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Multicolor Core/Shell-Structured Upconversion Fluorescent
Nanoparticles**
N

By Zhengquan Li, Yong Zhang,* and Shan Jiang
Near-infrared (NIR)-to-Visible upconversion fluorescent

nanoparticles emit visible light upon NIR-light excitation, and

are well suited for bioimaging, compared to the commonly used

downconversionfluorescentmaterials.Thesenanoparticleshave

advantages such as minimum photodamage to living organisms,

weak background fluorescence, high detection sensitivity, and

high light-penetration depth in tissues. However, development

of upconversion fluorescent nanoparticles is still in its infancy,

and such materials have yet to be used for bioimaging

applications due to their unsuitable surface properties, poor

dispersibility inwater, and limited colors. In this work, facile and

user-friendly methods are developed to synthesize uniform

NaYF4 nanospheres with strong upconversion fluorescence and

core–shell silica/NaYF4 nanospheres with uniform silica coating

on the surface. Multicolor upconversion nanospheres are

produced by encapsulating organic dyes or quantum dots

(QDs) in the silica shell, and upconversion fluorescence is

generated based on fluorescence resonance energy transfer

(FRET) from the NaYF4 nanospheres to these organic dyes or

QDs.Useof theupconversionnanospheres for imagingof cells is

also demonstrated, the first report in the field using such

nanoparticles for bioimaging.

Fluorescence imaging is a very important technique for

biological studies andclinical applications. It hasbeenused for in

vivo imaging due to its high temporal and spatial resolutions.[1]

Conventional fluorescence imaging is based on single-photon

excitation, emitting low-energy fluorescence when excited by a

high-energy light. It has some limitations, such as causing DNA

damage and cell death due to long-term irradiation with UV

or short-wavelength light, significant auto-fluorescence from
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biological tissues, resulting in low signal-to-noise ratios, and

short penetration depth of short-wavelength excitation light in

biological tissues.[2] Two-photon fluorescence imaging (TPFI) is

a novel technique that generates high-energy visible photons

from low-energy radiation inNIR region.[3]NIR radiation is less

harmful to cells, minimizes auto-fluorescence from biological

tissues, and penetrates tissues to a greater extent.[4] So far, most

commercially available two-photon fluorophores are organic

dyes that exhibit relatively low two-photon absorption cross-

sections, low fluorescence quantum yield, and photochemical

instability (photobleaching). Some efforts have been made to

prepare better organic fluorophores with tailored properties.[5]

Some inorganic materials, such as semiconductor quantum dots

(QDs) and metal nanospheres or nanorods, have also been

developed and used for two-photon imaging of cells.[6–9]

However, TPFI requires nearly simultaneous absorption of

two coherent NIR photons, and therefore, the efficiency is

usually low, and expensive pulsed lasers are usually required.

Photon upconversion is an alternative process for converting

NIR radiation to visible radiation. It is based on sequential (not

simultaneous) absorption of photons, and as such its efficiency is

much higher compared to two-photon absorption, and contin-

uous wave (CW) lasers can be used for excitation. Typical

laser power densities are 1–103Wcm�2 for upconversion and

106–109Wcm�2 for two-photon absorption. Pulsed lasers are

normally used for downconversion fluorescent materials.

Although the average power density is on the order of

50–400mWcm�2, the peak power density could be quite high.

Upconversionfluorescentmaterials canbeexcitedbyCWlasers.

Biological cells and tissueshaveveryweakabsorption in theNIR

region, and as such increasing the laser power does not cause any

significant heat damage.

Various inorganic crystals doped with lanthanide ions have

been synthesized, producing strong NIR-to-vis upconversion

fluorescence. These are very promising materials for bioimag-

ing, because the rare-earth elements used in their synthesis

have lower toxicity than the semiconductor elements of QDs

(LD50 is approximately a thousand times higher than that of

QDs), while the upconversion fluorescence is much stronger

than that of QDs.[10–12] These materials have been used in

immunohistochemistry in lateral flow (LF) assay formats, and

in immunochromatographic assays of human chorionic

gonadotropin (hCG).[13–17] Hosting of in vitro nucleic acid

assays has also been described.[18,19] Furthermore, 150 nm sized

particles have been inoculated into liveCaenorhabditis elegans,

and imaged in the intestines of the worms; however, no

biological materials were used for the particle surface
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Figure 1. Control of nanocrystal shape. a–c) TEM images of NaYF4:Yb,Er nanospheres at
different magnifications. d) TEM images of NaYF4:Yb,Er nanoellipses. e,f) TEM images of
NaYF4:Yb,Er nanoplates at different magnifications. g) Fourier Transform of TEM image in f).
h) XRD pattern and i) EDAX analysis of NaYF4:Yb,Er nanospheres.

