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ABSTRACT: Upconversion nanocrystals have many advantages
over other fluorescent materials. However, their upconversion
luminescence intensities are not desirable, limiting their applications
for highly sensitive detection. Therefore, it is really important to
enhance upconversion luminescent intensities of upconversion
nanocrystals. In the present study, a novel Ag core and upconversion
nanocrystal shell based nanocomposite Ag@SiO2@Lu2O3:Gd/Yb/
Er for metal-enhanced upconversion luminescence was fabricated
successfully, and its morphology, crystalline phase, composition,
optical property, and cell imaging application were investigated. It
was found that a maximum upconversion luminescence enhancement of 30-fold was obtained in comparison with the control
without a silver core, and the nanocomposite exhibited bright upconversion luminescence when it was used for imaging with
HeLa cells. This enhancement potentially increases the overall upconversion nanocrystal detectability, endowing the
nanocomposite with a potential capability for highly sensitive biological, medical, and optical detection.
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1. INTRODUCTION

Upconversion nanocrystals (UCNs) have attracted much
attention in recent years due to their unique optical and
chemical properties. Compared to other fluorescent materials
such as organic dyes and quantum dots (QDs), UCNs possess
many advantages, including large anti-Stokes shifts, high signal-
to-noise ratios, deep penetration, no toxicity, and high physical-
chemical stability.1−4 On the basis of their superior properties,
UCNs have many potential applications, including biological
imaging, display technologies, near-IR quantum counters, and
so on.5−10 However, UCNs generally suffer from low
upconversion luminescence (UCL) efficiency due to structural
defects, dipole forbidden transitions, and limited excitation
efficiency caused by small absorption cross sections.11,12 Thus,
UCNs that can be used for highly sensitive biological and
medical detections such as monomolecular determination and
in vivo imaging are still limited.13−15

In order to enhance the upconversion emission intensity and
expand their applications, some approaches, such as coating
silica, fabricating core−shell structures, doping Gd3+ ions, and
introducing noble metal nanoparticles, have been devel-
oped.16−18 It is well-known that introducing noble metal
nanoparticles for metal-enhanced fluorescence (MEF) is an
efficient strategy to enhance fluorescence intensities of
luminescent probes.19−28 MEF arises from the interaction

between fluorophore and plasmon resonance of metal nano-
particles (silver or gold). This results in enhancement of
excitation rates through local field amplification and increasing
emission efficiency by enhanced radiative decay rates, both of
which contribute to an overall increase in fluorescent emission
intensities.24−26 MEF has been used as a powerful technology
to increase the luminescence intensity and detection
sensitivity.27−31 MEF applied in organic dyes, quantum dots,
and lanthanide complexes has been extensively studied
previously.31 The fluorescence enhancement varies from
fractional (quenching) to large amplification of above 100-
fold.23 Recently, some studies applying MEF to UCNs have
been reported.28−30 It has recently been found that integrating
rare earth ions-doped UCNs with noble metals such as Au or
Ag nanoparticles is an active and versatile strategy to amplify
fluorescence signals of UCNs.24−26 Various UCNs-metal
geometric configurations that can achieve UCL enhancement
have been made recently. For example, UCL enhancements of
2.5-, 3.4-, 4-, 14.4-, 45-, and 76-fold have been obtained for
NaYF4:Yb,Tm@Au, Ag@SiO2@NaYF4:Gd/Yb/Er, Ag@SiO2@
Y2O3:Er, NaYF4:Yb,Er@SiO2@Ag, Ag@Al2O3@NaYF4:Yb/Er,
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and Au@NaYF4:Gd/Yb/Tm metal nanostructures, respec-
tively.6,19,26,27,32,33

In the present study, a novel metal nanostructure of Ag@
SiO2@Lu2O3:Gd/Yb/Er was fabricated and its property was
investigated. An upconversion emission enhancement of 30-
fold was obtained, which is greater than those reported in our
previous works and some papers.26,33−35 The as-prepared
nanocomposite exhibited bright fluorescence when it was used
for imaging with HeLa cells. All the results showed that the as-
prepared nanocomposite is a potential nano fluorescent probe
that can be applied in highly sensitive bioimaging and detection.

