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The biological application of up-converting rare-earth nanophosphors (UCNPs) is still restricted because
of unfavorable surface properties. Herein, the development of a simple, effective, and versatile method
for converting hydrophobic UCNPs into amphiphilic ones, based on epoxidation of the surface oleic
acid (OA) ligand and further coupling with polyethylene glycol monomethyl ether (mPEG-OH), is
described. The successful epoxidation and effective coating of the surface of the UCNPs by mPEG-OH
have been confirmed by 1H NMR spectrometry, Fourier-transform infrared (FTIR) spectroscopy, and
dynamic light scattering (DLS) studies. Investigations by transmission electron microscopy (TEM) and
photoluminescence (PL) spectroscopy showed no obvious variations in the morphologies and luminescent
properties of the UCNPs during the epoxidation and functionalization processes. In particular, the low
cytotoxicity and good cell membrane permeability of the resulting amphiphilic mPEG-UCNPs make
them promising candidates for use as bioimaging probes.

1. Introduction

Nanosized luminescent materials have great potential ap-
plications in biological studies. This has come to the fore since
the pioneering work on quantum dots (QDs) as biological labels
by the groups of Alivisatos and Nie.1 In particular, QDs with
tunable size-dependent emissions, high fluorescence quantum
yields, and broad excitation spectra have been widely developed
and applied in biological analyses.1a,b However, owing to the
use of short-wavelength (high-energy) photon excitation,2 these
down-conversion luminescent nanomaterials still suffer from
some drawbacks, including low light-penetration depth, possible
severe photodamage to living organisms, and strong background
fluorescence (noise) of some biological samples.3 The subse-
quent implementation in this context of two-photon technology3a,b

greatly reduced these problems by using excitation with long-
wavelength femtosecond pulses (∼1 × 10-13 s) at a high
repetition rate (typically ∼80 MHz). Unfortunately, however,

because of its low efficiency, two-photon excitation requires
enormously high light intensities, which if continuous, would
almost instantly vaporize the specimen.3c

Alternatively, up-conversion luminescence (UCL)4 can be
used, taking advantage of its unique process in which low-
energy light, usually NIR, is converted into higher-energy
light (visible) through sequential absorption and energy-
transfer steps.5 Lanthanide ions are suitable candidates for
up-conversion processes because of their unique 4f electronic
structure and energy levels.5a Under continuous-wave (CW)
excitation at 980 nm, lanthanide-doped rare-earth phosphors
exhibit unique up-conversion luminescence with a sharp band
and long emission lifetimes.5a,6 In addition, their relative
emission intensity can be tuned by control of different combi-
nations of lanthanide dopants and dopant concentration.6b,c

Consequently, it is reasoned that up-converting rare-earth
phosphors (UCPs) constitute one of the most promising
classes of luminescent biomaterials with low background
fluorescence.

For application in biological labels, UCPs should be small,
hydrophilic (or amphiphilic), and easily conjugated with
biomolecules. Although up-converting phosphor materials
in sizes of several hundreds of nanometers have recently been
used in immunohistochemistry in lateral flow (LF) assay
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formats and in vitro imaging,1c,7 these particles are not
suitable for the imaging of living cells because of their large
size and unsuitable surface characteristics. Also, compared
to the great recent advances in the synthetic methods for
controlling the nanosize, shape, crystallinity, and monodis-
persibility of UCNPs bearing hydrophobic surface ligands
(such as oleic acid, oleic amine, or linoleic acid),3c,8 the
surface functionalization of UCNPs is mainly limited to the
encapsulation of hydrophobic nanoparticles with SiO2

