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CONSPECTUS: Photon upconversion nanoparticles
(UCNPs) have emerged as a promising new class of
nanomaterials due to their ability to convert near-IR light
into visible luminescence. Unfortunately, most eﬃcient
methods for preparing UCNPs yield hydrophobic materials,
but water-dispersibility is needed in the major ﬁelds of
applications of UCNPs, that is, in bioimaging, labeling, and
bioassays. Numerous methods therefore have been reported in
the past years to convert the hydrophobic surface of UCNPs to
a more hydrophilic one so to render them dispersible in
aqueous systems.
We present a classiﬁcation respective for these strategies and assess the main methods. These include (A) chemical modiﬁcation
of the hydrophobic (typically oleate) ligand on the surface, (B) addition of an extra layer, (C) addition of a thin shell on top of
the UCNP, and (D) complete replacement of the original ligand by another one. Chemical modiﬁcation (A) involves oxidation
of the oleate or oleylamine and leads to particles with terminal oxygen functions. This method is less often used because solutions
of the resulting UCNPs in water have limited colloidal stability, protocols are time-consuming and often give low yields, and only
a limited number of functional groups can be introduced. Methods B and C involve coating of UCNPs with amphiphiles or with
shells made from silica oxide, titanium oxide, or metallic gold or silver. These methods are quite versatile in terms of further
modiﬁcations, for example, by further cross-linking or by applying thiol−gold chemistry. Growing an extra shell is, however, often
accompanied by a higher polydispersity. Method D can be divided into subgroups based on either (i) the direct (single-step)
replacement of the native ligand by a new ligand or (ii) two-step protocols using nitrosyltetraﬂuoroborate (NOBF4) or strong
acids as reagents to produce ligand-free UCNPs prior to the attachment of a new ligand. These methods are simple and versatile,
and the distance between the new ligand and the luminescent particle can be well controlled. However, the particles often have
limited stability in buﬀer systems. The methods described also are of wider interest because they are likely to be applicable to
other kinds of nanomaterials.
We additionally address the need for (a) a better control of particle size and homogeneity during synthesis, (b) more
reproducible methods for surface loading and modiﬁcation, (c) synthetic methods giving higher yields of UCNPs, (d) materials
displaying higher quantum yields in water solution without the need for tedious surface modiﬁcations, (e) improved methods for
workup (including the suppression of aggregation), (f) new methods for surface characterization, and (g) more aﬀordable
reagents for use in surface modiﬁcation. It is noted that most synthetic research in the area is of the trial-and-error kind,
presumably due to the lack of understanding of the mechanisms causing current limitations. Finally, all particles are discussed in
terms of their biocompatibility (as far as data are available), which is quintessential in terms of imaging, the largest ﬁeld of
application.

■

INTRODUCTION

Upconversion nanoparticles (UCNPs), like the corresponding bulk phases, also display upconverted luminescence, albeit
with lower brightness.2 The most eﬃcient upconverting
luminescent nanomaterials known to date consist of
hexagonal-phase lanthanide-doped NaYF4 nanocrystals. The
excitation wavelengths required for upconversion to occur lie in
the optical window of most biological matter so that absorption
of light in this range is comparably weak. This leads to a longer
penetration depth of the excitation light and makes strong laser
light sources (that can damage tissue) dispensable. The fact that
upconverted luminescence is anti-Stokes-shifted also facilitates

Upconverting (or upconversion) luminescent materials, ﬁrst
described in the 1960s, are capable of converting light of long
wavelength (typically 800−1000 nm) into shorter-wave
(mostly visible) luminescence.1 Unlike in two-photon excitation (where two photons are absorbed at the same time),
the eﬀect is based on the sequential absorption of multiple
lower energy photons, not the least because the ﬁrst excited
states have long lifetimes where the probability of absorbing a
second photon to form a higher excited state therefore is quite
high. Relaxation from such an excited state results in the
emission of light at higher energy, with typical wavelengths that
lie between 350 and 800 nm.
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disadvantage of giving UCNPs that are dispersible in
hydrophobic solvents only and not in aqueous solutions
including buﬀers. If intended for use in biosciences, water
dispersibility and colloidal stability in buﬀers is, however,
mandatory. In addition, these particles are highly inert in being
devoid of any useful functional group on their surface. In order
to exploit the large potential of UCNPs, appropriate functional
groups have to be introduced.
This Account throws a critical look at the methods for
surface modiﬁcation and functionalization that lead to UCNPs
for use in aqueous media. In terms of bioimaging (which is the
most widespread application of such particles at present),
features such as small size, brightness, and tunable emission and
excitation spectra also are paramount.24 We summarize general
principles, discuss advantages and disadvantages of the
strategies, and give selected examples for respective applications.

