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ABSTRACT: Fluorescence imaging is an important technique
used for early diagnosis and effective treatment of some incurable
diseases including cancer. Herein, we report novel NaYF4:Yb

3+/
Er3+@silica-TPGS bio-nano complexes for labeling cancer cells.
The NaYF4:Yb

3+/Er3+ nanoparticles have been successfully
synthesized via a hydrothermal route, further coated with a silica
shell, and functionalized with D-α-tocopheryl polyethylene glycol
1000 succinate (TPGS). The experimental results indicate that
NaYF4:Yb

3+/Er3+@silica-TPGS emits stronger upconversion lumi-
nescence than NaYF4:Yb

3+/Er3+ under an excitation of 980 nm.
More significantly, the NaYF4:Yb

3+/Er3+@silica-TPGS bio-nano
complexes could strongly label MCF-7 breast cancer cells for in
vitro experiments detected by a fluorescence microscope. On the
other hand, the complex could not typically probe healthy cells, which are HEK-293A human embryonic kidney cells, under the
same experimental conditions. Because of their strong upconversion luminescence, good dispersibility, and biocompatibility,
NaYF4:Yb

3+/Er3+@silica-TPGS bio-nano complexes can be a promising candidate/probe for biomedical labeling and diagnostics.

■ INTRODUCTION

Fluorescence imaging using down/upconversion nanomaterials
is one of the most important techniques used in noninvasive
and high-sensitivity biomedical diagnostics.1−5 It is very useful
for the early diagnosis and treatment of some incurable
diseases. Recently, fluorescence labeling techniques have been
developed and utilized for humans.1 Because of their unique
optical properties, upconversion luminescence nanomaterials
doped with rare-earth (RE) ions could be used to label
biotissues and cells.6,7 The RE ions exhibit strong lumines-
cence and excellent photostability and are composed of
materials that are nontoxic to biological organisms.8−11

Furthermore, excitation at long wavelengths (near-infrared
(NIR) and IR) also allows for deeper tissue penetration and
minimizes damage to biological samples. Especially, it can
eliminate autofluorescence from biotissues and increase
accuracy for in vivo and in vitro bioimaging.6,7,12−14

The RE ions of Yb3+ and Er3+ codoped nanomaterials have
been most used to obtain upconversion luminescence, mainly
due to the large absorption cross section of around 980 nm in
Yb3+, the relative long luminescence lifetime of Er3+, and the
good energy level match between the two RE ions.14−17 The
host materials are usually based on inorganic matrices with low
phonon energy, such as oxides, vanadates, phosphates, borates,

and fluorides.17−21 We also know that RE-doped fluoride
(NaYF4) compounds possessing the lowest phonon energy
have been regarded as currently one of the most excellent
upconversion materials. Furthermore, exploration of NaY-
F4:Yb

3+/Er3+ compounds for their biological applications is still
less developed. However, their surface is protected by
hydrophobic ligands, and needs to modify and functionalize
for good stability, dispersibility, and biocompatibility.15−17

To solve this practical problem, an amphiphilic surfactant is
used to convert the hydrophobic upconversion nanomaterials
into hydrophilic ones with prolific chemically reactive groups,
leading to increased aqueous dispersion and biocompatibil-
ity.3,14,15 More interestingly, D-α-tocopheryl poly(ethylene
glycol) 1000 succinate (TPGS), a water-soluble derivative of
natural vitamin E, has multiple advantages and is widely
applied in food and drug delivery.22,23 The TPGS molecule is
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an amphiphilic structure with a hydrophilic polar head portion
and a lipophilic alkyl tail. This enables TPGS to be used as a
surfactant to encapsulate hydrophobic drugs and to act
simultaneously as a solubilizer, emulsifier, absorption enhancer,
and antioxidant.23,24 Thus, TPGS is an extensive area of
current research on drug delivery systems. However, the
investigation on the bio-nano complex probes of TPGS is
lacking and still in progress.
In this paper, we report the achievements in synthesis and

testing of NaYF4:Yb
3+/Er3+@silica-TPGS bio-nano complexes

as a tool for labeling cancer cells. Upconversion luminescence
nanomaterials NaYF4:Yb

3+/Er3+ were synthesized via a hydro-
thermal route, further protected with a silica shell, and then
functionalized with TPGS. The upconversion optical proper-
ties are discussed in detail. We also evaluated in vitro
bioimaging of MCF-7 breast cancer cells and HEK-293A
embryonic kidney cells using a fluorescence microscope.

