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Upconversion nanoparticles in biological labeling, imaging, and therapy
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Upconversion refers to non-linear optical processes that convert two or more low-energy pump

photons to a higher-energy output photon. After being recognized in the mid-1960s, upconversion has

attracted significant research interest for its applications in optical devices such as infrared quantum

counter detectors and compact solid-state lasers. Over the past decade, upconversion has become more

prominent in biological sciences as the preparation of high-quality lanthanide-doped nanoparticles has

become increasingly routine. Owing to their small physical dimensions and biocompatibility,

upconversion nanoparticles can be easily coupled to proteins or other biological macromolecular

systems and used in a variety of assay formats ranging from bio-detection to cancer therapy. In

addition, intense visible emission from these nanoparticles under near-infrared excitation, which is less

harmful to biological samples and has greater sample penetration depths than conventional ultraviolet

excitation, enhances their prospects as luminescent stains in bio-imaging. In this article, we review

recent developments in optical biolabeling and bio-imaging involving upconversion nanoparticles,

simultaneously bringing to the forefront the desirable characteristics, strengths and weaknesses of these

luminescent nanomaterials.
1. Introduction

The use of organic fluorophores as contrast agents for bio-

imaging enables non-invasive detection and real-time visualiza-

tion of biological processes at spatial scales from molecules to
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whole organisms.1 Although optical bio-imaging with fluo-

rophores has become the state of the art with the potential to

impact fundamental biomedical research and clinical practice, it

is not without limitation and complication. These fluorescent

materials have broad emission spectra unsuitable for multiplex

biolabeling and often suffer from photodegradation on exposure

to external illumination. Quantum dots that feature a large molar

extinction coefficient, high quantum yield, narrow emission

bandwidth, size-dependent tunable emission and high photo-

stability are attractive as alternative luminescent labels for

optical labeling and imaging.2–7 However, the use of quantum

dots for biological detection is limited by several factors.8 The

potential toxicity of quantum dots that may pose risks to human
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health and the environment under certain conditions has been

a matter of much debate.9 Intermittent emission (blinking)10 also

limits their use for labeling individual biological molecules. In

addition, both the organic fluorophores and quantum dots are

generally excited with ultraviolet (UV) and visible light.

Absorption of UV and visible light by the biological samples

often induces autofluorescence, which interferes with fluorescent

signals obtained from exogenous biomarkers. Prolonged expo-

sure of the biological samples to UV radiation can also cause

sample photodamage and mutation.

The drawbacks of the Stokes-shifting dyes and quantum dots

in biological applications have prompted the development of

a new class of lanthanide-doped nanomaterials termed as

upconversion (UC) nanoparticles. UC nanoparticles exhibit anti-

Stokes emission upon low levels of irradiation in the near-

infrared (NIR) spectral region, where biological molecules are

optically transparent. In addition, these nanoparticles show

a sharp emission bandwidth, long lifetime, tunable emission,

high photostability, and low cytotoxicity,11,12 which render them

particularly useful for bio-imaging applications.
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It should be noted that like organic dyes and quantum dots,

lanthanide-doped nanoparticles can also display linear Stokes-

shifted emission.13–18 Although such nanoparticles have been

utilized as luminescent probes in biological studies,19–25 the need

of UV excitation on these nanoparticles presents a significant

limitation. As a separate note, most lanthanide emissions should

refer to phosphorescence rather than fluorescence due to the

involvement of spin-forbidden electronic transitions.26 To avoid

the misconception, the general term ‘luminescence’ will be used

to describe UC emission.

In this review, we focus on the recent emergence of applica-

tions of lanthanide-doped UC nanoparticles in biological

labeling, imaging, and therapy (Fig. 1). We discuss new technical

advances that enable the current work along with the remaining

limitations. The review is divided into four main sections. In the

first section, we describe the basic principles of using UC nano-

particles as luminescent contrast agents. The applications of

these nanomaterials for homogeneous and heterogeneous assays

are discussed in the second section. The third section discusses

the use of these nanomaterials as optical contrast agents for in
Fig. 1 Summary of biological applications of lanthanide-doped UC

nanoparticles.
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vitro and in vivo imaging and diffuse optical tomography. The

recent advances of these nanoparticles for multimodal imaging

are also encompassed and described in this section. In the last

section, we review the progress made and the future prospects for

the use of these nanoparticles in photodynamic therapy.
Fig. 2 Structure and optical properties of UC nanoparticles. (a) Sche-

matic illustration of UC nanoparticles composed of a crystalline host and

lanthanide dopant ions embedded in the host lattice. (b) Schematic

energy level diagram showing that UC luminescence primarily originates

from electron transitions between energy levels of localized dopant ions.

(c) Typical emission spectra showing multiple narrow and well-separated

emissions produced by cubic NaYF4:Yb/Tm (20/0.2 mol%) and NaY-

F4:Yb/Er (18/2 mol%) nanoparticles. (d) UC multicolor fine-tuning

through the use of lanthanide-doped NaYF4 nanoparticles with varied

dopant ratios. Note that the emission spectra and colors are associated

with the host composition, particle size, and particle surface properties.

(Emission spectra and luminescent photos are reprinted with permission

from ref. 105. Copyright 2008, American Chemical Society.)

Table 1 Typical UC host materials and their synthetic strategies

UC hosta

Synthetic strategy

Co-precipitationb
Hydro(solvo)thermal
processing

Thermal
decomposition

Y2O3 Ref. 61 Refs. 62–64
Y2O2S Ref. 67
LaF3 Refs. 69, 70 Refs. 71, 72 Ref. 73
NaYF4 Refs. 35, 75, 76 Refs. 77–81 Refs. 82–85
NaGdF4 Ref. 94 Ref. 95 Refs. 96, 97

a Only host materials that are commonly used in biological studies are listed h
and 99–101. b Co-precipitation synthesis typically requires a post-heat treat
emission.

This journal is ª The Royal Society of Chemistry 2010
2. Properties of upconversion nanoparticles

In stark contrast to the conventional luminescence processes that

typically involve one ground state and one excited (emitting)

state, UC processes rely on the existence of multiple intermediate

states to accumulate the low-energy excitation photons. A

variety of optical processes, including excited-state excitation,

energy transfer upconversion, and photon avalanche, are

responsible for UC emission.27 All these processes occur through

sequential absorption of two or more photons within energy

states of a dopant ion in the crystalline particle. Luminescent

materials featuring f- and d-ions that have more than one

metastable level can principally be used to generate UC lumi-

nescence.28 However, efficient UC processes only occur with

trivalent lanthanide ions owing to their extremely long-lived

intermediate energy states.29,30
2.1 Composition and crystallinity

UC nanoparticles generally comprise an inorganic host and

lanthanide dopant ions embedded in the host lattice (Fig. 2a).

