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Abstract: Rare earth based nanostructures constitute a
type of functional materials widely used and studied in
the recent literature. The purpose of this review is to pro-
vide a general and comprehensive overview of the cur-
rent state of the art, with special focus on the commonly
employed synthesis methods and functionalization
strategies of rare earth based nanoparticles and on their
different bioimaging and biosensing applications. The
luminescent (including downconversion, upconversion
and permanent luminescence) and magnetic properties of
rare earth based nanoparticles, as well as their ability to
absorb X-rays, will also be explained and connected with
their luminescent, magnetic resonance and X-ray com-
puted tomography bioimaging applications, respectively.
This review is not only restricted to nanoparticles, and
recent advances reported for in other nanostructures con-
taining rare earths, such as metal organic frameworks and
lanthanide complexes conjugated with biological struc-
tures, will also be commented on.
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1 Introduction

Rare earth (RE) elements, consisting of yttrium, scandium
and the 14 elements of the lanthanide (Ln) series, have
attracted huge interest in both academic research and in
the industry during the last decades, due to their unique
physical and chemical properties [1]. This is reflected in
a growing number of applications, and in fact, they have
become indispensable for a number of critical technolo-
gies, which explains their increasing demand [2, 3]. Most
of these elements are not actually rare in terms of abun-
dance, and the term “rare” should be more connected
with their difficult process of extraction, because such
elements tend to occur together in nature and are difficult
to separate from one another [4].

Recently, the design of nanostructured materials con-
taining RE elements, either as major components or as
dopants, has paved the way for the development of new
applications. In particular, nanoparticles (NPs) possess
the size (ranging from 1 to 100 nm) in which most of the
biomolecular interactions take place [5-7], so the incorpo-
ration of RE into NPs allows their use in many different
biomedical applications, including bioimaging, biosens-
ing, targeting, drug delivery and other therapies [8].

There are some desirable requirements that the NPs
intended for biomedical applications should fulfill. Thus,
uniform size, shape, composition and surface chemistry
are essential [9], since these parameters may have a strong
effect on their physicochemical properties [10-13]. The
particle geometry specifically has been reported to play
an important role in cell-material interactions, affecting
cellular uptake and cell functioning [14, 15]. Moreover, in
vivo assays normally demand controlled particle size, for
example, in order to make use of the enhanced permeation
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and retention effect [16], as well as high colloidal stability
and low toxicity. In vitro applications, on the other hand,
do not require such a level of requirements, especially
those related with the NPs size and shape and toxicity.

RE-based NPs show some advantages when com-
pared with other available materials used for biomedical
applications. As a general trend, RE-based NPs show low
toxicity and high thermal and chemical stability. In addi-
tion, when compared with other luminescent NPs, such
as nanostructures functionalized with dyes and quantum
dots (QDs), frequently used in bioapplications such as
luminescent imaging (LI), RE-based NPs exhibit high pho-
tostability, high luminescence quantum yield and sharp
emission bands [17], the latter providing more selectivity
for bioassays.

Focusing on the bioimaging applications of RE-
based NPs, different imaging approaches can be found in
the literature, most of them based on LI and, to a lesser
extent, on magnetic resonance imaging (MRI) and X-ray
computed tomography (CT). The use of RE-based NPs for
LI is based on the luminescent properties of Ln cations,
which are included as dopants in a large variety of inor-
ganic matrices such as oxides, fluorides, phosphates,
vanadates, molybdates and wolframates. Such inorganic
matrices do not necessarily have to be based on RE,
although RE compounds normally facilitate the doping
process, since the incorporation of the doping Ln cations
with the same charge and very similar size is favored [18].
Two great groups of luminescent RE-based NPs can be
established according with the selected dopant cations.
On the one hand, downconversion nanoparticles (DCNPs)
convert higher-energy photons into photons with lower
energy (i.e. conventional Stokes luminescence) and often
contain Eu**, Th** (codoped with Ce*) and Dy?*, which
are excited by ultraviolet (UV) radiation and emit in the
visible region, and Nd*, which is excited and emits in the
near infrared (NIR) region. On the other hand, upconver-
sion nanoparticles (UCNPs), mostly containing Er** or Tm?*
codoped with Yb**, are able to emit shorter wavelength
light after having been excited by long wavelength radia-
tion (i.e. anti-Stokes luminescence). Both UCNPs and Nd3*
doped DCNPs have attracted high research interest, since
they are excited by NIR radiation, avoiding thus photoda-
mage and background fluorescence of biological systems
and enabling a higher penetration depth into biological
tissues [19].

Of remarkable interest are persistent luminescent
nanoparticles (PLNPs), most of them showing DC lumi-
nescence, which are able to emit light for minutes, hours
or even days after ceasing the excitation irradiation. The
applications of PLNPs in biomedical assays are relatively
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recent, and the fact that they can be excited in advance
makes them of especial interest, since the irradiation of
both cells and animals is avoided, which is especially
favorable in case UV radiations are demanded. Silicate,
aluminosilicate, germanate, gallate and gallogermanate
are typical matrices for persistent luminescent materials,
while transition metals ions such as Cr*, Mn*, Mn** and
Ti**, main group metals ions such as Bi* and Ln cations
such as Eu*, Ce*, Dy*" and Pr** act as dopants, often com-
bined with one another [20]. In this review we will focus
on the latter.

The magnetic properties of some Ln cations such as
Gd*>, Ho** and Dy** make RE-based NPs of these cations
very useful in MRI because they are able to induce addi-
tional contrast between normal and abnormal regions,
which is otherwise very poor. This type of MRI contrast
agents (CA) complements classical CAs available in the lit-
erature like Gd chelates or superparamagnetic iron oxide
NPs (SPIONSs). Likewise, the high atomic number (Z) of the
Ln elements confers the RE-based NPs a high capacity to
absorb X-rays and make them therefore suitable CAs for
CT. CT CAs consisting of RE-based NPs show less toxicity
and higher circulation times than the widely used barium
and iodine-based compounds.

RE-based NPs are also used for the detection and anal-
ysis of ions and molecules of biomedical interest, such as
DNA and proteins. In this case, the biosensing assays are
based on the variation of the luminescent properties of the
NPs in the presence of the analytes.

It should also be mentioned that one general advan-
tage of RE-based NPs is the possibility of combination of
several Ln ions in one NP, which can provide multifunc-
tionality, as it is the case of NPs for multimodal imaging
and theranostics [21, 22].

In most of the cases, a functionalization process, con-
sisting of the attachment of functional groups to the NP
surface, is demanded if the NPs are to be used in biomedi-
cal applications. This step can reduce toxicity and provide
colloidal stability to the NPs [23, 24]. In addition, the reac-
tive groups can be used as anchors for further conjugation
of the NPs with different molecules of biomedical interest,
such as antibodies, peptides, proteins and drugs [25].

Metal-organic framework NPs (MOF NPs or nano-
MOFs) are a new class of hybrid nanomaterials consisting
of inorganic building units coordinatively connected by
organic building units at the nanometer level. Ln-con-
taining luminescent MOFs have been recently the subject
of much attention because of their promising applica-
tions in several fields, including biotechnology. They can
either be built from Ln cations or serve as host structures,
in which the Ln cations can be incorporated into the
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connectivity centers or inside the pores of the MOF [26,
27]. Their highly porous and oriented structures, which
allow them to accommodate many different cargoes,
and their intrinsic biodegradability make them interest-
ing materials for biomedical applications, especially for
sensing and delivery [28].

This review will be focused on the properties and
applications of RE-based NPs and MOFs for bioimaging
(LI, MRI and CT) and biosensing, as well as on the most
commonly used strategies for their synthesis and func-
tionalization. For a deeper and more detailed description
of these matters, some excellent reviews can be found in
the recent literature [19, 29-40].