2. EXPERIMENTAL SECTION
2.1. Materials. Rare earth oxides Lu2O3 (99.999%), Yb2O3

(99.999%), Gd2O3 (99.999%), and Er2O3 (99.999%) were purchased
from Shanghai Yuelong New Materials Co. Ltd. Poly(oxyethylene)
nonylphenyl ether (Igepal CO-520) and polyvinylpyrrolidone (PVP)
were purchased from Sigma-Aldrich. Silver nitrate (AgNO3),
phosphate buffered saline (PBS), tetraethoxysilane (TEOS), ethylene
glycol, urea, ammonia solution (28 wt %), ethanol, acetone, and
cyclohexane were purchased from Enterprise Group Chemical Reagent
Co., Ltd. (Shanghai). LnCl3 (Ln = Lu, Gd, Yb, Er) was prepared by
dissolving the corresponding metal oxide in hydrochloric acid at
elevated temperature. All other reagents were of analytical grade and
were used directly without further purification.
2.2. Synthesis of Silver Nanoparticles. PVP (10 g) was

dissolved in 75 mL of ethylene glycol at room temperature; then,
400 mg of AgNO3 was added to this solution with continuous stirring.
The suspension was stirred at room temperature until AgNO3 was
dissolved completely. Then, the mixture was heated up to 120 °C at a
constant rate of 1 °C/min and kept at this temperature for 1 h. At the
end of the reaction period, the colloidal dispersion was cooled down to
room temperature. The desired silver nanoparticles were obtained by
adding a large amount of acetone and then centrifugation at 8000 rpm
for 10 min.
2.3. Synthesis of Ag@SiO2 Core−Shell Nanoparticles. The

core−shell Ag@SiO2 nanoparticles were prepared by a facile reverse
microemulsion method. Briefly, the water-in-oil (W/O) reverse
microemulsion was formed at room temperature in a 30 mL three-
neck flask containing 4 mL of Igepal CO-520, 10 mL of cyclohexane, 2
mL of water, and 0.15 g of as-prepared silver nanoparticles under
vigorous stirring. After 20 min, 50 μL of ammonia was added as a
catalyst. After the equilibration period (25 min), 100 μL of a stock
solution of TEOS containing 50% TEOS and 50% cyclohexane by
weight was injected into the microemulsion to initiate the polymer-
ization reaction. After stirring for 48 h, the resulting core−shell
nanoparticles were isolated from the microemulsion by adding an
appropriate amount of acetone, followed by centrifuging and washing
with ethanol and water for several times.
2.4. Synthesis of Ag@SiO2@Lu2O3:Gd/Yb/Er Nanocomposite.

Typically, 2.2 g of urea and 0.75 mmol of LnCl3 (Ln = 54% Lu, 24%
Gd, 20% Yb, 2% Er) were dissolved in 200 mL of deionized water. As-
prepared Ag@SiO2 nanoparticles (0.05 g) were dispersed in the
solution with continuous stirring for 20 min. The suspension was
sealed in a bottle and heated to 90 °C for 2 h with stirring. After
cooling down to room temperature, particles were separated by
centrifugation and then washed with ethanol and water for several
times. The obtained precursor was dried and calcined at 700 °C for 2 h
(heating rate: 2 °C/min) to obtain the final product (Ag@SiO2@
Lu2O3:Gd,Yb,Er nanocomposite).
2.5. Measurement of Upconversion Absolute Quantum

Yield. According to the method reported by van Veggel, Zhang,
and co-workers,36,37 the fluorescence spectrophotometer (Edinburgh
FLS920) was modified by using an Ocean Optics UV−vis−NIR CCD
(QE65000) as a detector for detection of the excitation light from a
continuous-wave 980 nm laser and upconversion emission. An
integrating sphere was also used to measure the efficiency data. The
response of the detection systems in photon flux was determined using

a calibrated VIS-NIR lamp (Ocean Optics LS-1-CAL). The quantum
yield of the upconversion luminescence of the nanocrystals was
calculated using the following equation

= =
−

L

E E
QY

Photons emitted
Photons absorbed

sample

blank sample

where QY is the quantum yield, Lsample is the emission intensity, and
Eblank and Esample are the intensities of the excitation light in the absence
and presence of the upconversion nanocrystal samples, respectively.

2.6. Bioapplication of the Nanocomposite for HeLa Cell
Imaging. The confocal UCL imaging of HeLa cells with the prepared
nanocomposite was carried out as reported previously.38 Typically,
HeLa cells were grown in the MEM (Modified Eagle’s Medium)
supplemented with 10% FBS (fetal bovine serum) at 37 °C and 5%
CO2. Cells (5 × 108/L) were plated on 14 mm (diameter) glass
coverslips and allowed to adhere for 24 h. Before the imaging
experiments, HeLa cells were washed with PBS (pH = 7) and then
incubated with the nanocomposite (200 μg/mL) at 37 °C for 3 h. Cell
imaging was performed with a laser scanning upconversion
luminescence microscope.