1d,9 or
amphiphilic copolymers.10 For SiO2 coatings, precise control
over the thickness and shape of the encapsulating SiO2 layer
may be difficult. Alternatively, the hydrophobic UCNPs can
be solubilized in water through coating of the nanoparticles
with an amphiphilic copolymer.10 For example, Zhang et
al.10c reported that coating nanoparticles of size ∼50 nm with
poly(ethylene imine) allowed their delivery into some cell
lines. Chow et al.10d also reported that these hydrophobic
nanoparticles were rendered hydrophilic by coating them with
amphiphilic poly(acrylic acid). In this process, the hydro-
phobic ends of the amphiphilic copolymer interleave with,
rather than replace, the organic groups of the surface layer
of the UCNPs, whereas their other ends bear a hydrophilic
group.10a,b,d However, this hydrophobic interaction is weak,

allowing desorption of the polymer molecules from the
nanoparticles.11

An alternative synthetic strategy for obtaining hydrophilic
(or amphiphilic) UCNPs is direct functionalization of the
hydrophobic surface ligands by chemical reaction. Very
recently, by directly oxidizing oleic acid (OA) ligands with
the Lemieux-von Rudloff reagent, a simple and versatile
strategy for converting hydrophobic UCNPs into amphiphilic
and carboxylic acid-functionalized analogues was developed
by our group.12 However, this method still suffers from some
limitations, such as a relatively long reaction time and low
yields. Herein, we describe the development of a new and
simple strategy for the synthesis of amphiphilic and nonag-
gregating UCNPs based on epoxidation of their surface OA
molecules and further coupling with polyethylene glycol
monomethyl ether (mPEG-OH) (Scheme 1). Interestingly,
the epoxidation and functionalization processes cause little
variation in the morphology and photoluminescence of the
UCNPs. Further investigations through cytotoxicity tests and
confocal imaging have proved that the amphiphilic mPEG-
grafted UCNPs have low cytotoxicity and good cell mem-
brane permeability, which make them promising candidates
for use as specific bioimaging agents.

2. Experimental Section

2.1. Materials. Rare earth oxides La2O3 (99.999%), Yb2O3

(99.999%), and Ho2O3 (99.999%) were purchased from Shanghai
Yuelong New Materials Co. Ltd. Oleic acid (>90%), polyethylene
glycol monomethyl ether (mPEG-OH, Mt ≈ 1900), and 3-chlorop-
eroxybenzoic acid were purchased from Alfa Aesar Ltd. All other
chemical reagents with analytical grade were used directly without
further purification. Deionized water was used throughout. Rare
earth nitrate stock solutions were prepared by dissolving the
corresponding metal oxide in nitric acid at elevated temperature.8b
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Scheme 1. Synthetic Route to Amphiphilic mPEG-UCNPs: (a) 3-Chloroperoxybenzoic Acid, Cyclohexane/CH2Cl2 (2:1, v/v),
Reflux, 3 h; (b) mPEG-OH (Mt ≈ 1900), RT, 8 h
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2.2. Synthesis of Up-Converting Rare-Earth Nanophosphors
(UCNPs). 2.2.1. Synthesis of Hydrophobic Oleic-Acid-Capped
UCNPs. All of the doping ratios of Ln3+ in our experiments were
molar. In a typical procedure, sodium oleate (30 mmol), deionized
water (6 mL), ethanol (12 mL), and oleic acid (26 mmol) were
mixed together under agitation to form a homogeneous solution.
An aqueous solution of rare-earth nitrate (Ln(NO3)3, Ln: 85% mol
La, 12% mol Yb, 3% mol Er or 79% mol La, 20% mol Yb, 1%
mol Ho) (1 mmol; total amount) was then added under magnetic
stirring. Subsequently, aqueous NH4F solution (5 mL) was added
dropwise. The resulting mixture was agitated for about 10 min and
then transferred to a 50 mL autoclave, which was sealed and
maintained at 170 °C for 10 h. The system was allowed to cool to
room temperature naturally, whereupon the products were deposited
at the bottom of the vessel. Cyclohexane was used to dissolve and
collect the products. By adding ethanol to the sample-containing
cyclohexane solution, the products were reprecipitated. The pre-
cipitates were separated by centrifugation. Pure powders could be
obtained by purifying the precipitates by washing with ethanol
several times to remove oleic acid, sodium oleate, and other residual
compounds.