Figure 2. Coating of silica on nanocrystals. a–c) TEM images of silica-coated NaYF4:Yb,Er
nanospheres at different magnifications and fluorescence spectra of d) NaYF4:Yb,Tm e) and
NaYF4:Yb,Er nanospheres, with and without silica coating.
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functionalization, and the particles were

taken up by the worms from the nutrient

media through the digestive tract.[20] These

particles are not suitable for imaging of cells

and animals because of their large sizes and

nonfunctionalized surfaces.

Among these lanthanide-doped materials,

Yb/Er (or Yb/Tm) codoped NaYF4 nano-

particles have been reported as the most

efficient NIR-to-vis upconversion fluorescent

material,[21] and show strong upconversion

fluorescence, seven orders of magnitude

higher than that of CdSe–ZnS QDs.[11,12]

These nanoparticles are usually synthesized in

organic solvents or at high temperatures.[22–24]

Ethylenediamine tetraacetic acid (EDTA)

has been used as a chelating agent to control

the growth of NaYF4 nanocrystals, and

thermal decomposition of mixed trifluoroace-

tates has been used to produce high-quality

cubic- and hexagonal-phaseNaYF4 nanocrys-

tals.[11,24–26] However, these nanocrystals can

be dispersed only in some organic solvents to

form colloidal solutions after sonication, but

not in water. Very recently, we reported a

method using poly(vinyl pyrrolidone) (PVP)

as a chelating agent and surfactant to control

the size and stability of the nanocrystals,

rendering themdispersible in somecommonly

usedorganic solvents andwater.Nevertheless,

the surfactant used does not lend itself to easy

modification with biomolecules, and further

surfacemodification of the nanocrystals is still

required.[27] Coating of the nanoparticles with

a layer of silica is preferred, but forming silica

coatings directly on hydrophobic nanoparti-

cles is arduous. Furthermore, producing uni-

form and thin silica shells on individual

nanoparticles rather than on particle aggre-

gates is quite challenging.

In this work, uniform hexagonal-phase

NaYF4 nanosphereswith strongupconversion

fluorescence and core/shell silica/NaYF4

structures are produced, with uniform silica

coating on the surface. Multicolor spheres are

produced by encapsulating organic dyes or

QDs into the silica shell, and upconversion

fluorescence is generated based on FRET

from theNaYF4 cores to organic dyes orQDs.

Oleic acid was used as the surfactant, to

control the size and shape of the NaYF4:

Yb,Er/Tm nanocrystals, which showed dif-

ferent shapes when the concentration of oleic

acid was changed. Transmission electron

microscopy (TEM) images of the nanocrys-

tals in Figure 1a and b showed that when
www.advmat.de � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2008, 20, 4765–4769
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Figure 3. Confocal fluorescence imaging of MCF-7 cells using silica/NaYF4:Yb,Er nanospheres.
a) Bright-field (left), confocal fluorescence (middle), and superimposed (right) images of MCF-7
cells incubated with the nanospheres for 24 h. b) Confocal fluorescence images of MCF-7 cells
with the nanospheres, excited by a 980 nm laser with different power intensities.
6mL oleic acid was added to the precursor solution, the

nanocrytals were polyhedral in shape (nanospheres), with a

uniform size of (21� 0.5) nm in diameter. The nanospheres

were easily self-assembled on the carbon grid, in a long-range

order. The crystal lattice, with an interplanar distance of 5.2 Å,

is shown in the high-resolution TEM image in Figure 1c,

corresponding to the (100) plane of the nanocrystals. When

10mL oleic acid was added to the precursor solution, elliptical

nanocrystals with a width of 17 nm and a length of 22 nm were

obtained, as shown in Figure 1d. With the amount of oleic acid

decreased to 3mL, uniform hexagonal plate-like NaYF4:

Yb,Er/Tm nanocrystals (nanoplates) were produced, as shown

in Figure 1e. The nanoplate has a flat hexagonal top surface,

with an edge length of�30 nm and six rectangular side surfaces

with a surface area of � 30 nm� 45 nm. The crystal lattice of

the nanoplate is shown in the high-resolution TEM image in

Figure 1f, indicating high crystallinity. The Fourier transform

of the TEM image of a single nanoplate (Figure 1g) further

demonstrates the perfect hexagonal crystal structure and

uniformity of the nanoplates. The X-ray diffraction (XRD)

pattern and energy-dispersive X-ray analysis (EDXA) results

for the hexagonal-phase NaYF4:Yb,Er nanocrystals are also

displayed in Figure 1. All diffraction peaks could be indexed to
Adv. Mater. 2008, 20, 4765–4769 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA,
pure hexagonal-phase NaYF4 crystals

(JCPDS standard card no. 28-1192). No

diffraction peaks corresponding to cubic-

phase crystals or other impurities were

observed. The presence of Yb and Er in

the nanocrystals was confirmed by the

EDXA result, and the amount of Y, Yb,

and Er were quantified using inductively

coupled plasma – atomic emission spectro-

metry (ICP-AES), and the Y/Yb/Er molar

ratio were determined to be 79.2:18.6:2.2,

which is the stoichiometric ratio for the

chloride reactants used in the experiment.