the separation of luminescence from Raman bands and other
scattered light. If luminescence of biomatter is induced at all, it
will occur far in the NIR. In other words, the intensity of
background visible ﬂuorescence (i.e., in the region where
upconverted luminescence occurs) is virtually zero.
In contrast to quantum dots, the color of the emission of
UCNPs does not depend on the size of the particles. UCNPs
are not known to be cytotoxic, are chemically stable, and
neither blink nor bleach. On the other hand, their quantum
yields depend on their size, on the kind of surface coating, and
on the power density of the laser used for photoexcitation.3
These features have been discussed in numerous reviews that
can be easily found. Their outstanding features make UCNPs
highly interesting materials for purposes including photodynamic therapy,4 photoinduced drug delivery,5 (targeted) cell
imaging,6 sensing of fundamental parameters such as pH
values,7 oxygen,8 ammonia,9 heavy metal ions,10 or CO2,11
screening,12 and immunoassays.13
Initially, UCNPs were produced by top-down strategies.
Such methods yield stable colloidal solutions, but the particles
were rather polydisperse and fairly large, leading to slow or no
cellular uptake. A comparative study on upconversion
luminescence and cell bioimaging based on single-step
synthesized hydrophilic UCNPs capped with various functional
groups has been presented by Tsang et al.14 To overcome the
limitations of high polydispersity and poor ﬂexibility in terms of
surface modiﬁcation (by either small molecules or thin
additional layers), bottom-up strategies have been developed
with the aim to synthesize small and monodisperse nanoparticles possessing bright upconversion luminescence. The
most common strategies are coprecipitation, thermal decomposition, and solvothermal syntheses.15 Depending on the kind
of host lattice and the protocol used for synthesis, UCNPs can
be prepared in shapes such as symmetrical spheres, rods, and
even plates. The reviews by Chen et al.15 and DaCosta et al.16
provide an overview of synthetic strategies and material
properties. DeCosta et al. also have introduced a system for
the classiﬁcation of methods of making apolar surfaces of
UCNPs more polar (based on ligand exchange, ligand
oxidation, ligand absorption, layer-by-layer assembly, ligandfree modiﬁcations, and silanizations). Other reviews are
available on lanthanide-doped luminescent nanoprobes (with
a small section on UCNPs)17 and on UCNPs for use in smallanimal imaging (with a short section on surface modiﬁcation).18 The groups of Selvin19 and Li20 have brieﬂy reviewed
methods for surface engineering of UCNPs, while other reviews
are ignoring the need for converting hydrophobic to hydrophilic surfaces.21
Hexagonal phase NaYF4 nanoparticles doped with trivalent
lanthanides (Ln3+) are by far most often used. In 2008, Li and
Zhang22 presented an eﬃcient protocol for preparation of
hydrophobic (oleate-capped) UCNPs. It involves heating of rare
earth chlorides in a mixture of octadecene and oleic acid, ﬁrst to
generate the respective oleate salts, which act as in situ
precursors. The addition of ammonium ﬂuoride and sodium
hydroxide and an increase in the reaction temperature to 300
°C leads to the formation of highly monodisperse, oleatecapped, hexagonal UCNPs that can be dispersed in nonpolar
solvents. Oleylamine (OlAm) may be added to, or even used in
place of oleic acid.23 This bottom-up method in high-boiling
solvents is said to be superior to others with respect to the
monodispersity, shape uniformity, and phase purity of the
resulting UCNPs. On the other hand, it suﬀers from the

■

SURFACE MODIFICATION OF HYDROPHOBIC
UPCONVERSION NANOPARTICLES
A large variety of methods for surface modiﬁcation have been
developed to convert hydrophobic UCNPs into more hydrophilic particles. They often are not limited to UCNPs but also
may be applied to other types of nanoparticles.25 The
respective strategies can be categorized into four groups: (1)
chemical modiﬁcation of the hydrophobic (usually oleate or
oleylamine) ligand on the surface; (2) bilayer coating with
amphiphilic molecules or polymers, (3) addition of an extra
layer or shell on top of the UCNP; and (4) complete
replacement of the original ligand by another one. These will be
discussed in the following.
Modiﬁcation of the Original Ligand

The direct modiﬁcation of the hydrophobic ligand on a
particle’s surface to generate hydrophilic UCNPs is simple but
not common. It is based on the oxidation of the carbon−carbon
double bond of the oleate or oleylamine. Depending on the
reagents employed, it can lead to the formation of carboxy
groups or epoxy groups. Oxidizing agents include the
Lemieux−von Rudloﬀ reagent,26 ozone,27 and 3-chloroperoxy-benzoic acid.28 In addition to the formation of reactive
groups, the dispersibility of the resulting particles in water is
strongly enhanced. Such particles then may been covalently
coupled to other species, for example, to the cancer drug
doxorubicin in order to enable controlled drug delivery29 or to
poly(ethylene glycol) in order to impart biocompatibility.28
Notwithstanding this, oxidative surface modiﬁcation is rarely
used because dispersions in water have poor colloidal stability
and only a limited number of ligands (aldehydes, epoxides, or
carboxylic acids) can be introduced.
Amphiphilic Coatings

This technique involves coating of the UCNPs with molecules
containing long alkyl chains to form a bilayer that is stabilized
via van-der-Waals interactions between the hydrophobic oleate
and the new coating. Amphiphilic molecules are preferred in
this context because they (a) undergo strong van-der-Waals
interaction, (b) enable the surface charge to be easily altered,
and (c) may even be deposited as a so-called layer-by-layer
coating, that is, in the form of multiple layers of alternating
charge. If oleate-capped UCNPs are treated with long-chain
amphiphiles, their hydrophobic tails intercalate between the
oleate chains, while their hydrophilic head groups are directed
outward. This results in the formation of a bilayer around the
B
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UCNP as shown in Figure 1. The hydrophilic head groups
render the particles well dispersible in water.