■ MATERIALS AND METHODS
Preparation of NaYF4:Yb

3+/Er3+ Nanoparticles. Y-
(NO3)3·6H2O (99.9%), Yb(NO3)3·5H2O (99.9%), Er-
(NO3)3·5H2O (99.9%), and NaF (99%) were purchased
from Sigma. NaOH (99%) and trisodium citrate dihydrate
HOC(COONa) (CH2COONa)2·2H2O (99%) were provided
by Merck. All chemicals were of analytical grade and used
without further purification. In a typical synthesis of
NaYF4:Yb

3+/Er3+ nanoparticles, the salts of Y(NO3)3, Yb-
(NO3)3, and Er(NO3)3 were mixed with a molar ratio of 79.5/
20.0/0.5 using a magnetic stirrer. Then, trisodium citrate
dihydrate, sodium hydroxide, and diethylene glycol (DEG)
were slowly added and stirred for 1 h (solution 1). After that,
sodium fluoride was poured into solution 1 and stirred for 2−3
h. The mixture was transferred to a 100 mL Teflon-lined
autoclave and heated at 200 °C for 10−24 h. After the
hydrothermal reaction, the autoclave cooled down naturally to
room temperature. The precipitates were separated by
centrifugation at 5800 rpm for 10 min, washed several times
in water, and dried in air at 60 °C for 24 h.
Surface Modification and Functionalization. Surface

modification of NaYF4:Yb
3+/Er3+ upconversion nanoparticles

not only improves photostability of the nanoparticles with
desirable interfacial properties but also provides a potential
platform for attaching biological macromolecules for various
biomedical applications.25−29 Furthermore, the biomedical
labels need to have a specific property to target a specific
tumor such as its surface must have suitable ligands that link to
the cells. So, we covered the upconversion nanoparticle surface
with a silica shell by the Stöber method. Silica is one of the
ideal materials for surface modification of NaYF4:Yb

3+/Er3+

nanoparticles because of its high biocompatibility, water
solubility, and high stability, and it can avoid the potential
toxicity of precursors to cells. Silica has been used to cover the
surface of the upconversion nanoparticles through the
formation of Si−O−Si bonds and OH groups. Then, these
upconversion nanoparticles were added to TPGS to link
biomolecules to the surface of nanomaterials.
Briefly, 10 mL of NaYF4:Yb

3+/Er3+ solution was added to a
mixture solution containing 10 mL of tetraethyl orthosilicate in
absolute ethanol, deionized water, and acetic acid and stirred
for 24 h at room temperature by a magnetic stirrer. The
solution was then centrifuged and washed several times with
50% ethanol solution. Final products of NaYF4:Yb

3+/Er3+@
silica nanoparticles were dried at 60 °C for 24 h in air.

For biocompatibility, the upconversion nanoparticles were
functionalized with TPGS ligands. The procedure was as
follows: 100 mg of TPGS was dispersed in 10 mL of
cyclohexane and activated at room temperature for 1 h.
NaYF4:Yb

3+/Er3+@silica nanoparticles (200 mg) were dis-
persed in 15 mL of ethanol and then added dropwise into the
activated TPGS solution and stirred for 60 min by a magnetic
stirrer (solution 2). Then, 20 mL of deionized water was added
to solution 2, and it was stirred continuously at 70 °C for 60
min to evaporate the cyclohexane. NaYF4:Yb

3+/Er3+@silica-
TPGS bio-nano complexes could be obtained by centrifuga-
tion.

MCF-7 Breast Cancer Cell and HEK-293A Cell Culture
and Fluorescence Imaging of Cells. In this study, the
experiments were implemented on MCF-7 breast cancer cells
and HEK-293A healthy cells, which were maintained in Eagle’s
Minimum Essential Medium (EMEM) with fetal bovine serum
(10%) (Sigma) and gentamicin (50 μg/mL) at 37 °C and 5%
CO2 in a humidified atmosphere. The cells were seeded at a
density of 5.104 cells/mL.29 To study the uptake capacity of
functionalized NaYF4:Yb

3+/Er3+@silica-TPGS, the MCF-7
breast cancer cells and HEK-293A cells (106 cells/mL) at
log phase were seeded in 24-well plates and then incubated for
24 h. Poly(ethylene glycol) 1500 (Sigma) and NaYF4:Yb