2.2.2. ConVerting Hydrophobic Oleic-Acid-Capped UCNPs
into Hydrophilic Ones. The as-prepared LaF3:20% Yb, 1% Ho or
LaF3:12% Yb, 3% Er nanoparticles (100 mg) were dispersed in 30
mL of a mixture of cyclohexane and CH2Cl2 (2:1, v/v), and then
3-chloroperoxybenzoic acid (25 mg) was added as a peroxide
reagent. After refluxing for 3 h, the reaction mixture was cooled to
room temperature, whereupon polyethylene glycol monomethyl
ether (mPEG-OH, Mt ≈ 1900, 1.3 g) was added and the resulting
mixture was stirred for 8 h at room temperature. The solvents were
then removed under reduced pressure, and the product was washed
alternately with deionized water and ethanol, three times with each,
and stored either in deionized water or ethanol.

2.3. Cell Culture. A human nasopharyngeal epidermal carcinoma
cell line (KB cell) was provided by the Institute of Biochemistry
and Cell Biology, SIBS, CAS (China). Cells were grown in RPMI
1640 (Roswell Park Memorial Institute’s medium) supplemented
with 10% FBS (fetal bovine serum) at 37 °C and 5% CO2. Cells
(5 × 108/L) were plated on 14 mm glass coverslips under 100%
humidity and allowed to adhere for 24 h.

2.3.1. Cytotoxicity of mPEG-UCNPs. In vitro cytotoxicity was
measured by performing methyl thiazolyl tetrazolium (MTT) assays
on the KB cells. Cells were seeded into a 96-well cell culture plate
at 5 × 104/well, under 100% humidity, and were cultured at 37
°C and 5% CO2 for 24 h; different concentrations of UCNPs (0,
125, 250, and 500 µg/mL, diluted in RPMI 1640) were then added
to the wells. The cells were subsequently incubated for 4 or 24 h
at 37 °C under 5% CO2. Thereafter, MTT (10 µL; 5 mg/mL) was
added to each well and the plate was incubated for an additional
4 h at 37 °C under 5% CO2. After the addition of 10% sodium
dodecyl sulfate (SDS, 100 µL/well), the assay plate was allowed
to stand at room temperature for 12 h. The OD570 value (Abs.) of
each well, with background subtraction at 690 nm, was measured
by means of a Tecan Infinite M200 monochromator-based multi-
function microplate reader. The following formula was used to
calculate the inhibition of cell growth: Cell viability (%) ) (mean
of Abs. value of treatment group/mean Abs. value of control) ×
100%.

2.3.2. Cellular Staining. To ensure complete dispersion of the
mPEG-UCNPs in the serum-free media, their solutions (100 or 500
µg/mL) obtained from a stock suspension were sonicated for 30 min.

For single-label imaging, KB cells were stained with 100 µg/
mL PEG-UCNPs in a 5% CO2 incubator at 4 or 37 °C for 2 h.

Living cell imaging was then carried out after washing the cells
with PBS once more to remove the excess mPEG-UCNPs.

For multilabel imaging, KB cells were first stained with 5 µM

1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate
(DiI, λmax

em ) 575 nm, FMHW ) 35 nm, see Figure S1 in the
Supporting Information) in Ca/Mg-free PBS buffer for 20 min at
37 °C under 5% CO2. After washing the cells with PBS, the
chamber slide was incubated with 500 µg/mL PEG-UCNPs in a
5% CO2 incubator at 37 °C for 2 h. Finally, after washing the cells
with PBS once more to remove the excess mPEG-UCNPs, the cells
were fixed and their nuclei were stained with 4′,6-diamidine-2′-
phenylindole dihydrochloride (DAPI) (λmax

em ) 465 nm, see Figure
S1 in the Supporting Information; DAPI is an organic fluorophore
that shows a blue fluorescence when bound to DNA).

2.3.3. Confocal Imaging of mPEG-UCNPs-Incubated LiVing
Cells. Confocal imaging of cells was performed with a modified
Olympus FV1000 laser scanning confocal microscope (LSCM)
equipped a continuous-wave (CW) NIR laser operating at 980 nm
(Connet Fiber Optics, China). A 60× oil-immersion objective lens
was used. Excitation of DAPI was carried out with a semiconductor
laser at 405 nm, and its emission was collected at 460 ( 20 nm.
DiI was excited at 543 nm using an HeNe laser, and its emission
was collected at 580 ( 20 nm. For the UCNPs, the CW NIR laser
operating at 980 nm provided the excitation, and emission was
collected at 520 ( 80 nm.

