
I. Introduction

In recent years, upconversion nanoparticles (UCNPs),

which represent a new class of inorganic photolumines-

cent nanoparticles, have become highly popular in the

biomedical community. Owing to their unique photo-

physical properties unknown in the living nature, they

have attracted particular attention as contrast agents for

optical medical diagnostics. The UCNP photophysics is
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based on the upconversion, which implies transformation

of the low-energy near-IR exciting radiation into higher-

energy UV, visible or IR radiation.1 For traditional dyes

(fluorochromes), upconversion can be implemented upon

multiphoton excitation, which requires high intensity of

the exciting radiation and, hence, the use of expensive

pulse lasers.2 In the case of UCNPs, the upconversion

mechanism is based on two- or multi-photon transitions

that involve real energy levels and bring lanthanide ions

into long-lived metastable states. This fact enables a

considerable decrease in the exciting radiation intensity

down to a level safe for biological systems 3, 4 and, hence,

it is possible to use cheap, easily available, continuous-

wave operating lasers. Furthermore, the UCNP photo-

luminescence intensity is 6 ± 8 times as high as intensity of

the signal resulting from two-photon excitation of tradi-

tional fluorochromes; this increases the depth of optical

probing of a biological tissue up to 3 cm and even more.5

The UCNP bioconjugates provided with molecules

that play specialized functions in a living organism can

act as targeted contrast or therapeutic agents. These

structures are called hybrid as they combine components

of inorganic (UCNP platform) and organic (biomolecule)

nature. Depending on the biomolecule functions, UCNP

bioconjugates are able to control the molecular traffic in

the cells, participate in enzymatic transformations and

perform targeted delivery to cellular and tissue structures

for selective identification of lesions or neoplastic trans-

formations and to exert therapeutic effect. The targeted

delivery is accomplished via recognition of biological

targets associated with a particular process in the body.

A cellular tumour marker present in a large amount in

the tumour tissue can serve as such target. The use of an

inorganic UCNP platform makes it possible to detect

tumour markers at a single-molecule level, which opens

up new routes to the development of high-sensitivity

methods for early non-invasive diagnosis of cancer.

Furthermore, the possibility of selective interaction with

biological targets and targeted delivery of biologically

active factors opens up great prospects for the applica-

tion of UCNPs in other areas of biomedical studies

related to the development of therapeutic agents.

During the last decade, an enormous progress has

been made in the development of UCNPs and their

hybrids meant for biomedical practice. This subject is

covered in numerous reviews. Some reviews deal with

issues related to improvement of the physicochemical

properties of UCNPs,6, 7 other consider the design of

UCNP-based assemblies for diagnostic 8 ± 11 and therapeu-

tic 12 ± 17 purposes. The present review integrates the

material presented in the modern scientific literature

concerning the key aspects of development of UCNP-

based assemblies starting from optimization of the syn-

thesis and bioconjugation processes and ending with the

scope of their biomedical applications.

II. The mechanism of photoluminescence of
upconversion nanoparticles

An upconversion nanoparticle is an inorganic oxide or

fluoride nanocrystal doped with triply charged lanthanide

ions of two types, that are, sensitizers and activators (in

the formula, they are usually separated from the matrix

material by a colon).2, 18 Sensitizer ions absorb radiation

in the near-IR range and non-radiatively transfer the

excitation energy to the neighbouring sensitizer ions or

to activator ions. The interaction of the excited activator

ion with the excited sensitizer ion brings about the

upconversion process. As a result, the activator emits a

photon with a higher energy compared with the absorbed

single quantum of radiation.19 The selection of various

activator ions ensures the diversity of photoluminescence

spectra programmed in the range from 450 to 1650 nm.20

Various types of UCNP compositions comprise

NaYF4 : Yb,Er,4, 21, 22 NaYF4 : Y,Yb,Er, Y2O3 : Yb,Er,23

SiO2 : Y,Yb,Er, SiO2 : Y,Yb,Tm,19 ZrO2 : Yb,Er,24

NaScF4 : Er,Yb,25 Y2O3 : Er,26 LaF3 : Yb,Er,27 YVO4 : Er,

YVO4 : Er,Yb,28 CePO4 : Tb@LaPO4 (the character @ is

used to separate the formulae of the core and the shell

when applicable), LaF3@Ln, LaPO4@Ln,29

NaYbF4 : Tm@CaF2 ,5 Y2O3 : Er,30 Gd2O3 : Yb,Er,32

NaYF4 : Yb,Nd,Er@NaYF4 : Nd,31 KGdF4 : Yb,Er,33

NaLuF4 : Gd,Yb,Er/Tm (Ref. 34) and so on. A long list

of UCNPs of other compositions indicating spectral

characteristics was reported in a summary table by

Zijlmans et al.19

The fluoride matrix co-doped with ytterbium and

erbium or thulium (NaYF4 : Yb,Er/Tm) has become

most popular for the design of UCNPs for biomedical

applications.35, 36 The NaYF4 matrix is preferred owing

to the high efficiency of upconversion,37 and Yb3+ ions

have high absorption cross-section at 980 nm and are

capable of non-radiative transfer of excitation energy to

activator ions (Er3+ and Tm3+).28 The energy conversion

in the NaYF4 : Yb,Er UCNPs involves a cascade of

complex processes (Fig. 1) initiated by absorption of

long-wavelength (*980 nm) excitation light by Yb3+.

Then the excitation energy is non-radiatively transferred

to the neighbouring Yb3+ or Er3+ ion, thus transmitting

this ion to the metastable excited state. The excited Er3+

ion and one or more excited Yb3+ ions are capable of

synchronous energy exchange and, as a result, the Er3+

ion is raised to a higher excited state and Yb3+ ion

returns to the ground state. Thus, the excited Er3+ ion

can emit photons in the visible 35, 38 and UV ranges.39 By

varying the Er3+ concentration, it is possible to specify

the ratio of photoluminescence intensity in different

spectral regions (from green to red) and thus to obtain

UCNPs with different spectral properties.40 The excited

NaYF4 : Yb,Tm UCNPs emit near-IR photoluminescence

(*800 nm) upon sequential absorption of two photons or

photoluminescence with a peak at 474 nm upon absorp-

tion of three photons.

The photoluminescence spectra of three types of

UCNPs with the NaYbF4 matrix doped with various

activator ions (Er3+, Ho3+ and Tm3+) are shown in

Fig. 2.

The diversity of photoluminescence spectra enables

the simultaneous recording of signals coming from

UCNPs with different composition; therefore, it is possi-

ble to study processes that occur in living objects in

parallel. For example, several lymph nodes in a mouse

body can be visualized (imaged) simultaneously by using

UCNPs with different photoluminescence spectra.

Figure 3 shows differentiated imaging of three lymph

nodes 2 h after intradermal injection of three suspensions

of UCNPs with different compositions based on
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NaYF4 : Yb,Er/Tm into the areas designated in Fig. 3 a

and images taken after autopsy.40

III. Strategies for synthesis of upconversion
nanoparticles

Upconversion nanoparticles with a specified size are

often prepared using the standard two-stage method for

growing fluoride crystals doped with lanthanide ions

from solutions of organometallic compounds and oleic

acid in an oxygen-free environment (thermal decomposi-

tion technique).25, 41 ± 43 The growth occurs with heating

and continuous stirring of the reactants. This gives a

powder of crystals with a hydrophobic oleic acid coating.

The UCNP size varies from several nanometres to

1 mm.44 The existing versions of this procedure are

suitable for the preparation of UCNPs with pre-specified

photophysical and morphological properties.

Apart from thermal decomposition, other methods for

UCNP synthesis include combustion synthesis in solu-

tions of metal nitrates and urea (fuel) initiated by the

exothermic reaction between solution components after

preliminary heating,28 in particular, microwave heating;45
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Figure 2. Photoluminescence spectra of colloid solutions of the
NaYbF4 : Yb,Er (1 ), NaYbF4 : Yb,Ho (2) and NaYbF4 : Yb,Tm (3)
UCNPs upon near-IR excitation.38
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Figure 3. Differential imaging of lymph nodes in a mouse body
using three UCNPs of different composition based on
NaYF4 : Yb,Er/Tm.40

Schematic view of intradermal injection of UCNP suspensions (a);
brightfield image of the mouse after injection of UCNP suspension
(b); photoluminescence images of lymph nodes obtained 2 h after
injection of UCNP suspension (c) and after autopsy (e); brightfield
image of the mouse after autopsy (d ).
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precipitation from solutions of metal salts with ammo-

nia;24 solvothermal synthesis,2 which proceeds in high-

boiling solvents at 120 ± 350 8C via nucleation and

growth; and hydrothermal synthesis,33, 37 which is per-

formed at elevated pressure and temperature.

The activator concentration in UCNPs is, on average,

0.2 mol.% ± 0.5 mol.% and the sensitizer concentration is

20 mol.% ± 40 mol.%, which ensures the highest photo-

luminescence intensity upon excitation with a laser at

100 W cm72 intensity. An increase in the activator con-

centration quenches the photoluminescence of UCNPs;

this can be avoided only by excitation with high-intensity

light. For excitation intensity of 2.56106 W cm72, an

increase in the Tm3+ concentration in the

NaYF4 : Yb,Tm UCNPs to 8 mol.% was found to induce

a 70-fold increase in the photoluminescence intensity.

Therefore, it is possible to track even single UCNP

particles with a sensitivity three orders of magnitude

higher than that achieved with quantum dots.46 However,

such intensity levels are often inadmissible for biomedical

practice as they lead to overheating of living tissues.