3+/
Er3+@silica/NaYF4:Yb

3+/Er3+@silica-TPGS nanoparticles
(with a concentration of 20 μg/mL) were then added to the
cell-seeded wells for 3 h. After the assigned time, the culture
medium was discarded, and cells were harvested into 15 mL
falcon tubes. The cell tubes were centrifuged at 1000 rpm for 5
min to thoroughly remove the culture medium. The cells were
then washed with phosphate-buffered saline three times. At the
end of the process, phosphate-buffered saline was added to the
wells before and after MCF-7 breast cancer cells and HEK-
293A cells were incubated with a NaYF4:Yb

3+/Er3+@silica or
NaYF4:Yb

3+/Er3+@silica-TPGS bio-nano complex. The cell
images were obtained using a fluorescence inverted microscope
(ZEISS AXIOSCOPE A1) with 200× magnification.

Characterization. In this work, characterization of the
sample structure was performed by an X-ray diffractometer
using a Siemens D5000 with λ = 1.5406 Å. The morphology
and the energy-dispersive X-ray spectra were observed and
measured by a field emission scanning electron microscope (S-
4800, Hitachi) and a high-resolution transmission electron
microscope (JEM 2100, JEOL). The infrared absorption
spectra were obtained employing a Fourier transform infrared
spectrometer (L1600400 Spectrum Two FT-IR DTGS). The
upconversion photoluminescence properties were studied
using an iHR550 photoluminescence measurement system
(Horiba) at an excitation of 980 nm.

■ RESULTS AND DISCUSSION
Structural and Morphological Characterization. Fig-

ure 1 shows the X-ray diffraction (XRD) pattern of the as-
synthesized NaYF4:Yb

3+/Er3+, NaYF4:Yb
3+/Er3+@silica, and

NaYF4:Yb
3+/Er3+@silica-TPGS. It can be observed that the

diffraction peaks of the samples coincide well with the standard
data of the hexagonal-phase NaYF4 structure (JCPDS No. 28-
1192). No impurity peaks are seen, indicating that the dopants
Yb3+ and Er3+ are well dispersed in the host lattice.
Furthermore, the hexagonal crystalline structure (β-NaYF4)
has a large gap between the two Er3+ ions, leading to reduced
fluorescence quenching.30,31 This is very beneficial for
obtaining strong luminescence and its applications.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c05472
J. Phys. Chem. B 2021, 125, 9768−9775

9769

pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c05472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2a−c shows the scanning electron microscopy (SEM)
images of the nanoparticles NaYF4:Yb

3+/Er3+, NaYF4:Yb
3+/

Er3+@silica, and NaYF4:Yb
3+/Er3+@silica-TPGS, respectively.

It can be observed that NaYF4:Yb
3+/Er3+ cores have a nearly

spherical shape with a diameter of about 120−150 nm in
Figure 2a. After the nanoparticles were covered with silica and
functionalized with TPGS, their diameter is increased to 150−
180 nm (Figure 2c). The diameter of particles is hundreds of
nanometers as the basis for making extracellular probes and
containing anticancer drugs (T-drug).32,33 In addition, a high-
resolution transmission electron microscopy (HRTEM) image
of the nanoparticle NaYF4:Yb

3+/Er3+@silica-TPGS is shown in
Figure 2d. It indicates that the NaYF4:Yb

3+/Er3+ (∼135 nm)
core is coated with a silica−TPGS shell. The porous cavities on
the surface can prevent quenching passivation of optically

active ions in the core due to enhanced upconversion emission
intensity.

Energy-Dispersive X-ray Analysis and Fourier Trans-
form Infrared Spectra. The representative energy-dispersive
X-ray (EDX) spectrum of the NaYF4:Yb

3+/Er3+@silica-TPGS
nanoparticles is shown in Figure 3a. It shows the strong peaks
of the main Na, Y, and F elements; two weaker Yb and Er
peaks; and Si, O, and C peaks from the coating layer of silica
and TPGS. This confirms that the silica shell and TPGS were
successfully coated on the surface of the NaYF4:Yb

3+/Er3+

core. It should be noted that the height of the Si, O, and C
peaks may be attributed to a small number of impurities,
probably dust.
Fourier transform infrared (FTIR) spectra of NaYF4:Yb

3+/
Er3+, NaYF4:Yb

3+/Er3+@silica, and NaYF4:Yb
3+/Er3+@silica-

TPGS were obtained as shown in Figure 3b, further confirming
the particle surface modification. In the case of NaYF4:Yb