2.7. Cytotoxicity Assay. Cell viability was measured using the
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay. Briefly, HeLa cells were seeded in a 96-well flat-bottom
microplate (2 × 104 cells per well) and cultured in 100 μL of growth
media at 37 °C and 5% CO2 for 12 h. The cell culture medium in each
well was then replaced by 100 μL of cell growth medium containing
Ag@SiO2@Lu2O3:Gd,Yb,Er with the concentrations ranging from 100
to 1000 μg/mL. After incubation for 24 h, 100 μL of MTT (0.5 mg/
mL in PBS) was added to each well for further incubation at 37 °C for
4 h. The growth media were removed gently by suction. Then, 150 μL
of DMSO was added to every well as solubilizing agent, and the
microplates were left at room temperature for 2 h. Absorbance at 490
nm was measured on a Microplate Reader (BIO-RAD Corporation),
and each data point was presented as mean ± standard deviation (SD)
from sextuplicate wells.

2.8. Characterizations. The sizes and morphologies of nano-
crystals were characterized with a JEOL JEM-2010F transmission
electron microscope (TEM) operating at 200 kV. Energy-dispersive X-
ray analysis (EDX) of the samples was performed during high-
resolution transmission electron microscopy (HRTEM) measure-
ments to determine the elements of the samples. The crystal phase
structures of the as-prepared samples were examined by powder X-ray
diffraction (XRD) measurements that were performed on a Rigaku D/
max-2500 X-ray diffractometer using Cu Kα radiation. The scan was
performed in the 2θ range from 10° to 80° with a scanning rate of 8°/
min. The upconversion luminescence spectra were recorded with an
Edinburgh FLS-920 fluorescence spectrophotometer using an external
0−2 W adjustable laser (980 nm, Beijing Hi-Tech Optoelectronic Co.,
China) as the excitation source instead of the xenon source in the
spectrophotometer. The images of upconversion luminescence were
obtained digitally with a Nikon multiple CCD camera. Time-resolved
spectra and upconversion luminescence lifetimes were measured with
a customized phosphorescence lifetime spectrometer (FSP920-C,
Edinburgh) equipped with a digital oscilloscope and a tunable
midband OPO pulse laser as excitation source (410−2400 nm, 10
Hz, pulse width ≤ 5 ns, Vibrant 355II, OPOTEK). All the
photoluminescence studies were carried out at room temperature.

3. RESULTS AND DISCUSSION
3.1. Structure, Morphology, and Composition of the

Nanocomposite. The stepwise preparation of the Ag@SiO2@
Lu2O3:Gd/Yb/Er nanostructure is shown in Figure 1. First,
water-soluble silver nanoparticles were prepared by heating
AgNO3 and ethylene glycol in the presence of PVP. Then, the
Ag nanoparticles were coated with a silica layer to obtain the
Ag@SiO2 composite through a facile reverse microemulsion
method. The grain diameters of the Ag core and silica thickness
were controlled by changing the concentrations of AgNO3 and
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silica precursor, respectively. Then, the formed Ag@SiO2
nanoparticles were all coated with a layer of Lu,Gd,Yb,Er-
(OH)CO3·H2O through a homogeneous precipitation method
in an aqueous solution of lanthanide (Lu, Gd, Yb, Er) chlorides
and urea at 90 °C for 2 h. Finally, the amorphous
Lu,Gd,Yb,Er(OH)CO3·H2O layer was transformed into cubic
phase Lu2O3:Gd/Yb/Er after heat treatment at 700 °C for 2 h.
The XRD patterns of the prepared products are shown in

Figure 2. Both of SiO2@Lu2O3:Gd/Yb/Er and Ag@SiO2@

Lu2O3:Gd/Yb/Er showed the same characteristic diffraction
peaks (211, 222, 400, 440, and 622), which can be indexed as a
typical cubic crystalline phase of Lu2O3 (JCPDS 12-0728).
Ag@SiO2@Lu2O3:Gd/Yb/Er showed four well-resolved dif-
fraction peaks of 111, 200, 220, and 311, which can be indexed
as a typical face-centered cubic phase of silver (JCPDS 87-
0720) and were absent in SiO2@Lu2O3:Gd/Yb/Er.
Figure 3 shows the TEM and HRTEM images of the Ag@