Despite a considerable progress in UCNP synthesis,

the conversion efficiency (Zuc), which is defined as the

ratio of the emitted photoluminescence power to the

absorbed excitation power (W W71), has remained rela-

tively low until recently, being markedly lower than Zuc
of upconversion microparticles 29 (4% against 0.1% for

UCNPs with an average diameter of 30 nm). The cause is

that non-radiative energy relaxation through the surface

starts to predominate with decreasing crystal size, thus

suppressing upconversion.21

High Zuc values for UCNPs were achieved by optimi-

zation of the synthesis.34 The primary product of syn-

thesis is the crystalline compound with a cubic lattice, so-

called a-phase, which has a low Zuc value. An additional

high-temperature treatment in an oxygen-free environ-

ment in oleic acid transforms these crystals into another

phase with a more closely-packed hexagonal crystal

lattice 3, 7 (b-phase), which rises the Zuc value by an

order of magnitude.21 The dependence of Zuc on the

excitation intensity is non-linear (Fig. 4). Saturation

occurs, most often, at an intensity of 10 ± 1000 W cm72

(Refs 22 and 47). The logarithmic dependence of the

UCNP photoluminescence intensity on the excitation

intensity attests to a two-photon absorption.45

It is noteworthy that UCNP photoluminescence is

quenched almost inevitably in aqueous solutions because

of the enhancement of multiphonon relaxation of excited

lanthanide ions due to high energy of vibrational modes

of water molecules.48 The presence of functional groups

and defects on the UCNP surface also promotes non-

radiative relaxation of the absorbed energy.49 It was

found that photoluminescence intensity is directly

dependent on the number of surface functional groups

(CO2 , CH, NH2 , OH, etc.).24 These problems can be

partly solved by synthesis of two-layer core ± shell par-

ticles.50 This is achieved by coating the UCNP matrix

doped with lanthanide ions with a protective layer (shell)

of an undoped matrix 51 or a polymer material. After

encapsulation of the NaLuF4 : Yb,Tm UCNPs into a

NaGdF4 shell, the photoluminescence efficiency at

800 nm increases 3.8-fold. Simultaneously, the excited

state lifetime increases 1.7-fold.52 The a-NaYF4 shell

results in a 50% higher green photoluminescence inten-

sity of the b-NaYF4 : Yb,Er UCNPs.34 The elimination of

surface defects by coating a CaF2 shell enhances the

emission of NaGdF4 : Yb,Er by a factor of *240.49

A beneficial effect of polymeric coatings on the

photoluminescence of a UCNP aqueous colloid was

found for polyacrylic acid (PAA), which reduced the

effect of acidification on the photoluminescence inten-

sity,30 and for SiO2, which not only suppressed quenching

but also enhanced photoluminescence owing to activation

of `dormant' lanthanide ions on the UCNP surface by the

complementary ligand field.29

The UCNP photoluminescence intensity can also be

increased by depositing gold or silver layers on the

particle surface. For example, the attachment of silver

nanoparticles to a SiO2-coated NaYF4 : Yb,Er UCNP

surface entails, in some cases, a 14-fold enhancement of

photoluminescence;53 encapsulation of UCNP into a gold

shell produces a 9.1-fold enhancement of green photo-

luminescence.54 The increase in the UCNP photolumines-

cence intensity is caused by the fact that UCNPs coated

with these metals experience the action of local electro-

magnetic fields. Furthermore, depending on the distance

between the Au or Ag shell and UCNP, the photo-

luminescence of the particles is either enhanced or

quenched. In the case of short distances and direct

contact with the metals, UCNP emission is quenched

because of the dominance of non-radiative energy trans-

fer from UCNP to the metallic shell. The enhancement of

photoluminescence is also accompanied by acceleration of

radiative relaxation with the concomitant 1.5 ± 2.4-fold

shortening of the excited state lifetime.54 Silica shell

serves for separation of the UCNP from the Ag or Au

layer. In an experiment using UCNP-SiO2-Ag, the best

photoluminescence enhancement was attained when the

distance between the UCNP and silver nanoparticles was

10 nm; this distance was adjusted by varying the SiO2

shell thickness. When the shell was >10 nm thick, the

energy transfer was hampered and, hence, the photo-

luminescence enhancement effect was damped, whereas a

decrease in the shell thickness led to photoluminescence

1073

1072

Zuc /WW71

1 10 100 1000

Excitation intensity /W cm72

Figure 4. Conversion efficiency of the NaYF4 : Yb,Er UCNPs in
the 500 ± 700 nm spectral range vs. exciting intensity at 978 nm.47
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quenching as a result of energy transfer to silver nano-

particles.53

One more way of enhancing the UCNP photolumi-

nescence is based on the matrix doping with some metal

ions. The enhancement is attributed to the distortion of

crystal field symmetry around the activator ions as a

result of decreasing unit cell size or formation of vacan-

cies in the matrix. A substantial photoluminescence

enhancement was achieved by doping the UCNP matrix

with Na+, K+, Zn2+ (Ref. 45), Sc3+, Li+ and Fe3+

(Ref. 55) ions. For example, doping of the

NaGdF4 : Yb,Er UCNPs with Fe3+ ions taken in 30

mol.% concentration increased the photoluminescence

intensity more than 30-fold.55

IV. Surface modification of upconversion
nanoparticles

For successful use of UCNPs for biomedical purposes, in

particular, in a living organism, their colloids should be

stable in water under physiological conditions (i.e., upon

variations of pH, ionic strength and temperature) and the

undesirable interactions with blood proteins and the toxic

action on the whole body should be minimized.56 How-

ever, UCNPs coated with a layer of hydrophobic oleic

acid molecules can be dispersed only in organic solvents

(hexane or chloroform). A series of methods for solving

this issue have been developed, in particular, surface

modification of UCNPs by hydrophilic agents or func-

tionalization with chemically reactive groups (carboxyl,

thiol, aldehyde, amino and other groups), which are

meant to ensure the colloid stability in an aqueous

medium and the possibility of further chemical modifica-

tion.2

The displacement of oleic acid molecules from the

UCNP surface by citric acid is the simplest surface

modification method, which, moreover, does not affect

considerably the particle size and morphology.57 The

colloid stability of the obtained material in aqueous and

buffer solutions is provided by the carboxyl groups of

citric acid. This shell is held on the UCNP surface via

chelation of metal ions.3, 52 A similar strategy was used to

displace oleylamine molecules from the UCNP surface by

2-aminoethyl dihydrogen phosphate.58 However, this

modification induced a noticeable photoluminescence

quenching. Thioacetic acid, which forms a strong S7Y

bond on the UCNP surface without photoluminescence

quenching, is the most attractive agent for ligand-

exchange surface modification of UCNPs.59 A drawback

of this method is the presence of residual oleic acid

molecules on the modified UCNP surface.

Some researchers propose a strategy for forming a

hydrophilic shell during UCNP synthesis. In this case,

hydrophilic polymers are used instead of oleic acid as

surfactants that prevent crystals from uncontrolled

growth. The requirements imposed on these polymers

include thermal stability and the presence of charged

groups. Wang et al.60 developed a procedure for encap-

sulation of UCNP into a polyethyleneimine (PEI) shell.

The amino groups present in PEI favour mutual repul-

sion of particles in an aqueous solution and allow for

subsequent bioconjugation. However, toxic action of

UCNP-PEI on living structures was reported. The incu-

bation of osteoblast cells with UCNP-PEI in a relatively

low concentration (50 mg ml71) for 24 h decreased the

cell viability by 40%.5 Furthermore, the high positive

charge of UCNP-PEI results in their effective binding to

the cells.33, 61 Polyacrylic acid is a non-toxic alternative to

PEI.62, 63 Owing to numerous carboxyl groups, PAA-

coated UCNPs are hydrophilic in aqueous solutions.

PAA can be attached to UCNPs either during the syn-

thesis or after the removal of oleic acid on treatment with

nitrosonium tetrafluoroborate (NOBF4).5, 64 One more

way of PAA functionalization of UCNPs consists in

preliminary modification of PAA with octylamine resi-

dues able to intercalate into the oleic acid and octadec-1-

ene layer on the surface of as-synthesized UCNPs.65 It is

noteworthy that in some cases, the use of PAA affects the

photoluminescence spectrum of UCNPs by shifting it to

longer wavelengths,51 and the PEI coating decreases the

long-wavelength photoluminescence intensity.33

The optimal method for the surface modification of

UCNPs is encapsulation of hydrophobic UCNPs into an

additional hydrophilic shell using organic polymers or

organosilicon compounds.

The simplest procedure for encapsulation of UCNPs

into a polymer shell is layer-by-layer modification with

polyelectrolytes. The procedure is based on van der

Waals interaction of charged polymers with the particles

and with one another. Wang et al.66 developed a scheme

of coating of UCNPs with positively charged poly(allyl-

amine hydrochloride) (PAH) and negatively charged

poly(styrene sulfonate) (PSS). The polyelectrolytes are

alternately deposited under optimized conditions. The

coating thickness can be varied by changing the number

of deposited layers. For example, upon coating of

UCNPs of diameter 50 nm with one layer of PAH and

its negatively charged derivative with succinic anhydride,

the UCNP diameter became 59 nm; after deposition of

two layers, the diameter became 80 nm and with three

layers, it was 140 nm.67 Coating with four PAH/PSS

polyelectrolyte layers increased the UCNP diameter

from 100 to 120 nm, and after coating with eight layers,

it was 140 nm.32 However, the intensity of UCNP photo-

luminescence noticeably decreased with increasing the

number of layers. The authors attributed this trend to

the effect of inorganic groups.32 In addition, the subse-

quent modification and application directly in a biolog-

ical medium are often associated with severe variations of

the pH, which may induce the loss of the polyelectrolyte

layer and aggregation.

A SiO2 shell endows UCNPs with a fairly high

stability over a broad pH range;68 however, this shell

substantially increases the particle size. The SiO2 shell is

deposited 69 by the StoÈ ber process comprising hydrolysis

and polycondensation of tetraethoxysilane in the presence

of amines after attachment of tetraethoxysilane alkyl

groups to the hydrophobic chains of oleic acid on the

UCNP surface.70 In some cases, modification is carried

out in a water ± oil emulsion.71 The silanol groups ensure

the hydrophilicity and the possibility of bioconjugation.