Figure 1. Principle of bilayer formation by coating the oleate-capped
UCNP with an amphiphile possessing a hydrophilic or ionic end
group, thus converting the hydrophobic particles to hydrophilic
particles.

Phospholipids (PLs) have often been used to modify
surfaces. Resulting particles (not only UCNPs) are readily
internalized by cells, are nonimmunogenic, and possess a long
functional lifetime even in vivo. PLs have been widely used in
drug delivery. Quite a variety of PLs are commercially available
with various kinds of head groups such as maleimide (for
binding the particle to protein thiol groups), biotin (with its
high aﬃnity for streptavidin), and several others. Phospholipids
also are known with highly diﬀerent chain lengths, and variation
in length is often accomplished by incorporating poly(ethylene
glycol) (PEG) units, which has the beneﬁcial eﬀect of imparting
biocompatibility.30,31 In a typical example, maleimide and folate
head groups were used to conjugate UCNPs to gold
nanoparticles and image HeLa cells (see Figure 2).19
While phospholipids with polar head groups and PEG
spacers are easy to use, they are diﬃcult to make and purify and
expensive if commercially available. The following calculation
may reﬂect the costs to be expected in a typical experiment:
The surface area of one single nanocrystal with a diameter of 20
nm is 1250 nm2. If 1 μmol of such particles is to be covered
with, say, a PEGylated distearoyl phospholipid (with a size of
∼80 Å2), the total surface to be coated is as large as 760 m2.
This requires, roughly, 4.5 g of the phospholipid, which will
actually cost more than US $30,000. This number may be even
higher if phospholipids are applied in excess to warrant
complete coverage of the surface. Obviously, less expensive
methods are desirable to create bilayers. Zhao et al.32 have
coated UCNPs with the detergent Tween 80 to obtain particles
for use as a carrier for doxorubicin that was trapped in the
hydrophobic bilayer. Other long-chain alkylammonium derived
surfactants were tested by the Yang group,33 but the colloidal
stability of the particles in water was poor. Subsequent surface
modiﬁcation with silica was required. This will be discussed in
the next section.
In another approach, amphiphilic polymers were used in
place of the relatively small surfactants as shown by the Parak
group34 in order to modify the surface of gold nanoparticles,
quantum dots, or iron oxide particles. Poly(maleic anhydridealt-1-octadecene) (PMAO) is a widely used polymeric
amphiphile35,36 because it contains multiple alkyl chains per
molecule and has a weak chelating eﬀect, which stabilizes the
surface coating against ligand detachment. Particles coated with
PMAO display good temporal stability in aqueous media, which
can be further increased by reacting the anhydride groups with
bis(hexamethylene)triamine (BHMT).37 This method enabled

Figure 2. Illustration of the assembly of the water-dispersible UCNPs
by adding a monolayer of phospholipids. (a) Illustration of the
targeted imaging of cancer cells with Lipo-UCNPs carrying folic acid
(FA). (b, c) Transmission and luminescence microscopy images of
HeLa cells treated with Lipo-UCNPs-FA (b) and with Lipo-UCNPs
without folate ligand (c). Scale bar is 5 μm. UCL, upconversion
luminescence. Reprinted with permission from ref 19. Copyright 2012
by Wiley & Sons, Inc.

UCNPs to be stabilized over the pH 3−13 range and in cell
cultures for even several weeks (see Figure 3).
Poly(acrylic acid) modiﬁed with long alkyl chains also binds
to the surface of oleate-capped UCNPs.38 This results in the
introduction of carboxy groups that are negatively charged at
near-neutral pH values and will render the particles watersoluble. The carboxy groups can further serve as functional
groups to couple the particles to proteins.39 There have also
been reports on UCNPs coated (a) with amphiphilic chitosan
for use in photodynamic therapy40 and (b) with an amphiphilic
silane for use in optical probing of temperature using a Eu(III)
chelate as an indicator41 as schematically shown in Figure 4.
UCNPs that are highly stable under physiological conditions
were obtained42 by coating them with methoxy-poly(ethylene
glycol-block-caprolactone). Table 1 gives a selection of
amphiphilic molecules applied to surface modiﬁcation of
UCNPs.
C
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solubility and, sometimes, catalytic activity) or noble metals
like gold or silver, which pave the way to plasmonic modulation
of upconverted luminescence (Figure 5). Table 2 gives a
selection of respective materials.
The deposition of a silica shell on a UCNP is a useful
technique to generate functionalized and water dispersible NPs.
Both hydrophilic and hydrophobic UCNPs can be coated by
using either the Stöber method or the reverse microemulsion
method. The latter is better suited for oleate or oleylaminecapped UCNPs and gives core−shell particles coated with a
uniform layer of silica (SiO2).50 A product having the trade
name Igepal CO-520 is widely used because it forms adequately
stable reverse microemulsions for polymerization of precursors
such as tetraethyl orthosilicate. Ammonia is added as a catalyst.
It causes the formation of silicic acid at a concentration above
the nucleation concentration, thus warranting a steady growth
of the silica shell as schematically shown in Figure 6. The
resulting silica-coated particles (usually referred to as UCNPs@
SiO2) readily disperse in water. They have a negative ζ
potential that depends on solvent, salinity, and surface charges
and display low cytotoxicity.50
The silica coating strategy suﬀers from the classical drawback
of almost all coating methods of that kind in that polydispersity
increases compared to untreated particles. In case of thin silica
shells, it is diﬃcult to prove whether the formation of the shell
is complete. In addition, UCNPs@SiO2 possess poor temporal
stability in aqueous solution in that they tend to aggregate and
precipitate within a couple of hours.51,52 On the positive side,
coatings with comparably thick layers of silica do not strongly
compromise the “brightness” of particles, which is in contrast to
coatings with small molecules or thin ﬁlms (see below).
If UCNPs@SiO2 are separated by centrifugation, they often
cannot be redispersed in water and no longer form a clear
dispersion. This problem may be overcome by introducing a