SiO2 and Ag@SiO2@Lu2O3:Gd/Yb/Er nanoparticles. Ag@

SiO2 showed a core−shell structure with a dark contrast silver
core (∼20 nm) and a light contrast silica shell (∼30 nm). The
average size of the nanoparticles was about 80 nm. Figure 3B
shows that Ag@SiO2@Lu2O3:Gd/Yb/Er had a core−shell
structure and each of the particles had one silver core (∼20
nm) and two shells consisting of a light silica shell (∼30 nm)
and a dark Lu2O3 shell (∼4 nm). The average grain diameter of
the particles was about 88 nm. Compared to Ag@SiO2, the
increase in the size could be attributed to a coated Lu2O3 shell.
As the control, a SiO2@Lu2O3:Gd/Yb/Er nanocomposite was
prepared using the similar synthetic procedure to Ag@SiO2@
Lu2O3:Gd/Yb/Er, except the replacement of Ag@SiO2 nano-
particles with SiO2 nanoparticles with the same size. Figure S3
(Supporting Information) shows that the SiO2@Lu2O3:Gd/
Yb/Er nanocomposite displayed a similar morphology and size
to those of Ag@SiO2@Lu2O3:Gd/Yb/Er with a similar
thickness of the Lu2O3 shell, although it had no Ag core. The
HRTEM image of Ag core (Figure 3A, inset) shows that the
value of the interplanar distance between adjacent lattice fringes
was determined as about 0.24 nm, which was assigned to the
{111} crystal plane of the cubic (fcc) silver.39 The HRTEM
image of the Lu2O3 layer (Figure 3B, inset) reveals a distance of
0.319 nm of the crystal fringes, which was assigned to the {222}
crystal plane of the Lu2O3 bcc phase.40 This confirmed the
formation of a Lu2O3 layer on the silica shell. The results of
TEM images and XRD patterns were in good agreement,
confirming that the core−shell structure of the Ag@SiO2@
Lu2O3:Gd,Yb,Er nanocomposite was fabricated successfully.
The composition of the nanocomposite was characterized by
EDX analysis. As shown in Figure 4, almost all of the elements,
including Ag, Si, O, Lu, Gd, and Yb, could be detected, further
confirming the formation of the nanocomposite.

3.2. UV−vis Absorption Spectra and Upconversion
Luminescence Property of the Nanocomposite. Figure 5
shows the UV−vis absorption spectra of Ag@SiO2, SiO2@
Lu2O3:Gd/Yb/Er, and Ag@SiO2@Lu2O3:Gd/Yb/Er nano-
particles. Ag@SiO2 showed the well-known surface phasmon
resonance (SPR) band at 350−665 nm, which was similar to
the value reported in the literature.41 Ag@SiO2@Lu2O3:Gd/
Yb/Er displayed a broad absorption band of SPR and the SPR
peak shift toward a longer wavelength owing to the change of
local refractive index around the Ag particles caused by the
shells of Lu2O3:Gd/Yb/Er. As the control, SiO2@Lu2O3:Gd/
Yb/Er showed no SPR peaks, further confirming that the silver
core had successfully formed in the nanocomposite.

Figure 1. Synthetic procedure of the Ag@SiO2@Lu2O3:Gd/Yb/Er
nanostructure.

Figure 2. XRD patterns of SiO2@Lu2O3:Gd/Yb/Er (A) and Ag@
SiO2@Lu2O3:Gd/Yb/Er (B).

Figure 3. TEM images of Ag@SiO2 (A) and Ag@SiO2@Lu2O3:Gd/Yb/Er (B) nanoparticles, and HRTEM images of Ag (A, inset) and Lu2O3 (B,
inset).
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The upconversion luminescence spectra of SiO2@Lu2O3:
Gd/Yb/Er and Ag@SiO2@Lu2O3:Gd/Yb/Er nanoparticles
were measured at the same concentrations of 1.0 mg/mL in
aqueous solutions with excitation at 980 nm. As shown in
Figure 6, both of them showed identical characteristic emission

peaks of Er3+ with strong red emission peaks near 662 nm
corresponding to the 4F9/2 → 4I15/2 transition and very weak
emissions near 520 and 550 nm corresponding to the 2H11/2 →
4I15/2 and 4S3/2 → 4I15/2 transitions, respectively.26,40 This
emission feature was similar to that observed with other Er3+-
doped oxide nanocrystals.40,42,43 Such upconversion lumines-
cence with strong red light and weak short-wavelength light
favors in vivo imaging, since short-wavelength light can be
absorbed by tissues with lower penetration, whereas red light
can penetrate tissue deeply and minimize absorption and
autofluorescence of tissues.44,45