2.4. Characterization. Powder X-ray diffraction (XRD) mea-
surements were performed on a Bruker D4 diffractometer at a
scanning rate of 1°/min in the 2θ range from 10 to 70° (Cu KR
radiation, λ ) 1.54056 Å). The size and morphology of UCNPs
were determined at 200 kV at a JEOL JEM-2010 low to high
resolution transmission electron microscope (HR-TEM). These as
prepared samples were dispersed in cyclohexane and dropped on
the surface of a copper grid for TEM test. Energy-dispersive X-ray
analysis (EDXA) of the samples was also performed during
HRTEM measurements. 1H NMR spectra were recorded on a
Varian Mercury 400 spectrometer. Proton chemical shifts are
reported in parts per million downfield from tetramethylsilane
(TMS). FTIR spectra were performed using an IRPRESTIGE-21
spectroscope (Shimadzu) with KBr pellets. Thermogravimetric
analysis (TGA) curves were recorded on a DTG-60H (Shimadzu)
at a heating rate of 10 °C/min. The upconversion luminescence
emission spectra were recorded on Edinburgh LFS-920 instrument,
but the excitation source using an external 0-1 W adjustable 980
nm semiconductor laser (Beijing Hi-Tech Optoelectronic Co.,
China) with an optic fiber accessory, instead of the Xeon source in
the spectrophotometer. The upconversion luminescence images were
acquired digitally on a Nikon multiple CCD camera. Dynamic light
scattering (DLS) experiments were carried out on an ALV-5000
spectrometer-goniometer equipped with an ALV/LSE-5004 light
scattering electronic and multiple tau digital correlator and a JDS
Uniphase He-Ne laser (632.8 nm) with an output power of 22
mW. The size distribution was measured at 25 °C with a detection
angle of 90°.

3. Results and Discussion

3.1. Synthesis and Characterization of UCNPs. Because
of the high ionicity of the La3+ to fluoride bond, LaF3 has
very low vibrational energies and has been used as a
promising up-conversion luminescence host matrix over the
past decade.13 In the present work, OA-capped LaF3:20%
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Yb, 1% Ho and LaF3:12% Yb, 3% Er were synthesized by
a modified hydrothermal route.14 All of the OA capped up-
converting nanophosphors could be well-dispersed in a
nonpolar solvent (such as cyclohexane, chloroform, or
dichloromethane) and then deposited by the addition of a
polar solvent (ethanol or acetone). The surfaces of the
nanoparticles were coated with ∼10 wt% OA, as character-
ized by thermogravimetric analysis (TGA) (Figure S2 in the
Supporting Information).

Epoxidation of a carbon-carbon double bond, as a
classical organic reaction, has been widely used in chemical
processes.15 The carbon-carbon double bond can be easily
epoxidized with peroxide reagents to give a three-membered-
ring epoxide, and the highly reactive epoxide product may
then be rapidly reacted with many reactive groups, such as
-OH,16 -SH,17 -NH2,18 or -COOH.15b,19 Meanwhile,
nanoparticles with PEG-functionalized exteriors generally
exhibit much lower toxicity, are nonimmunogenic and
nonantigenic, and display longer circulation times.11b,c On
the basis of the above facts, in the present work, the
hydrophobic OA-capped up-converting nanophosphors were
converted to amphiphilic analogues by first using 3-chlo-
roperoxybenzoic acid as a peroxide reagent to epoxidize the
surface ligands (oleic acid) to three-membered-ring epoxide
compounds, and these were then further coupled with
polyethylene glycol monomethyl ether (mPEG-OH, Mt ≈
1900) (Scheme 1). Herein, as one example of up-converting
nanophosphors (UCNPs), LaF3: 20% Yb, 1% Ho nanopar-
ticles were investigated in detail, and the oleic-acid-capped,
epoxidized octadecyl-alkyl-capped, and mPEG-capped UC-
NPs are denoted as OA-UCNPs, EOA-UCNPs, and mPEG-
UCNPs, respectively.