2 Synthesis and functionalization
of RE-based nanostructures

2.1 Synthesis of RE-based DCNPs and UCNPs

Traditional synthesis methods such as solid state syn-
thesis can be used to produce RE-based materials, but
given the high temperature annealing processes that are
involved, they normally yield irregular particles with
broad size distribution that are thus not suitable for most
bioapplications. For this reason, wet chemical methods

Table 1: Synthesis conditions for some RE-based NPs.
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have attracted much research attention for the synthe-
sis of RE-based NPs for biomedical applications. Most
of these strategies, based on precipitation reactions,
are described below. The general requirement to obtain
uniform NPs is the slow and controlled release or cations
or/and anions, followed by an appropriate reaction kinet-
ics, which in some cases can be achieved after a careful
experimental optimization of all the synthesis variables
[41]. This controlled release can be produced by start-
ing from appropriate precursors that release cations or
anions by hydrolysis or by thermal decomposition. Addi-
tives that form complexes with the cations, which can
be further decomposed on heating thus liberating the
cations in a controlled way, are also commonly used. In
these cases, such additives may act as also capping and/
or dispersing agents. As previously mentioned, the kinet-
ics of the reaction has to be experimentally optimized for
each reaction, which is normally achieved through a sys-
tematic analysis of the effects of the reagent concentra-
tions, synthesis temperature, solvent composition, and
nature and concentration of additives on the morpholog-
ical characteristics of the precipitated particles.

The synthesis methods of RE-based NPs based on the
above strategy can be divided into two general groups,
according to the pressure at which the reaction takes
place: reactions carried out at atmospheric pressure and
hydrothermal or solvothermal methods. Some representa-
tive examples are shown in Table 1.

Composition Solvent Additives Temperature (°C) Time Morphology Reference
LiYF, :Nd** 1-Octadecene Oleic acid 300 (N,) 90 min Octahedral [42]
o-NaHoF, 1-Octadecene Oleic acid 250-330 (Ar) 15-45 min Nanopolyhedra [13]
Oleylamine
NaYF,:Yb*, Er**, Tm*>* 1-Octadecene Oleic acid 300 (Ar) 1h Nanoplates, nanospheres [43]
TOPO Nanoellipses
GdPO, Butylene glycol 120 1 h (Mw) Nanocubes [44]
YF, Ethylene glycol - 120 15h Rhombic [45]
Ca,(PO,),)(OH):Ew**  Water PAA 180 1 h (MW) Nanospindles [46]
ZnGa,0 :Eu’, Cr** Ethylenediamine - 200 48 h Spherical [47]
NaGdF, Water Sodium citrate 180 24 h Nanorods [48]
BaGdF, Water EDTA 180 24 h Nanospheres [49]
REF, Water/ethanol Sodium linoleate 100-200 8-10h Diverse morphologies [50]
Linoleic acid
BiPO,:Eu* Ethylene glycol/glycerol Sodium citrate 120 20 h Nanostars [51]
YVO,:Eu**:Bi** Ethylene glycol/water PAA 120 5h Quasispheres [52]
BaGdF,:Yb*, Er** Ethylene glycol PEI 190 24 h Nanospheres [53]
GdF, Diethylene glycol - 120 15h Quasispheres [54]
CePO,:Th> Water B-Cyclodextrin Room temperature 30 min Nanowires [55]

TOPO, Trioctylphosphine oxide; PAA, poly(acrylic acid); EDTA, ethylenediaminetetraacetic acid; PEl, polyethylenimine; (N,) and (Ar) refer to

the used atmosphere; MW, microwave-assisted.
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2.1.1 Precipitation at atmospheric pressure

Precipitation reactions at atmospheric pressure can be
carried out in water or in organic solvents such as alco-
hols, polyols and solvents of higher boiling point.

2.1.1.1 Aqueous solutions

Some examples of the synthesis of RE-based NPs in
water at temperatures <100°C can be found in the litera-
ture. However, such strategies do not normally produce
uniform NPs, except when capping or dispersing agents
are added. For example, LaF :Eu** NPs with a size around
25 nm have been synthesized at 75°C in the presence of
chitosan from aqueous LaCl,, EuCl, and NH,F solutions
[56] and LaF:Ln** (Ln = Eu, Eu, Nd, Ho) NPs of smaller
size (5-10 nm) have been obtained by precipitation at 75°C
in water solutions containing ethanol, from Ln nitrates
and NaF precursors using n-octadecyldithioposhate
as additive [57]. Uniform REPO,-based nanophosphors
have also been synthesized in aqueous solutions. Thus,
CePO,:Th* nanocrystals have been obtained at 80°C from
Ce(NO,),, Tb(NO,), and NH,H,PO, solutions in the pres-
ence of poly(ethylene glycol) (PEG) bis(carboxymethyl)
ether [58]. B-Cyclodextrin has been also used as additive
for the synthesis of CePO,:Th** nanowires at room tem-
perature from Ce(NO,),, ThCl, and NaH,PO, [55]. Finally,
LaPO,:Ln** (Ln=Ce, Th, Eu) NPs with sizes below 10 nm
have been synthesized at 90°C from La(NO,), and sodium-
polyphosphate (Na,P,0O, ) precursors [59], which also act
as stabilizing agents.

2.1.1.2 Organic solutions

Synthesis in high boiling point solvents

Precipitation reactions at high temperatures (200-400°C)
can be carried out by using solvents of high boiling point,
as octadecene, eicosene, and trioctylamine. In these
cases, the reactions must be conducted in an inert atmos-
phere (Ar, N)) under reflux, and capping and/or complex-
ing agents are also usually required to obtain uniform
NPs. Among them, oleic acid (OA), linoleic acid, stearic
acid and their salts are widely used, since they are able to
form very stable complexes with the RE [60]. Some amines
(mostly oleylamine) and phosphines (trioctylphosphine
oxide, TOPO) have also been employed.

Common RE salts (nitrates and chlorides) are fre-
quently used as precursors, and methanol is sometimes
employed to favor precursor dissolution. Many systems
have been prepared by using this procedure, mostly Ln
phosphates and different Ln fluorides. For example,
REPO, (RE=La, Y, Eu, Th and Ho) NPs with different
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morphology (polyhedral and wires) have been synthe-
sized from the corresponding RE nitrates or hydroxides
in an oleic acid/oleylamine/octadecene mixture at 180°C
[61]. In this work, particle size and shape were found to
depend on the nature of the RE cation and/or the oleic
acid/oleylamine ratio. Ultra-small LaPO,:Eu* NP of 3.5 nm
have been also synthesized at 240°C from solutions of the
RE chlorides and Na,PO, in oleic acid and octadecene [62].
By far, the majority of RE-based NPs synthesized by this
method consist of different fluoride phases. To mention a
few, uniform ultra-small (4 nm) KGdF,:Yb*, Tm** NPs [63],
LiYF,:Nd** NPs with an octahedral shape (24 nm length
%20 nm width) [42] (Figure 1A), NaYF,:Yb*, Er’** nano-
spheres (around 23 nm diameter) [67] and NaLuF,:Gd™>,
Yb*, Er* nanospheres (around 27 nm diameter) [68] have
been synthesized at 300°C from the corresponding RE
chlorides, alkaline hydroxides and NH F solutions in octa-
decene, using oleic acid as capping agent. A slight modifi-
cation of this method, basically consisting in the addition
of TOPO as an additional capping agent, has been used for
the synthesis of NaYF,:Yb*, Er**, Tm*" NPs with different
morphologies (nanoplates, nanospheres and nanoellip-
ses, all of them showing an average size of around 20 nm).
In this case the concentration of the capping agents had
a big influence on the final morphology of the NPs [43].
Another additional capping agent is oleylamine, which
has been used for the synthesis of YF.:Yb*, Er’* nano-
plates with thickness ranging from 13 to 17 nm [69] and
NaLuF,:Yb*, Er** nanospheres (40 nm diameter) [70]. In
these two last examples, the relative amount of oleic acid/
oleylamine had a strong influence in the final morphology
of the NPs.

This synthesis route has been also conducted using
RE oleates and stearates as RE precursors. For example,
ultra-small NaGdF, NPs (3-4 nm) have been produced
from sodium and Gd oleates and N(CH,),F in a mixture of
octadecene, oleic acid and oleylamine at 220°C [71], and
NaGdF,:Yb*, Er** nanospheres (from 15 to 25 nm) have
been synthesized from the corresponding RE oleates and
NaF in octadecene and oleic acid at 320°C. The synthe-
sis of ultra-small BaLuFS:Yb3*, Er** NPs with sizes below
10 nm in octadecene/oleic acid solutions at 300°C from RE
stearates has also been reported [72].