It was interesting to find that the Ag@SiO2@Lu2O3:Gd/Yb/
Er nanocomposite showed a high fluorescence enhancement
(30-fold) compared to the control of silver-free nanocomposite
(SiO2@Lu2O3:Gd/Yb/Er), as shown in Figure 6. This
enhancement was attributed to the MEF, which arises from
the interaction of the fluorophore and surface plasmon
resonance of metal nanoparticles. Surface plasmon resonance
(SPR) is the collective electron-cloud oscillation on a metal
surface or nanoparticles and is caused by the interaction of the
metal with incident light.46,47 A key aspect of the SPR effect is
the associated increase in the intensity of the local electric field
in the proximity of nanoparticles, which can significantly
modify the spectroscopic properties of neighboring fluouo-
phores.48

The theory of MEF has been developed since the 1980s,49 in
which the effects are attributed to at least three known
mechanisms (Figure S1, Supporting Information).49,52 One is
energy transfer quenching, km, to the metal with a d−3

dependence.49 This quenching can be understood by damping
of the dipole oscillations by the nearby metal. A second
mechanism is an increase in the emission intensity as a result of
the SPR increasing the local electric field on the fluorophore,
Em. This effect will result in increased intensities, but the
lifetime and quantum yield of the fluorophore will be
unchanged. This fluorescent enhancement can be understood
as being due to the metal particles that concentrate the local
electric field and subsequently increase the rate of excitation.50

The maximum enhancement of fluorescence emission is
achieved if the SPR wavelength equals the absorption
wavelength of fluorophores.50 The third mechanism is that a
nearby metal can increase the intrinsic radiative decay rate of
the fluorophore, Γm, resulting in increasing quantum yield and
emission intensity of the fluorophore.51 The maximum
enhancement of fluorescence emission is achieved if the SPR
wavelength equals the emission wavelength of fluorophores.23

Figure 4. EDX analysis of elemental composition of Ag@SiO2@Lu2O3:Gd/Yb/Er.

Figure 5. UV−vis absorption spectra of Ag@SiO2, SiO2@Lu2O3:Gd/
Yb/Er, and Ag@SiO2@Lu2O3:Gd/Yb/Er nanoparticles.

Figure 6. Upconversion luminescence spectra of SiO2@Lu2O3:Gd/
Yb/Er (A) and Ag@SiO2@Lu2O3:Gd/Yb/Er (B) nanocomposites
under excitation at a CW 980 nm laser.
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To better understand this mechanism, it is informative to
consider the Jablonski diagram for fluorophores in the free-
space condition and the modified form when they are in close
proximity to conducting metallic particles (Figure S2,
Supporting Information).52,53

The quantum yield (Q) and lifetime (τ) of a fluorophore are
given by

= Γ
Γ +

Q
knr

τ =
Γ + k

1

nr

where Γ is the intrinsic radiative or emissive rate and knr
represents the nonradiative decay rate.
Let Γm represent the rate of the radiative decay due to the

presence of the metal particles. This new rate changes the
quantum yield to

=
Γ + Γ

Γ + Γ +
Q

km
m

m nr

The lifetime in the presence of metal will be decreased to

τ =
Γ + Γ + k

1
m

m nr

Hence, an increase in the radiative decay rate of a
fluorophore can explain both the increased emission intensity
and the decreased lifetime in the presence of metal particles.
We proposed that the observed upconversion emission

enhancement of 30-fold in the present study may be attributed
to at least two possible factors: (1) an increase in the excitation
rate by local electric field enhancement, that is, an enhancement
of the effective excitation flux caused by the local electric field
enhancement associated with SPR; and (2) an increase in the
radiative decay rate of the fluorophore by surface plasmon-
coupled emission (SPCE), that is, an enhancement of emission
efficiency because of the coupling of the unconversion emission
with the NPs plasmonic resonance, which will effectively
increase the radiative decay rate. SPCE can occur when the
emission band of the fluorophore overlaps with the plasmon
resonance frequency of the metal nanostructures.52 Both of the
factors have been used to explain the MEF in quantum dots or
fluorescent molecules.51,54