If necessary, the UCNP-SiO2 obtained in this way can be

functionalized by surface amino groups on treatment

with (3-aminopropyl)trimethoxysilane 55, 69, 72 or (3-ami-

nopropyl)triethoxysilane.20

Guller et al.73 used even larger structures with UCNP

inclusions Ð so-called polystyrene microspheres. They

were obtained by styrene polymerization in the presence

E.A.Grebenik, A.B.Kostyuk, S.M.Deyev Russ. Chem. Rev., 2016, 85 (12) 1277 ± 1296 1281



of poly(N-vinylpyrrolidone). Encapsulation of UCNPs

into polyacrolein microspheres via partial displacement

of oleic acid molecules from the UCNP surface by

tetramethylammonium hydroxide, which initiates poly-

merization of hydrophilic acrolein molecules, has also

been proposed.74 The stability of the ready particles in a

colloid system was maximized by using the radical ini-

tiator K2S2O8 , which cross-linked the surface acrolein

residues at the C=C double bonds. However, despite

low cytotoxicity found in human HaCaT keratinocytes,

the large size of the microspheres (260 nm) obtained by

this method restricts the scope of applicability of the

particles in the biomedical practice.74

Amphiphilic polymers containing both hydrophobic

and hydrophilic chains serve as an alternative to a SiO2

coating. Owing to the hydrophobic interaction, the

amphiphilic polymer covers the UCNP surface, while

hydrophilic chains provide the stability of the resulting

structures in aqueous solutions for a period of up to 1

month.75 The cross-links between polymer molecules

account for the integrity of the whole shell. When

the amphiphilic poly(maleic anhydride-alt-1-octadecene)

(PMAO) copolymer is used, the alkyl chains are inserted

between the oleic acid molecules on the UCNP surface,

whereas the anhydride adds water to form charged

carboxyl groups, which maintain the colloid stability in

the aqueous medium and can serve for the subsequent

bioconjugation.

One more group of methods for the surface modifica-

tion of UCNPs is based on reactions with oleic acid at

the C=C double bonds. Peroxide epoxidation of oleic

acid molecules on the UCNP surface cleaves the double

bond to enable the attachment of hydrophilic polymers,

as was demonstrated for polyethylene glycol (PEG)

monomethyl ether 76 and polyhedral oligomeric silses-

quioxane.77 As a result, particles acquired colloid stabil-

ity in an aqueous medium and almost complete

biocompatibility in high doses, while their size increased

insignificantly. The simultaneous double bond cleavage in

oleic acid and formation of carboxyl groups are accom-

plished by using a combination of potassium permanga-

nate with sodium metaperiodate (Lemieux ± von Rudloff

reagent). Sodium metaperiodate acts as the key oxidant,

while potassium permanganate serves as the catalyst. This

procedure gives UCNPs coated with azelaic acid with

retention of the morphology, size and photoluminescence

properties.78

The presence of salts in the biological and buffer

systems results in shielding of the surface charge of

nanoparticles; this suppresses the electrostatic repulsion

and causes pronounced aggregation. Therefore, for living

objects, coatings of inert PEG molecules,65 which prevent

particles from approaching one another and suppress the

formation of aggregates,26 are used most often. PEG-

based polymers have low toxicity and are not immuno-

genic 50 and they increase the circulation time in the

blood stream, which is very important for the systemic

application of the agents.79, 80 However, this approach is

rather expensive and requires thorough optimization of

the conditions of synthesis and quality control of the

target product.

In recent years, increased attention has been drawn to

approaches to UCNP modification that imply the use of

natural materials (DNA, proteins, chitosan), which are

distinguished by high biocompatibility, biodegradability

and availability. For example, DNA can displace oleic

acid from the UCNP surface as a result of chelation of

lanthanide ions by phosphate groups. Free phosphate

groups impart a high negative charge to the UCNPs,

thus promoting high colloid stability in an aqueous

medium.81 Other examples are provided by the amphi-

philic chitosan derivatives, which are attached to an oleic

acid layer on the UCNP surface,37, 82 and microspheres

formed by the molecules of denatured glutaraldehyde-

cross-linked human serum albumin.83

V. Detection of upconversion nanoparticle
photoluminescence in living objects

Owing to the unique photophysical properties, which

provide UCNPs with a number of advantages over the

traditionally used fluorescent proteins and organic dyes,

these nanoparticles are an excellent tool for highly

sensitive visualization of biological targets. The key

advantages include almost autofluorescence-free detection

in living objects 37 due to prolonged photoluminescence

with a shift to shorter wavelengths, in particular, in the

visible and near-IR ranges; narrow photoluminescence

peaks (25 ± 50 nm wide) separated from the absorption

region by at least 200 nm;19 excitation by wavelengths

(*980 nm) that fall in the biotissue transparency win-

dow;75 stability against photobleaching 37, 84 and chemical

degradation;85 and the absence of phototoxic effect

towards living objects.3, 86, 87 The possibility of synthesis

of UCNPs of exceptionally small size (<5 nm) 64 in

combination with the absence of blinking effect inherent

in quantum dots and nanodiamonds and with the pres-

ence of a multitude of photoluminescence centres (up to

several thousand) 2 provide the possibility of tracing even

single target molecules using these nanocrystals.

V.1. Upconversion in the biotissue transparency window
The programmability of spectral characteristics of

UCNPs makes it possible to prepare UCNPs with photo-

luminescence in the biotissue transparency window (with

a maximum at about 800 nm for NaYF4 : Yb,Tm) in

which light transmission through a biotissue is accompa-

nied by minimal absorption and scattering losses. This is

caused by the fact that radiation absorption by a bio-

tissue is mainly associated with the presence of haemo-

globin, oxy-haemoglobin (in the visible and UV ranges)

and water (in the IR range), and scattering is minimal in

the 700 ± 1300 nm range.35 Figure 5 shows the optical

absorption spectra of water, haemoglobin and oxy-hae-

moglobin and the effective attenuation of the transmitted

light in the human skin calculated with allowance for the

optical absorption by predominant chromophores and the

scattering effect.

As can be seen in Fig. 5, the UCNP excitation region

(*980 nm) is matched by high water absorption level,

which may lead to undesirable tissue heating. Therefore,

in some cases, either excitation at shorter wavelengths is

used 38 or UCNPs are doped with Nd3+ ions,

which function as sensitizers (for example, in

NaYF4 : Yb,Nd,Er@NaYF4 : Nd), enabling efficient exci-

tation of UCNPs at 730, 808 and 865 nm.31
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V.2. Elimination of the background noise
The excitation of UCNPs in the near-IR range induces

only a negligible fluorescence response of the biotissue

(autofluorescence),4 which considerably increases the con-

trast of imaging of UCNPs against the background of

cellular or tissue structures.23, 34, 35, 47 The background

noise from the exciting radiation is efficiently suppressed

by using filters, owing to the large gap between the

optical absorption and emission ranges (up to 330 nm

for NaYF4 : Yb,Er). As a result, UCNPs are markedly

superior to organic molecular fluorochromes in the signal

to noise ratio. For example, at a depth of 3 mm in a

living tissue, this ratio is 12 times higher for UCNPs than

for sodium fluorescein.88

A number of studies were aimed at achieving high-

contrast photoluminescence images of UCNPs in living

objects. Shan et al.72 reported the detection of signals

coming from a single UCNP in mouse mesothelioma

AB12 cells. Background-free detection of UCNP signals

in vitro was also demonstrated for histological sections of

organs of mice intravenously injected with UCNPs 89 and

within human skin samples.35 Figure 6 shows the signal

from a single UCNP in a lysed blood drop detected by

Nadort et al.47 by using epiluminescence microscopy.

Apart from the single nanoparticle, the image shows

two UCNP clusters.

Detection of single particles is often difficult because

of the presence of large UCNP clusters in the sample;

they enhance the background noise by scattering the

photoluminescence. The use of laser scanning confocal

microscopy reduces the background noise and, hence,

provides images of a single UCNP in a living cell in the

presence of large clusters (Fig. 7).3 However, this method

is time-consuming.

The final suppression of the background noise and

biotissue autofluorescence can be achieved without using

time-consuming optical methods and expensive interfer-

ence filters by implementing the time-gated detection

scheme.90 According to this scheme, the photolumines-

cence signal of UCNPs that have much longer excited

state lifetimes (*1 ms) 20 than typical endogenous fluo-

rochromes (*3 ns) is detected after a specified period of

time (*10 ms) upon a short-term excitation with a laser

pulse.2 This approach provides a considerable increase in

the image contrast at the level of a single nanoparticle in

a biological environment. Figure 8 shows the image of

UCNP bioconjugates linked to sodium channels in frog

cardiac myocytes; the image was obtained by measuring
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Figure 5. Optical absorption spectra of water (1), haemoglobin
(2), oxy-haemoglobin (3) and effective light extinction spectrum in
human skin (4).35

The transparency window in the biotissue is between 700 and
1300 nm.
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Cluster 2
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Figure 6. Image of single and clusterized UCNP particles in a
drop of human lysed blood taken under epiluminescence micro-
scope upon excitation at *980 nm.47

a b c 13 kcps

0 kcps

10 mm 10 mm 10 mm

Figure 7. Image of UCNPs in a living cell of NIH 3T3 murine
fibroblast taken by scanning laser confocal microscopy.3

(a) In the transmitted light, (b) upon excitation with near-IR
radiation, (c) overlay. 1 kcps=1000 photon s71.

b

5 mm 5 mm

a

Figure 8. Photoluminescence images of UCNP bioconjugates
linked to sodium and potassium channels of frog cardiac myocytes
obtained before (a) and after (b) application of the time-gated
detection scheme.91
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the photoluminescence in the time interval from 10 to