Finally, RE trifluoroacetates are a special kind of RE
precursors used for the synthesis of many fluoride-based
NPs in organic high boiling point solvents. Their main
advantage is that the trifluoroacetate anions decompose
on heating at about 300°C, thus liberating the F- anions
required for solid phase formation in a controlled manner.
This method is known as thermolysis and has been used
for the synthesis of highly uniform RE trifluoride (REF,)
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Figure 1: (A) LiYF,:Nd** NPs synthesized from RE chlorides in ODE/OA at 300°C. Taken from [42]. Reproduced with permission of The Royal
Society of Chemistry. Copyright © 2016. (B) a-NaHoF, NPs synthesized from RE trifluoroacetates in ODE/OA at 330°C. Taken from [13].
Reproduced with permission of the American Chemical Society. Copyright © 2006. (C) GdPO, nanocubes synthesized from Gd(acac), and
H,PO, in BG at 120°C. Taken from [44]. Reproduced with permission of the American Chemical Society. Copyright © 2013. (D) GdVO,:Eu** NPs
synthesized from Gd(NO,), and Na,VO, in an ethylene glycol/water mixture in the presence of PAA at 120°C. Taken from [64]. Reproduced with
permission of The Royal Society of Chemistry. Copyright © 2013. (E) YF, NPs synthesized from yttrium acetylacetonate and the IL [BMIM]BF, in
ethylene glycol at 120°C [45]. (F) Ca,(PO,),)(OH):Eu** nanospindles synthesized through a microwave-assisted hydrothermal method at 180°C
in the presence of PAA. Taken from [46]. Reproduced with permission of the American Chemical Society. Copyright © 2013. (G) NaYF, NPs
synthesized through a solvothermal method in ethanol with linoleic acid and sodium linoleate as additives. Taken from [65]. Reproduced
with permission of Nature Publishing Group. Copyright © 2005. (H) ZnGa,0,:Eu?*, Cr** PLNPs synthesized in EDA at 200°C. Taken from [47].
Reproduced with permission of The Royal Society of Chemistry. Copyright © 2016. (1) [(Tb, ,,,Eu, .,.),(PDA),(H,0)] - 2H,0 MOF NPs synthesized
by spray-drying at 180°C. The inset depicts a TEM image of a crystal isolated from the aggregate by sonication. Taken from [66]. Reproduced

with permission of John Wiley and Sons. Copyright © 2015.

and mixed RE-alkaline (A) or RE-alkaline earth (M) fluo-
rides (mostly, with AREF, and MREF, stoichiometry) NPs.
For example, triangular LaF, nanoplates with dimensions
2x16 nm were produced from the decomposition of lan-
thanum trifluoroacetate in oleic acid and octadecene at
280°C [73]. Mixtures of oleic acid and octadecene have
also been employed for the synthesis of hexagonal-shaped
NaGdF,:Yb*, Ho** NPs (15 nm) [74] and of roughly spheri-
cal NaYF,:Yb*, Er**, Tm** NPs (15-30 nm) [75] from RE and
Na trifluoroacetates. Likewise, ultra-small BaLuF,:Yb*,

Tm3* NPs (<5 nm) were obtained from lutetium trifluoro-
acetate and barium acetylacetonate [76]. In some cases,
oleylamine was added as an additional capping agent.
Thus, NaREF, (RE=Pr to Lu, and Y) NPs of different
morphologies (nanopolyhedra ranging from 6 to 15 nm,
nanorods of around 25x 45 nm, nanoplates with dimen-
sions of 155 x 76 nm and nanospheres around 20 nm) have
been obtained from sodium and RE trifluoroacetates in
oleic acid/oleylamine/octadecene mixtures at high tem-
perature (250-330°C). An example of these systems is
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illustrated in Figure 1B, which corresponds to NaHoF,. In
these cases, the Na/RE ratio, the solvent, the synthesis
temperature and the reaction time had a great influence
on the final morphology of the NPs [13]. An oleic acid/
oleylamine/octadecene mixture was also used for the syn-
thesis of ultra-small BaGdF,:Yb*, Tm* NPs (<5 nm) from
the corresponding RE and Ba trifluoroacetates at 300°C
[77]. It must be mentioned that this method also works
using liquid capping compounds as solvents. For example,
cubic and hexagonal-like B-NaYF,:Eu** NPs (from 10 to
20 nm) [78] and NaYF,:Yb*, Ln* (Ln=Er, Ho and Tm)
nanospheres (10 nm) [79] have been synthesized at 330—
350°C from sodium and RE trifluoroacetates dissolved in
TOPO, not needing any additional solvent. The Na/Y ratio
was also found to play a key role in the final morphology
of the NPs [78]. NaYF,:Yb*, Er**, Tm** NPs (10 nm) [80] and
NaLuF,:Yb*, Er** nanospheres (19 nm) [81] have also been
produced from the thermal decomposition of sodium and
RE trifluroacetates in oleylamine at 300°C. A similar strat-
egy has been used to obtain GdF:Nd** nanospheres of
sizes ranging from 3 to 13 nm at 340°C [82].

Synthesis in polyols
It has to be mentioned that the use of hydrophobic organic
solvents and additives gives rise to hydrophobic NPs, and
further steps of functionalization are demanded in order to
make them water-dispersible [83], as it will be commented
on in following sections. Moreover, the toxicity that in
most of the cases is shown by such solvents and additives
demands in some ways the design of more environmental-
friendly synthesis strategies. Among them are those using
polyol (ethylene glycol, EG; butylene glycol, BG; diethylene
glycol, DEG; glycerol, GLY)-based solvents whose boiling
point is much higher (from 197 to 290°C) than that of water,
although lower than that of the above mentioned solvents.
Typical advantages of homogeneous precipitation
synthesis in glycol media are the capping abilities of the
glycols [84] and their lower toxicity, when compared with
other organic solvents. However, in general terms, larger
NP sizes are also obtained. By using this kind of solvents,
a large variety of RE-based NPs with different shapes
and sizes, including fluorides, phosphates, vanadates
and molybdates have been synthesized. In most cases, a
controlled release of cations is involved in the synthesis
process. Analogously to the aforementioned examples of
synthesis at higher temperatures, the slow and controlled
release of the RE cations can be achieved by selecting
organic precursors of RE and/or by the use of additives,
which can form stable complexes with the RE cations.
RE acetylacetonates [RE(acac),] have been reported to be
appropriate precursors, since they release the RE cations
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upon heating. Uniform NaYF,:Ln* (Ln=Eu, Th, and
Yb +Er) nanospheres of around 50 nm [85] and YVO,:Eu**
nanoellipsoids of 130 x 60 nm and quasispheres of around
90 nm [86] have been obtained at 120°C from Y(acac),
and Na, VO, after the optimization of the reaction kinet-
ics, which was carried out by adjusting the viscosity and
dielectric constant of the solvent (a mixture of EG and
water). Similar strategy was applied for the synthesis at
120°C of YPO,:Ln* (Ln=Eu, Ce, Tb, and Ce +Tb) NPs with
lenticular shape (60 nm diameter) in EG at 120°C [87] and
of GdPO,:Eu*nanocubes (70 nm edge dimension) in BG
(Figure 1C) [44]. In the last two examples, a microwave
oven was used instead of a regular oven. This heating
source has been proved to reduce the reaction times and
increase the reaction yield. RE acetates have also been
used as RE precursors as in the case of the synthesis of
LuPO, nanospindles of 130 x 62 nm in BG at 120°C [88].
Sodium citrate is frequently used as additive for the
synthesis of uniform RE-based NPs in glycol media. These
anions form a citrate-Ln* complex which acts as a res-
ervoir for the controlled release of the RE cations to the
reaction medium. This procedure has been employed
for the synthesis of uniform 150 nm diameter BiPO,:Eu**
nanostars in EG/GLY mixed solvent at 120°C [51] and of
(NaGd(MoO,),) 70 x 35 nm nanospindles, which were syn-
thesized in an EG/H,0 mixed solvent at 120°C [89].
Poly(acrylic acid) (PAA) has also been frequently
used as a capping agent for the synthesis of RE-based
NPs through the polyol method. Thus, uniform GdVO,
nanocubes (Figure 1D) [64] and LaVO, [90] nanospheres
have been synthesized at 120°C from Ln(NO,), solutions
in EG/H,0 mixtures, using Na,VO, as vanadate source.
Interestingly, the size of the NPs could be adjusted by
changing the amount of PAA added. Similarly, ultra-small
NaCeF,:Tb*" NPs of 3.8 nm were obtained in DEG from the
corresponding RE nitrate, NH,F and PAA at 200°C [91].
Polyethylenimine (PEI) is another common additive, used
for example for the synthesis of BaGdF:Yb*, Er** sphere-
like NPs of around 10 nm, which were obtained from RE
nitrate, BaCL, NH,F and PEI solutions in EG at 190°C [53].
Slow release of anions has also been used to obtain
RE-based NPs in polyol solutions. This is the case of the
synthesis at 120°C of octahedral BiF :Eu** NPs in a DEG/
water mixture using NaBF, as fluoride source, which liber-
ates F~ anions after hydrolysis of the BF,” anion [92]. GdF,
nanocubes have been synthesized in a similar way from
gadolinium chloride and the ionic liquid (IL) [BMIM]BF, in
DEG [54]. In this case [BMIM]BF, slowly releases fluoride
anions by hydrolysis [93]. It is important to mention that
the use of ILs has been suggested as a green alternative
to the conventional organic solvents for the synthesis of
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inorganic compounds [94, 95], because they are non-vol-
atile, non-flammable and thermally stable organic salts
with low melting point, and they can also act as capping
agents or surfactants. Other REF -based NPs synthesized
from ILs are EuF, rodlike NPs, obtained from europium
acetate and the IL (2-hydroxyethyl)-trimethylammoni-
umtetrafluoroborate ([choline] [BF,]) in ethyleneglycol at
120°C [96], and rhombic-like LuF, NPs, obtained after a
solvothermal process at 150°C of ethanolic solutions con-
taining the corresponding RE nitrates and 1-octyl-3-meth-
ylimidazolium hexafluorophosphate (OmimPF,) [97].