3+/
Er3+@silica-TPGS nanoparticles, an absorption band at 1738
cm−1 is observed, which can be assigned to the carbonyl group
(−CO) of TPGS.23,34 Overlapping of the −CH stretching
band of TPGS is observed at 2925 cm−1.23,34 The prominent
band at 1090 cm−1 corresponds to the Si−O asymmetric
stretch. All of the spectra exhibit a broad band at about 3433
cm−1 due to the O−H stretching vibration.35,36 The results
indicate the formation of TPGS onto NaYF4:Yb

3+/Er3+@silica
nanoparticles. The crucial condition for TPGS-coated nano-
particles is to close the cell inside the physiological
environment both in vitro and in vivo.

Upconversion Photoluminescence Properties. Figure
4a shows the upconversion photoluminescence spectra of the
NaYF4:Yb

3+/Er3+ nanoparticles under a 980 nm continuous-
wave (CW) laser with different excitation powers at room
temperature. The spectra exhibit three broad emission bands
from green to red centered at 520, 541, and 654 nm, which are

Figure 1. X-ray diffraction pattern of the nanoparticles NaYF4:Yb
3+/

Er3+, NaYF4:Yb
3+/Er3+@silica, and NaYF4:Yb

3+/Er3+@silica-TPGS
and the standard data of hexagonal-phase NaYF4 (JCPDS No. 28-
1192) as a reference.

Figure 2. Morphological characterizations: (a−c) SEM images of the nanoparticles NaYF4:Yb
3+/Er3+, NaYF4:Yb

3+/Er3+@silica, and NaYF4:Yb
3+/

Er3+@silica-TPGS, respectively. (d) HRTEM image of the nanoparticle NaYF4:Yb
3+/Er3+@silica-TPGS.
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ascribed to the 2H11/2 → 4I15/2,
4S3/2 → 4I15/2, and

4F9/2 →
4I15/2 energy transitions in Er3+, respectively.37−39 When the
excitation power is increased from 50 to 300 mW, the intensity
of both red and green emissions is enhanced. However, the
intensities are not proportional to excitation power, but the
intensity of the green emission grows much faster than that of
the red emission. Figure 4b shows the dependence of the red-
to-green emission intensity ratio on excitation power, and the
inset exhibits the emission intensity of green (520 nm) and red
(654 nm). The emission ratio was calculated by dividing the
emission intensity from the 654 nm peak by the emission
intensity from the 520 nm peak, which decreases from 13.7 to
1.2 when the excitation power is increased from 50 to 300
mW. It is well known that upconversion is a nonlinear optical
phenomenon in which the successive absorption of multi-
photon leads to the emission luminescence at a shorter
wavelength than the excitation wavelength. It is a distinct anti-
Stokes process and can be achieved by incoherent excitation
sources. Ground-state absorption (GSA), excited-state absorp-
tion (ESA), and energy transfer (ET) are three main
mechanisms for upconversion.37−39

Figure 5 presents the energy-level diagram of Yb3+ and Er3+

ions and the corresponding upconversion mechanism of
NaYF4:Yb

3+/Er3+ nanoparticles. Because the Yb3+ ion has a

larger absorption cross section at 980 nm, the ET process from
Yb3+ to Er3+ is the main contribution to the upconversion
luminescence. The Er3+ ions are first excited from the ground
state 4I15/2 to the 4I11/2 level by the GSA (pumping photon) or
ET (4I15/2(Er) +

2F5/2 (Yb) →
4I11/2(Er) +

2F7/2 (Yb)) process
and then to the 4F7/2 level via the ESA or ET (4I11/2(Er) +

Figure 3. (a) EDX spectrum of the nanoparticle NaYF4:Yb
3+/Er3+@silica-TPGS. (b) FTIR spectra of the nanoparticles NaYF4:Yb

3+/Er3+,
NaYF4:Yb

3+/Er3+@silica, and NaYF4:Yb
3+/Er3+@silica-TPGS.

Figure 4. (a) Upconversion photoluminescence spectra of NaYF4:Yb
3+/Er3+ nanoparticles at 980 nm with different excitation powers (50, 100, 150,

200, and 300 mW). (b) Dependence of the red-to-green emission intensity ratio on the excitation power of the sample; the inset presents the
emission intensity of green (520 nm) and red (654 nm).