80 ms after completion of the excitation. As a result,

autofluorescence of cardiac myocytes and exciting radia-

tion scattering were eliminated, and this increased the

sensitivity of the method to the level of a single particle

bound to a sodium channel.91

V.3. Stability against photobleaching
The use of fluorescence diffuse optical tomography to

visualize UCNP-contrasted biological targets, in particu-

lar, cancer tumours in vivo can give images at a depth of

up to 2 cm.38 Visualization of biological targets located

at larger depths in living objects is hampered due to

scattering of transmitted light by structures of the bio-

logical tissue and to limitation of the maximum allowable

level of the exciting radiation intensity. The radiant

exposure of living human skin at a wavelength of

*980 nm should not exceed 700 W cm72 during

1 ms.47, 92 However, since UCNPs have relatively low

Zuc values, the detection of their weak signals requires a

high-power laser. To maintain the maximum allowable

doses, the laser beam is focused on the UCNP location

site and the specified area is scanned similarly to how it

is done in laser scanning confocal microscopy; alterna-

tively, excitation radiation is supplied as nanosecond

pulses. Furthermore, the use of high-power lasers, which

are detrimental for organic fluorochromes, does not have

a significant influence on the photoluminescence proper-

ties of UCNPs owing to low energy of photons in the

UCNP matrix.20 Figure 9 shows a comparative illustra-

tion for the photostability of UCNPs and organic fluo-

rochromes Ð 3,3,30,30-tetramethyl-1,10-bis(octadecyl)-
indocarbocyanine perchlorate (DiI) and 40,6-diamidino-

2-phenylindole dichydrochloride (DAPI). The cells con-

trasted by UCNPs, DiI (cytoplasm) and DAPI (nucleus)

were exposed to high-intensity (*4.66106 W cm72) laser

radiation at 405, 543 and 980 nm wavelengths for a long

period of time (400 s). As a result, the fluorescence

intensity decreased by 97.5% for DiI, by 99% for DAPI

and by only 4% for UCNPs.

After continuous excitation of UCNPs with a 0.5 W

laser at 980 nm for 7 h, the photoluminescence intensity

was 95.6% of the initial value.93

V.4. Upconversion nanoparticles with magnetic properties
The presence of seven unpaired electrons in the 4f

orbitals of Gd3+ ions accounts for paramagnetic behav-

iour of the Gd2O3 ,32 NaGdF4 (Ref. 49 and 98) and

KGdF4 (Ref. 33) matrices; therefore, UCNPs can be

used as contrast agents in the NMR-based techniques.

One more example of UCNPs with magnetic properties is

Mn2+-doped NaYF4 : Yb,Er,Mn UCNPs.67 The contrast-

enhanced NMR diagnosis substantially increases the

maximum depth of detection of lesions and provides

information about the three-dimensional structure of

objects.

VI. Upconversion nanoparticles as optical contrast
agents for biomedical applications

Highly sensitive detection of UCNPs in a noise-free

mode has previously been achieved both for cell cultures

in vitro 3, 44, 94, 95 and for model animals in vivo.38, 95, 96

VI.1. Detection of photoluminescence of upconversion
nanoparticles in vivo
An early study devoted to autofluorescence-free detection

of UCNP signals in an animal body was based on the use

of a glass capillary filled with a colloid solution of

aminated Y2O3 : Yb,Er UCNPs placed in the mouse

oesophagus.23 In another study, a suspension of UCNP-

PEI (100 ml; 4.4 mg ml71) was intramuscularly injected in

Wistar rats to a depth of 10 mm with subsequent non-

invasive signal detection.84 Some papers report imaging

of UCNPs in their accumulation sites in a mouse body

after intravenous injection. For example, signals of

UCNPs encapsulated into polyacrolein microspheres

were detected in the mouse liver, lungs and spleen 1 h

after intravenous injection.74 The radiation was detected

using an electron multiplying charge coupled device

(EMCCD camera).

Analysis of the literature devoted to the use of

UCNP-based contrast agents in biomedical investigations

shows that the interest in UCNPs is mainly focused on

visualization of malignant lesions. The principle of visu-

alization relies on the ability of nanoparticles to be

accumulated in the tumour tissue owing to the specific

structure and functional state of its blood vascula-

ture.97, 98 The second factor that affects the accumulation

of nanoparticles in the tumour tissue is formation of new

blood vessels Ð neoangiogenesis, which is inherent in

solid tumours of >1 mm3 size and associated with

malignancy.52, 99

The first imaging of model tumours (xenografts) using

UCNPs was reported by Nyk et al.95 The mouse xeno-

graft models of the human pancreatic cancer were visual-

ized upon intravenous injection of UCNPs modified with

3-mercaptopropionic acid. The same principle was used

0 s 10 s 20 s 100 s 400 s

Figure 9. Photoluminescence images of a cell contrasted with UCNPs and organic fluorochromes, DiI (cytoplasm) and DAPI (nucleus),
before irradiation and after 10, 20, 100 and 400 s of exposure to high-intensity laser radiation (*4.66106 W cm72) at 405, 543 and 980 nm
wavelengths.4
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in another study 52 to visualize the angiogenesis of mouse

xenograft models of human nasopharyngeal epidermoid

carcinoma KB.

The ability of UCNPs to be retained in living cells for

long periods makes them a perfect tool for visualization

of stem cell transplantation and tumour formation. It

was found that after UCNP-PEI internalization, the

mesenchymal stem cells continue to differentiate into

osteoblasts and adipocytes, while retaining the UCNPs

for at least 14 days.5 The monitoring of UCNP-SiO2-

contrasted single mouse skeletal myoblasts in the blood

stream was demonstrated in experimental damaged

muscle regeneration in a mouse hind limb.100 The tumour

formation imaging was studied for mouse subcutaneous

xenografts grown from human nasopharyngeal epider-

moid carcinoma KB cells with inclusion of three different

UCNP compositions based on NaYF4 : Yb,Er/Tm coated

with an amphiphilic polymer.40 Figure 10 shows simulta-

neous visualization of three xenografts with different

optical properties.

VI.2. Hybrid assemblies of upconversion nanoparticles for
targeted delivery
The use of hybrid assemblies of UCNPs loaded with

targeted delivery agents is of high applied value for the

development of immunoassay methods, DNA diagnostics

and diagnostics of cancer.2 These assemblies are able to

recognize and identify biological targets, including single

DNA and protein molecules (e.g., membrane receptors),

and structures embedded deep in biological tis-

sue.38, 79, 91, 101 The targeted delivery agents can be

attached by direct physisorption methods 19 or covalent

binding,102 ± 104 often with participation of cross-linking

agents. Apart from the target recognition function, bio-

conjugation endows UCNPs with an additional stability

in buffer solutions.

Among targeted delivery agents, antibody (immuno-

globulin) molecules in various forms are used most

often.102 ± 106 Several papers are devoted to UCNP target-

ing towards a tumour marker Ð HER2/neu receptor,

which attracts attention because of the discovered rela-

tionship between the expression level of this receptor in

the tumour and the clinical picture. Most of the relevant

studies were performed using the human breast adeno-

carcinoma SK-BR-3 cells, which overexpress HER2/neu,

and full-size anti-HER2/neu antibody attached to

UCNPs via covalent bond.102 ± 104 Grebenik et al. 75

designed single-chain scFv antibody fragments (mini-anti-

body) for targeting UCNPs to HER2/neu.

Zhan et al.38 used an anti-carcinoembryonic antigen

antibody sorbed on the UCNP surface to visualize the

human cervical carcinoma HeLa cells.

A number of publications present data on successful

bioconjugation of UCNPs with folic acid (FA) to visual-

ize the tumour cells that overexpress the FA receptor,

including the in vitro cultured human lung cancer H460

cells,107 human nasopharyngeal epidermoid carcinoma

KB cells,96, 108 ± 110 human colon adenocarcinoma HT29

cells, human ovarian carcinoma OVCAR3 cells,84 human

cervical carcinoma HeLa cells,37, 55, 111 human hepatoma

Bel-7402 cells and mouse sarcoma S180 cells,82 as well as

human cervical carcinoma HeLa xenografts,112 mouse

hepatocellular carcinoma Hepa1-6 allografts 111 and so

on. Figure 11 shows the confocal images of the HeLa

cells after treatment with UCNP(NaYF4 : Yb,Tm,Er)-FA

bioconjugates upon excitation with a laser at 980 nm and

the corresponding images in the transmitted light.37

The targeted delivery of UCNP ± FA in vivo is

accomplished by intravenous injection of a colloid solu-
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Figure 10. Visualization of formation of mouse xenograft models
of human nasopharyngeal epidermoid carcinoma KB after implan-
tation of cells with inclusion of three different UCNPs based on
NaYF4 : Yb,Er/Tm.40

Brightfield images of cell suspensions (a), the mouse immediately
after implantation (c) and the mouse a week after implantation (e);
corresponding photoluminescence images (b, d, f ).
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Figure 11. Photoluminescence images of human cervical carcinoma
HeLa cells treated with UCNP-FA bioconjugates (a) and UCNPs
(b) in 75 mg ml71 concentration upon excitation with a laser at
980 nm and cell images in the transmitted light (c and d ).37
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tion of bioconjugates. After this, the signal from UCNPs

located in the tumour area is detected. The introduction

of free FA molecules in a concentration of 10 mg kg71

together with the bioconjugates reduces the UCNP accu-

mulation in the tumour by an order of magnitude.112 The

accumulation level of UCNP ±FA bioconjugates in the

tumour was increased by physisorption on the UCNP

surface of the microtubulin inhibitor CA4P, which enhan-

ces the penetration into the tumour tissue.88

The cyclic tripeptide RGD (arginine-glycine-aspara-

gine) is used as the targeted delivery agent for selective

binding of UCNPs to the tumour cells that overexpress

avb3 integrin receptor, which is a tumour marker playing

a key role in the angiogenesis 112 and metastasis. The

efficiency of UCNP ±RGD bioconjugate targeting on the

avb3 integrin receptor was demonstrated in experiments in

vitro with human glioblastoma U87-LUC (Ref. 83) and

U87MG cells.65, 113, 114 Targeting of NaYF4 : Yb,Er,Tm-

RGD to cancer cells in vivo was achieved by Xiong

et al.79 in nude mice experiments. The accumulation of

particles in the human glioblastoma U87MG xenograft

with high content of the avb3 integrin receptor was *24

times as high as that in the human breast cancer MCF-7

xenograft devoid of the avb3 integrin receptor. Figure 12

shows the ratio of the UCNP accumulation levels in the

two tumours and in organs of test animals, determined

by measuring the Y3+ concentrations 24 h after the

intravenous injection of UCNP ±RGD.