In some cases, the controlled release of both cations
and anions is required to obtain uniform NPs. For example,
rhombic YF :Ln** (Ln=Eu, Th) NPs (Figure 1E) [45] can be
obtained at 120°C from EG solutions containing yttrium
acetylacetonate and [BMIM]BF,. Another example is the
synthesis of BaGdF, nanospheres of around 40 nm using
a similar procedure in GLY solutions at 120°C containing
gadolinium acetylacetonate, barium chloride and [BMIM]
BF, as precursors [98].

2.1.2 Hydro(solvo)thermal methods

Solvothermal-based methods are those carried out in
closed vessels under autogenous pressure above the
boiling point of the solvent [99]. They have been applied
for the synthesis of many different nanomaterials [100].
RE chlorides and nitrates are normally used as precursors.

When using water as solvent (hydrothermal synthe-
sis), in some cases, no additives are required to control
particle size and shape, as in the synthesis of NaREF,
(RE=Pr, Sm, Gd, Tb, Dy, Er) nanotubes, which were
obtained using a two-step procedure. Firstly, RE(OH),
nanotubes of dimensions of 300 x50 nm were synthe-
sized after submitting at 120°C an aqueous solution of
the corresponding RE nitrates at pH 14. Such RE(OH),
nanotubes were then treated at 120°C with aqueous solu-
tions containing HF and NaF to obtain NaREF, nanotubes
[101]. CePO, nanotubes were also prepared without addi-
tives after hydrothermal reaction of Ce(N03)3'6HZO and
(NH,),HPO, solutions at pH 1 and 180°C [102]. Likewise,
REPO, (RE=La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm,
Yb, Lu, Y) nanotubes with diameters ranging from 5 to
120 nm were obtained after treatment at 150°C of aqueous
basic solutions containing the corresponding RE nitrates
and NH,H,PO, [103]. Finally, CePO,:Tb* and LaPO,:Eu**
nanorods were also synthesized in a water/ethanol
mixture at 120°C from the lanthanide chloride and H,PO,
[104]. In all these examples, an optimization of the reac-
tion pH was carried out.
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In most hydrothermal syntheses, however, hydrophilic
additives are needed to produce uniform NPs. Among
them, the most common is sodium citrate, which is able
to form strong complexes with the REs [105], as previously
commented. Several examples can be cited in which these
complexes have been used in aqueous solutions such as
the synthesis of NaGdF, nanorods (100 nm) at 180°C from
solutions containing GA(NO,), and NaF [48], and the syn-
thesis of BaGdF, porous nanospheres of sizes ranging from
65 to 119 nm from solutions containing gadolinium and
barium nitrate and NaBF , at 180°Cin butyl amine, which
was used to increase the pH [106]. Some RE phosphates
have been also synthesized in this way as it is the case of
YPO,:Ln** (Ln=Tb, Eu, Dy) nanorods (60 x 35 nm), synthe-
sized at 180°C from acid aqueous solutions of the corre-
sponding RE chloride, sodium citrate and Na,P,0,, [107],
and YPO,:Ln** (Ln=Tb, Eu) spherical-like NPs obtained
after hydrothermal treatment at 180°C of basic aqueous
solutions of Y(NO,),, sodium citrate and Na,PO, [108].
Other hydrophilic additives used for the hydrothermal
synthesis of RE-based NPs are PEG, ethylenediaminetet-
raacetic acid (EDTA), PEI, PAA and polyvinylpyrrolidone
(PVP). PEG has been used, for example, for the hydro-
thermal synthesis at 190°C of BaLuF, NPs (24 nm) from
solutions containing PEG, BaCl,, Lu(NO,), and NH,F [109].
Likewise, BaGdF, nanospheres have been synthesized
from aqueous basic solutions containing EDTA BaCl,
GdCl, and NaBF, at 180°C [49]. PEI has been used for the
solvothermal synthesis in EG at 200°C of NaGdF 4:Yb3*, Ln?*
(Ln=Er, Tm, Ho) cubic NPs (40 nm) from the correspond-
ing RE chloride, NH,F and PEI [110]; KGdF :Ln** (Ln=Gd,
Eu, Th, Dy) roughly spherical NPs (25 nm) were obtained
from KCl, RE chloride and NH,F solutions in EG at 200°C
[111]). Eu**-doped calcium apatite 191 x 40 nm nanospin-
dles have been synthesized in water at 180°C from calcium
nitrate, sodium phosphate monobasic and PAA at basic
pH (Figure 1F) [46]. Finally, PVP has been used for the syn-
thesis of 50 x10 nm GdPO,:Ln** (Ln=Ce+Th, Eu, Yb+Er)
nanorods by treatment at 180°C of aqueous solutions of
Gd(NO,), and Na,HPO, [112].

Organic hydrophobic additives such as linoleic
or oleic acid, often in presence of sodium linoleate or
oleate, are also frequently used for the solvothermal syn-
thesis of highly uniform RE-based NPs in organic media,
mostly in alcohol and in alcohol/water solutions. Typical
examples are the synthesis of highly uniform REF, and
NaREF, fluorides from the corresponding RE acetate and
NaF in water/ethanol-containing linoleic acid or sodium
linoleate solutions at temperatures ranging from 100 to
200°C [65]. This procedure yields rounded NPs of NaYF,
(Figure 1G), YbF, and LaF, of around 4-12 nm diameter
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and rice-like YF, NPs of 500 x 100 nm. Other RE fluoride
systems synthesized following this strategy are LaF, :Ln**
(Ln=Ce/Tb and Yb/Er) and NaLaF, nanorods, obtained
from the corresponding RE nitrate, NaOH, NaF and oleic
acid in a water/ethanol solution treated at 190°C [113] and
NaYb, GdF,:Ln** (Ln=Eu*, Tb*, Ce*/Eu*, Ce*/Th¥,
Ce*/Eu*/Th*, Ho**, Er**, Tm?*" and Er**/Tm3*) NPs obtained
from the corresponding RE nitrate, NaOH and NH,F at
temperatures ranging from 130 to 230°C. In the last case
the Gd content played a key role in the final morphol-
ogy of the NPs, which ranged from NaYbF, nanocubes to
NaYb, Gd F, nanorods [114]. Round-shaped NPs for REF,
(RE=La to Eu) and rice-like NPs for REF, (RE = Gd to Yh)
have also been obtained at temperatures ranging from
100 to 200°C from solutions of RE nitrates in water and
ethanol with sodium linoleate and linoleic acid as addi-
tives [50]. Some amines have also been employed instead
of fatty acid derivatives. For example, GdF, nanowires
(length <40 nm) were synthesized at 240°C from a solu-
tion of GA(NO,),-xH,0 and HF in octylamine/ethanol
[115], and rice-like YF, and YbF, NPs have been obtained
from ethanol/water solutions of RE nitrates, linoleate
acid, octadecylamine and NH,_HF, treated at 100-200°C
[50]. Other RE-based phases have also been synthesized
following this method. For example, YPO,:Eu** hexag-
onal-like NPs of around 16 nm were obtained from the
RE nitrates, NaH,PO,, NaOH and oleic acid in a water/
ethanol solution at temperatures ranging from 100
to 140°C [116]. Likewise, REPO,-H,0 (RE=Y, La-Nd,
Sm-Lu) of different morphologies (sphere-like, rod-like
and polygon-like, with sizes ranging from 8 to 60 nm,
depending on the RE) were synthesized from RE nitrate,
NaH,PO,, oleic acid, and NaOH solutions in water and
ethanol treated at 140°C [117]. However, the use of hydro-
phobic additives finally produces hydrophobic NPs, thus
demanding further functionalization treatments.