Although UC emission can be theoretically expected from most

lanthanide ions, visible optical emissions under low pump power

densities (ca. 10 W/cm2) are only generated by using Er3+, Tm3+,

and Ho3+ as activators. The selection of these dopants is due to

their equally spaced energy levels that facilitate photon absorp-

tion and energy transfer steps involved in UC processes. To

enhance UC efficiency, Yb3+ with a larger absorption cross-

section in the NIR spectral region is frequently doped as

a sensitizer in combination with the activators. As a rule of

thumb, in a sensitizer–activator system the doping level of the

activator is kept below 2 mol% to minimize the loss of excitation

energy by cross-relaxation process.31

UC processes primarily rely on the ladder-like arrangement of

energy levels of lanthanide dopant ions (Fig. 2b). However, in the

realization of efficient UC processes, the crystal structure and

optical property of host materials play important roles and

require careful consideration. Excited energies of the dopant ions

may be absorbed by the host materials through lattice vibra-

tions.32,33 Variation of the crystal structure in the host materials

also alters the crystal field around the dopant ions, resulting in

different optical properties of the nanoparticles.34–36 Desirable

host materials should have adequate transparency within the

wavelength range of interest, low phonon energy and high optical
Two-phase
synthesis

Combustion
synthesis

Ionic liquid-based
synthesis

Microwave-assisted
synthesis

Refs. 65, 66
Ref. 68

Ref. 74
Refs. 86, 87 Refs. 88–90 Refs. 91–93
Ref. 98

ere. For comprehensive lists of the host materials, please refer to refs. 30
ment to increase the crystallinity of the nanoparticles for enhanced UC

Analyst, 2010, 135, 1839–1854 | 1841
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Fig. 3 The measurement principle of the time-resolved luminescence

detection technique based on UC nanoparticles. The short-lived back-

ground fluorescence can be effectively eliminated by setting an appro-

priate delay time and gate time. The long-lived UC luminescence of

trivalent lanthanide ions is collected during the gate time.
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damage threshold. In addition, the host materials should have

close lattice matches to dopant ions for achieving high doping

levels. In these regards, inorganic compounds of rare earth ions,

alkaline earth ions, and a number of transition metal ions (e.g.

Zr4+, Ti4+, and Mn2+) are suitable host materials for lanthanide

dopant ions.37–60 Table 1 is a list of host materials commonly used

in UC-based biological studies.

Although most UC nanoparticles can be synthesized by

a variety of methods, considerable effort has been devoted to

developing methods that yield highly crystalline structures for

highly efficient UC emission. Nanoparticles with well-crystal-

lized structures exert a strong crystal field around the dopant ions

and minimize the energy loss of the dopant ions arising from

crystal defects. For biological application, nanoparticles should

also have a small particle size and high dispersity for integration

with biological molecules and macromolecules. Conventional

techniques for synthesizing UC nanoparticles with high crystal-

linity, dispersity, and well-defined crystal phase and size gener-

ally require control over a set of conditions, such as high reaction

temperature and prolonged reaction time.102 However, these

treatments can lead to particle aggregation or enlarged particle

size. We have recently developed conditions which allow the

facile formation of NaYF4 UC nanocrystals with small feature

size and desirable optical properties.102 By careful doping with

Gd3+ ions at different concentrations, we observed phase- and

size-variation of the nanocrystals, which was also confirmed in

another recent paper by Yu et al.103
2.2 Optical properties

The absorption and emission spectra of lanthanide ions primarily

arise from intra-configurational 4fn electron transitions. Shielded

by the completely filled 5s2 and 5p6 sub-shells, the 4f electrons

hardly experience interactions with the host lattice. The

absorption and emission spectra of lanthanide-doped nano-

particles therefore show sharp lines (10–20 nm full width at half

maximum) and resemble the spectra of free ions. One drawback

of the narrow absorption profile is that it imposes certain

constraints on the selection of the excitation source. Fortunately,

commercially available InGaAs diode laser systems operate at

a wavelength of ca. 980 nm that well matches the absorption of

Yb3+, providing an ideal excitation source for UC nanoparticles.

Lanthanide ions typically show a distinct set of sharp emission

peaks, thus providing distinguishable spectroscopic fingerprints

for accurate interpretation of the emission spectra in the event of

overlapping emission spectra (Fig. 2c). The emission peak

wavelength of UC nanoparticles is essentially independent of the

chemical composition or physical dimension of the host mate-

rials. Their emission colors are usually manipulated by control of

either the emission wavelength or relative emission intensities

through control of host/dopant combinations and dopant

concentrations (Fig. 2d).32,33,104–111

Compared to conventional anti-Stokes processes such as

second harmonic generation and multiphoton absorption, UC

emission is based on the physically existing states, thus allowing

more efficient frequency conversion.28–30 In general, UC

processes can be induced by a low power (1–103 W/cm2)

continuous wave laser, as opposed to a costly high-intensity
1842 | Analyst, 2010, 135, 1839–1854
(106–109 W/cm2) pulsed laser source for the generation of

a simultaneous two-photon process.

UC emission arising from intra-4f electron transitions of

lanthanide ions does not involve the breaking of chemical bonds.

The nanoparticles are therefore stable against photobleaching

and photochemical degradation. Several independent studies

have revealed that the luminescence properties of lanthanide-

doped nanoparticles remain essentially unaltered after contin-

uous irradiation by UV lamp or NIR laser for hours.75,112–114

UC nanoparticles also emit light constantly against optical

blinking. Although blinking was observed for individual

lanthanide ions,115 UC nanoparticles that commonly contain

a large number of lanthanide dopant ions do not blink under

continuous irradiation of a NIR laser, which has been recently

experimentally confirmed.97,116

Since the f–f electron transitions are Laporte-forbidden, the

UC process of trivalent lanthanide ions is usually characterized

by a long luminescence lifetime. This optical feature makes the

time-resolved luminescence detection technique readily feasible

to minimize the interference of the undesired short-lived back-

ground fluorescence that occasionally originates from biological

tissues, organic species, or other dopants under multiple-photon

excitation. When compared to the conventional steady-state

luminescence detection technique, this technique offers

a remarkably higher detection sensitivity due to significantly

improved signal-to-noise ratios (Fig. 3).
2.3 Surface chemistry

UC nanoparticles are typically prepared in the presence of

capping ligands that control particle growth and stabilize the

particles against aggregation in solutions. Immobilized surface

ligands containing functional groups can provide easy access to

nanoparticles for subsequent biological functionaliza-

tion.22,50,78,95,105,117–119 However, most UC nanoparticles prepared

by conventional strategies have either no intrinsic aqueous

solubility or lack functional organic moieties. Therefore, an

additional surface treatment step prior to bioconjugation is
This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 Typical strategies and surface molecules (monomers) used for making hydrophilic UC nanoparticles with pendant functional groups. Ligand

engineering involves a ligand exchange reaction with hydrophilic bifunctional molecules or involves a direct oxidation of the terminal group of native

ligands to generate a pendant carboxylic functional group. Some bifunctional molecules may be employed in a one-pot synthetic procedure to directly

yield hydrophilic UC nanoparticles with additional functional groups and further bioconjugation capabilities. Ligand attraction involves absorption of

an additional amphiphilic polymer onto the nanoparticle surface through the hydrophobic van der Waals attraction between the original ligand and

hydrocarbon chain of the polymer. Layer-by-layer assembly involves electrostatic absorption of alternately charged polyions on the nanoparticle

surface. Surface polymerization involves growing a dense cross-linked shell on the nanoparticle core by condensation of small monomers.
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required. Fig. 4 provides a summary of the representative

strategies for surface modification of lanthanide-doped UC

nanoparticles.