Successful epoxidation of the carbon-carbon double bond
of the surface OA ligand was verified by 1H NMR and
Fourier transform infrared (FTIR) analyses. To avoid the
interference of the dopant ions (Yb3+, Ho3+, and Er3+) on
the 1H NMR signal, herein, the pure LaF3 nanoparticles were
chosen to replace UCNPs for the 1H NMR study. Figure 1
shows the evolution of the 1H NMR spectra of the changing
ligands on the surface of the pure LaF3 nanoparticles. All
samples were dispersed in CDCl3 to enable direct comparison
of the spectra. Well-known in the field of colloidal nano-
particles, the NMR peaks of surface ligands are significantly
broader than those of the corresponding free ligands.20 As
shown in Figure 1A, the characteristic resonance with a
chemical shift of δ ) 5.32 ppm, corresponding to the
carbon-carbon double bond in OA, is clearly observed in

the 1H NMR spectrum of the pure OA-capped
LaF3nanoparticles. After treatment with 3-chloroperoxyben-
zoic acid, the resonance at 5.32 ppm disappeared (Figure
1B) and two new peaks centered at 2.84 and 1.47 ppm
appeared, indicating formation of the epoxide. Following
further reaction with mPEG-OH, a broad peak appeared in
the range from δ ) 3.38 to 3.73 ppm, attributable to -OCH3

and -(OCH2CH2)n- of the mPEG backbone, which was
accompanied by the disappearance of the epoxide peaks at
2.84 and 1.47 ppm, as shown in Figure 1C, suggesting the
successful grafting of mPEG through epoxide ring-opening.

The epoxidation process of the surface OA ligand of the
UCNPs was also investigated by Fourier-transform infrared
(FTIR) spectroscopy. Figure 2 shows the FTIR spectra of
the three UCNP samples, i.e., OA-UCNPs, EOA-UCNPs,
and mPEG-UCNPs. These three UCNP samples exhibit a
broadband at around ν ) 3450 cm-1, corresponding to the
O-H stretching vibration. The transmission bands peaked
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Figure 1. 1H NMR spectra (CDCl3 solutions) of (A) LaF3 nanoparticles
capped with hydrophobic oleic acid groups, (B) ligands with epoxidized
double bonds, and (C) amphiphilic mPEG grafted ligands.

Figure 2. FTIR spectra of the nanoparticles: (A) OA-UCNPs, (B) EOA-
UCNPs, and (C) mPEG-UCNPs.
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at approximately 2922 and 2851 cm-1 for each of the
samples may be assigned to the asymmetric (νas) and
symmetric (νs) stretching vibrations, respectively, of meth-
ylene (CH2) in the long alkyl chain.12 As shown in Figure
2A, a peak at ν ) 3008 cm-1, attributable to )C-H
stretching vibration, can clearly be seen in the spectrum of
the OA-UCNPs sample;12 however, this feature is apparently
lost in the spectrum of the oxidized EOA-UCNPs sample
(Figure 2B), suggesting the disappearance of the -HC)CH-
group. At the same time, broad asymmetric (Vas) stretching
vibrational bands in the range of 1548-1370 cm-1 are
observed in the spectrum of EOA-UCNPs (Figure 2B). These
observations were also indicative of the formation of the
three-membered epoxide ring. After further reaction with
mPEG-OH, the characteristic bands of the three-membered
epoxide ring disappeared and new peaks appeared at ν )
1558, 1436, and 1116 cm-1, thus corroborating successful
synthesis of the amphiphilic mPEG-UCNPs by this strategy.