The main advantages of hydrothermal methods with
or without hydrophilic additives over the solvothermal
method using hydrophobic additives are the final hydro-
philic character of the NPs, their high level of crystallinity
and the fact that in contrast to most organic solvents water
is not toxic. However, these methods also presents some
drawbacks such as the larger particle size that usually
results in comparison with that produced by the organic
solvent-based methods.

2.2 Synthesis of PLNPs

An annealing treatment at high temperatures is
usually required to obtain phosphors with persistent
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luminescence. For this reason, most systems have been
prepared by using the conventional solid-state synthe-
sis method, which usually results in heterogeneous
microparticles. Some authors have also reported the
synthesis of persistent phosphors by using wet chem-
istry techniques followed by the appropriate annealing
process, which sometimes produce particles within the
nanometer size range. This is the case, for example, of
CaOJZnOgMgO_QSiZOéEuz*, Dy?**, Mn?* PLNPs, which were
synthesized by a sol-gel route followed by calcination
at 1050°C [118]. In this case, a size selection by selective
centrifugation was needed to narrow the PLNPs size dis-
tribution. Zn, Ga  Ge0,:Cr**, Pr’* PLNPs, have been
produced by a citrate sol-gel method with a subsequent
calcination process [119]. Nevertheless, in general terms,
such methods do not allow a fine control of the NPs mor-
phology, yielding irregular and aggregated particles, with
rather heterogeneous size which limit their potential
bioapplications.

Other synthesis strategies have been employed to
prepare persistent luminescent nanostructures with a
higher degree of uniformity. For example, homogeneous
BaAlO,:Eu*, Dy** nanotubes have been prepared by a
hydrothermal procedure in the presence of cetyl trimeth-
ylammonium bromide (CTAB) followed by annealing at
1300°C [120]. Uniform SrAlO,:Eu*, Dy** nanotubes have
also been prepared by precipitation templated by sur-
factant assemblies, and the subsequent high temperature
(1300°C) calcination [121]. In some cases, the solvent also
acts as capping agent, as it is the case of ZnGa,0,:Eu*,
Cr**PLNPs synthesized in ethylenediamine (EDA) through
a solvothermal method. In this case, metal acetylaceto-
nates were dissolved in EDA and treated at 200°C, yield-
ing relatively homogeneous ultra-small (5-7 nm) PLNPs
functionalized with amino groups (Figure 1H) [47].

An interesting strategy vyielding homogeneous
PLNPs consists of the deposit of a persistent lumines-
cent phosphor layer on the surface of mesoporous silica
nanospheres (MSNs) by ionic impregnation, followed
by calcination at high temperature. This method results
in the formation of a MSNs@PLNPs composite material,
as it is the case of SiO,@SrMgSi,0,:Eu*, Dy* [122] and
Si0,@Zn, ,Ga, ,Ge  0,Cr*, Eu** [123] uniform nanospheres.

Physical techniques, mainly laser-based strategies,
have also been reported for the preparation of PLNPs. In
particular, pulsed laser ablation in liquid, which consists
of focusing laser pulses on a bulk target (either a single
piece or pressed powder) immersed in a liquid solution
[124], has shown to be an efficient and versatile technique
to produce highly pure Sr,MgSi,0.:Eu*, Dy** [125] and rela-
tively homogeneous Ca,Si.N,:Eu*, Tm* [126] PLNPs.
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2.3 Synthesis of RE-based metal organic
frameworks

MOFs are a new class of hybrid nanomaterials consist-
ing of inorganic building units coordinatively connected
by organic building units at the nanometer level. Some
of the organic ligands most frequently used are shown in
Figure 2. A more extended and comprehensive list of the
different organicligands used for the synthesis of RE-based
MOFs can be found in a review by Chen and Ma [27]. MOFs
can either be based on RE cations or serve as host struc-
tures, in which the RE cations can be incorporated into the
connectivity centers or inside the pores of the MOF. The
former are conventionally synthesized by precipitation
reactions from RE and organic ligand precursors in water,
alcohols and other organic solvents in sealed vessels
[128]. Synthesis temperatures range from room tempera-
ture to hydro(solvo)thermal conditions, and in most of
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the cases several days of reaction are demanded. Some
examples are the synthesis of Tb(BTB)(HZO)-Z(CéHuO)
(BTB=1,3,5-benzenetrisbenzoate) [129], MOFs based on
different Ln with tritopic organic linkers of variable size
[130] and ([Tb(BTB)(DMF)] - 1.5DMEF - 2.5H,0), (DMF =N, N-
dimethylformamide) [131]. MOFs can also contain two
different cations, as it is the case of Eu-Cu and Dy-Cu
4-pyridin-3-yl-benzoic acid, and H,BPDC=4,4"-biphenyl-
dicarboxylic acid [132], respectively. Sr-Eu? imidazolate
frameworks have been also reported. In this case, the
RE and Sr precursors are added to a melt of the organic
ligands [133].

One of the main concerns regarding the synthesis of
MOFs is the large-scale homogeneous production. This
is partly overcome by using microwave-assisted reactors,
which allow an important reduction of the reaction times.
For example, Ln-based MOFs with general formula [RE
(TTTPC)(NO,),(CD)] - (H,0),, (RE=La, Ce, Pr, Nd, Eu, Th, Dy
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Figure 2: Some aromatic polycarboxylate ligands.

(A) H,TIPA; (B) H,BTPCA; (C) H,bpt; (D) H,L1; (E) H,dpda; (F) H,L2; (G) H,L3; (H) H,bidc; () H,L4; (J) H,btb; (K) H,pztc; and (L) H,L5. Taken from
[127]. Reproduced with permission of The Royal Society of Chemistry. Copyright © 2016.
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Ho, and Yb; and H,TTTPC=1,1",1"-tris(2,4,6-trimethylben-
zene-1,3,5-triyl)-tris(methylene)-tris(pyridine-4-carboxylic
acid)) have been synthesized in a microwave oven at 85°C
for 5 min from lanthanide nitrate and the organic ligand in
a water-ethanol mixture [134].

Template-assisted MOF synthesis methods are of
special interest since they allow tailoring the porous
structures. Such is the case of praseodymium-adipate
frameworks, which were synthesized in the presence of
different dipyridyl guest molecules yielding different final
structures [135].

Other alternative synthesis routes have been reported
in the literature [128]. One of them is the sonochemical
synthesis, which consists of the application of high-energy
ultrasound to a reaction mixture. Bubbles are formed in
solution, and after their collapse, local points of very high
temperature and pressure can be produced [136]. Sono-
chemical synthesis can be carried out at room conditions,
as it was reported for a series of RE-benzenetricarboxylates
MOFs (RE = Ce, Th, Y)[137]. Spray-based methods have also
beenreported in theliterature. For example, [(Tb , ,Eu, .,
(PDA),(H,0)]-2H,0 (PDA=1,4-phenylenediacetic acid)
metal organic framework NPs have been obtained from
RE nitrate and PDA solutions in dimethylformamide and
water spray-dried at 180°C (Figure 1I) [66]. Other exam-
ples are mechanochemical syntheses, which imply the
mechanical breakage of intramolecular bonds, which is
followed by a chemical transformation. Such reactions
can be carried out at room temperature and do not nec-
essarily require the use of organic solvents. For example,
RE((BTC)(H,0)) (RE=Sm, Gd, Tb, Dy, Y) has been synthe-
sized from RE carbonate and benzene-1,3,5-tricarboxylic
acid (H,BTC) by ball milling during 20 min [138].

Finally, in the case of MOFs consisting of non-lan-
thanide elements with Ln cations accommodated in
their pores, the Ln ions are introduced into the pores by
immersing the non Ln-based MOFs in solutions contain-
ing the respective Ln salts. Zinc-based MOFs doped with
Eu®" and Th*" have been prepared by following this meth-
odology soaking the zinc-based MOFs for 2 days with DMF
solutions containing Eu3* and Th?* cations [139].