A common approach to generating a pendant functional

group on the surface of nanoparticles is ligand engineering that

involves a ligand exchange reaction or an oxidation of the native

ligand. For example, hydrophobic ligands on the surface of the

as-prepared nanoparticles can be replaced through ligand

exchange reactions by a wide variety of hydrophilic organic

molecules including 6-aminohexanoic acid (AHA),20 poly-

(ethylene glycol) (PEG) diacid,84 hexanedioic acid (HDA),120

citrate,121 polyacrylic acid (PAA),86,96,122,123 and phosphate-

derived molecules.124,125 Alternatively, native capping ligands

containing monounsaturated carbon–carbon double bonds can

be directly oxidized into carboxylic acid groups.96,126–129

Apart from ligand engineering, surface functionalization of

UC nanoparticles has been achieved through ligand attraction,

electrostatic layer-by-layer assembly, and surface polymerization

(Fig. 4). Several types of materials including amphiphilic poly-

mers,116,130,131 linear polyions,132 styrenes,133 and

silanes.19,69,75,76,79,85,86,134–139 have been used to form water-soluble

core–shell UC nanoparticles. Important for these methods is the

surface coverage with molecules consisting of additional func-

tional groups that allow further reactions with biological entities.

Among various surface-coating methods, silica coating enjoys

common usage by several groups, partly due to the well-estab-

lished surface chemistry of silica coating for facile

bioconjugation. Another reason perhaps lies in that the silica

coating is readily applicable to both hydrophilic and hydro-

phobic nanoparticles via the St€ober method and reverse-micro-

emulsion method, respectively. Reverse-microemulsion method

was first demonstrated by Shan and Ju85 to coat hydrophobic

NaYF4:Yb/Er nanoparticles. Recently, van Veggel and

co-workers139 have developed a two-step silica-coating procedure

to solve the problems associated with excess surfactants involved
This journal is ª The Royal Society of Chemistry 2010
in the reverse-microemulsion method. They showed that hydro-

phobic NaYF4:Yb/Er nanoparticles can be coated with silica by

the St€ober method after ligand exchange with poly-

vinylpyrrolidone.

Although laborious to some extent, the coating methods

usually lead to highly stable colloidal particles in comparison

with the ligand engineering method. Another distinctive feature

of these methods is the retention of the native surface structures,

thereby reducing the possibility of creating surface defects that

quench the UC luminescence. Caution should, however, be

exercised in selecting coating molecules since surface modifica-

tion sometimes adversely affects their photophysical properties.

For lanthanide resonance energy transfer (LRET) assays, the

shell thickness of the coated particles has to be minimized.
2.4 Cytotoxicity

With the rapid progress in developing biological applications of

UC nanoparticles, there is a pressing demand for assessment of

the potential hazards of these nanomaterials to humans and

other biological systems. Cytotoxicity is a rapid, standardized

test that is a very sensitive and low-cost way to determine if the

UC nanoparticles contain quantities of harmful components.

Cytotoxicity tests through evaluations of cellular morphology

and mitochondrial function (MTT and MTS assays) show that

lanthanide-doped nanoparticles are non-cytotoxic to a broad

range of cell lines.78,97,118,119,123,129,140–143 To determine their cyto-

toxicity, the nanoparticles are first incubated with cells at various

particle concentrations and incubation times. The cells’ viability

is then scored for cytotoxic effect under control and exposed

conditions. For example, Li and co-workers129,141 have examined

the biocompatibility of Yb/Er-doped rare earth fluorides coated

with a silica shell or a layer of azelaic acid molecules. They found

that these nanoparticles had essentially no effect on the cell

viability of human nasopharyngeal epidermal carcinoma KB
Analyst, 2010, 135, 1839–1854 | 1843
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Fig. 5 In vitro cell viability of KB cells incubated with SiO2-coated

NaYF4:Yb/Er nanoparticles at different concentrations for 8 or 20 h.

(Reprinted with permission from ref. 141. Copyright 2009, Wiley-VCH

Verlag GmbH & Co. KGaA.)

Fig. 6 Schematic illustrations of heterogeneous assays involving UC

particles. (a) Competitive assay. (b) Non-competitive (sandwich) assay.

In a competitive assay, the analyte competes with labeled probes to bind

to the capture molecule. The optical response will be inversely propor-

tional to the concentration of the analyte. In a non-competitive assay, the

analyte is first bound to the capture molecule, while the labeled probe is

bound to the analyte. Consequently, the results will be directly propor-

tional to the concentration of the analyte.
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cells after incubation for 20 h at a particle concentration of

800 mg/ml (Fig. 5). Shan et al.140 have also reported that there is

limited or no toxicity of carboxyl- and amino-functionalized

nanoparticles after incubation for 9 days with human osteosar-

coma cells. In a separate report, Tan and co-workers143 have

showed that lanthanide-doped Y2O3 nanoparticles are biocom-

patible to hepatoma HepG2 and fibroblast NIH 3T3 cells.

The cytotoxicity of UC nanoparticles performed in vivo was

also assessed by animal studies. Recent work by Jalil and

Zhang142 showed that healthy rats, injected intravenously with

silica-coated NaYF4:Yb/Er nanoparticles with a dosage of

10 mg/kg of body weight, exhibited no signs of weight loss or

abnormal behavior after 7 days. The biodistribution of nano-

particles in different organs was also investigated after intrave-

nous injection at different time intervals. The injected dose was

mostly excreted by the rats through their urine or faeces after

7 days. However, to ensure the suitability of the UC nano-

particles for in vivo biological applications, further long-term (up

to several months) toxicity studies concerning particle size,

shape, and surface chemistry are necessary.
3. As luminescent reporters for sensitive assay

UC labeling through the use of lanthanide-doped nanoparticles

seeks to minimize photodamage to the biomolecules and to

substantially reduce background autofluorescence. Therefore,

the use of UC nanoparticles as luminescent labels provides

enhanced signal-to-noise ratios and thus improved limits of

detection as compared to conventional fluorophores.
Fig. 7 UC-based lateral flow format developed by Niedbala et al. The

architecture of the lateral flow strip is designed to accommodate up to 12

distinct test lines. In addition, each strip also contains two control lines.

(Reprinted with permission from ref. 145. Copyright 2001, Elsevier B.V.)
3.1 Heterogeneous assay

A heterogeneous assay platform utilizes molecules that are bio-

functionalized and captured on a solid substrate. Target analy-

tes, which are present in a sample comprising UC particle labels,

are incubated on the substrate, washed, and detected by NIR

diode laser irradiation. The concentration of the target analyte

can be quantified by measuring the UC emission intensity

(Fig. 6). As the heterogeneous assay platform does not need
1844 | Analyst, 2010, 135, 1839–1854
precise control of the particle–biomolecule distance, this type of

application is generally not limited by the size of the particles and

is less susceptible to interference caused by surface coating of the

particles.