It can be seen in Figure 5 (UV−vis spectra of Ag@SiO2@
Lu2O3:Gd/Yb/Er) and Figure 6. In our case, the SPR
absorption band of Ag nanoparticles did not overlap with the
excitation wavelength (980 nm) of the UCNs, but overlapped
with the emission bands of UCNs (550 and 662 nm).
Therefore, the SPR of Ag NPs could effectively couple with
the upconversion emission and could thus increase the radiative
decay rate, emission efficiency, and intensity of the nano-
composite. With a better plasmonic coupling near the plasmon
resonance frequency, the SPCE was also a reason why the
observed enhancement factor (40) was larger for green
emission (550 nm) than for red emission (Figure 6). This
suggested that the SPCE played an important role in the
spectra-dependent enhancement of upconversion emission,
although other effects such as local electric field enhancement
might also contribute to the enhancement. Thus, the emission
enhancement in this case could be dominantly attributed to the
increase in the radiative decay rate by the SPCE.

In order to verify the proposed enhancement mechanism,
time-resolved spectra and UCL lifetimes were measured for
nanocomposites with and without the Ag core (Figure S3,
Supporting Information). The measured values of lifetimes for
these materials are 150.4 and 302.2 μs, respectively. Obviously,
the lifetime of Ag@SiO2@Lu2O3:Gd/Yb/Er was lower than
that of SiO2@Lu2O3:Gd/Yb/Er. These results demonstrated
that the lifetime of the nanocomposite reduced when the
composite contained a Ag core. For SiO2@Lu2O3:Gd/Yb/Er
and Ag@SiO2@Lu2O3:Gd/Yb/Er, the measured lifetimes τ(1/
(Γ + knr)) were 302.2 and 150.4 μs for the emission peak at 660
nm, respectively. Their measured quantum yields Q (Γ/Γ + knr)
were 0.03% and 0.61%, respectively. From the measured
lifetimes and quantum yields, we estimated Γ = 0.993 and 40.56
s−1 for SiO2@Lu2O3:Gd/Yb/Er and Ag@SiO2@Lu2O3:Gd/Yb/
Er, respectively. The increased radiative decay rate is consistent
with the UCL enhancement measured experimentally and
consistent with the measured changes in lifetime.
Hence, an increase in the radiative decay rate by the metal

could explain both the increased fluorescence intensity and the
decreased lifetime in the presence of the Ag core. These results
were consistent with the above mechanism that the
fluorescence enhancement was dominantly attributed to the
increase in the radiative decay rate caused by the MEF (SPCE).
It was worth noting that the upconversion luminescence

enhancement of 30-fold caused by the MEF was a rather great
value in comparison with those reported in our previous works
and other studies,26,31,35 indicating that the fluorophore was an
important factor to achieve the greatest enhancement of
emission. Of course, the separation distance between the Ag
nanoparticles and fluorophores, and the size of the Ag
nanoparticles, also played important roles in the MEF. In our
case, the separation distance controlled by the silica shell
thickness and the size of the Ag core controlled by the AgNO3
concentration were chosen as 30 and 20 nm, respectively, based
on the data reported in the literature with some rational
modifications.26,31,33

The measured absolute UCL quantum yield of the Ag@
SiO2@Lu2O3:Gd/Yb/Er nanocomposite was 0.62 ± 0.1%,
which was higher than those reported in the literature.36−38

Such a nanocomposite displayed strong UCL with a rather high
quantum yield, indicating that the prepared Ag@SiO2@Lu2O3:
Gd/Yb/Er was an excellent upconversion luminescent material.
Considering that the MEF is dependent on many factors,

such as metal nanoparticle size, shape, and metal−fluorophore
distance, we prepared various Ag@SiO2@Lu2O3:Gd/Yb/Er
nanocomposites with variant Ag cores (Figure S5, Supporting
Information) and silica shells (Figure S6, Supporting
Information) and investigated their upconversion luminescence
properties. The results revealed that the MEF effect depended
sensitively on the sizes of Ag cores and thickness of silica shells.
The UCL was quenched (enhancement factors < 1) with a thin
SiO2 spacer. This could be attributed to that the close proximity
of the Ag sphere with the shell caused efficient nonradiative
energy transfer from the UCNs to the metallic surface. With
increasing spacer thickness, the average UCL intensity reached
a maximum value at an optimal spacer thickness of 30 nm, and
then decreased with the increase in the spacer thickness. This
phenomenon was well consistent with recent reports.26,32,55