Recently, the NaYF4 : Yb,Er,Ce UCNPs conjugated

with recombinant chlorotoxin Ð a frequently occurring

peptide neurotoxin synthesized in many types of cancer

cells Ð were used to visualize the mouse xenograft

models of rat glioma C6. The results demonstrated

selective capture of bioconjugates by tumour cells.115

The bioconjugation of NaScF4 : Er,Yb with the amino-

terminal fragment of urokinase plasminogen activator

allowed targeting UCNPs to the human lung cancer

H1299 cells, overexpressing the tumour marker Ð uroki-

nase plasminogen activator receptor.25

Beaurepaire et al.91 reported visualization of the

sodium channels in frog cardiac myocytes involving

the UCNP hybrid assemblies. The guanidine groups

able to block voltage-gated sodium channels were used

for targeted delivery (see Fig. 8). The selectivity of

interaction with the target was confirmed by compet-

itive inhibition of sodium channel binding in the

presence of saxitoxin in a concentration of

15 nmol litre71.

VI.3. The use of upconversion nanoparticle-based hybrid
assemblies in analytical techniques
Unlike natural supramolecular structures and many

organic contrast agents, hybrid assemblies based on

inorganic nanoparticles have a high physical strength

and stability against corrosive environments; therefore,

they can be quantitatively determined in tissues.

An UCNP-based method has been developed for

quantitative determination of extremely low concentra-

tions (51 fmol litre71) of the early marker for breast

cancer, miR-21 micro-RNA, in blood serum. The prin-

ciple of the method is that the DNA hairpin containing

a miR-21-complementary sequence, immobilized on a

plate, is opened in the presence of miR-21. Hairpin

opening results in the release of DNA sites to which

the chain addition of UCNP-bound DNA sequences

then takes place. The intensity of the UCNP signal

from the sample is used to calculate the miR-21 con-

centration.41

Bioconjugates of UCNPs have also found use in the

design of new-generation sensors for quantification of

antibiotics with a sensitivity 50 times exceeding that of

the traditional enzyme immunoassay. Hu et al.116

developed a two-component system for determination

of the concentration of norfloxacin, a broad spectrum

antibiotic. The system consisted of the NaYF4 : Yb,Er

UCNPs conjugated with a monoclonal anti-norfloxacin

antibody and polystyrene particles coated with the

norfloxacin ± ovalbumin conjugates. The UCNP ± anti-

norfloxacin bioconjugates interact with norfloxacin

both in the test sample and on the surface of polystyr-

ene particles to give complexes; after that, complexes

with polystyrene particles are precipitated and resus-

pended, and their concentration in the solution is

determined from the UCNP photoluminescence inten-

sity. An increase in the concentration of norfloxacin in

the sample leads to inhibition of the binding to poly-

styrene particles and, hence, the photoluminescence

intensity of the precipitate decreases. This approach

accelerates and simplifies the assay and reduces its

cost.116

A highly sensitive temperature nanosensor was

designed using UCNP-SiO2 and the hydrophobic fluo-

rescent Eu(TTA)3(TPPO)2 complex (TTA is thenoyltri-

fluoroacetone, TPPO is triphenylphosphine oxide). The

complex Eu(TTA)3(TPPO)2 was incorporated in the

boundary layer between the UCNP and the SiO2 shell

during the surface modification. The intensity of pho-

toluminescence of the nanosensor combining comple-

mentary lanthanide ions with anti-Stokes (Er3+) and

Stokes (Eu3+) emission varied upon minor variations

of the environment temperature.70
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Figure 12. Concentration of Y3+ ions in mouse xenograft models
of human glioblastoma U87MG and breast cancer MCF-7 and in
mouse organs 24 h after intravenous injection of UCNP-RGD.79

(1) U87MG xenograft, (2) MCF-7 xenograft, (3) spleen, (4) heart,
(5) lungs, (6) liver, (7) kidneys.
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VII. Self-assembled UCNP hybrids based on
molecular adaptors

The use of molecular adaptors Ð mutually complemen-

tary biomolecules Ð as linkers for UCNP bioconjugation

provides structures with diversified combinations of com-

ponents. The versatile strategy of self-assembly of UCNP

bioconjugates consists in the following: one adaptor

molecule is attached to the surface of UCNP, while the

other one is linked to the functional agent (e.g., the

targeted delivery agent) or another nanoparticle. The

final assembly may be performed either in advance or at

the instant of interaction with the biological target by

successive treatment of the test sample first with the

recognition (targeted delivery) agent and then with the

contrast (UCNP) modules.

Examples of molecular adaptors are the pairs

antigen ± antibody [dissociation constant (Kd) of the com-

plex is *1077 ± 10711 mol litre71],117, 118 (strept)avidin ±

biotin (Kd* 10715 mol litre71),118 barnase ± barstar

(Kd* 10714 mol litre71) 119 and complementary DNA

sequences.

VII.1. Complementary DNA sequences
The self-assembly of UCNP structures based on DNA

strand complementarity has found use in the development

of new methods of DNA diagnostics. Ma et al. 69

described the DNA diagnostics of salmonellosis based

on the UCNP photoluminescence quenching via the

resonance energy transfer to gold nanoparticles. Gold

nanoparticles and UCNP-SiO2 were loaded with single-

stranded DNA molecules complementary to DNA sites of

Salmonella typhimurium, which causes salmonellosis. On

binding to the DNA target, nanoparticles approach each

other, which results in UCNP photoluminescence quench-

ing; this allows quantitative determination of the target

DNA.69 Wang and Li 120 used magnetic nanoparticles

instead of gold nanoparticles. This method is based on

quantitative determination of the target DNA from the

level of photoluminescence of the self-assembled struc-

tures containing UCNPs and magnetic particles, which

are withdrawn from the solution under the action of

magnetic field.120

VII.2. Antigen ± antibody
An antigen ± antibody system of molecular adaptors was

used for visualization of the Ki-67 cell proliferation

biomarker in human cervical carcinoma HeLa cells. For

this purpose, ZrO2 : Yb,Er UCNPs were coated with the

biotinylated mouse anti-rabbit antibody and then with

rabbit anti-Ki-67 antibody.24

VII.3. (Strept)avidin ± biotin
The (strept)avidin ± biotin is the most demanded and

traditionally widely used system. Avidin, a glycoprotein

from egg white, and its functional analogue, streptavidin,

produced by the bacteria Streptomyces avidinii, possess

exceptionally high affinity for biotin (vitamin H). A

distinctive feature of the formed complexes is the stability

against harsh environment, including temperature [the

melting point of the (strept)avidin ± biotin complex is

112 8C] and pH variations, as well as the action of

enzymes and denaturing agents.121

The self-assembly was modelled using biotinylated

UCNPs and avidin conjugated with the fluorescein iso-

thiocyanate (FITC) fluorochrome. After the self-assembly

of bioconjugates in the solution, a FITC signal was

measured, which was 25 times as intense as the signal

obtained after physisorption of avidin ± FITC conjugates

on non-biotinylated UCNPs.20 The limit of detection of

avidin sorbed in the plate wells using photoluminescence

contrasting with biotinylated UCNPs was 1.8 mmol,

which is sufficient for implementation of this system as

an analytical biochemistry technique.25 The avidin detec-

tion in a solution can be based on the UCNP photo-

luminescence quenching via resonance energy transfer. It

was shown that even traces of avidin present in a colloid

solution of biotinylated UCNPs and biotinylated gold

nanoparticles decrease the level of UCNP photolumines-

cence in proportion to the amount of avidin.66

A two-stage procedure for highly sensitive determina-

tion of the level of protein kinase expression in vitro was

developed on the basis of UCNPs and the avidin ± biotin

pair. This level often serves as an important criterion for

planning the therapy of cancer and Alzheimer's disease.

The procedure is based on the use of a biotinylated

peptide substrate, which is phosphorylated in the pres-

ence of protein kinases and ATP. Then the phosphory-

lated peptide is collected from the solution by Zr4+-

functionalized magnetic beads via Zr4+ binding to the

phosphate group and treated with UCNP ± avidin bio-

conjugates for quantitative determination.62 In another

study, UCNP ± streptavidin bioconjugates were proposed

for evaluation of the activity of the endonuclease benzo-

nase, which cleaves oligonucleotides into smaller frag-

ments. For this purpose, the nucleotide substrate con-

jugated with the Alexa Fluor 680 fluorochrome and

biotin on one end and fluorescence quencher on the

other end was treated with the enzyme. The released

biotinylated fragments were bound to UCNP ± streptavi-

din bioconjugates and quantified on the basis of fluo-

rescence of Alexa Fluor 680, which received excitation

energy from UCNPs on exposure to near-IR radiation

(see description of the FoÈ rster resonance energy transfer

below, in Section IX).122

The UCNP ± streptavidin bioconjugates were also

linked to biotinylated antibodies,54 including the anti-

body against the prostate specific antigen located on cell

surfaces 81 or histological sections of human prostate

tissue;19 to a biotinylated aptamer with affinity for

nucleolin or prion on the human hepatoma cell surface;64

and to DNA molecules.69

However, despite the benefits of the (strept)avidin ±

biotin system as a molecular adaptor, the preparation of

target assemblies involving this system is still a labour-

consuming task. Furthermore, noticeable quantities of

biotin are present in the blood and tissues of mammals

and can competitively bind to (strept)avidin incorporated

in the self-assembled units upon systemic administration

into the body, and the tetrameric structure of (strept)-

avidin increases the probability of aggregation of bioti-

nylated UCNPs.