The most commonly used methods for

coating silica on nanocrystals are the Stober

method and the microemulsion method.

The Stober method is usually used for

nanocrystals that can be well dispersed in

polar solvents such as ethanol and isopro-

panol, and as such is not suitable for

hydrophobic nanocrystals.[28] The microe-

mulsion method has been used for coating

silica on hydrophobic nanocrystals such as

QDs and Fe3O4 nanoparticles. However,

coating individual nanoparticles with very

thin shells is quite challenging.[29,30] To coat

hydrophobic NaYF4 nanocrystals, these

were first dispersed in cyclohexane, and

then surfactants and ammonia were added

to form a water-in-oil microemulsion. A

relatively high nanocrystal concentration

was used, and the emulsion was sonicated

to ensure single nanocrystals were encapsu-
lated in each microemulsion pool. It was found that such a

method was very efficient for fabricating thin and uniform

silica shells. The TEM images in Figure 2a–c show that this

method can be used for large-scale synthesis of core/shell-

structured NaYF4 nanocrystals with thin, uniform silica

coatings on the surface. The thickness of the silica shell

was about (8� 1.5) nm, much smaller than the diameter of

the nanocrystal. After silica coating, the nanocrystals were

dispersible in water with good chemical and photochemical

stability (Supporting Information), and a clear colloidal

solution was formed. Furthermore, biomolecules were

conjugated to the silica surface using well-established

protocols. Fluorescence spectra of transparent colloidal

solutions of NaYF4:Yb,Er/Tm nanospheres in hexane

(0.01M) and silica/NaYF4:Yb,Er/Tm nanospheres in water

(0.01M) are shown in Figure 2d and e. The emission peaks of

NaYF4:Yb,Er nanospheres at 407, 521, 539, and 651 nm were

due to the transitions from the energy levels 4H9/2,
4H11/2,

4S3/2, and 4F9/2 to 4I15/2 of Er3þ. Two emission peaks of

NaYF4:Yb,Tm nanospheres, at 450 and 479 nm, were due to
1D2! 3F4 and 1G4! 3H6 transitions of Tm3þ.[31] The silica-

coated nanospheres showed a small decrease in fluorescence

intensity compared to the uncoated nanospheres.
Weinheim www.advmat.de 4767
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Silica/NaYF4:Yb,Er nanospheres were incubated in physio-

logical conditions with MCF-7 cells for 24 h. The unbound

nanospheres were washed away, and the live cells were imaged

in bright field and with NIR excitation using a confocal

microscope equipped with a 980 nm NIR laser (Fig. 3a).

Fluorescence from the nanospheres was observed in the cells

with high signal-to-background ratio, while the control cells,

incubated without the nanospheres, showed no fluorescence
Figure 4. Multicolor NIR-to-vis upconversion nanospheres. a) Schematic drawing of FRET-based
multicolor silica/NaYF4 NIR-to-vis upconversion nanospheres. TEM images of b) FITC-
doped silica/NaYF4:Yb,Tm nanospheres, c) TRITC-doped silica/NaYF4:Yb,Er nanospheres,
and d) QD605-doped silica/NaYF4:Yb,Tm nanospheres. e) Fluorescence spectra of pure
silica/NaYF4:Yb,Tm nanospheres (black line) and of nanospheres doped with FITC (green line)
and QD605 (red line). f) Fluorescence spectra of pure silica/NaYF4:Yb,Er nanospheres
(black line) and of nanospheres doped with TRITC (red line). g) Fluorescence spectra of
silica/NaYF4:Yb, Er nanospheres (0.01mmol) doped with different amounts of TRITC
(10, 20, 30, and 40 nmol). h) Photographs of silica/NaYF4 nanospheres in hexane (1wt %)
under excitation of NIR laser (980 nm, power density¼ 50Wcm�2): total upconversion fluor-
escence of NaYF4:Yb,Tm nanospheres (blue), total upconversion fluorescence of NaYF4:Yb,Er
nanospheres (yellow green), and fluorescence passing through red (green) or green (red) filters.
i) Photographs showing total fluorescence of FITC-doped silica/NaYF4:Yb,Tm nanospheres (left),
TRITC-doped silica/NaYF4:Yb,Er nanospheres (middle), and QD605-doped silica/NaYF4:Yb,Tm
nanospheres (right).
under similar imaging parameters and con-

ditions. Due to the unique optical properties

of upconversion nanospheres (very low

autofluorescence from biological cells under

excitation of 980 nm laser), increase in the

output power of the laser increases the

fluorescence signal from the nanospheres

but not the noise (Fig. 3b).