Furthermore, the dependence of the epoxidation process
on the morphology and size of the UCNPs was investigated
in detail. Figure 3 shows transmission electron microscopy
(TEM) images of the OA-UCNPs and mPEG-UCNPs (LaF3:
20% Yb, 1% Ho). The monodisperse nanoparticles of the
OA-UCNPs with sizes of ∼15 nm suggest that the long-
chain oleic acid ligands on the crystal surface play a critical
role8c in preventing aggregation (Figure 3A). After epoxi-
dation and further reaction with mPEG-OH, the UCNP
samples could be well dispersed in both polar solvents (such
as ethanol or water) and solvents of low polarity (such as
CHCl3), indicating the amphiphilic nature of the mPEG-OH-
grafted UCNPs. As shown in Figure 3B, the formation of
nanoarrays was no longer seen owing to introduction of the
hydrophilic PEG groups on the surface ligands, but the
mPEG-OH-grafted UCNP samples, i.e., mPEG-UCNPs, were
still seen to consist primarily of single nanoparticles of
diameter of ∼15 nm. Moreover, compared with our previ-
ously reported azelaic acid-capped UCNP samples,12 mPEG-
UCNPs showed better monodispersity, indicating their
amphiphilic nature, because of the coexistence of the long
alkyl groups and mPEG-OH functions. The interactions of
the long octadecyl chains prevent the formation of aggregates.

In a further investigation, the hydrodynamic diameter of
OA-UCNPs was compared with that of mPEG-UCNPs by

dynamic light scattering (DLS). As shown in Figure 4, the
effective hydrodynamic diameter of mPEG-UCNPs was
measured as 25.6 nm, whereas that of OA-UCNPs was
measured as 17 ( 3 nm. Generally, when they are bound to
the surface of nanoparticles, PEG polymers tend to be
extended by 20-30% compared to their native structures;21

the hydrodynamic diameter of the mPEG-UCNPs was
estimated to be 26.8 nm. The increase in hydrodynamic
diameter was consistent with estimated data for mPEG-OH
UCNPs samples, indicating successful grafting of the mPEG-
OH onto the oleic acid.

Energy-dispersive X-ray analysis (EDXA) patterns and
XRD patterns of both OA-UCNPs and mPEG-UCNPs were
also studied to investigate the effects of the epoxidation
process. The EDXA patterns (Figure S3) confirmed the
presence of La, Yb, and F in both samples, and the large
amounts of C and O evident from the spectra indicated the
presence of the organic ligands coated on the surface of
the UCNPs. XRD patterns (Figure S4) also demonstrated
that the samples were of pure hexagonal phase LaF3 (JCPDS
card 72-1435) with good crystallinity, which is very
beneficial for obtaining bright luminescence. Therefore, it
can be concluded that the epoxidation has no obvious adverse
effects on the composition of the UCNPs.

(21) Mori, S.; Barth, H. G. Size Exclusion Chromatogrphy, 1st ed.; Springer:
Berlin, 1999.

Figure 3. TEM images of (A) OA-UCNPs and (B) mPEG-UCNPs from dispersions in cyclohexane and ethanol, respectively.

Figure 4. Diameter distribution of (A) OA-UCNPs and (B) mPEG-UCNPs,
determined by dynamic light scattering.
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As a result of the surface functionalization of the mPEG-
UCNPs, all samples could be well dispersed in some polar
organic solvents such as water, DMF, or DMSO (Figure 5
and the Supporting Information, Figure S5) as well as in
solvents of low polarity (such as CHCl3), due to the
coexistence of the long alkyl groups and PEG moieties.
Herein, we pay more attention to the luminescent properties
of the mPEG-UCNPs in aqueous solution. Under CW
excitation at 980 nm (power ≈ 800 mW), the room
temperature up-conversion luminescence spectra of the
mPEG-UCNPs (LaF3: 20% Yb, 1% Ho) in water (2 mg/
mL) were measured. Bright-green emissions at 541 nm,
corresponding to the 5S2 f