Figure 3. Core/shell nanoparticles (NaYF4:20% Yb3+,2% Er3+/
NaYF4−PMAO−BHMT) dispersed in water at diﬀerent pH from 3
to 13 and serum-supplemented cell growth medium and respective
images under 980 nm excitation (bottom). Reprinted with permission
from ref 37. Copyright 2012 American Chemical Society.

Encapsulation with Inorganic Materials or Noble Metals
Forming a Shell

Water dispersibility was accomplished by deposition of an
additional shell on top of hydrophobic UCNPs. Typical shell
materials include oxides like SiO2 and TiO2 (to impart

Figure 4. Schematic illustration of the synthesis of silane-modiﬁed NaYF4:Yb3+,Er3+ loaded with the probe Eu(TTA)3(TPPO)2 (top), and
temperature-dependent spectra of C18 silane-modiﬁed NPs under 980 nm (a) and 352 nm (b) excitation (bottom). The inset in panel a shows the
temperature-dependent intensity ratio value of the two upconversion luminescence emissions at 525 and 544 nm. The inset in panel b shows the
temperature-dependent lifetime of the upconversion luminescence. Reproduced from ref 41 with permission of The Royal Society of Chemistry.
D
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Table 1. Examples for Amphiphilic Molecules Used for Coating of UCNPs and Selected Applications of the Resulting WaterDispersible Nanoparticles
UCNP and native ligand

amphiphilic molecule

application

refs

NaYF4:Yb,Er and NaYF4:Yb,Tm@oleate
NaYF4:Yb,Er@oleate
NaYF4:Yb,Er@oleate
NaYF4:Yb,Er and NaYF4:Yb,Tm@oleate
NaYF4:Yb,Er and NaYF4:Yb,Tm@oleate
NaYF4:Yb,Er@oleate
NaYF4:Yb,Er@oleate

phospholipids with various head groups
Tween 80
surfactants
poly(maleic anhydride-alt-1-octadecene)
amphiphilic poly(acrylic acid)
amphiphilic chitosan
amphiphilic silane

optical and magnetic resonance imaging
bioimaging and drug delivery
water dispersibility
photodynamic therapy, detection of Hg2+ ions in water
bioimaging, cell tracking
photodynamic therapy
temperature sensing, cell imaging

19, 30, 31
32
33
35, 36
38, 39
40
41

was doped with a ﬂuorescent dye for direct detection. The shell
was prepared by reverse microemulsion and resulted in
individual nanoparticles but also in aggregates that were
separated and isolated. The preparation of an ultrathin
carboxylated silica shell, in contrast, yielded nonaggregated
UCNPs that can be directly used for protein conjugation.
Functional groups can be created on the surface of the
UCNPs in two ways. In one, the preformed UCNPs@SiO2
particles are modiﬁed with organically modiﬁed silanizing
agents. In the other, functional organosilanes are added during
the polymerization process, which leads to the formation of the
shell so that postsynthetic modiﬁcation is not needed.
Organosilanes that have been used in either method are
summarized in Table 3.
Amino-functionalized UCNPs@SiO2 may be prepared by
adding aminopropyltriethoxysilane to the microemulsion.44
The water-dispersible UCNPs can then be conjugated to folic
acid to enable targeting of tumor cells. Similarly, silica-coated
NaYF4:Yb,Er UCNPs were further endowed with folic acid and
anti-Her2 antibody to label the folate receptors and Her2
receptors of certain cells. Our group has reported the
preparation of protein-reactive hydrophilic particles (Figure
7) by modifying the surface of UCNPs@SiO2 with a silanemodiﬁed poly(ethylene glycol) with a terminal N-hydroxysuccinimide group.58 The nanoparticles were then conjugated
to proteins as veriﬁed by surface plasmon resonance spectroscopy.
UCNPs coated with mesoporous silica were modiﬁed with
azo groups via silanization and then loaded with the cancer
drug doxorubicin.5 The azo groups acted as motors to trigger
the controlled release of the drug under photoexcitation at 980
nm. Mesoporous silica shells are characterized by a large
speciﬁc surface area and a pore size that can be ﬁne-tuned (see
Figure 8). Other UCNPs were coated with mesoporous silica
and loaded with photosensitizers such as zinc(II) phthalocyanine, which causes the formation of singlet oxygen upon NIR
excitation.4 Li et al.60 have incorporated doxorubicin into
particles coated with mesoporous silica, which then were
studied with respect to cellular uptake and cytotoxicity. Their
potential for imaging of nasopharyngeal epidermal carcinoma
cells was demonstrated.61 More recently, core−shell−shell
particles of the type β-NaYF4:Yb,Er@SiO2@mSiO2 have been
reported,45 again for use in imaging and drug storage and
delivery. So-called yolk−shell UCNPs were obtained by
forming a hollow mesoporous silica shell around NaLuF4:Yb,Er,Tm nanoparticles.62 Their large cavities were loaded
with a chromophore to construct nanoprobes for cysteine,
homocysteine, and cyanide.