2.4 Functionalization strategies

Functionalization strategies imply changes in the surface
chemistry of the NP with three main objectives: (i) make
them water dispersible (in case of hydrophobic NPs [140]),
(ii) prevent agglomeration in biological media by intro-
ducing electrostatic and/or steric repulsions [23], and (iii)
provide specific and reactive groups that can be used as
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anchors (mostly amino or carboxylic groups) for further
conjugation of the NPs with different molecules of bio-
medical interest, such as antibodies, peptides, proteins
and drugs [25]. Frequently used additives for the func-
tionalization of RE-based NPs are sodium citrate, PAA,
PEG and derivate, poly(allylamine hydrochloride) (PAH),
poly(sodium 4-styrenesulfonate) (PSS), 1,2-distearoyl-sn-
glycero-3-phospho-ethanolamine-N-[methoxy(poly-ethyl-
eneglycol)-2000] (ammonium salt) and the amphiphilic
polymer poly(isobutylene-alt-maleic anhydride) modified
with dodecylamine (PMA) and its derivate [74, 141].

A functionalization step is mandatory for hydropho-
bic NPs synthesized in organic media [83]. Their hydro-
phobic coating can be removed by acid treatment [142] or
by ultrasonication in ethanol [143], but in general terms
such strategies should be avoided, since the removal of
the coating does not allow or makes it difficult for further
processes of conjugation and can produce aggregation.
This is why in other cases the hydrophobic coating has
been oxidized with the Lemieux-von Rudloff reagent,
yielding water-dispersible carboxylic acid-functionalized
NPs [144]. Apart from these strategies, two general types
of functionalization of hydrophobic NPs are normally
used, namely, ligand exchange and polymer coating. The
ligand exchange consists of the replacement of the origi-
nal hydrophobic NP coating by hydrophilic species such
as PEG, other polymeric ligands, or citrate [67, 145]. With
the polymer coating an overcoating of the hydrophobic
NPs by amphiphilic polymers is carried out, mostly with
PMA and its modifications. In this case the functionaliza-
tion takes place via hydrophobic interactions between the
hydrophobic coating of the NPs and the hydrophobic part
or the polymers [67, 146-149]. Ligand exchange methods
typically offer NPs with smaller hydrodynamic diameters
but suffer (for most NP materials) from limited colloidal
stability. Polymer coating yields NPs that are very colloi-
dally stable but that normally show larger hydrodynamic
radii [150]. A scheme of these functionalization strategies
of hydrophobic NPs is shown in Figure 3.

For NPs synthesized in water or in other hydrophilic
solvents, one-pot synthesis (i.e., synthesis and functional-
ization take place at the same time by using additives) has
demonstrated to be the most convenient strategy, yield-
ing NPs with high colloidal stability in aqueous media.
An example of this is the one-pot synthesis of NaGdF,@
PAA NPs of spherical shape of 60 nm from gadolinium
acetylacetonate, NaF and PAA solutions in an EG and
water mixture treated at 120°C [151]. The one-pot strategy
does not work for all systems, and other functionalization
procedures carried out as a second step following the NPs
synthesis have been developed. These procedures take
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Figure 3: Scheme with some functionalization strategies used for hydrophobic NPs.
(A) Removal of the hydrophobic layer; (B) oxidation of the hydrophobic layer; (C) polymer coating; and (D) ligand exchange.

place via electrostatic or chemical interactions and have
been used to functionalize GdF:Eu**, GdVO,:Eu** and
NaGd(MoO,),:Eu** NPs with aspartic-dextran [54], amino-
dextran [64] and poly(L-lysine) [89], respectively. An
interesting method for the functionalization of previously
synthesized NPs is the layer-by-layer (LbL) technique. This
involves the subsequent deposition of polyelectrolytes
with alternating charges such as PAH (positive charge),
PSS (negative charge) and PAA (negative charge) onto the
surface of hydrophilic NPs. In this case, the polyelectro-
lyte stoichiometric excess, the NP concentration, the size
and degree of polymerization of the polyelectrolyte chains
and the salt concentration are the variables to be adjusted
in order to avoid NP agglomeration [31, 152]. This strat-
egy has been applied to Na(Y, Na )F :Yb*, Er* [153] and
REVO,:Eu*, Bi** NPs [52]. The LbL approach has also been
applied to hydrophobic NaYF,:Yb*, Eu’* NPs after a pre-
vious ligand exchange with citrate anions [67]. Neverthe-
less, the final functionalized NPs showed worse colloidal
stability than those functionalized by other strategies.
Another frequently used approach for the function-
alization of both hydrophilic and hydrophobic NPs is
the silica encapsulation, in which a layer of amorphous
silica, in most of the cases functionalized with reactive
groups (i.e. organosilica), is deposited onto the NP surface
[154, 155]. The encapsulation with silica shows some

COOH

COOH

HOOC COOH

advantages when compared to other functionalization
strategies, mostly related to its biocompatibility and the
possibility of subsequent functionalization [156], as well
as the high colloidal stability of the final products. The
nature of the original NPs surface (hydrophilic or hydro-
phobic) determines the methodology to be followed, and a
careful optimization of the different coating variables has
to be made in order to avoid NP agglomeration. Thus, the
well-known Stéber process is used to deposit a SiO, layer
on hydrophilic NPs. This method is based on the hydroly-
sis of a Si alcoxide (often tetraethylorthosilicate or modi-
fications) in ethanolic solutions, normally in the presence
of ammonia [157]. For this, the NPs have to be stabilized
in ethanol media with agents such as PVP of PEG-based
ligands [158, 159]. This is by far the most commonly used
strategy for the functionalization of PLNPs with silica that
isused in bioassays [118, 119, 123, 160]. For the silica encap-
sulation of hydrophobic NPs, a reverse microemulsion
strategy is commonly used. In this case water droplets are
dispersed in a bulk oil phase, with the help of surfactants.
The droplets act as nanoreactors for the confined synthe-
sis and silica coating of nanometer-sized particles. Typical
oil phases are hydrocarbons and chloroform, and CTAB,
Triton X100 and sodium decylbenzenesulfate are often
used as surfactants. The selection of an appropriate sur-
factant is a key factor, since it determines the size of the
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reverse nanodroplets and the homogeneity of the coating
[161]. Hydrophobic YF, [162] and NaYF,:Yb*, Tb** [163] NPs
coated with SiO, are examples of this last strategy.

In addition to the amorphous silica coatings described
above, mesoporous silica layers have also been depos-
ited onto hydrophobic B-NaYF,:Yb*, Er*@B-NaGdF,:Yb*
[164] and B-NaYF,:Yb*, Er** [165] NPs by using CTAB as a
secondary surfactant. This additive is not only used as a
capping and phase-transfer agent but also as a structure-
directing agent for the formation of mesoporous silica
coatings.

3 Luminescent bioimaging

This section of the review starts with a brief, basic descrip-
tion of the luminescent properties of Ln-doped nano-
phosphors. Likewise, the strategies used to overcome the
relatively low intensity of the Ln luminescence, namely,
energy transfer (ET) processes, antennas and core-shell
architectures are subsequently delineated, and several
recent examples of the use of Ln-doped nanophosphors
as bioprobes for LI are provided. Finally, given that the
research on persistent luminescent nanophosphors for
bioimaging has recently attracted a considerable interest,
the last part of this section has been devoted to explaining
the peculiarities of this type of nanophosphors, as well as
their potential for use in LI.

3.1 Luminescent properties of Ln-doped
nanophosphors: downconversion and
upconversion luminescence

The luminescent properties of the Ln cations have their
origin in their electronic configuration [Xe]4f*, n=0-14.
Such 4f electronic levels are highly shielded by the 5s?5p°
shells and in general terms are almost not affected by the
chemical environment of the Ln [166]. This means that
excitation and emission bands of the luminescent Ln
cations are very sharp and they appear at a similar wave-
length for each Ln ion, whichever the matrix in which they
are located. However, the host matrix may have an impor-
tant effect on the intensity of the emissions as it will be
described below.