VII.4. Barnase ± barstar
The bacterial ribonuclease barnase (Bn) and its natural

inhibitor barstar (Bs) form a strong complex with a very

low dissociation constant [only an order magnitude
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higher than that of the (strept)avidin ± biotin con-

stant].123 The Bn ± Bs system is distinguished among

other functional analogues by a number of advantages.

They include easy production in biotechnological expres-

sion systems (including bacterial ones), low level of

immunogenicity due to relatively small size, and high

stability to elevated temperature (up to 50 8C), to the

action of denaturing agents 124 and to pH variation (in

the range from 2 to 12).125 These proteins are monomers

with their ends free for fusion and bioconjugation.126 ± 130

For example, the fusion protein of Bn and the scFv

fragment of the 4D5 anti-HER2/neu antibody was

attached to the UCNP ±Bs bioconjugate for visualization

of the human breast adenocarcinoma SK-BR-3 cells.75

Barstar was attached to the surface carboxyl groups of

UCNP ± PMAO using 3-(3-dimethylaminopropyl)-1-ethyl-

carbodiimide hydrochloride and N-hydroxysulfosuccini-

mide as cross-linking agents. High binding selectivity to

tumour cells was demonstrated for this two-component

assembly by two-stage delivery. First, the cells were

treated with the 4D5scFv ± Bn module for recognition,

ad then the UCNP ±Bs contrast module was added; the

latter was attached to the 4D5scFv ± Bn module already

immobilized on the HER2/neu tumour marker and thus

provided visualization.

Thus, using molecular adaptors, it is possible to

obtain a variety of hybrid assemblies based on UCNPs

by mere mixing of the required modules loaded with

adaptor molecules and to perform preliminary targeting

on a particular site or quantitative determination of the

DNA content and enzyme activity.

VIII. Biocompatibility of upconversion
nanoparticles

VIII.1. Cytotoxicity
The upconversion nanoparticles are attracting increasing

attention in various fields of biomedicine as promising

photoluminescent materials. However, to introduce meth-

ods based on the use of UCNPs into research and clinical

practice, it is necessary to study the effects caused by

accumulation of the particles in cells and tissues, their

cytotoxicity and patterns of biodistribution in a living

body and excretion from the body. As opposed to well-

known quantum dots, UCNPs do not contain elements of

toxicity classes I or II such as cadmium or selenium.5 The

photoluminescence of UCNPs is caused by lanthanide

ions, the median lethal dose of which is, most often, an

order of magnitude higher.131

According to the publications devoted to the biocom-

patibility of UCNPs, various types of UCNPs show

rather high biocompatibility levels irrespective of the

surface modification.2 However, since the NaYF4 : Yb,Er

UCNPs are used most widely, the cytotoxicity of partic-

ularly this material arouses enhanced interest. Three

types of cytotoxicity mechanisms were proposed for

UCNPs with the NaYF4 matrix, in particular, oxidative

stress, release of Y3+ ions, which influence cell functions,

and release of surface modification agents in the acid

medium of lysosomes.132 In addition, potential UCNP

cytotoxicity may be caused by the presence of oleic acid

molecules on the nanoparticle surface. It was shown that

after partial removal of oleic acid on treatment with

tetramethylammonium hydroxide, UCNPs possess mod-

erate cytotoxicity towards keratinocytes, the viability of

which decreases to 76%� 3% after incubation for 24 h.73

The degree of toxic action of UCNPs with different

types of surface modification in various concentrations

and for various exposure times has now been studied.

Most of the studies dealing with evaluation of cytotox-

icity of UCNPs, first of all, UCNP-SiO2 , were

performed on cell cultures in vitro. It was shown that

UCNP(NaYF4 : Yb,Er)-SiO2 in concentrations of

<1 mg ml71 have no significant effect on the viability

of human cervical carcinoma HeLa cells irrespective of

the incubation time.133 However, moderate cytotoxicity

(decrease in the cell viability by *30% in 48 h) was

found for UCNP-SiO2 in 100 mg ml71 concentration

towards rat skeletal myoblasts, rat bone marrow mesen-

chymal stem cells 68 and human breast cancer MCF-7

cells.93 The presence of functional groups on the UCNP

surface can substantially change the situation. For exam-

ple, modification of the SiO2 coating via carboxylation,

amination or PEGylation had different effects on the

UCNP-SiO2 biocompatibility. Aminated UCNP-SiO2

were most toxic, while carboxylated ones were least

toxic. This finding was attributed to the fact that the

cell membrane has a negative potential and attracts

positively charged particles; this induces their enhanced

endocytosis and, consequently, higher toxicity. In addi-

tion, in the cultural medium, particles are coated with a

layer of proteins with a density depending on the charge.

The least density and most bulk of the shell are observed

on the surface of non-charged UCNP-PEG particles,

which prevents them from penetration into the cells but

induces strong immune response from living cells.132 The

proliferative activity of human cervical carcinoma HeLa

cells decreased by 50% upon incubation with UCNP-

SiO2-NH2 in a concentration of *500 mg ml71 for

3 days.133

A similar dependence was observed upon surface

modification of UCNPs with organic polymers containing

amino and carboxyl groups. The viability of human

cervical carcinoma HeLa cells decreased to <60% in

24 h under the action of UCNP(KGdF4 : Yb,Er)-PEI in

a concentration of 5 mg ml71; meanwhile, upon exposure

to UCNPs modified with 6-aminocaproic acid in the

same concentration, >80% of the cells survived.33

As noted above, different types of cells react in

different ways to the action of UCNPs. This was consid-

ered by Guller et al.73 in relation to the effect of

NaYF4 : Yb,Er UCNPs with different types of surface

modification on the healthy cells of human skin, includ-

ing fibroblasts and HaCaT keratinocytes. The incubation

of fibroblasts for 24 h in the presence of UCNPs (in

concentrations of 62.5 and 125 mg ml71) coated with

PEI, dextran sulfate, poly(D,L-lactide), poly(lactide-co-

glycolide) (PLG), PMAO or encapsulated into polystyr-

ene microspheres, in particular, together with magnetic

Fe2O3 nanoparticles, did not have a statistically signifi-

cant influence on the cell viability. Meanwhile, the

viability of keratinocytes varied depending on the type

of the coating (Fig. 13). The highest cytotoxicity was

detected in the case of PEI (52%� 4%), PLG

(61%� 2%) and dextran sulfate (72%� 8%); this was

not correlated with the level of internalization into cells,

which varied from 1.8% to 46%. At medium levels of

internalization of UCNP-poly(D,L-lactide) (59%) and
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UCNP-PMAO (30%), their effect on the viability of the

cells was insignificant.73 The polystyrene microspheress

with UCNP and Fe2O3 inclusions did not have a marked

cytotoxic effect either; however, the large size of the

microspheres (>200 nm) prevented them from cellular

uptake. Enhancement of the cell growth with increasing

concentration of polystyrene microspheres was attributed

to the formation of scaffolds for attachment upon the

aggregation of microspheres.

The highest biocompatibility is imparted to UCNP by

natural materials. Encapsulation of oleylamine-coated

NaYF4 : Yb,Er UCNPs into an albumin shell reduced

the cytotoxicity 10-fold.83 Low cytotoxicity of UCNP

modified with a chitosan derivative, in a concentration

of 200 mg ml71 was demonstrated for incubation with

human cervical carcinoma HeLa cells: after 24 h, the cell

viability was *85%.37 Yuan et al. 53 achieved biocompat-

ibility by encapsulating UCNPs into a DNA shell via

electrostatic interaction of negatively charged DNA mol-

ecules with positively charged thiol groups introduced on

the UCNP-SiO2-Ag surface. Within 24 h, the viability of

B16F0 cells incubated with UCNP-DNA in a concentra-

tion of 400 mg ml71 decreased by 8%.53

The attachment of targeted delivery agents often

increases the biocompatibility of UCNPs. For example,

the survival percentage of the human breast cancer

MCF-7 cells and mouse embryonic fibroblasts 3T3 after

a 24-h incubation with UCNP ± immunoglobulin biocon-

jugates in a concentration of 100 mg ml71 was more than

90%.134 After 24-h exposure of human cervical carci-

noma HeLa cells with UCNP ± FA bioconjugates in a

concentration of 1000 mg ml71, the viability of cells was

*90%.55, 112

VIII.2. General toxicity
Some papers deal with the general toxicity of UCNPs at

the organism level, including the effects on the structure

and functional state of cells and tissues and biodistribu-

tion of surface-modified UCNPs in the normal and

pathological animal organs.