UC particles have been previously demonstrated in immuno-

assays as alternatives to conventional labeling agents.144–148 For

example, submicron-sized Y2O2S particles doped with Yb3+ and

Er3+ ions have shown a detection limit of 10 pg human chorionic

gonadotropin in a lateral flow (LF) immunochromatographic

assay format.144 In contrast to conventional labeling agents such

as gold nanoparticles or colored latex beads, the UC particles

exhibit a 10-fold improvement in detection sensitivity. Another

intriguing example has been demonstrated by Niedbala et al.,145

who developed an LF-based strip assay for the simultaneous

detection of amphetamine, methamphetamine, phencyclidine,

and opiates in saliva by using multicolor UC particles (Fig. 7). In

their study, green-emitting (550 nm) particles were coupled to

antibodies for phencyclidine and amphetamine, while blue-

emitting (475 nm) particles were coupled to antibodies for

methamphetamine and morphine. By analyzing the test strip for
This journal is ª The Royal Society of Chemistry 2010
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Fig. 8 Scheme of the UC nanoparticle-based DNA detection. Magnetic

nanoparticles are used and modified with capture DNA strands. UC

nanoparticles are modified with probe DNA strands. Upon incubation

with target DNA strands, the UC and magnetic nanoparticles form

binary nanoparticle aggregates. The aggregates can be purified with

magnetic separation and examined via UC luminescence assays.

(Reprinted with permission from ref. 153. Copyright 2006, Royal Society

of Chemistry.)

Fig. 9 Schematic of an LRET-based homogeneous sandwich assay

system. The system involves the use of UC particles as energy donors and

other optical materials as energy acceptors. When the donor and acceptor

are linked in close proximity in the presence of the analyte, LRET results

in a variation in optical signal. As the dipole–dipole interaction described

by LRET is strongly dependent on donor–acceptor separation, un-bound

labels do not need to be removed from the system.
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each colored phosphor, the drug molecules were successfully

detected on the basis of phosphor color and position.

UC particles have also been used as luminescent reporters in

genomic applications. Due to the elimination of unwanted

autofluorescence, UC particles can facilitate the detection and

handling of target molecules by shortening the polymerase chain

reaction (PCR) amplification process. For example, Corstjens

et al.149 have demonstrated in LF-based DNA detection that one

target DNA can generate a positive signal after completion of

only 20 PCR amplification cycles through use of UC particle

reporters. In a parallel development, Zuiderwijk et al.150 have

shown that the use of UC particle reporters even allows identi-

fication of the bacterial pathogen Streptococcus pneumoniae

without PCR or other amplification techniques. The potential of

UC particle reporters has also been exploited by Tanke and co-

workers67 to achieve a detection limit of 1 ng/ml oligonucleotides

by using 400-nm Y2O2S:Yb/Er particles.

Although submicron-sized UC particles work well for most

heterogeneous assays, smaller particles with a decreased number

of probe molecules per particle should result in better target-to-

reporter ratios and improved assay kinetics.151,152 Recently,

Wang and Li153 have demonstrated a sandwich-hybridization

assay for the ultra-sensitive detection of DNA using sub-50-nm

NaYF4:Yb/Er nanoparticles (Fig. 8). When combined with

magnetic nanoparticles for facile separation, this method has

shown a detection limit of ca. 10 nM without PCR amplification.
Fig. 10 Emission spectrum of the Yb/Er-doped UC phosphor and

emission and excitation spectra of BPE. The emission spectrum of the UC

phosphor (solid line) overlaps with the excitation spectrum of BPE (dark

dashed line). The emission spectrum of BPE (light dashed line) is sepa-

rated from the phosphor emission, and the sensitized emission of BPE

can be measured at 600 nm using a band-pass emission filter and

continuous laser excitation at 980 nm. (Reprinted with permission from

ref. 158. Copyright 2005, American Chemical Society.)
3.2 Homogeneous assay

UC-based homogeneous assays are commonly based on

a lanthanide resonance energy transfer (LRET) process between

a donor and an acceptor (Fig. 9). Unlike heterogeneous assays,

homogeneous assays make use of binding-modulated signals,

eliminating the need of separating un-bound labels.
This journal is ª The Royal Society of Chemistry 2010
Consequently, they are easier to automate and faster to perform.

However, owing to the short-range optical process of LRET,

small-sized particles with thin layers of surface coatings are

required to provide a proximal contact between the donor and

the acceptor for efficient energy transfer.154

As a derivative of fluorescence resonance energy transfer

(FRET), LRET was first introduced as luminescence resonance

energy transfer by Selvin et al.155 when utilizing lanthanide-

chelated complexes in FRET studies. LRET relies on the same

dipole–dipole mechanism as conventional FRET, but offers

a number of technical advantages including large energy transfer

distance range (>10 nm) and high reliability. Particularly, the

long-lived luminescent lanthanide donors allow facile and accu-

rate lifetime measurements to monitor biological events that are

inaccessible with conventional fluorescent dyes.156 LRET is now

widely used to describe a FRET system involving a lanthanide-

based luminescent donor.

The application of UC particles to LRET-based bioassays was

first proposed by Morgan and Mitchell.157 The concept was later
Analyst, 2010, 135, 1839–1854 | 1845
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Fig. 12 Principle of the homogeneous enzyme-activity assay system. The

hydrolytic enzyme reaction separates the fluorophore (F) and the

quencher (Q) located at different ends of the oligonucleotide and so the

emission of the fluorophore (measured at >700 nm) is recovered. Intact

oligonucleotides remain non-fluorescent. (Reprinted with permission

from ref. 167. Copyright 2008, Wiley-VCH Verlag GmbH & Co. KGaA.)
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experimentally proved by Kuningas et al.,158 who demonstrated

the detection of biotin by utilizing streptavidin-conjugated UC

phosphors as the donors and biotinylated phycobiliprotein (bio-

BPE) as the acceptor. Importantly, the use of UC phosphors as

the LRET energy donors displays a remarkable advantage over

traditional quantum dots and organic dyes in that NIR irradia-

tion is absorbed by the UC particles, but not by the acceptor.

False detection signals resulting from direct absorption by the

acceptor under UV excitation can be avoided. Furthermore,

owing to the extremely narrow and sharp emission bands of

lanthanide dopant ions, practically no donor emission is

detectable at the wavelength range where acceptor emission is

investigated (Fig. 10).

Simultaneous detection of multiple analytes by using multi-

peak emission profiles of UC particle donors has also been

demonstrated by Rantanen et al.159 In a dual-parameter sand-

wich-hybridization assay (Fig. 11), two probe oligonucleotides

(P1 and P2) with sequences complementary to a target sequence

of b-actin (T1) or HLA-B27 (T2) were selectively conjugated to

Alexa Fluor 546 (AF546) and Alexa Fluor 700 (AF700). The

oligonucleotide-modified dye molecules and target oligonucleo-

tides were then mixed with UC particles pre-modified with

capture oligonucleotides (C1 or C2). Upon formation of the

sandwich complex through hybridization, the donor emissions at

540 and 653 nm were quenched by AF546 and AF700, respec-

tively. By measuring the intensities of probe-specific emissions at

600 and 740 nm, two different target–oligonucleotide sequences

can be detected simultaneously and quantified with a dynamic

range of measurement from 0.35 to 5.4 nM.

