYF4:Yb/
Er@NaLuF4:Yb (a), UCNPs-OAO (b) and UCNPs-PEI (c).

This journal is © The Royal Society of Chemistry 2019
presence of oleic acid in the nanomaterials synthesized. It is
also evident from Fig. 4a and b that the absorption peaks at
1533 cm�1 and 1420 cm�1 in the samples aer oxidation are
intensied, indicating that UCNPs-OAO have a larger number of
carboxyl groups. Fig. 4c shows the ve characteristic absorption
bands for PEI: 3444 cm�1 for N–H stretching, 2934 cm�1 and
2856 cm�1 for C–H stretching vibrations, 1630 cm�1 and
1573 cm�1 for N–H stretching, and conrmed the capping of
PEI on the surface of the UCNPs. UCNPs-OAO also showed
a stronger stretching vibration absorption peak for the carboxyl
groups in the 1590–1420 cm�1 range as compared with UCNPs-
PEI. Since the carboxyl group is hydrophilic, this makes the
UCNPs-OAO more promising for biological application.
Luminescence study of surface-modied samples

Fig. 5a shows uorescence spectra and luminescent photo-
graphs of different samples of nanoparticles excited at 980 nm.
The gure shows that the three materials exhibit uorescence
emission peaks at 525 nm, 542 nm, and 660 nm, which are
matched to the energy level transitions of the Er3+ ion, for 2H11/2

to 4I15/2,
4S3/2 to

4I15/2, and
4F9/2 to

4I15/2, respectively. The rst
two are green emissions whereas the last one is a red emis-
sion.49 The spectra show that the intensity of the UCNPs-OAO is
about 2–3 times that of the UCNPs-PEI. And the energy level
lifetime of the 4S3/2 (923.8 ms) and 4F9/2 (1381.3 ms) of Er3+ of
UCNPs-OAO is higher than that of UCNPs-PEI (see Fig. S2 and
Table S1 of the ESI for details†). From the luminescent photo-
graphs, we can see that all three samples emit green light, and
the color intensities of NaYF4:Yb/Er@NaLuF4:Yb and UCNPs-
OAO are similar, but the color intensity of UCNPs-PEI is
weaker than that of the other two, which is in accordance with
the results of uorescence spectra. Therefore, UCNPs-OAO is
more suitable for bioimaging experiments. As shown in Fig. 5b,
the core–shell nanoparticle absorb near-infrared light via Yb3+

(red shell) and subsequently transfer the energy to Yb3+, Er3+

(green core), which leads to up-converted green and red
emissions.
RSC Adv., 2019, 9, 42163–42171 | 42167

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08921g


Fig. 5 Upconversion emission spectra of NaYF4:Yb/Er@NaLuF4:Yb, UCNPs-PEI and UCNPs-OAO (0.3 g powder) excited by 980 nm CW diode
laser (a). Insets in (a) show luminescence photographs of UCNPs dispersed in cyclohexane or water. Schematic illustration and energy level
diagram (bottom) of core–shell nanoparticles excited by 980 nm laser (b).
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Cytotoxicity study

In order to efficiently label the cells, it is necessary to consider
whether intracellular UCNPs are cytotoxic.50–54 The cell survival
rates with UCNPs-OAO and UCNPs-PEI at different doses were
Fig. 6 Viability of HeLa cell incubated with different concentrations of s
(b) UCNPs-OAO.