Figure 5. Illustration of the luminescence enhancement of cubic
NaYF4:Yb,Er/Tm UCNPs achieved by the growth of a thin Au-shell
compared with the luminescence intensity of conventional hexagonal
NaYF4:Yb,Er/Tm UCNPs. Reprinted with permission from ref 43.
Copyright 2011 American Chemical Society.

Table 2. Examples for NaYF4 Nanoparticles Encapsulated by
Various Inorganic Materials and Corresponding
Applications
UCNP and its native
ligand

shell

application

NaYF4:Yb,Tm,
NaYF4:Yb,Er@oleate
NaYF4:Yb,Tm@oleate,
NaYF4:Yb,Er@SiO2
NaYF4:Yb,Tm@oleate

SiO2

imaging, drug delivery

TiO2

NaYF4:Yb,Er@oleylamine

Ag

dye sensitized solar cells,
photocatalysis
plasmonic modulation of
upconversion emission
imaging, photothermal
therapy

Au

refs
44,
45
46,
47
43,
48
49

Figure 6. Schematic representation of the silica shell formed on oleatecapped UCNPs. The initially hydrophobic particles are converted to
hydrophilic particles. This process is accompanied by large changes in
the ζ potential.

high density of surface charges, which will reduce the tendency
toward aggregation.53 It was shown that agarose gel electrophoresis (AGE) is well suited for the puriﬁcation of silicacoated UCNPs.54 The silica shell of a fraction of the particles

Replacement of the Native Ligand

Ligand exchange is a versatile strategy to modify the surface of
UCNPs. Two major methods are known. One is based on
E
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Table 3. Examples of Silane Reagents Used for Coating or Modiﬁcation of UCNPs To Render Them Water-Dispersible (and
Sometimes Also Reactive) and Corresponding Applications of the Hydrophilic Particles
UCNP and native ligand

silane reagent

application

NaYF4:Yb,Er@oleate
NaYF4:Yb,Er@oleate
NaYF4:Yb,Er@oleate

aminopropyltrimethoxysilane
aminopropyltriethoxysilane
N-[3-(trimethoxysilyl)propyl]-ethylenediamine

NaYF4:Yb,Er@oleate
NaYF4:Yb,Er and NaYF4:Yb,Tm@
oleate
NaYF4:Yb,Er and NaYF4:Yb,Tm@
oleate
NaYF4:Yb,Er@oleate
NaYF4:Yb,Er@oleate
NaYF4:Yb,Er@oleate

refs

carboxyethylsilanetriol
mesoporous silica loaded with doxrubicin

targeting and imaging of tumor cells
targeting and imaging of tumor cells
assay for the detection and characterization of a caspase-3
inhibitor
biolabeling, energy transfer
imaging and drug delivery

55
44

56
5, 57

silane-modiﬁed PEG-NHS

protein conjugation

58

silane modiﬁed IR-783
mesoporous silica loaded with zinc(II)
phthalocyanine
silica@mesoporous silica loaded with ibuprofen

NIR imaging and photothermal therapy
photodynamic therapy

59
4

imaging and drug delivery

45

Figure 7. Surface engineering of UCNPs toward protein-reactive,
multicolor upconverting labels by coating them with a reagent of the
type silane-PEG-NHS.58

direct exchange of the ﬁrst ligand by the new one; the other is
based on two-step strategies using NOBF4 or acid treatment
with HCl to strip oﬀ the oleate or oleylamine and subsequent
attachment of a new coating. Unfortunately, practically all
coatings with small molecules (for example via oleate
replacement or the NOBF4 technique) for phase transfer to
aqueous solvents drastically reduce the “brightness” of UCNPs.
Coating the particles with NaYF4, in contrast, does not cause
such an eﬀect. However, a systematic study on the eﬀect of
small-molecule coatings on quantum yields and luminescence
decay times has not been presented so far.