5I8 transition, and very weak
red emissions at 643 nm, attributable to the 5F5f

5I8

transition, were observed in both cyclohexane and water.22

The up-conversion luminescence properties of LaF3: 20%
Yb, 1% Ho showed no obvious changes before and after
surface modification. Similar effects were also found for
mPEG-LaF3:12% Yb, 3% Er samples (Figures S8 and S9 in
the Supporting Information). These results indicated that the
UCNPs were stable throughout the process of epoxidation
and further functionalization. The inset in Figure 5 shows
up-conversion luminescence photographs of a 2 wt %
colloidal solution of LaF3: 20% Yb, 1% Ho in water under
CW excitation at 980 nm (power density ≈ 0.3 W/mm2),
which are nearly pure green in color. In addition, the
amphiphilic mPEG-UCNPs were found to be very stable in
water and physiological buffers. Also, no obvious lumines-
cence density change was observed over a wide pH range
(pH 3-9, Figures S10 and S11in the Supporting Informa-
tion), indicating excellent stability and pH-independent
luminescence properties of the UCNPs as compared to
organic dyes and semiconductor QDs. The good stability of
these UCNPs may be attributed to their amphiphilic surface
ligands. The mPEG was grafted onto the oleic acid in an
interleaving arrangement; this structure may limit the interac-

tions between the hydrophobic tails and the surfaces of the
nanoparticles.

3.2. Applications as Luminescent Biological Labels.
Generally, the cytotoxicity and cell-permeability character-
istics of fluorescent materials are critical to the application
of such materials as bioprobes. In the present work, the effect
of the mPEG-UCNPs (LaF3: 20% Yb, 1% Ho) on cell
proliferation was assessed with KB cells using an in vitro
toxicology assay kit (TOX-1, Sigma) based on the reduction
activity of methyl thiazolyl tetrazolium (MTT) (Figure 6).
The viability of untreated cells was assumed to be 100%.
Upon incubating the KB cells with 125 µg mL-1 mPEG-
UCNPs, less than 15% of the cells died after a 12 h exposure.
When the concentration of mPEG-UCNPs was increased to
250 µg mL-1, the cell viability still remained above 80%.
These data show that the mPEG-UCNPs (e250 µg mL-1)
can be considered to have low cytotoxicity, which is in
agreement with a previous report that the rare-earth elements
have good chemical stability and generally low toxicity.23

By utilizing a modified laser scanning confocal microscope
(LSCM) equipped with CW excitation at 980 nm, the further
practical application of mPEG-UCNPs in the luminescence
imaging of living cells was investigated. The KB cells
showed negligible background fluorescence (data not shown).
However, after incubation with 100 µg/mL mPEG-UCNPs
in PBS (pH 7) for 10 min at 25 °C, intense intracellular
luminescence was observed (Figure 7A). Spectrum scan
experiments showed that the maximum emission wavelengths
of the luminescence after incubation with mPEG-UCNPs
were at 541 and 643 nm (Figure S12 in the Supporting
Information), thus confirming that the intracellular lumines-
cence could be attributed to the mPEG-UCNPs. Additionally,
brightfield measurements after the treatment with mPEG-
UCNPs confirmed that the cells were viable throughout the
imaging experiments (Figure 7B). Overlays of confocal
luminescence and brightfield images further demonstrated
that the luminescence was evident in the intracellular region
(Figures 7C), suggesting that the mPEG-UCNPs were
internalized into the cells rather than merely staining the

(22) (a) Lahoz, F.; Martin, I. R.; Alonso, D. Phys. ReV. B 2005, 71, 051106.
(b) Lahoz, F.; Martin, I. R.; Briones, A. J. Appl. Phys. 2004, 95, 2957.

(23) (a) Palmer, R. J.; Butenhoff, J. L.; Stevens, J. B. EnViron. Res. 1987,
43, 142. (b) Larson, D. R.; Zipfel, W. R.; Williams, R. M.; Clark,
S. W.; Bruchez, M. P.; Wise, F. W.; Webb, W. W. Science 2003,
300, 1434–1436.

Figure 5. Room-temperature up-conversion luminescence spectra of OA-
UCNPs (2 mg/mL) in cyclohexane and mPEG-UCNPs in water under CW
excitation at 980 nm (power ≈ 800 mW). Inset: a visual photograph of
mPEG-UCNP shows an almost pure green color.

Figure 6. In vitro cell viability of KB cells incubated with mPEG-UCNPs
at different concentrations for 4-12 h.
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membrane surface. This was further confirmed by the fact
that very weak intracellular up-conversion luminescence was
measured in a control experiment at 4 °C (Figure 7D).