As mentioned in Section 1, through the selection of
the dopants cations, downconverting (DC) and upcon-
verting (UC) phosphors can be obtained. Downconversion
is a conventional Stokes luminescence process in which
higher-energy photons are converted into lower-energy
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photons. Although DC luminescence is expected for most
of the Ln cations, the majority of the luminescent DCNPs
used for biomedical applications contain Eu?**, Tb** (often
codoped with Ce*) and Dy*, which produce red, green
and yellow luminescence, respectively [167-171]. The
large energy difference between the lowest lying excited
(emissive) state and the highest sublevel of the ground
multiplet of these Ln ions minimize non-radiative (NR)
processes and thus make them very appropriate for lumi-
nescent applications [172]. Nd*'is a DC ion of especial
interest since it produces NIR luminescence after NIR
excitation and has also been often employed. UC lumi-
nescence is a nonlinear optical process that converts
two or more low-energy pump photons into a higher-
energy output photon [34, 35, 173]. Several upconversion
mechanisms have been reported in the literature, includ-
ing excited-state absorption, energy transfer UC (ETU),
photon avalanche, cooperative UC and energy migration-
mediated UC. The mechanism mainly involved in the
development of luminescent NPs for bioapplications is
ETU, which will be described later. Readers interested
in the other mechanisms may refer to more specialized
reviews on this topic [31, 174, 175]. The most important Ln
cations for UCNPs are Ho**, Er** and Tm?*, in most cases
codoped with Yb*. Typical concentrations used to opti-
mize brightness by increasing photon absorption and
minimizing luminescence quenching are ~2% mol active
lanthanide cation (Eu**, Ho*, Tm?*) and ~20% mol of the
sensitizer cation (Yb*) [19, 80, 176].

Regarding the matrices of Ln-based luminescent
materials, a wide variety of inorganic structures for
both DC and UC materials have been proposed in the lit-
erature. Fluorides are used for their low phonon energy
(<400 cm™), which involves a low probability of NR relaxa-
tion and therefore provides improved quantum efficiency
[177, 178], while phosphates are interesting for their bio-
compatibility and biodegradability [179]. Other matrices
based on vanadates [86, 180], oxyfluorides [92], wolfra-
mates [181-183] and molybdates [184, 185] are employed to
enhance the global luminescent emission of the DC mate-
rials, as it will be detailed later.

The main disadvantage of the Ln-doped nanophos-
phors is the relatively low intensity of their luminescence.
The most important reason of the low intensity of lumi-
nescence of Ln-doped NPs relies on the nature of the elec-
tronic transitions of the Ln*" ions. Most of them involve
a redistribution of electrons within the 4f sub-shell, and
electric dipole selection rules forbid such transitions.
Although these rules are relaxed by several mechanisms,
the lanthanides luminescence is usually weak. There are
other factors that may reduce the luminescence intensity
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of the nanophosphors through quenching processes.
Among them, two are of special relevance in Ln-doped
NPs. One of them is surface quenching, which is asso-
ciated with the NP surfaces. In general terms, surface
defects, impurities and the presence of ligands or solvent
molecules on the NP surface give rise to a decrease in
the fluorescence emission of the Ln cations located near
the NP surface, due to the presence of NR deexcitation
processes via multiphononic processes [186-188]. In
connection with this explanation, NPs size also affects
the luminescent efficiency. Thus, considering that the
global emission consists of the sum of contributions from
the dopant ions at the surface and in the interior of the
particles, and that a decrease in the NP size gives rise
to an increase of the surface dopant ion concentration,
a decrease in the luminescence emission is normally
expected when reducing the NP size [189, 190].

The interaction of the Ln cations with the matrix itself
can also lead to a decrease of the fluorescence emission.
Matrices with high phonon/vibrational energies increase
the probabilities of NR relaxations. This quenching is
proportional to the number of vibrational quanta of the
matrix that are needed to bridge the gap between the
lowest emitting level and the highest non-emitting level
of the lanthanide ion and decreases rapidly as the number
of vibrational quanta increases [191]. As previously men-
tioned, fluoride-based matrices normally possess low
phonon energies (<400 cm™) which leads to the low prob-
ability of NR decays, and consequently the luminescence
quantum yields are usually higher than in oxide hosts and
in most inorganic matrices [178, 192]. For example, NaREF,
(RE=Pr to Lu and Y, in particular the B polymorph) and
CaF, matrices are commonly employed for UCNPs, due to
their higher upconversion efficiencies [81, 193-195].

Another relevant quenching mechanism is connected
with the concentration of the active luminescence cations.
In general, the increase in the concentration of the dopant
cation results in an enhancement of the luminescence,
since more emitting centers are available. However,
given the similar electronic energy levels of the Ln*', ETs
between the same type of Ln dopant cations can take
place at a certain level of doping, and such processes may
increase the possibility of NR relaxation events leading
to a decrease of the emission intensity. This quenching
mechanism is connected with the concentration of the
active luminescence cations, and it is therefore known as
concentration quenching. It is influenced by the nature of
the material, the nature of the dopant and its distribution
and by the NP morphology [196, 197]. An optimization of
the doping level is therefore required in order to obtain the
nanophosphor with the highest emission intensity.
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3.2 Strategies for the enhancement
of the luminescence in Ln-doped NPs

The low emission intensity of RE-based NPs constitute
a serious limitation for most of the applications of these
materials [198], and many different strategies have been
employed in the literature to overcome this disadvantage.
This is especially severe in UCNPs [199], in which quantum
yield values range from 0.005% to 0.3% in NaYF,:Er*,
Yb** NPs [190]. The strategies used to enhance the lumi-
nescence of both DC and UCNPs can be grouped in two
main groups: those that are focused on the enhancement
of the absorption (energy/charge transfer) and those more
connected with the minimization of the quenching effects
(core-shell architectures). The most frequently used are
described in this section.

3.2.1 Energy transfers in DC nanophosphors

The most used strategies to enhance the luminescence of
DCNPs are based on energy and charge transfers from the
matrix or from other dopants. Excitation of the doping Ln
ion (acceptor or activator) via energy transfer from certain
neighboring ions (donor or sensitizer) can be used to
enhance the luminescence of Ln-doped NPs. This process
turns out to be much more efficient than the direct excita-
tion of the Ln electronic levels and results, therefore, in a
higher luminescence. Readers may refer to the recent pub-
lication by Li et al. [200] on the development in phosphors
with different emitting colors via ET for more detailed
information on ET mechanisms. ET processes have been
described in the literature from different types of donors
to the lanthanide acceptors. Donors range from complex
anion groups of the matrix such as vanadate, molybdate
and wolframate groups, to individual lanthanide ions such
as Ce*, Gd*" and Bi**, and also interesting in this context is
the well-known O* to Eu** charge transfer process, which
is widely used to significantly increase the intensity of the
Eu** emissions.

The ET from different anion groups of the matrix,
such as vanadate [201], molybdate [202] and wolframate
[203] groups, are among the most efficient ways of sensi-
tizing the active lanthanide ions and obtaining optimum
luminescence. As an example, a scheme showing the ET
mechanism from the molybdate group to the Eu* ion is
shown in Figure 4A. The material absorbs UV light due to
an electron transfer process from the oxygen to the metal
within the MO, group. Following the excitation in the
UV region, the material undergoes a NR decay to lower
energy levels of the anion group after which the energy
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Figure 4: (A) ET mechanism between the MoOA?‘ and Eu** energy levels. (NR = non-radiative) Taken from [204]. Reproduced with permission
of The Royal Society of Chemistry. Copyright © 2015. (B) Excitation and (C) emission spectra of Eu*-doped NaGd(MoO,), NPs. Adapted from
[89]. Published by The Royal Society of Chemistry. (D) Schematic energy levels of Ln** ions describing the sensitized luminescence of Eu’*,
Tb** and Dy**ions from Gd*. The curly arrows denote multiphonon NR transitions, and the straight ones denote radiative transitions. Taken
from [111]. Reproduced with permission of the American Chemical Society. Copyright © 2012. (E) Excitation and (F) emission spectra of Eu**-
doped GdPO, NPs. Taken from [205]. Reproduced with permission of the American Chemical Society. Copyright © 2013.

is transferred, also non-radiatively, to the activator ions
(Ln) [206]. Although a number of molybdate-based poly-
crystalline materials doped with Ln’** ions have been
reported in the literature ([204] and references therein),
where the mentioned ET process has been used to
enhance the Ln** emission, the study of molybdate-based
NPs is really scarce. Only very recently, NaGd(MO,):Eu**
NPs have been synthesized, which showed much more
intense red emission after excitation through the molyb-
date ET band (250 nm) than after direct excitation of the
Eu* ions (393 nm) (Figure 4B and C) [89]. In spite of the
increased Ln emission, ET from matrix groups presents
a serious disadvantage because the absorption band of
vanadate, molybdate and wolframate anion groups is
located in the UV region, with the consequent inconven-
iences for bioimaging applications, especially for in vivo
assays. Some strategies have been proposed to overcome
such limitation. It is well known that for ABO, crystals
doped with metal ions having ns? electronic configura-
tions, such as Sn?*, Pb?, Sb* and Bi*, the absorption
bands can be extended to the near ultraviolet region
(NUV) region due to the metal-metal charge transfer in
which the electrons are transferred from the ns? metal
levels to the nd® ones [207]. This fact has been recently

used by Escudero et al. [52] to obtain Eu, Bi-codoped
REVO, (RE=Y, Gd) NPs in which the original excitation
band of the vanadate anions at 275 nm shifted towards
longer wavelengths (maximum of excitation 342 nm),
giving rise to nanophosphors that are thus suitable for
luminescent bioimaging applications.