Figure 8. Transmission electron microscopy images of NaYF4:Yb,Er@
silica nanoparticles (a, b) and mesoporous-silica-coated NaYF4:Yb,Er@silica nanoparticles (c, d). N2 adsorption/desorption
isotherm (e) and pore-size distribution (f) of mesoporous-silicacoated NaYF4:Yb,Er@silica nanoparticles. Reprinted with permission
from ref 4. Copyright 2009 by John Wiley Sons, Inc.

more challenging than the chemical reaction itself. In a typical
procedure, oleate-capped UCNPs and the new ligand are
stirred for 4 h to several days, usually at elevated temperature.63,49 The protocols have to be optimized for each single
ligand because each ligand requires speciﬁc reaction conditions
in terms of concentrations, stirring time, temperature, and need
for an inert atmosphere. Furthermore, the particles tend to
aggregate during ligand exchange.64 The group of Pérez-Prieto
used heterobifunctional PEG with a thiol group at one end and
an amine or carboxylic group at the other.65 In this protocol,
the PEG ligands are used as both the capping ligand and the
water-stabilizing agent. PEG moieties can function as
polydentate ligands and bind to lanthanide ions. Representative
reagents and cappings and the properties and application of the
resulting hydrophilic UCNPs are summarized in Table 4.
Ligands usually have to be added in excess in order to displace

Direct (Single Step) Replacement of the Native Ligand by a
New Ligand

In this case, the native ligand on the UCNP is (almost)
completely displaced by another ligand that is supposed to be
more polar to confer water solubility. Ideally, it contains a
functional group that coordinates to the surface of the UCNP
so that it can easily replace the native ligand. The strength of
interaction is likely to increase in the order −SH, −NH2,
−COOH, −PO3H, but no comparative study covering the
diﬀerent binding strengths is available. Respective methods are
fairly simple, at least in principle, but work up is tedious and
F
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Table 4. Examples for Direct Replacement of Hydrophobic Surface Ligands by Hydrophilic Ligands and Properties and Uses of
the Resulting Water-Dispersible Products
UCNP and native ligand

reagent or new ligand

application

refs

NaYF4:Yb,Er@oleate
NaYF4:Yb,Er and NaYF4:Yb,Tm@
oleylamine
NaYF4:Yb,Er and NaYF4:Yb,Tm@
oleylamine
NaYF4:Yb,Er and NaYF4:Yb,Tm@
oleate
NaGdF4:Yb,Er@oleate
NaYF4:Yb,Er@oleate

citrate
hexanedioic acid

bioimaging, conjugation
making particles water-soluble, conjugation

66
67

PEGylated carboxylate

making particles water-soluble, biocompatibility

68

PEGylated phosphate

making particles water-soluble, biocompatibility

69

poly(amido amine) (PAMAM)
poly(allyl amine)

70
64

NaYF4:Yb,Tm@oleate
NaYF4:Yb,Er@oleylamine
NaYF4:Yb,Tm and NaGdF4:Yb,Ho@
oleate
NaYF4:Yb, Er@oleate
NaYF4:Yb,Er@oleate

mercaptopropionic acid
thioglycolic acid
poly(acrylic acid)

conjugation to carbohydrates and recognition of lectins
conjugation to zinc(II)-phthalocyanine as photosensitizer for
photodynamic therapy
imaging and photothermal therapy
growth of Ag-shell for photothermal therapy
studies on the distribution and toxicity of polyacrylate-coated UCNPs
making particles water-soluble
bioimaging, conjugation

74
65, 75, 76

poly(vinylpyrrolidone)
monothiolated heterobifunctional
PEGs

71
49
72, 73

Figure 9. Illustration of the formation of NaYF4:Yb,Er nanoparticles coated with folic acid (FA) and chitosan. From ref 79 with permission of The
Royal Society of Chemistry.

and folic acid and simultaneous cation exchange with Gd3+ ions
gives mixed hydrophobic surfaces.83 Positively or negatively
charged layers consisting of small molecules or even of
polymers may be deposited alternatively, a technique known
as layer-by-layer coating. This strategy allows for a precise
control of surface charge and thickness of the particles. Various
kinds of molecules may be placed between (or in) the layers to
result in materials for controlled drug delivery and photodynamic therapy,84 for example, as shown in Figure 10.
Dispersions of polymer-modiﬁed UCNPs generally display
better colloidal stability in aqueous media than their small
molecule-modiﬁed counterparts. Nonetheless, their tendency to
aggregate if placed in buﬀers or cell culture media remains a
problem.69,85

the former ligand. Even organic polymers may be used in this
replacement strategy as can be seen in Table 4.
The introduction of PEG chains not only imparts hydrophilicity but also results in improved biocompatibility when
used in imaging or cell targeting. Ultrasmall core−shell UCNPs
of the type NaYF4:Yb,Tm@SiO2 were further modiﬁed with
PEG and found to be bound by MCF-7 tumors,77 while others
were coated with similarly hydrophilic multihydroxy dendritic
molecules to provide water dispersibility and hydrophilicity.78
The introduction of carboxy groups, in turn, allows UCNPs to
be conjugated to biomolecules containing amino groups (see
Figure 9),79 and maleimides can be conjugated to thiols.80 If the
oleate ligand is exchanged by 2-bromo-2-methylpropionic acid
and polymerized with the hydrophilic polymer oligo(ethylene
glycol) methacrylate, a dispersion is obtained that is stable in
phosphate buﬀer.81 The UCNPs obtained were conjugated to
lectins and applied to imaging of cancer cells. Strong interaction
of UCNPs with the phosphate groups of DNA also has been
claimed,82 but questions remain such as the lack of cross-linking
between particles (via DNA chains) and how hybridization can
occur such that one end of the oligomer remains bound to the
UCNP.
Modiﬁcation of oleylamine-capped magnetic UCNPs via
ligand exchange with a mixture of aminocaproic acid, oleic acid,