Generally, because of its high density, rare-earth fluoride
nanoparticle was easily sunk down in solution. So, it is
reasoned that upconverting nanophosphors based on rare-
earth fluoride easily become sedimentation on the member
surface and outside of the cells. For example, in the
bioimaging for PEI-coating NaYF4: Yb, Er nanoparticles
(with size of ∼ 50 nm),10c some non-intercellular signals
were obviously observed, indicating that some PEI-coating
NaYF4: Yb, Er nanoparticles becomes sedimentation outside
of the cells. In our case, however, no upconversion lumi-
nescence signal outside of the KB cells was measured the
cell imaging although the density of hexagonal P6322(182)
phase LaF3 is 5.992 g/cm3, which would attributed to the
amphiphilic coating layer on the surface of UCNPs.

To further confirm that the origin of the observed
luminescence signal (green) was located intracellularly (on
the same axis as the nuclear stain) rather than in material
adsorbed onto the cell surface, confocal luminescence
imaging was carried out on multilabeled KB cells costained
with the blue fluorescent dye DAPI, the red fluorescent dye
DiI, and mPEG-UCNPs (for details, see the Experimental
Section). The cell cytoplasm was stained red with DiI, and
the nuclei were stained blue with DAPI. The LSCM optical
setup was operated in multichannel mode (see Figure S13 in
the Supporting Information). By sequential selective excitation
at 405, 543, and 980 nm, we could obtain confocal imaging by
collection at 460 ( 20 (for DAPI), 580 ( 20 (for DiI), and
520 ( 80 nm (for UCNPs), respectively, as shown in Figure
S14 in the Supporting Information. Furthermore, confocal
imaging data collected as a series along the Z-optical axis (Z-

stack) indicated that the intracellular and perinuclear localization
of the mPE-UCNPs (green) signal was in the same focal plane
as the nuclear stain (Figure S15 in the Supporting Information),
which verified that the up-converting luminescence signal of
the mPEG-UCNPs was indeed localized within the cell. In this
way, mPEG-UCNPs may be used as cell-permeable dyes for
luminescent staining in living cells. The facile internalization
of the mPEG-OH-capped UCNPs by cells may be related to
the lipophilicity (long alkyl group) and water-solubility (mPEG-
OH) of these labels.

In addition, as is evident from Figure S14A of the
Supporting Information, although the broad luminescence
collection channel (520 ( 80 nm) of the UCNPs overlaps
with the collection channels of DiI and DAPI, no fluores-
cence signals from DiI and DAPI were measured under the
CW excitation at 980 nm, indicating that the UCNPs provide
an extremely high sensitivity of imaging. Such observations
make amphiphilic UCNPs extremely promising candidates
for use in bioimaging.

4. Conclusions

In summary, a simple, effective, and versatile method has
been developed for converting hydrophobic UCNPs into
amphiphilic ones. The as-prepared amphiphilic UCNPs have
proved to be very stable and retain the same properties as
those that are soluble in organic solvents. Moreover, the
incorporation of the mPEG groups improves the biocom-
patibility of the UCNPs, and the mPEG-UCNPs can readily
permeate through cell membranes. LSCM images have
shown no background noise within cells, making the am-
phiphilic mPEG-UCNPs promising candidates for use as
specific bioimaging agents. It should be possible to extend
this method to other nanomaterials that are coated with
surfactants that incorporate carbon-carbon double bonds,
such as oleic acid or linoleic acid. Moreover, the highly
reactive three-membered-ring epoxide intermediates may also
be further functionalized with other groups, such as -SH,
-NH2, or -COOH, allowing their incorporation into the
surface coating by chemical bonding.
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Figure 7. Confocal luminescence and bright-field images of KB cells. (A)
Confocal luminescence images of cells stained with 100 µg mL-1 mPEG-
UCNPs for 2 h at 37 °C (λex ) 980 nm). (B) Bright-field image of cells
shown in panel a. (C) Overlay image of (A) and (B). (D) Overlay image of
confocal luminescence and brightfield images of cells stained with 100 µg
mL-1 mPEG-UCNPs (green) for 2 h at 4 °C.
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