One major drawback of the aforementioned works is the use of

rather large-sized UC particles as the energy donors. Because

only emissive dopant ions located near the particle surfaces can

participate in the LRET, a considerably large fraction of emissive

ions embedded in the core structures produces signals only

through non-proximity-based reabsorptive energy transfer.158,160–

162 In addition, large particles of low analyte density result in

a limited dynamic range of measurement.159 By utilizing small-

sized UC nanoparticles, a hybridization-based DNA assay with

an unoptimized dynamic range of 0–60 nM has recently been

demonstrated by Zhang et al.,163 who further showed that
Fig. 11 Principle of the dual-parameter sandwich-hybridization assay

system reported by Rantanen et al. Two types of dye probes were used to

quench the UC particle emission at 540 nm and 653 nm, respectively.

After the formation of the sandwich complex, the probe-specific emission

signals are directly related to the presence of corresponding targets.

(Reprinted with permission from ref. 159. Copyright 2009, Royal Society

of Chemistry.)

1846 | Analyst, 2010, 135, 1839–1854
oligonucleotide-modified UC nanoparticles can distinguish

target DNAs with single-base mismatches.164,165 Chen et al.126

also reported DNA detection range of 10–50 nM by making use

of sub-15-nm UC nanoparticles.

Recently, Wang et al.132 have developed a highly sensitive

biosensor for the detection of avidin using sub-50-nm NaY-

F4:Yb/Er nanoparticles. Instead of using organic dyes, they

utilized metallic nanoparticles as the energy acceptors or

quenchers for donor–acceptor energy transfer. By using 7 nm

gold nanoparticles, this method registers an unoptimized

detection limit of 0.5 nM. In a parallel development, Xu and

co-workers166 have reported a sandwich LRET system

comprising human immunoglobulin G (IgG)-modified NaY-

F4:Yb/Er nanoparticles as the energy donors and rabbit anti-

goat IgG-modified gold nanoparticles as the energy acceptors.

The system offers a substantially low detection limit of 0.88 mg/

ml for goat anti-human IgG, providing potential use for the trace

detection of a variety of biomolecular analytes.

An intriguing recent development was demonstrated by

Rantanen et al.,167 who combined UC-based LRET with

conventional FRET for a fluorescence-quenching-based enzyme-

activity assay (Fig. 12). The system design involves the use of an

Alexa Fluor 680 (AF680) fluorophore to receive upconverted

energy and the use of a Black-Berry Quencher 650 (BBQ650) to

quench AF680-emitted fluorescence. The AF680 and BBQ650

fluorophores are linked to the 50- and 30-ends of a single-stranded

oligonucleotide sequence, respectively. Upon an enzymatic

reaction catalyzed by benzonase endonuclease, the oligonucleo-

tide is cut into shorter fragments, resulting in recovered emission

of AF680. In comparison with a conventional method that relies

on direct excitation into AF680 at 655 nm, the UC-based method

offers an 8-fold increase in signal-to-background ratio.
4. As contrast stains for optical imaging

As UC is more efficient than multiphoton processes, a common

optical microscope can be readily used for UC imaging with

a xenon lamp adapted to a diode laser. Thus, the UC particle-

based imaging approach is technically superior to conventional

NIR multiphoton microscopy that requires a complex experi-

mental setup and expensive pulsed lasers.168–170 This attribute

makes UC particles particularly convenient as contrast stains for

optical imaging.
This journal is ª The Royal Society of Chemistry 2010
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4.1 In vitro cell and tissue imaging

Zijlmans et al.171 first exploited upconverting properties of

lanthanide-doped particles for high performance bio-imaging. In

their influential paper published in 1999, submicron-sized

Y2O2S:Yb/Tm particles were used to study the distribution of

prostate-specific antigen (PSA) in paraffin-embedded sections of

human prostate tissue using standard immunohistological tech-

niques. They showed that the non-specific autofluorescence

signal associated with short-wavelength excitation was

completely eliminated under NIR excitation (Fig. 13a). More-

over, it was demonstrated that UC particle reporters do not

bleach after continuous exposure to high excitation energy levels.

Therefore, UC particle labeled tissue samples can be conve-

niently stored for permanent records.

In recent years, when high-quality UC nanoparticles became

readily available, the UC-based imaging technique has been

widely used for high-resolution imaging of cellular specimens.

Non-functionalized UC nanoparticles incubated with a variety

of cell lines are found to be endocytosed by the

cells.97,113,116,121,125,127,140,142,172,173 Upon 980-nm excitation, strong

UC luminescence is clearly observed in cells without auto-

fluorescence (Fig. 13b).116 Owing to their inherent high photon

conversion efficiency and non-blinking emission behavior, UC

nanoparticles even allow reliable single-molecule imaging that

challenges conventional staining agents.97,116,140 Importantly, Yu

et al.113 have demonstrated that the UC-based visualization

technique has negligible fading effect over time (Fig. 13c),
Fig. 13 Imaging tissue and cells with UC nanoparticles. (a) Tissue

section after exposure to both blue and NIR excitation light (left); the

green autofluorescence that coincides with the PSA-specific blue phos-

phor luminescence can be effectively eliminated using only NIR excita-

tion (right). (b) Live-cell image of NIH 3T3 murine fibroblasts with

endocytosed NaYF4:Yb/Er nanoparticles: the left, middle, and right

columns are brightfield, luminescence, and overlay images, respectively.

(c) Comparison of photobleaching of UC nanoparticles and organic dyes

in confocal microscopy imaging: excitation was provided by continuous-

wave lasers at 405, 543, 980 nm with powers in the focal plane of

approximately 1.6, 0.13 and 19 mW, respectively. (Reprinted with

permission from: (a) ref. 171, (b) ref. 116, and (c) ref. 113. Copyright

1999, 2009, 2009, respectively, Elsevier B.V., National Academy of

Sciences, USA, and the American Chemical Society.)

This journal is ª The Royal Society of Chemistry 2010
implying extraordinary ability of UC nanoparticles for long-

period observation of cells.

Target imaging of tumor cells has also been widely investigated

by using UC nanoparticles functionalized with biomolecular

recognition moieties.137,141,174 For example, Wang et al.137 have

demonstrated that NaYF4:Yb/Er nanoparticles conjugated with

antibody can be used for highly specific staining and imaging of

HeLa cells with antigen expressed on the cell membrane. Another

representative work has been reported by Zako et al.,174 who

demonstrated the use of Y2O3:Er nanoparticles modified with

cyclic arginine–glycine–asparatic acid (RGD) peptide for cell

imaging studies. They found that these nanoconjugates can

specifically bind to cancer cells with elevated integrin avb3

expression. The ability to non-invasively visualize and monitor

integrin avb3 expression levels will provide new opportunities to

document tumor integrin expression, allow appropriate selection

of patients for anti-integrin treatment, and evaluate treatment

efficacy in integrin-positive patients.