Two-Step Replacement of the Native Ligand Using the
NOBF4 Reagent

The group of Murray86 have introduced a widely applicable
strategy for modiﬁcation of surfaces of nanoparticles by using
the reagent nitrosyl tetraﬂuoroborate (NOBF4). If added to
dispersions of nanoparticles capped with oleate or oleylamine,
the ligand is stripped oﬀ and the BF4− ions are said to take their
place. Other tetraﬂuoroborates work much less well, or even
not at all, so the involvement of the NO+ cation in the process
also should be taken into consideration. Aggregation during the
G
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Figure 10. Illustration of pH-responsive smart theranostic UCNPs. (left) A schematic showing the fabrication process of pH-sensitive chargereversible UCNPs with multilayers of Ce6 loading. (right) Detachment of the PEGylated polymer layer from the surface of a positively charged
nanoparticle by adjusting the pH value to below 6.8. Reprinted with permission from ref 84. Copyright 2013 by John Wiley Sons, Inc.

NaYF4 nanoplates. Additional advantages include the direct
attachment of the new ligand to the surface of the UCNPs.
Linkers, like those needed in surface modiﬁcations with
amphiphilic molecules or silica shells, are not required.
Examples are given in Table 5. The so-called Meerwein salt
(Et3OBF4) was also applied to ligand stripping of oleatepassivated nanocrystals.87

exchange process is strongly reduced compared with other
protocols, and dispersions of the resulting quasi-ligand-free
particles in DMF are stable for months. New ligands (such as
ole y l a min e , t e tr a d e c yl p h os p h o ni c a c id , o r p o l y(vinylpyrrolidone)) can then be attached to the surface in a
second step as schematically shown in Figure 11.
This method is quite important because it is independent of
the core of the particles and thus has a wide scope. It also works
with iron oxide nanoparticles, titanium oxide nanorods, or

Two-Step Replacement of Native Ligands via Strong Acids

A strategy developed by Capobianco et al.92 involves treatment
of hydrophobic UCNPs with hydrochloric acid that can strip
the native ligands oﬀ the surface to generate ligand-free and
water-dispersible particles. These can then be coated with new
ligands as demonstrated by the attachment of heparin93 as
schematically shown in Figure 12. The strategy was transferred
to other ligands (see Table 6) and represents a quick and easy
way to make UCNPs water dispersible. However, further
studies on the stability and aggregation tendency of the
uncoated particles may be needed.

■

CONCLUSIONS
In short and somewhat simpliﬁed terms, one can make the
following statements: Ligand modiﬁcation (mainly by oxidation) gives low yields and is time-consuming, and the particles
tend to aggregate. It is the least often applied method. The
formation of an additional layer on the surface of an UCNP
using amphiphilic reagents gives particles of good stability in
water solution and enables a large variety of head groups to be
deposited but requires expensive reagents and increases the
thickness of the outer layer and thus the distance of the
functional group to the particle core. Coatings with SiO2, TiO2,
silver, or gold result in water-stable particles that have low
cytotoxicity, but those coated with SiO2 or TiO2 tend to
aggregate during workup, and the size of the particle is
enlarged. Two-step methods based on complete ligand

Figure 11. Illustration of the ligand exchange process at the surface of
Fe3O4 nanocrystals modiﬁed with the BF4− by various capping
molecules. The right column shows the corresponding FTIR spectra.
Reprinted with permission from ref 86. Copyright 2011 American
Chemical Society.
H
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Table 5. Typical Examples for Indirect Replacement of Oleate Ligands by Using the NOBF4 Reagent, New Ligands, and
Properties and Uses of the Resulting Water-Dispersible Nanoparticles (NPs)
UCNP and native ligand
NaYF4:Nd,Yb,Er and NaYF4:Nd,Yb,Tm@
oleate
NaYF4:Yb,Er@oleate
NaGdF4:Nd,Yb,Er@oleate
NaYF4:Yb,Tm@oleate

new surface capping

properties and applications

ref

poly(acrylic acid)

results in water-soluble NPs; method for tuning the excitation wavelength

88

poly(acrylic acid)
poly(acrylic acid)
poly(vinylpyrrolidone)

multiphoton microscopy with low-power continuous wave light sources
in vivo bioimaging with minimized heating eﬀect
photoinduced release of biomacromolecules from hydrogels loaded with
upconversion NPs

89
90
91

Figure 12. Illustration of the procedure for preparing UCNPs coated with heparin and basic ﬁbroblast growth factor (bFGF). Reproduced from ref
93 with permission of The Royal Society of Chemistry.