42168 | RSC Adv., 2019, 9, 42163–42171
rst examined by the MTT assay. Fig. 6 summarizes the results
of the cytotoxicity study. The cell viability of the control group
was set to 100%. Statistical results showed that the survival rates
in the presence of both UCNPs-OAO and UCNPs-PEI were
urface-modified up-conversion nanoparticles at 37 �C. (a) UCNPs-PEI,

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08921g


Fig. 7 Confocal fluorescent images of HeLa cells collected at bright field (left), black field (middle) and merged (right), respectively. HeLa cells
incubated with UCNPs-OAO for 1 h (a), 2 h (b) at 37 �C; (c) HeLa cells incubated with UCNPs-PEI for 2 h at 37 �C; UCL signals were collected at
510–560 nm, lex ¼ 980 nm. Scale 20 mm.
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signicantly lower than those of the control. And there is an
extremely signicant discrepancy between the 31.5 mg mL�1

UCNPs and the 1000 mg mL�1 UCNPs (PUCNPs-PEI ¼ 0.0054,
PUCNPs-OAO ¼ 0.0065). The cell survival rate reached 90% at low
doses of UCNPs (31.5 mg mL�1). At high doses of UCNPs (1000
mg mL�1), the cell survival rate with UCNPs-OAO reached 85%
whereas that for UCNPs-PEI only reached 35%. As shown, the
cytotoxicity of UCNPs-OAO was lower than that of UCNPs-PEI
when the dose of UCNPs was 200 mg mL�1. Therefore, UCNPs-
OAO can be used as probes for tumor cell imaging.
Cellular uptake study

The targeted imaging of cancer cells was performed on an
inverted uorescence microscope. First, the HeLa cells
were hatched with UCNPs-OAO for 1 h at 37 �C. However,
Fig. 7(a1–a3) shows a weak up-conversion luminescence (UCL)
This journal is © The Royal Society of Chemistry 2019
signal in the HeLa cells. The HeLa cells appeared to have strong
luminescence as the culture time was extended to 2 h, as shown
in Fig. 7(b1–b3). The results indicated that UCNPs could not
enter the HeLa cells without enough incubation time. When the
HeLa cells were hatched with UCNPs-PEI for 2 h at 37 �C, a signal
was also detected at an excitation of 980 nm (Fig. 7(c1–c3)), but
this signal was weaker than that of UCNPs-OAO nanoparticles
cultured with HeLa cells under the same conditions. By
comparing the intensity of the cells incubated with UCNPs-PEI
and UCNPs-OAO, we concluded that the latter is more suitable
for bio-targeting. In addition, the targeting images and bright
eld images of the cells overlapped greatly. UCNPs-OAO has
achieved targeted tumor cell imaging, indicating that it has
a prospective application in early detection of tumors. UCNPs-
OAO is a better cell marker as compared to UCNPs-PEI, which
also corroborates the results from the MTT test.
RSC Adv., 2019, 9, 42163–42171 | 42169
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Conclusion

NaYF4:Yb/Er@NaLuF4:Yb core–shell nanoparticles with
a strong green light emission were successfully prepared by
a solvothermal method with a 4 h reaction time. Then, the
nanoparticles were either modied with oleic acid ligands on
the surface (UCNP-OAO) to form nanoparticles with carboxyl
groups or were modied with polyetherimide (UCNPs-PEI) to
create nanoparticles with amino groups on the surface. The
XRD indicates that crystal structures of the a-NaYF4:Yb/Er@b-
NaLuF4:Yb nanoparticles appear to be a pure hexagonal struc-
ture when the reaction time is 4 h. The TEM and HR-TEM
images demonstrates that all of the particles were spherical
and the morphology of modied-nanoparticles did not change
compared with NaYF4:Yb/Er@NaLuF4:Yb core–shell nano-
particles. The uorescence spectra shows that the UCNPs-OAO
exhibit strong green uorescence emission peaks at 542 nm,
which are matched to the energy level transitions of the Er3+ ion,
for 4S3/2 to

4I15/2. The cytotoxicity of the functionalized UCNPs-
OAO and UCNPs-PEI nanoparticles was evaluated using the
MTT assay, with the results indicating that the cytotoxicity of
UCNPs-OAO was lower than that of UCNPs-PEI. This data
provided the experimental basis for the targeted imaging of
HeLa cells. Therefore, UCNPs-OAO can offer a effective tool for
medical application, such as gene therapy, drug delivery, and
cancer diagnosis.
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