With an increase in the Ag core size from 25 to 100 nm, the
UCL of the nanocomposite increased in the beginning and
reached a maximum value at an optimal Ag core size of 75 nm,
and then decreased when the Ag core increased to 100 nm. The
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real reason for this phenomenon was not clear and needed to
be further investigated. We assumed that the enhancement of
local electric field depended on the Ag core size and the large
Ag core could cause a great enhancement, leading to high
excitation efficiency and emission intensity. However, the Ag
core with the size being too large could cause the shifting of the
SPR peak to the near-infrared region and reduced the SPCE,
and also significantly increased the scattering of excitation light
at 980 nm. Thus, the effective excitation flux was reduced,
which led to a quench of the UCL.27

3.3. HeLa Cell Imaging Using the Nanocomposite. To
examine the potential of the nanocomposite for bioimaging, a
cellular imaging experiment using the nanocomposite and HeLa
cells was performed with a laser scanning upconversion
luminescence microscope under CW excitation at 980 nm.
The cellular uptake of the nanocomposite was carried out by
incubating HeLa cells with 200 μg/mL of the nanocomposite in
PBS (pH = 7) at 37 °C for 3 h. The images were obtained using
a confocal microscopy. As shown in Figure 7, intense
luminescence signals at 625−700 nm (red light) and 520−
560 nm (green light) were detected in the cytoplasm regions. A
quantitative analysis of the intensities of the UCL signal and the
background was made to present the UCL signal ratio for the
living cells labeled with the nanocomposite (Figure 8). Five
points were selected for analysis of the signal ratio of the UCL
images. The luminescence intensity profile of HeLa cells
revealed an extremely high signal ratio in the cytoplasm (counts
∼ 4000 for region 2 and region 4) and no background
luminescence in the nucleus (counts ∼ 0 for region 3),
suggesting an exclusive staining of the cytoplasm.

Three-dimensional (3D) imaging of live cells was also
performed (Figure 9). HeLa cells were loaded with the
nanocomposite and then were imaged by serially scanning at
increasing depths along the z axis. As shown in an xy image of
the cells obtained at a certain depth of z, the cytoplasms of
HeLa cells were perfectly visualized in the xz and yz cross-
sectional images, indicating that the nanocomposite was
internalized in the cytoplasms and emited upconversion
luminescence in the cytoplasm regions.

Figure 7. Bright-field image of HeLa cells (A), confocal images of HeLa cells after incubation with the nanocomposite, collected at green (520−560
nm) (B) and red (625−700 nm) channels (C), the merged image of panels B and C (D), and the merged image of the bright-field one and panels B
and C (E).

Figure 8. Upconversion luminescence intensities corresponding to the
extracellular region (1 and 5), cytoplasm (2 and 4), and nuclear region
(3).
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3.4. Cytotoxicity Test. Toxicity is a critical factor for
determining the feasibility of the as-prepared nanoparticles in
bioimaging applications. The viability of HeLa cells after
exposure to Ag@SiO2@Lu2O3:Gd/Yb/Er UCNs with different
concentrations was measured by a standard MTT assay. As
shown in Figure S7 (Supporting Information), the prepared
UCNs showed negligible cytoxicity toward HeLa cells, even at a
high dose of 1000 μg/mL for 24 h (viability > 90%). The high
viability of cells showed the good biocompatibility and the
potential of the UCNs for bioimaging applications.

4. CONCLUSIONS
In summary, a novel core−shell nanocomposite Ag@SiO2@
Lu2O3:Gd/Yb/Er has been developed successfully. The MEF
for the upconversion nanocrystal Lu2O3:Gd/Yb/Er and the
HeLa cells imaging with the nanocomposite were investigated.
The results showed that a 30-fold MEF factor was observed.
This enhancement could be dominantly attributed to the
increase in the radiative decay rate and emission efficiency
caused by the SPCE. The cell imaging experiments revealed
that the nanocomposite could enter the cytoplasm through
cellular cytophagocytosis and cause the cells to exhibit strong
upconversion fluorescence. The characterized properties and
cell imaging application of the prepared nanocomposite showed
that the nanocomposite had potential to be used as a
fluorescent probe for highly sensitive biological, medical, and
optical detections.
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