Recently, Jiang et al.175 have shown that UC nanoparticles can

be used for the delivery and tracking of small interference RNA

(siRNA). To achieve the target delivery, siRNA were attached to

silica-coated NaYF4:Yb/Er nanoparticles modified with anti-

Her2 antibody. Intracellular uptake of the nanoparticles was

visualized under a confocal microscope and the gene silencing

effect of siRNA was evaluated by a luciferase assay. The lucif-

erase assay results showed that the UC nanoparticles can serve as

efficient carriers of siRNA for target delivery to specific cells

through the attachment of suitable antibodies to the nano-

particles. As an extension of their previous studies on tracking

and delivery of siRNA, Jiang and Zhang176 have demonstrated

real-time tracking of the intracellular release of siRNA from UC

nanoparticle carriers. To achieve this, they labeled siRNA with

BOBO-3 intercalating dye. The measured LRET between the UC

nanoparticles and BOBO-3 gives an indication of the siRNA

release from the UC nanoparticles.
4.2 In vivo organism and animal imaging

UC particles in vivo staining have made the most progress and

attracted the greatest interest. Lim et al.61 have pioneered the use

of UC particles in live organism imaging. In their study,

Y2O3:Yb/Er nanoparticles in the size range of 50–150 nm were

inoculated into live nematode Caenorhabditis elegans (C. elegans)

worms and subsequently imaged in the digestive system of the

worms. Upon excitation at 980 nm, the statistical distribution of

the nanoparticles in the intestines can be clearly visualized

(Fig. 14a). Importantly, the nanoparticles have shown good

biocompatibility as the worms do not exhibit unusual behavior in

feeding. In their most recent work, Lim et al.66 have refined the

synthetic procedure for preparing sub-10-nm Y2O3:Yb/Er

nanoparticles. The ultra-small nanoparticles hold promise for

staining ultra-fine structures in biological systems. However,

there is a considerable loss of emission typically associated with

ultra-small nanoparticles due to surface quenching.

Recently, the facile preparation of small-sized UC

nanoparticles with strong emission intensity and high

aqueous dispersity has facilitated the in vivo imaging of

small animals by fast intravenous or intradermal injection of

nanoparticles.123,131,177–182 For example, Nyk et al.179 have
Analyst, 2010, 135, 1839–1854 | 1847
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Fig. 14 In vivo organism and small animal imaging with UC nano-

particles. (a) False color images of C. elegans after being deprived of food

over various periods of time: the red color represents the brightfield and

green for the UC emission. (b) Whole body images of intact mouse (left)

and the same mouse after injection with UC nanoparticles and dissection

(right): the red color indicates emission from UC nanoparticles and green

and black colors show the imaging background; inserted graphics

represent the photoluminescence spectra from three different areas as

indicated by the arrows. (Reprinted with permission from: (a) ref. 61, and

(b) ref. 179. Copyright 2006, 2008, respectively, American Chemical

Society.)

Fig. 15 Target in vivo UC luminescence imaging of subcutaneous

U87MG tumor (left hind leg, indicated by short arrows) and MCF-7

tumor (right hind leg, indicated by long arrows) borne by athymic nude

mice after intravenous injection of RGD-conjugated NaYF4:Yb/Er/Tm

nanoparticles for (a) 1 h, (b) 4 h, and (c) 24 h. The left, middle, and right

columns are brightfield, luminescence, and overlay images, respectively.

Intense UC luminescence signal was observed in the U87MG tumor

whereas no significant signal was seen in the MCF-7 tumor. ROI 1,

specific uptake; ROI 2, non-specific uptake; ROI 3, background. In vivo

SNR ¼ (IROI 1 � IROI 3)/(IROI 2 � IROI 3). (Reprinted with permission

from ref. 183. Copyright 2009, American Chemical Society.)
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demonstrated Maestro whole-body in vivo imaging of a Balb-c

mouse through use of NIR-to-NIR UC nanoparticles (Fig. 14b).

The remarkable advantage offered by this technique is that both

the excitation and emission are in the NIR range, allowing

imaging of tissue with high penetration depth. Another inter-

esting development has been demonstrated by Hilderbrand

et al.,123 who carried out in vivo vascular imaging of nude mice

using Y2O3:Yb/Er nanoparticles coated with PEG polymer. The

polymer coating minimizes non-specific tissue binding and

prolongs the circulation half-lives of the particles in the blood.

Importantly, the UC nanoparticles were found to be sufficiently

bright to enable in situ imaging during surgery. Recently, real-

time imaging based upon UC nanoparticles has been further

demonstrated by Kobayashi et al.,131 who showed that the NIR-

and green-emitting UC nanoparticles can be used for two-color

in situ lymphatic imaging without extensive post-image

processing.

Conjugated with biomolecular recognition moieties, UC

nanoparticles have been used for target imaging in vivo for tumor

detection and drug delivery. By linking folic acid (FA) and RGD

to UC nanoparticles, Xiong et al.119,183 are able to detect HeLa

and U87MG tumors inside athymic nude mice. Importantly,

region of interest (ROI) analysis of the UC luminescence signal in

vivo showed that UC imaging achieved a high signal-to-noise

ratio (SNR) of ca. 24 between the tumor and the background

(Fig. 15), which generally cannot be obtained in single-photon or
1848 | Analyst, 2010, 135, 1839–1854
two-photon fluorescence imaging.183 UC particles have also been

used for tracking transplanted cells in vivo. In a recent work, Idris

et al.114 have injected UC nanoparticle-loaded live myoblast cells

into a living mouse model of cryoinjured hind limb. In vivo

confocal imaging was used to study the distribution and activity

of the delivered cells.
4.3 Diffuse optical tomography

The term tomography refers to a medical imaging procedure that

uses a wave of energy to show cross-sectional images of the

samples. Diffuse optical tomography (DOT) is a biomedical

imaging technique that utilizes scattered NIR light as a probe for

structural variations in tissue. In a typical experiment, a highly-

scattering tissue medium is illuminated by a narrow collimated

beam and the light which propagates through the medium is

collected by an array of detectors attached to the tissue surface.

The presence of a tumor or other anomaly inside the tissue can be

discerned from the recorded optical data because tumorous

tissue has different absorption and scattering properties.

DOT scanning can be achieved through the use of intrinsic

contrast agents such as haemoglobin.184 The sensitivity of

detection is further improved by using extrinsic fluorophores

such as indocyanine green (ICG).185,186 To provide high-quality

optical data from the DOT scanning, suppression of noise and

background tissue autofluorescence is of substantial importance.