Figure 5. Energy-level diagram of Yb3+ and Er3+ ions and the
proposed upconversion luminescence mechanism of the NaYF4:Yb

3+/
Er3+ nanoparticles.
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2F5/2 (Yb) →
4I7/2(Er) +

2F7/2 (Yb)) process. The Er
3+ ions at

the 4F7/2 state could decay nonradiatively to the emitting
2H11/2,

4S3/2, and
4F9/2 levels. The Er3+ ions at the 4I11/2 level

relax to the 4I13/2 level and subsequently are excited to the
4F9/2

state by the ESA or ET (4I13/2(Er) +
2F5/2 (Yb) →

4F9/2(Er) +
2F7/2 (Yb)) process. Moreover, the cross-relaxation (CR)
process between Er3+ ions could contribute to enhancing
population density at the 4F9/2 level. As shown in Figure 4, the
energy gap between 4F7/2 and

4F9/2 (approximately 5150 cm−1)
matches well with the energy gap between 4F9/2 and

4I11/2.
40,41

Thus, the intensity of the red emission is stronger than that of
the green emission owing to low excitation powers. However,
when the pumping photon concentration increases to higher
values, the leading two-photon absorptions are responsible and
the ET process becomes more active to populate the excited
levels. It can be deduced that the green emission intensity rises
faster than the red emission intensity with increasing excitation
powers. In fact, the strong red emission with low excitation
powers is expected to be better than the green emission due to
easier observation for in vitro experiments.
Figure 6 shows the photoluminescence spectra of the

NaYF4:Yb
3+/Er3+, NaYF4:Yb

3+/Er3+@silica, and NaYF4:Yb
3+/

Er3+@silica-TPGS nanoparticles in water suspension at 980 nm
excitation. The upconversion emission of NaYF4:Yb

3+/Er3+

nanoparticles with typical energy transitions can be observed.
However, a significant enhancement of the luminescence
intensity was observed in NaYF4:Yb

3+/Er3+@silica-TPGS
compared to that in NaYF4:Yb

3+/Er3+ water emulsion. The
red emission intensity of NaYF4:Yb

3+/Er3+@silica-TPGS is 2.9-
fold higher than that of NaYF4:Yb

3+/Er3+. This enhancement
can be explained by substitution of the O−H luminescence
quenching with OC and C−H.42,43 The energy of the OC
and C−H stretching vibrations (1738, 2945 cm−1) is lower
than that of O−H (3400 cm−1), which leads to a decrease in
the multiphoton relaxation rate in the case of surface
modification and enhancement of luminescence. Surface
modification of the NaYF4:Yb

3+/Er3+ nanoparticles with silica
and TPGS not only improves their dispersibility in
physiological media but also increases their upconversion
photoluminescence intensity because coating layers can
enhance the chemical stability and prevent RE ion leakage.
This indicates that the NaYF4:Yb

3+/Er3+@silica-TPGS bio-
nano complex can be used as a luminescent labeling material.
In Vitro Labeling of Cells. In this set of experiments,

MCF-7 breast cancer cells were incubated with NaYF4:Yb
3+/

Er3+@silica-TPGS bio-nano complexes. It is well known that
the cell membrane is always negatively charged.44,45 So, the
NaYF4:Yb

3+/Er3+@silica-TPGS bio-nano complexes are active
particles with positive charges owing to the dangling bond of
Yb3+/Er3+ on the surface of particles, which should be able to
bind with the membrane of MCF-7 breast cancer cells.
Localization of the particles on the cell’s surface was
demonstrated by a fluorescence microscope under 980 nm
excitation. Three fluorescence images of the MCF-7 breast
cancer cells were obtained without/with NaYF4:Yb

3+/Er3+@
silica and NaYF4:Yb

3+/Er3+@silica-TPGS in the cases of bright
field, dark field, and merged modes as shown in Figure 7a−c,

respectively. This indicates that we can only observe a typical
MCF-7 breast cancer cell with/without NaYF4:Yb

3+/Er3+@
silica and NaYF4:Yb

3+/Er3+@silica-TPGS in the bright field
mode, whereas in the dark field mode, the NaYF4:Yb

3+/Er3+@
silica-TPGS nanoparticles are significantly enhanced as shown
by the localization image in the cells due to upconversion
emission. The merged images show clearly that the
NaYF4:Yb

3+/Er3+@silica-TPGS bio-nano complexes have
adhered around the MCF-7 breast cancer cells. The presence
of the NaYF4:Yb

3+/Er3+@silica-TPGS bio-nano complexes in
the MCF-7 breast cancer cells is proven.
Surprisingly, the nanocomplex exhibited much fewer probing

activities on HEK-293A human embryonic kidney cells, which
were noncancerous cell lines. Figure 8a−c shows the
fluorescence images of the HEK-293A cells without/with
NaYF4:Yb

3+/Er3+@silica and NaYF4:Yb
3+/Er3+@silica-TPGS.