According to the published results, UCNPs have good

biocompatibility in vivo provided that surface modifica-

tion has been performed and hydrophilicity has been

ensured. The conclusions about good biocompatibility of

UCNPs are based on the results of numerous studies

involving intravenous injection of UCNPs into laboratory

animals (rats, mice and chicken and fish embryos). A

week after laboratory mice were intravenously injected

with UCNPs coated with polyhedral oligomeric silses-

quioxane, no pulmonary fibrosis, necroses, or inflamma-

tory or degenerative processes in myocardial cells and

hepatocytes were detected; the kidney glomerular struc-

ture was not disturbed; and no inflammatory reactions

were present.77 Monitoring of the animal body weight

carried out for 115 days after administration of

UCNP(NaYF4 : Yb,Tm)-PAA did not show any adverse

effects on the health of test mice.63 In a study of the

effect of UCNP(LaF3 : Yb,Er)-SiO2-NH2 on the Danio

rerio fish embryo development, an adverse effect on the

embryo was found only for high concentrations of these

particles. The introduction of 10 nl of UCNP-SiO2-NH2

in a concentration of >200 mg ml71 into deutoplasm

caused genetic damages, probably, due to binding of

lanthanide ions to DNA molecules.27

VIII.3. Biodistribution
The biodistribution of UCNPs with different types of

surface modification in the body was studied in several

works considering intravenous injection of UCNPs in test

animals. The UCNPs coated with azelaic acid were

shown to freely circulate in the blood stream of mice

without aggregation.89 Furthermore, in the case of injec-

tion of differently charged particles, UCNP-SiO2-NH2 ,

UCNP-SiO2-CO2H and UCNP-SiO2-PEG, in chicken

embryos, the UCNP circulation time does not depend

on the nature of the modifying agent, being 20 ± 25 min

in all cases.135 However, the UCNP excretion rate

depends on the particle size: UCNP-PAA of *10 nm

size were rapidly excreted from the mouse body, whereas

larger particles were mainly accumulated in the liver and

spleen and were excreted very slowly.63

According to different data, the UCNPs injected in

the mouse tail vein are mainly accumulated in the liver
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Figure 13. Effect of surface modification of UCNPs on the viability
characteristics of human epithelial HaCaT keratinocytes (I, mean
cell viability after incubation with UCNPs in a concentration of
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and spleen, as was shown for UCNPs coated with azelaic

acid,89 and in lungs (for UCNP coated with polyhedral

oligomeric silsesquioxane),77 intestines and kidneys [for

UCNP-chitosan-FA (chitosan-FA is chitosan modified

with folic acid residues)].82 The main bulk of UCNP-

SiO2 intravenously injected in Wistar rats were concen-

trated in the lungs and heart.68 Chatterjee et al. 84 studied

the distribution of UCNP-PEI in rat organs using induc-

tively coupled plasma mass spectrometry by determining

the content of Y3+ ions at specified time intervals after

injection into the blood stream. The peak concentration

of UCNPs was observed immediately after the injection

in lungs and after 24 h in spleen. On the 7th day, only

trace amounts of UCNPs were found in the organs of test

animals.68, 84, 85

IX. Therapeutic applications of upconversion
nanoparticles

Several recent publications are devoted to therapeutic

applications of UCNPs. They mainly focus on the devel-

opment of methods for photodynamic therapy.136 Some

publications describe the use of UCNPs for delivery and

controlled release of drugs 109 and genetic material.137

IX.1. Targeted drug delivery
The delivery of therapeutic agents to target lesions was

demonstrated for the chemotherapetic agent doxorubicin.

Its cytotoxic effect is caused by a number of factors,

including intercalation between the G_C base pairs in

DNA, which disrupts replication and transcription and

the binding of DNA-synthesis enzymes and other bio-

logically significant molecules. However, the use of free

doxorubicin gives rise to numerous adverse effects during

the therapy such as hematopoiesis disorder. The use of

UCNP platform for the transfer of doxorubicin sorbed

on the surface allows selective release of the agent in

cancer cells owing to low pH (46.15) inherent in these

cells, as was shown for the human breast cancer

MCF-7 32 and human nasopharyngeal epidermoid carci-

noma KB 109 cell lines. The doxorubicin desorption over

a period of 24 h increases from 12% at pH 7.4 to 30% at

pH 6.31

It was found in mouse experiments that immobiliza-

tion of doxorubicin molecules on the UCNP surface

increases the retention time in the blood stream com-

pared with the molecular form of the agent and causes a

1.7-fold increase in the therapeutic effect towards the

mouse hepatoma H22 allografts.31

IX.2. Photosensitizing assemblies based on upconversion
nanoparticles
Photodynamic therapy is a method for treatment of

cancer and infectious diseases based on the use of light-

sensitive compounds called photosensitizers. Photosensi-

tizers are delivered to the lesions and irradiated at a

wavelength that falls in their optical absorption region in

the presence of oxygen; this induces a photochemical

reaction, which affords singlet oxygen and highly reactive

radicals. Singlet oxygen and radicals induce necrosis and

apoptosis of adjacent tissues.

Most of known photosensitizers are porphyrin and

phthalocyanine derivatives with intense light absorption

in the UV and visible spectral regions. However, excita-

tion of a photosensitizer in the visible region may bring

about photodestruction of healthy tissues and the fluo-

rescence response of tumour cells, which affects the

efficiency of formation of singlet oxygen.49 Some photo-

sensitizers are hydrophobic and toxic in the free state.136

For solving these issues, Zhang et al.138 proposed using

the FoÈ rster energy transfer Ð non-radiative energy trans-

fer between the donor and the acceptor, resulting in

quenching of photoluminescence of the donor (in this

case, UCNPs) and in longer-wavelength fluorescence of

the acceptor (photosensitizer). The use of UCNPs as

donors has a number of benefits. First, the large spectral

gap between the absorption range of UCNPs and most

photosensitizers rules out direct excitation of the latter.

Second, the narrow UCNP emission spectra minimize

their overlap with the photosensitizer emission range;

this enables reliable control over the energy transfer

from the donor to the acceptor. Third, the use of

UCNPs with a hydrophilic shell obviates the need for

chemical modification of the photosensitizer.2 Fourth, the

near-IR excitation increases the depth of penetration into

the living tissue with insignificant autofluorescence.82

The methods used to attach photosensitizers to

UCNPs include simple sorption, incorporation into the

shell and covalent or hydrophobic binding. Each strategy

has its own advantages and drawbacks. Physisorption is

inferior to other methods as the attachment is reversible,

and the drawback of covalent binding is a limited

number of sites.82 The photosensitizer attachment techni-

ques based on the interaction with hydrophobic surface

groups or incorporation into the shell decrease the energy

transfer efficiency.111

IX.2.a. Covalent binding

Examples of covalent conjugates reported in the literature

include UCNPs linked to the photosensitizers Rose Ben-

gal via 2-aminoethyl dihydrogen phosphate 58 and chlor-

in e6 (Ce6) via the amino groups on the SiO2 shell.139

Often, the SiO2 shell is made porous in order to increase

the surface of binding and to protect the photosensitizer

against photooxidation. For example, hematoporphyrin

and silicon phthalocyanine dihydroxide were covalently

grafted to mesoporous SiO2 shell of UCNPs.49

IX.2.b. Physisorption

The direct physisorption, which allows the maximum

proximity of the photosensitizer molecules and UCNPs,

is used to achieve the best efficiency of energy transfer

and increase in the amount of 1O2 formed. The efficiency

increases to 96.3% when the LiYF4 : Yb,Er UCNP is used

as the donor and Zn phthalocyanine (Pc) serves as the

acceptor.43 The sorption is performed on the UCNP

surface deprived from oleic acid molecules by acid or

ultrasonic treatment. To avoid aggregation, the UCNP

surface is additionally modified with a polymer shell to

prevent the interaction of photosensitizer molecules.43

Direct attachment of a fullerene C60 derivative as a

photosensitizer to UCNPs was carried out using the

oleylamine displacement strategy.111 Indirect sorption

implies the presence of an intermediate layer between

the UCNP and the sensitizer, as, for example, in UCNP-

PEI-Pc.61, 140
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IX.2.c. Incorporation in the shell

The incorporation in the shell is used to fabricate

structures with high content of a photosensitizer pro-

tected from the environment. The photosensitizer can be

incorporated both during UCNP preparation to surface

modification and after the shell has been formed. For

example, Ce6 was conjugated with polyelectrolytes, which

were then loaded onto UCNP;67 merocyanine-540

(MC540) was introduced into a SiO2 shell during poly-

condensation on the UCNP surface;138 Pc was incorpo-

rated into the already formed mesoporous SiO2 shell.141

However, hydrophobic binding is used most often to

incorporate photosensitizers into the shell. Binding

occurs with oleic acid (for meso-tetraphenylporphin,

MC540 and Ce6 photosensitizers),42, 136, 142 PMAO

(Ce6),143 phospholipid (Ce6) 85 or chitosan (Pc)82 shells.

In most cases, the particles are then encapsulated into an

additional polymer in order to protect the sensitive

hydrophobic interactions from pH fluctuations.82

IX.3. Targeted delivery of photosensitizing assemblies based
on upconversion nanoparticles
The accumulation of UCNP-based photosensitizing

assemblies in a tumour can be enhanced by using hydro-

phobic photosensitizers, pH-dependent agents or targeted

delivery agents.

The incorporation of hydrophobic Ce6 molecules into

the phospholipid shell promoted better accumulation of

UCNPs in the mouse xenograft models of human glio-

blastoma U87MG (Fig. 14).85

The surface modification of UCNPs by a pH-depend-

ent polymer based on dimethylmaleic acid (DMMA) and

PEG, which switches negative charge to positive one as

pH decreases to 6.8, improved the interaction with

negatively charged tumour cells in which pH varied in

the 6.5 ± 6.8 range. Upon the intravenous injection of

UCNP-Ce6-PEG-DMMA into Balb/c inbred mice with

breast cancer 4T1 xenografts, accumulation in the

tumour increased 6.4-fold as compared with the nega-

tively charged particles.67

According to published data, the first UCNP-based

photosensitizing assemblies for targeted delivery were

covalent conjugates of UCNP-SiO2 with inclusions of

the MC-540 photosensitizer and the monoclonal anti-

MUC1/episialin antibody (anti-MUC1/episialin is the

tumour marker expressed on the human breast cancer

MCF-7/AZ cell surface).138 More recently, other systems,

most often containing FA as the target delivery agent

such as UCNP-Pc,61 UCNP-Rose Bengal,58 UCNP-C60
111

and UCNP-MC540,Pc 92 have been developed. The

UCNP-MC540,Pc-FA system was used to demonstrate

the targeted delivery in vivo in a mouse body with B16-F0

melanoma. The combined action of the MC540 and Pc

photosensitizers resulted in a considerable increase in the

therapeutic effect as compared with the systems contain-

ing only one of these photosensitizers.92

IX.4. Therapeutic efficiency of photosensitizing assemblies
based on upconversion nanoparticles
Most of UCNP-based photosensitizing assemblies dem-

onstrate high antitumour activities both in vitro and in

vivo on model animals. For example, incubation of

human cervical carcinoma HeLa cells with 250 ng litre71

of UCNP-meso-tetraphenylporphin for 48 h and the sub-

sequent irradiation resulted in the death of 75% of

cells.136 The UCNP-Ce6 photosensitizing assemblies

were among the first to be used in experiments with

animals; they demonstrated exceptionally high efficiency

towards breast cancer 4T1 xenografts implanted in Balb/c

inbred mice. Within 60 days after the intratumoral injec-

tion of UCNP-Ce6 followed by a 15-min irradiation with

a laser at 980 nm, complete degradation of the tumour

was observed in 7 cases out of 10; furthermore, UCNP-

Ce6 were excreted from the body almost completely as

soon as 2 weeks after administration without any visible

health impacts in the test animals. A noticeable thera-

peutic effect could be achieved even when the xenografts
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Figure 14. Photoluminescence images of the U87MG mouse xenografts recorded 2, 6 and 24 h after intravenous injection of UCNPs (a)
and UCNP-Ce6 (b) and corresponding brightfield images of the injected mice.85