Although much of the noise can be eliminated by employing low-

noise equipment, the tissue autofluorescence remains to plague

the measurements with traditional Stokes-shifting fluorophores.
This journal is ª The Royal Society of Chemistry 2010
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Fig. 16 A comparison of UC nanoparticles (left column) and Rhoda-

mine 6G (right column) in DOT. (a) Three-dimensional rendering of the

reconstructed fluorophores: the boxes indicate the position of the cross-

sectional slices; reconstruction using UC nanoparticles shows a smooth

and uniform rendering, whereas the reconstruction using Rhodamine

6G shows several artifacts. (b) Cross-sectional slices of the reconstructed

relative nanoparticle and Rhodamine 6G distributions. (Reprinted with

permission from ref. 188. Copyright 2009, American Institute of

Physics.)

Fig. 17 Multimodal imaging with NaGdF4:Yb/Er nanoparticles. (a)

Brightfield (left) and luminescence (right) images of SK-BR-3 cells

incubated with the UC nanoparticles at Gd3+ concentration of 100 mg/ml

for 4 h. (b) T1-weighted magnetic resonance images of SK-BR-3 cells

(1.3 � 107 cells) incubated with the UC nanoparticles at various

concentrations for 24 h. (Reprinted with permission from ref. 97.

Copyright 2009, Wiley-VCH Verlag GmbH & Co. KGaA.)
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The ability of UC nanoparticles to emit anti-Stokes-shifted light

upon NIR excitation enables the detection of signal in an auto-

fluorescence-free environment.187 Thus, the UC nanoparticles

have been suggested as an alternative to fluorophores in DOT. For

example, Xu et al.188 have recently demonstrated the use of

NaYF4:Yb/Tm nanoparticles for DOT scanning in a controlled

environment by using a gelatin-based tissue phantom. The

reconstructed optical data obtained from UC nanoparticles

showed a uniform and confined phosphor distribution. In

contrast, the reconstructed optical data obtained from the use of

an organic fluorophore (Rhodamine 6G) showed severe artifacts

at two ends of the fluorescent target (Fig. 16). The results

demonstrate that the non-linear power-dependent UC process

leads to more sharply defined reconstructions of the phosphor

distribution, and also opens the possibility to resolve two closely

situated phosphors which cannot be resolved by using fluo-

rophores. A recent study has highlighted another advantage of the

use of upconversion nanoparticles in DOT.189 The study reveals

that on account of the non-linear power dependence of the UC

process, these nanoparticles can be simultaneously excited by two

or more excitation beams, leading to multiple tomographic

images. Analysis of these multiple images yields additional infor-

mation and leads to improved reconstruction of the optical data.
4.4 Multimodal imaging

The basic concept of multimodal imaging lies in the incorpora-

tion of two imaging modalities within the setting of a single
This journal is ª The Royal Society of Chemistry 2010
examination. UC nanoparticles have been well established as

contrast agents for optical spectroscopy. In recent years,

attempts have been made to develop multimodal imaging agents

based on UC nanoparticles. The multimodal imaging agents are

fabricated in accordance with the following two strategies. One

such approach involves the incorporation of gadolinium (Gd3+),

widely used as the contrast agent in magnetic resonance imaging

(MRI),190,191 in the crystal host lattice to develop particles that

can simultaneously serve as optical and magnetic contrast

agents. Gd3+-based UC phosphors have been developed as

multimodal imaging agents by the groups of Hyeon,97 Li,129

Prasad,192 and Tan.193. In a representative example, Hyeon and

co-workers97 have demonstrated the use of NaGd4:Yb/Er

nanoparticles for optical and magnetic resonance imaging in

breast cancer cells (SK-BR-3) (Fig. 17). In a recent study con-

ducted by Li and co-workers,129 the multimodal imaging via

NaGdF4-based nanoparticles has been extended to live animals.

Since the luminescent center and the magnetic contrast agent are

incorporated in the same host matrix, this approach avoids

complicated procedures of combining individual optical and

magnetic contrast agents. Another benefit of this approach is

a greater level of control over the fabrication of smaller particles

as multimodal imaging agents.

The second approach uses the encapsulation of UC nano-

particles in a silica shell followed by impregnation of the shell

with other reporter molecules. By using this strategy, Li and

co-workers141 fabricated UC nanoparticles with an organic dye-

impregnated silica shell (Fig. 18). Folic acid was attached on the

surface of the shell for targeting human cells that over-express

tumor markers on a variety of human cancers. They then

demonstrated receptor-mediated delivery of FA-conjugated

nanocomposites targeting KB cells by using UC luminescence

microscopy and downconversion flow cytometry. In a similar

way, Zhang and co-workers194 have demonstrated that Gd-based

MRI contrast agents could be incorporated into the silica shells
Analyst, 2010, 135, 1839–1854 | 1849
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Fig. 18 Schematic of the synthesis of folic acid-functionalized silica-

coated NaYF4:Yb/Er nanoparticles and folate-mediated binding of

a folate receptor-positive [FR(+)] tumor cells. UCNP: upconversion

nanoparticle; TEOS: tetraethylorthosilicate; FITC: fluorescein iso-

thiocyanate; APS: (3-aminopropyl)triethoxysilane. (Reprinted with

permission from ref. 141. Copyright 2009, Wiley-VCH Verlag GmbH &

Co. KGaA.)
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coated on UC nanoparticles, providing an alternative route

towards dual-functional contrast agents with optical and

magnetic imaging capabilities. Besides amorphous shells, crys-

talline materials comprising Gd3+ ions have also been grown on

the UC nanoparticles to endow the nanoparticles with dual-

imaging capabilities.195,196 The spatial confinement of the second
Table 2 Recent progress in the development of UC nanoparticle-based PDT

Photosensitizera Surface modification PDT activity

Merocyanine 540 Porous silica In vitro study on destruction
bladder cancer cells

Zinc phthalocyanine Polyethylenimine Quenching of ABDA fluores
indication of singlet oxyge

Tetraphenylporphyrin Poly(ethylene glycol) Quenching of ADPA fluores
indication of singlet oxyge

Zinc phthalocyanine Mesoporous silica Quenching of ABDA fluores
indication of singlet oxyge
reduced cell viability of m
cancer cells

Zinc phthalocyanine Mesoporous silica Green fluorescence from oxi
derivative in live cells as a
singlet oxygen generation
viability, condensation of
chromatin, internucleosom
fragmentation, release of c
mitochondria and an inab
specific proteins in murine
cells as an indication of ce

a The photosensitizers in the list are immobilized on NaYF4:Yb/Er nanopart

1850 | Analyst, 2010, 135, 1839–1854
staining agent in the shell can minimize its interaction with the

UC core and thus maximize the functionalities of both the core

and the shell, despite causing an increase in the particle size.
5. As light transducers for cancer therapy

Since the discovery that cancer cells are vulnerable to certain

photosensitive chemicals under red light beams, photodynamic

therapy (PDT) has recently emerged as an increasingly effective,

non-invasive, economical treatment for cancers and premalig-

nant conditions.197 In principle, PDT involves three basic steps:

(i) selective uptake and localization of a photosensitizer into

specific tumor cell/tissue type, (ii) irradiation of the photosensi-

tizer with predetermined intense doses of light to activate the

photosensitizer, and (iii) generation of reactive oxygen species

(ROS) that kill nearby abnormal cells with little or no effect on

the surrounding tissues.