The experimental conditions were the same as those for the
MCF-7 breast cancer cells, and the images were taken in the
cases of bright field, dark field, and merged modes.
NaYF4:Yb

3+/Er3+@silica and NaYF4:Yb
3+/Er3+@silica-TPGS

could not probe healthy cells of HEK-293A.
The cancerous typical labeling of NaYF4:Yb

3+/Er3+@silica-
TPGS bio-nano complexes could come from the TPGS
component. As reported elsewhere, TPGS in combination
with other drugs leads to robust effects due to its capacity to

Figure 6. Upconversion photoluminescence spectra of the NaY-
F4:Yb

3+/Er3+, NaYF4:Yb
3+/Er3+@silica, and NaYF4:Yb

3+/Er3+@silica-
TPGS nanoparticles in water suspension under 980 nm excitation.

Figure 7. Fluorescence images of (a) MCF-7 breast cancer cells, (b)
MCF-7 breast cancer cells after incubation with NaYF4:Yb

3+/Er3+@
silica, and (c) MCF-7 breast cancer cells after incubation with
NaYF4:Yb

3+/Er3+@silica-TPGS bio-nano complexes with different
modes.
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inhibit P-glycoprotein, an ATP-dependent drug efflux pump, as
well as multidrug resistance protein 1 (MDR1) or ATP-
binding cassette subfamily B member 1 (ABCB1) of cancer
cells.46 Also, as a single agent, TPGS has been found to inhibit
the growth of the human lung, prostate, and breast cancer cells
by inducing apoptosis.47 Thus, as a component of this nano-
conjugation, TPGS seems to have some effects on cancer cell
surface markers, leading to a more specific labeling capacity of
the NaYF4:Yb

3+/Er3+@silica-TPGS bio-nano complexes rather
than normal immortalized HEK-293A cells. As reported, TPGS
can also induce the programmed cell death of T-cell acute
lymphocytic leukemia Jurkat clone E6-1 cells but not human
peripheral blood lymphocytes, coincidentally.48 The selective
apoptosis-induced mechanisms of cancer cells mediated by
TPGS are complicated and can be listed as a reactive oxygen
species (ROS) inducer, downregulation of antiapoptotic
proteins, and/or DNA damage. As long as cancer cells were
induced to apoptotic states, a major change of cell membranes
and surface markers was recorded. This might explain the
NaYF4:Yb

3+/Er3+@silica-TPGS’s specific labeling capacity on
MCF-7 cancer cells rather than nontumorigenic HEK-293A
cells in this experiment. This approach allows us to determine
the biodistribution of the nanoparticles and has great potential
for labeling in biological applications.

■ CONCLUSIONS
Well-crystallized NaYF4:Yb

3+/Er3+ nanoparticles were synthe-
sized via a hydrothermal method, further protected with a silica
shell by the modified Stöber method, and functionalized with
TPGS. The NaYF4:Yb

3+/Er3+ nanoparticles exhibit strong
upconversion luminescence by a nonlinear optical process,
including a green emission band at 520 nm and a predominant
red emission band at 654 nm. The experimental result
indicates that surface modification of NaYF4:Yb

3+/Er3+ nano-
particles not only improves their dispersibility in physiological
media but also increases their upconversion emission intensity.
We demonstrated that NaYF4:Yb

3+/Er3+@silica-TPGS can
typically probe MCF-7 breast cancer cells but could not

detect HEK-293A healthy cells for in vitro experiments. This
newly found result is supposed to be caused by the TPGS
component. The NaYF4:Yb

3+/Er3+@silica-TPGS bio-nano
complexes with significant biocompatibility provide a strong
red upconversion emission upon very low excitation power,
which has the potential to be an ideal nanoparticle for labeling
and detecting in biomedical applications.
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FTIR, Fourier transform infrared; GSA, ground-state absorp-
tion; ESA, excited-state absorption; ET, energy transfer
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