E.A.Grebenik, A.B.Kostyuk, S.M.Deyev Russ. Chem. Rev., 2016, 85 (12) 1277 ± 1296 1291



were irradiated through a 8 mm thick pork tissue slice.143

The attachment of Ce6 increases the UCNP lifetime in

the blood stream 5-fold, apparently, owing to the

enhanced colloid stability, but it considerably reduces

the red (660 nm) emission from UCNP as a result of

efficient energy transfer.85

The therapeutic efficiency of targeted UCNP-Pc-FA

bioconjugates against the mouse sarcoma S180, express-

ing the FA receptor, was 66%, while with irradiation

through 1 cm-thick porcine adipose tissue, it was 50%.82

The schematic view of the UCNP-Pc-FA photosensitizing

assembly is shown in Fig. 15 together with the illustra-

tion of the photodynamic therapy mechanism accompa-

nied by the optical monitoring of the therapeutic action.

A fairly high therapeutic efficiency was achieved when

the UCNP-MC540 assemblies were enclosed into eryth-

rocyte vesicles and decorated with molecules of lipophilic

derivatives of FA and the mitochondrial triphenylphos-

phonium shuttle cations. The assemblies were fabricated

by extruding the components through a membrane. An

erythrocyte membrane served to protect the UCNP-

MC540 system from entrapment with the immune and

reticulo-endothelial system cells and to perform the intra-

cellular transport of the vesicle content by fusion with the

target cell membrane. Owing to the well-established oxy-

gen transport mechanism, the erythrocyte membrane also

promoted the transfer of triplet oxygen to the photo-
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Figure 15. Illustration of the principle of action of the UCNP-Pc-
FA photosensitizing assembly on the cancer cells overexpressing
the FA receptor.82
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Figure 16. Antitumour activity of the UCNP-PC70-FA photosensitizing assembly.144

(a) Results of colorimetric MTT test on the determination of Hela-luc cell viability obtained after 24 h of incubation with UCNP-PC70-FA
in various concentrations in the dark (1) and after irradiation with a laser at 980 nm (2); (b) confocal images of the cells contrasted with
MitoRed (mitochondria) and Hoechst 33258 (nuclei) before and after the phototoxic action and corresponding cell images in the
transmitted light.
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Figure 17. Degradation of the human cervical carcinoma Hela-luc
xenograft in the Balb/c inbred mouse body two weeks after the
phototoxic action.144
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sensitizer and the release of short-lived (several milli-

seconds) singlet oxygen in the target lesion. In in vitro

experiments with the human melanoma B16 cell culture,

it was shown that after penetration into the cell, 95% of

UCNP-MC540 is sequestrated in lysosomes, which sub-

stantially reduces the therapeutic effect. Encapsulation

into an erythrocyte membrane and decoration with FA

and triphenylphosphonium ensured targeted delivery of

*92% of the assemblies to the cell mitochondria where

the impact of singlet oxygen is most detrimental. In in

vivo experiments on mice, the therapeutic effect corre-

spondingly increased. Encapsulation into an erythrocyte

membrane with dual targeting function enhanced the

antitumour effect against the human melanoma B16

xenografts by an order of magnitude; this was due to

the 2.3-fold increase in the volume of blood-circulating

UCNPs and enhancement of the targeting function.142

The porphyrin ± fullerene dyad PC70 , which has a

relatively long triplet state lifetime, was proposed as the

photosensitizer to achieve the best effect under oxygen

deficiency inherent in the tumour tissue.144 The PC70

dyad was sorbed on the surface of citric acid-modified

UCNPs with subsequent bioconjugation with FA for

targeted delivery to human cervical carcinoma Hela-luc

cells. The mean cell viability of Hela-luc cells in vitro

markedly decreased with increasing the concentration of

the UCNP-PC70-FA used (Fig. 16 a). The degradation of

irradiated cells contrasted by the fluorescent dyes

MitoRed (mitochondria) and Hoechst 33258 (nuclei) was

imaged by confocal microscopy (see Fig. 16 b).

The maximum efficiency of tumour damage in vivo

was achieved by laser irradiation of mouse xenograft

models at 980 nm after intravenous injection of 400 mg
of UCNP-PC70-FA. Figure 17 illustrates the noticeable

regression of the xenografts irradiated at the time instant

of maximum accumulation of UCNP-PC70-FA (24 h

after the administration).144

IX.5. Biocompatibility of photosensitizing assemblies based
on upconversion nanoparticles
Low degrees of dark cytotoxicity were established for

most UCNP-based photosensitizing assemblies, including

UCNP-Rose Bengal-FA (no cytotoxicity at a concentra-

tion of 150 mg ml71),58 UCNP-PC (5% cell death at a

concentration of 1 mg ml71),43 UCNP-meso-tetraphenyl-

porphin (no cytotoxicity at a concentration of

14.9 mg ml71),136 UCNP-MC540 encapsulated into an

erythrocyte membrane with dual targeting (3.3% cell

death at a concentration of 25 mg ml71).142 The half-

maximal cytotoxicity of UCNP-Ce6 in the dark was

achieved by the incubation of human breast cancer

MCF-7 cell line with UCNP-Ce6 in a concentration of

400 mg ml71 for 24 h.139

The histological analysis of heart, lung, kidney, liver

and spleen tissues of test animals did not reveal any

pathology related to the use of UCNP-C60-FA bioconju-

gates.111

IX.6. Combined therapy
The use of inorganic UCNP platform for the assembly of

therapeutic structures makes it possible to combine sev-

eral therapeutic components in one system to achieve a

combined effect and, simultaneously, to monitor the

results. For example, for affecting a cancer tumour, the

photosensitizing assemblies UCNP-Ce6 were loaded with

the genetic therapy agent siRNA suppressing the expres-

sion of the Plk1 oncogen through sorption on the

external PEI layer.42 In another study aimed at the

development of an antitumour agent with joint action,

UCNPs were coated with a layer of an amphiphilic

photosensitizer linked to doxorubicin via an o-nitrobenzyl

bridge, which is cleaved on exposure to UV radiation.

The photoluminescence of UCNPs initiated the formation

of singlet oxygen with participation of the photosensitizer

molecules and release of the chemotherapeutic agent

doxorubicin as a result of bridge cleavage. The tripeptide

RGD was covalently attached to an assembly targeting

human glioblastoma U87MG cells with overexpression of

the avb3 integrin receptor. The half-maximal effect of the

use of conjugates was doubled by the introduction of

doxorubicin and was achieved at a concentration as low

as 14.6 mg ml71.113

IX.7. Anti-infective agents
Apart from the therapy of cancer, an equally promising

application area of the UCNP-based photosensitizing

agents is the therapy of infectious diseases. For example,

the UCNP-Pc system loaded with the anti-Dengue virus

envelope protein antibody was shown to induce the

photodynamic degradation of the virus in the human

hepatoma HepG2 cells via oxidation of guanosine resi-

dues, phospholipids and virus envelope proteins.140 The

UCNP-based photosensitizing assemblies containing cur-

cumin (plant polyphenol) were successfully used to treat

the pulmonary methicillin-resistant staphylococcal infec-

tion in mice by intravenous administration.145

X. Conclusion

Unpconversion nanoparticles represent a relatively new

class of inorganic nanoparticles possessing a great poten-

tial for various applications in biomedical research,

ranging from imaging of biological targets at the molec-

ular level to the therapy of cancer and infectious diseases.

The unique physicochemical properties of UCNPs includ-

ing the programmed spectra and narrow photolumines-

cence peaks, excitation in the near-IR range, large two-

photon absorption cross-sections and stability to photo-

bleaching can be used to considerably extend the scope of

modern optical methods used in biomedical practice. The

application of UCNPs makes it possible to solve prob-

lems that are difficult to address using the conventional

fluorochromes: simultaneous detection of several biolog-

ical targets, monitoring of molecular processes on a real-

time basis for long periods of time and imaging of lesions

deep in the tissues. Owing to a relatively large UCNP

surface area accessible for chemical modification, it is

possible to attach molecules capable of targeted delivery,

therapeutic action and so on. Thus, the agent delivery to

the target lesion can be combined with monitoring of this

process. Further design of UCNP-based diagnostic and

therapeutic agents would promote the development of

innovative approaches in oncology, including image-

guided surgery, determination of the molecular profile

of cancer tumours, personalized diagnosis and therapy.

The success of implementation of the huge UCNP poten-

tial and extensive use of UCNPs in the clinical and

analytical practice will depend on the solution of relevant
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tasks related to optimization of optical detection condi-

tions and on the research aimed at increasing biocompat-

ibility and upconversion efficiency.

This review was prepared with the support from the

Russian Science Foundation (Project No. 14-24-00106).
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