In general, there are three main pathways associated with the

killing of cancer cells by PDT.198 In the first case, the active form

of oxygen generated by PDT directly destroys the tumor cells.199

PDT can also damage blood vessels in the tumor, thus preventing

the cancer from receiving the necessary nutrients.200,201 In addi-

tion, PDT may activate the immune system against uncontrol-

lable invasion and damage to normal tissues by tumor cells.202

Conventional PDT techniques have proved effective in the

treatment of a number of cancers. However, the light needed to

activate photosensitizers penetrates only about a centimeter

(approximately one-third of an inch) of tissue. In this regard,

PDT is most often used to treat tumors on or just beneath the

skin’s surface, or on the linings of internal organs or cavities.

Another limitation of conventional PDT is the ineffectiveness in

treating large tumors or metastatic cancers that have spread.
Remarks Ref.

of MCF-7/AZ Low photosensitizer loading. Highly specific
delivery to cancer cells. Capable of
targeting different types of cancer cells.
Reduced ease of diffusion of ROS from
a silica shell

204

cence as an
n generation

Low photosensitizer loading due to fast
desorption of PS from the polyethylenimine
coating

205

cence as an
n generation

High photosensitizer loading and improved
biocompatible coating

206

cence as an
n generation,
urine bladder

Low photosensitizer loading. Improved
diffusion of ROS due to the mesoporous
shell structure. Recyclable use of the
nanoparticles after removal of the shell in
ethanol

207

dized fluorescein
n indication of

. Reduced cell
nuclear
al DNA

ytochrome c from
ility to express
bladder cancer

ll damage.

Low photosensitizer loading. Improved
diffusion of ROS through mesoporous
shells, recyclable use of nanoparticles.
Demonstration of singlet oxygen
generation in vitro. Mechanistic insight into
the cell damage induced by singlet oxygen
produced as a result of irradiation of
nanoparticles with NIR

208

icles followed by surface modification with a silica or polymer layer.

This journal is ª The Royal Society of Chemistry 2010
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Researchers are investigating ways to improve equipment and

delivery of the activating light through use of fiber-optic tubes

and magnetic nanoparticles.203

The development of UC nanoparticles capable of converting

NIR light into the visible range has attracted considerable recent

interest in PDT because NIR radiation penetrates deep into

biological tissues.204–208 The upconverted visible emission from

the nanoparticles can excite photosensitizers and subsequently

generate ROS.209 The use of UC nanoparticles with tunable

emissions provides an additional benefit to excite specific sensi-

tizers. In addition, the nanoparticles provide a convenient plat-

form for photosensitizer coupling, magnetic coatings, and

cancer-cell targeting.

Table 2 summarizes recent works on the application of UC

nanoparticles in PDT. In most of these studies, the UC nano-

particles are pre-modified with a shell impregnated with photo-

sensitizers to generate composite nanomaterials (Fig. 19). The

shell also stabilizes the nanoparticles in aqueous solutions and

provides the ability to target a specific cancer cell. NaYF4:Yb/Er

nanoparticles are primarily used due to their high efficiency of

UC, while a wide variety of photosensitizers including porphy-

rins, merocyanine 540 and zinc phthalocyanides are used.

Zhang et al.204 first demonstrated the application of UC

nanoparticle-based PDT in MCF-7/AZ bladder cancer cells. To

establish the effect of UC nanoparticle-based PDT on cell

viability, the photosensitizer-impregnated nanoparticles were

modified with mouse monoclonal antibodies that specifically

bind to the cancer cells. The antibody-modified nanoparticles

were then loaded into the cancer cells. Upon NIR irradiation, cell

death was observed within 1 h of incubation. To further improve

the therapeutic efficiency, the challenge is to achieve a coating of

photosensitizers on UC nanoparticles at high concentrations.

Austin and co-workers206 have been successful to boost the

nanoparticle-to-photosensitizer ratio to 3:1. On NIR irradiation,

the photosensitizer-loaded UC nanoparticles generate singlet

oxygen, which is detected through the quenching of fluorescence

of 9,10-anthracenedipropionic acid (ADPA). In an attempt to

assist the release of the singlet oxygen from the photosensitizer-

impregnated nanoparticles, Zhang and co-workers207 have used
Fig. 19 Schematic design of UC nanoparticle-based PDT for the

treatment of a tumor cell. The design is composed of a nanoparticle core

and a porous silica or polymer shell impregnated with photosensitizers.

The shell is also modified with functional groups for targeting a specific

tumor cell.

This journal is ª The Royal Society of Chemistry 2010
a mesoporous silica coating on the UC nanoparticles. The

effectiveness of the nanoparticles for the therapeutic action has

been tested both by the fluorescence quenching of 9,10-anthra-

cenediyl-bis(methylene)dimalonic acid (ABDA) and reduced cell

viability of cancerous cells. More recently, this group have

extended their studies to mechanistic investigation of nano-

particle-based PDT in murine bladder cancer cells.208 They have

demonstrated the detection of singlet oxygen in vitro by the

observation of recovered green fluorescence from a fluorescein

derivative upon oxidation. The PDT activity was monitored

through an array of analytical techniques such as cell viability

tests, protein release and expression assays, and gel electropho-

resis analysis. The results indicate that cell damage in nano-

particle-based PDT is associated with chromatin condensation in

the nucleus and fragmentation of nucleosomal DNA. In addi-

tion, the damaged cells showed mitochondrial failure which

resulted in the release of the mitochondrial protein cytochrome c

into the cell cytoplasm. The damage to cancerous cells was also

monitored through the expression of the PSA in carcinoma

transfectant cell line MB49-PSA cells. This cell line expresses the

PSA protein as a tumor marker. When incubated with photo-

sensitizer-modified UC nanoparticles, the cells showed a marked

reduction in the PSA protein expression, which is indicative of

cell damage. Importantly, it should be noted that the main

objective in the fabrication of nanoparticle-based PDT agents is

to achieve improved therapeutic effects in live organisms.

However, there has been no report demonstrating in vivo appli-

cation of photosensitizer-modified UC nanoparticles as PDT

agents.
6. Conclusions

In this review, the principles and recent technological advances in

biological applications of luminescent UC nanoparticles have

been discussed. These methods are emerging as valuable tools

that enable ultra-sensitive molecular detection without photo-

damage of the molecules and visualization of cellular features

with substantial depth of penetration.

In addition to providing useful luminescent biolabels with high

photostability, UC nanoparticles have shown promising results

when used in PDT for the treatment of cancer. To fully realize

the potential of this technique, we need to develop innovative

strategies to couple photosensitizers to the nanoparticles with

high loading efficiency and without significantly increasing the

particle size. Further development of smaller and brighter UC

nanoparticles with tunable emission colors,210,211 combined with

improvements in the detection technology and imaging equip-

ment, will consolidate the position of UC nanoparticle labeling

technology as a versatile approach to addressing some of today’s

most challenging problems.
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