NaYF4 nanocrystals with different-color

upconversion fluorescences can be obtained

by doping various upconverting lanthanide

ions into the nanocrystals. So far, only

nanocrystals codoped with Yb/Er or

Yb/Tm have been produced, which emit

green or blue fluorescence with sufficiently

high upconversion efficiencies. The Yb ions

absorb NIR light, followed by energy

transfer to the Er/Tm ions, which emit visible

light. Although the emitter can be excited

directly, codoping of the absorber, such as

Yb ions, in the nanocrystals usually generates

stronger upconversion fluorescence, because

these ions have a broad and strong absorp-

tion at�980 nm (the absorption cross-section

of Yb is ten times larger than that of Er/Tm).

However, the nanocrystals are not suitable

for multiplexing biodetection, due to their

limited number of colors. It is necessary to

develop upconversion nanoparticles with

multicolor fluorescence emission under

NIR excitation at the same wavelength.

Our strategy is to prepare core/shell-struc-

tured nanospheres with the upconversion

nanocyrstals as the core and multicolor

downconversion materials, such as fluores-

cent dyes or QDs, doped into the shell. The

upconversion nanocrystals are used as

energy donors, and the downconversion

materials are used as energy acceptors. The

upconversion nanocrystals (the core) absorb

NIR radiation at a single wavelength, and the

emitted visible fluorescence is then absorbed

by the downconversion materials (in the

shell) that emit multicolor fluorescence, as

shown in Figure 4a. Two commonly used

fluorescent dyes, fluorescein isothiocyanate

(FITC) and tetramethylrhodamine isothio-

cyanate (TRITC), and QDs (QD605) were
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
encapsulated into the silica shell of silica/NaYF4:Yb,Er/Tm

nanospheres, and used as examples to prove the concept. The

dyes were first grafted to (3-aminopropyl)triethoxysilane

(APS) to improve their stability, and then the mixture was

cohydrolyzed with TEOS to form the silica coatings on the

upconversion nanospheres using the microemulsion method.

The morphologies of FITC-doped silica/NaYF4:Yb,Tm nano-

spheres, TRITC-doped silica/NaYF4:Yb,Er nanospheres, and
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 4765–4769
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QD605-doped silica/NaYF4:Yb,Tm nanospheres are shown in

Figure 4b–d, and are similar to that of the undoped

nanospheres. The high-resolution TEM image in Figure 4d

demonstrates the presence of QDs in the silica shell. The

fluorescence spectra of FITC- and QD605-doped silica/

NaYF4:Yb,Tm nanospheres are given in Figure 4e. The

characteristic emission peaks of undoped silica/NaYF4:Yb,Tm

nanospheres at 450 and 479 nm were reduced, while new

emission peaks, of FITC and QD605 at 536 and 605 nm,

respectively, appeared, suggesting an efficient FRET between

the nanocrystals and dyes (QD605).

Similar phenomena were observed for TRITC-doped silica/

NaYF4:Yb,Er nanospheres, as shown in Figure 4f. The red

emission peak at 651 nm was unchanged, because the

fluorescence emitted at this wavelength was not absorbed by

TRITC. The spectra of silica/NaYF4:Yb,Er nanospheres doped

with different amounts of TRITC are given in Figure 4g. The

fluorescence intensity is proportional to the amount of TRITC

used. Strong fluorescence with different colors from silica/

NaYF4:Yb,Er/Tm nanospheres and the nanospheres doped

with FITC, TRITC, and QD605 was observed under excitation

with a 980 nm NIR laser, and the photographs are given in

Figure 4h and i. The fluorescence could still be observed when

the power density of the laser was reduced to 1Wcm�2. The

strong fluorescence is probably due to the high crystallinity and

uniformity of the nanocrystals.

In conclusion, core/shell-structured pure-hexagonal-phase

NaYF4:Yb,Er/Tm nanospheres with very thin and uniform

silica coatings are prepared. The nanospheres emit strongNIR-

to-vis upconversion fluorescence, and are used as fluorescent

probes in cell imaging. Multicolor upconversion fluorescent

nanospheres are produced by encapsulating organic dyes or

QDs into the silica shell, and upconversion fluorescence is

generated based on FRET from the NaYF4 core to the organic

dyes or QDs. These materials will be very useful for in vitro

multiplexed bioassays and in vivo studies.
Experimental

Detailed experimental procedures are reported in the Supporting
Information.
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