Table 6. Examples for Indirect Replacement of Native Ligands by First Stripping oﬀ the Ligand with Hydrochloric Acid and
Then Adding the New Capping Ligand and Properties and Applications of the Resulting Water-Dispersible Particles
UCNP and native
ligand
NaYF4:Yb,Tm@oleate
NaYF4:Yb,Er,Tm@
oleate
NaYF4:Yb,Er@oleate
NaYF4:Yb,Tm,Gd@
oleate
NaYF4:Yb,Er@oleate

new surface capping
azobenzene-modiﬁed mesoporous
silica
polyallylamine

properties and applications

ref

drug delivery

5
94

lysine
HS-PEG-NH2

conjugation to PEGylated graphene oxide for combined imaging and photothermal and
photodynamic cancer therapy
conjugation to AuNPs for ﬂuorescence resonance energy transfer assay to detect Cr(III) Ions
bimodal magnetic resonance and ﬂuorescence imaging of intracranial glioblastoma

citrate

conjugation to streptavidin for ﬂuorescence hybridization assay on paper

97

95
96

In terms of cytotoxicity, it appears that UCNPs are less toxic
than other particles, but as was stated by Gu et al.,98 data from
in vivo cytotoxicity studies may not reﬂect chronic toxicity. Few
data are available on dose−eﬀect relationships and less data on
quantitative correlations between their toxicological properties
and their nanocharacteristics including size, surface chemistry,
surface charge, shape and morphology. While not compromising current uses in imaging of cells and tissue, the lack of
systematic fundamental research on the toxicity of UCNPs may
obstruct medical applications at present.
In terms of applications, the following comments may be
useful. If UCNPs are intended for use in (cellular) imaging,
coatings with SiO2 and the like result in particles of good
stability in culture media. UCNPs for use in bioconjugation
may be better coated with amphiphilic molecules where a
variety of functional head groups is available or with gold,
which can be further modiﬁed, for example, via gold−thiol
interactions. FRET studies are best performed with UCNPs
modiﬁed by ligand exchange (using NOBF4 as a reagent, for
example) because this results in a small, constant, and well
controllable distance between the core and any ﬂuorophore on
the surface. UCNPs for use in electrophoresis, in turn, can be
well modiﬁed using amphiphilic polymers, which provide longterm stability because ligand detachment hardly occurs.
Current challenges include better control of particle size and
homogeneity, more reproducible methods for surface loading
or modiﬁcation, the search for synthetic methods providing
higher yields of UCNPs, the need for materials displaying

exchange (using HCl or NOBF4) are simple and aﬀordable, and
the new ligands are directly attached to the surface without
substantially enlarging the particle size. While aggregation can
occur after stripping oﬀ the oleate, the method results in
particles of superior quality and homogeneity but of limited
stability in buﬀer solution.
In terms of biocompatibility, there is no systematic study
available so far that would allow comparisons to be made. We
note that the term biocompatibility is often used in the wrong
way. We remind the reader that biocompatibility is deﬁned by
IUPAC as the “ability to be in contact with a living(!) system
without producing an adverse eﬀect.” This deﬁnition applies to
adverse eﬀects on both the NP and the living system.
Biocompatibility and potential toxicity of NPs usually are
being tested via (commercial) test kits using normal rat kidney
cells. Biocompatibility is not an issue when studying blood or
urine samples. UCNPs coated with PEG or phospholipids
generally are likely to possess excellent biocompatibility, while
chemical coatings such as silica are adequate but not excellent
in this respect. Even surfaces are preferred over uneven
surfaces, and surface defects (which may cause the release of
lanthanide ions, compromise biocompatibility, or cause an
immune response) are disadvantageous even though the
trivalent ions released by conventional UCNPs are less toxic
than those released by Cd-based quantum dots. No studies are
available on the biocompatibility of the less often used UCNPs
based on heavy metal ions, though.
I
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higher quantum yields in water solution (ideally without
tedious surface modiﬁcation), improved methods for workup
(including the suppression of aggregation), new methods for
surface characterization, and the design of more aﬀordable
reagents for surface modiﬁcations. Unfortunately, much
synthetic research in the area is of the trial-and-error kind
due to the lack of understanding of the mechanisms causing the
above limitations. Better control of the reproducibility of
particle size and composition requires experimental skill,
chemicals of high purity, nonleaching labware (glass!), and
the careful exclusion of oxygen. Surface loading can be tested
best via thermogravimetric analysis (TGA), which presently is
the method of choice but requires 10−15 mg of particles.
Interestingly, inductively coupled plasma mass spectrometry,
which is a powerful technique, is not often applied, possibly
because of costs. The ﬁght against aggregation is never-ending.
No single good method can be recommended because
aggregation tendency strongly depends on the kind of surface
and its charge. A simple rule of thumb tells that particles with
negatively charged surfaces tend to aggregate in the presence of
divalent ions, while positively charged do (less) so in the
presence of bivalent anions. One also notes the lack of a fast
method for the determination of the degree of aggregation and
sedimentation. Despite these challenges, UCNPs are considered to represent very promising new materials as evidenced by
the almost exponential increase in the number of articles
covering the subject.

■

biosensors (Europtrode). Several of his optical sensors have been
commercialized. His current h-index is 80. He served on the board of
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