Efficient ETs from individual Ln ions like Gd**, Ce3* or
Bi** to various Ln** ions have also been widely reported,
as commented above. Gd** is known to absorb energy in
the UV region (273 nm) of the electromagnetic spectrum,
and it can efficiently transfer it to most Ln ions except Pr**
and Tm?*, since these two ions do not have energy levels
at the same energy as the 6P7/2 level, which is the excited
state of Gd** ions [206]. Figure 4D, shows the energy levels
of Ev**, Tb** and Dy*" ions describing their sensitized
luminescence from Gd*. Following the excitation in the
UV region, the Gd** ion undergoes a NR decay to the °P,
energy level after which the energy is transferred, also
non-radiatively, to the lanthanide ions. As in the previous
cases, the excitation of the doping Ln** cation through the
ET from the Gd** ion (at 273 nm) is much more efficient
than the direct excitation of the Ln*" electronic levels (at
393 nm for Eu*") and results in a higher luminescence [44]
(Figure 4E and F). Based on the fact that Gd** ions are able
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to simultaneously excite several active lanthanide ions,
Becerro et al. [205] fabricated a single-phase white light
emitting nanophosphor consisting in triply doped Eu?,
Tb*, Dy*:GdPO, NPs. Finally, it is important to point out
that Gd** ions show an added value due to their paramag-
netic nature, which makes Gd*-bearing nanomaterials
adequate bifunctional agents to be used as both magnetic
and luminescent bioprobes [98], as will be described later
in this review.

The Ce’*" ion is also an excellent donor due to its
allowed f-d absorption and its broad emission band which
overlaps with several Ln** as well as Mn?* excitation bands,
resulting in very efficient ET processes. Wang et al. [208]
synthesized well-crystallized CeF:Tbh** and CeF:.Th*@
LaF, (core-shell) spherical NPs ranging from 7 to 11 nm,
which showed an intense green emission after excitation
at 254 nm due to the effective Ce** — Tb** ET. To confirm
the ET process from Ce* to Th*, the lifetimes of Ce** in
the colloidal solution of Ce, Tb F, (x=0-0.20) NPs were
measured. The Ce** lifetime decreased with increasing the
Th* concentrations, which indicated that an ET from Ce**
to Tb** occurred in the CeF:Th** NPs. The Ce** — Ln** ET
has been mainly used to fabricate single-phase white light
emitting LEDs [205, 209-211].

Bi** is also a common sensitizer, and there is a vast
literature on Eu** red luminescence enhancement via ET
from Bi** in a variety of hosts, although the nanostructura-
tion of such materials is still not reported ([212-215] and
references therein).

Finally, it is worth mentioning another interesting
way of enhancing the emission intensity in lanthanides
and more specifically in Eu**-activated systems. Since
Eu’ has a 4f° configuration, it needs to gain one more
electron to achieve the half-filled 4f" configuration,
which is relatively stable compared to partially filled
configurations. When Eu’** is linked to the O* ligand,
there is a chance of electron transfer from the fully
occupied 2p orbital of the O* ion to the partially filled
4f orbitals of Eu** to form Eu?-0- (simply Eu-0). During
this process, there is a broad absorption of energy in the
UV range between 240 nm and 270 nm that can then be
non-radiatively transferred into the Eu’* energy levels.
The corresponding band in the excitation spectrum is
known as the Eu-O charge transfer band (CTB), and the
position of this band changes depending on the particle
size of the host and the environment of Eu** ions [216].
Indirect Eu®* excitation through the Eu-O CTB results
in much higher luminescence intensity than the direct
Eu?* excitation. For example, Rodriguez-Liviano et al.
[87] synthesized Eu’*-doped YPO, lenticular NPs that
showed, as observed in Figure 5, a considerably higher
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Figure 5: Excitation (top) and emission (bottom) spectra obtained
for the Eu_ .Y, .PO, nanophosphor.

Taken with modifications from [87]. Reproduced with permission of
the American Chemical Society. Copyright © 2012.

Eu* emission intensity after excitation through the CTB
at 240 nm band than by direct excitation of the Eu’*
electronic levels at 395 nm. However, unfortunately up
to now no strategies for the shifting of the excitation of
CTB toward the visible range have been reported in the
literature.

3.2.2 Energy transfers in UC phosphors

The use of a sensitizer ion which allows energy transfer
(ETU) to the active UC cations is required for the devel-
opment of UC nanophosphors. The most used sensi-
tizer is Yb*", which has a large absorption cross section
at around 980 nm and is able to transfer the infrared
absorbed energy to Er**, Ho** and Tm?*, the most com-
monly used Ln cations in UCNPs. A schematic represen-
tation of such ET processes for UC materials is shown in
Figure 6. Under excitation at 980 nm, an electron of Yb**
is excited from the °F_, to the °F_, level, and the energy
is transferred to the Er’*, Tm>*" or Ho** cations, which are
able to emit visible and NIR light of different wavelengths
[218]. The introduction of Nd** as an extra cation permits
the excitation of the UCNPs at larger wavelengths, and
thus minimizes the overheating of the samples and
improves the penetration depth, since this Ln absorbs
NIR light at 800 nm, a region where the absorbance of
biomolecules is minimized [219]. After absorbing NIR
light, an ET from Nd** to Yb** takes place, and finally
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Figure 6: Energy diagrams of Yb**, Er**, Ho*", and Tm** and ETs involved in their UC luminescence.
Taken from [217]. Reproduced with permission of Elsevier. Copyright © 2016.
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Taken from [220]. Reproduced with permission of John Wiley and
Sons. Copyright © 2013.

the energy is transferred to the active emitter Ln cations
(Nd** — Yb** — active emitter), as illustrated in Figure 7
[221-224]. To minimize quenching effects, low concen-
trations of Nd** are used (<1%), and this cation is physi-
cally separated from the emitters by designing core-shell
structures, as described later on.

3.2.3 Antenna effects

A common strategy used to enhance the luminescence
in Ln-doped NPs and in Ln-based MOFs is the antenna
effect. It consists of the absorption of light by a fluoro-
phore attached to the luminescent nanostructure, which
is transferred to the emitting Ln cations and results in an
increase and spectral broadening of the absorption [26].
This strategy has been used for both DCNPs and UCNPs.

For example, the 3,4,3-LI(1,2-HOPO) dye attached to
NaGdF,:Eu** NPs is able to absorb UV light and transfer
it to the Eu’* emitting cations, resulting in an enhance-
ment of their luminescence [225]. A similar strategy was
used for LaF :Tb* NPs coated with different photosensi-
tizing ligands, resulting in ultra-bright NPs that can be
excited at 337 nm [226]. Antennas are especially relevant
fREL

f\ Upconverter ‘\b
N\
i\;'”

Figure 8: Schematic illustration of a dye-sensitized UCNP. The
“antenna” (organic dye) absorbs NIR light and transfers it to the NP
core, where upconversion emission occurs.

A detailed description of the FRET process will be given in Section 6.
Taken from [227]. Reproduced with permission of Nature Publishing
Group. Copyright © 2012.
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in the case of UCNPs, which can be conjugated with NIR
organic dyes, as it is schematized in Figure 8. In this case,
the organic infrared dyes transfer the energy to the Ln
sensitizer cation (usually, Yb*). B-NaYF,:Yb*, Er** NPs
conjugated with a modified cyanine dye, IR-806, were
reported to show an increase of 3300 times of the upcon-
version emission luminescence, when compared with
the non-dye sensitized NPs [227]. Higher emission inten-
sity can even be obtained by optimizing the ETs from
the dyes to the Nd*" and Yb** sensitizer cations with an
energy-cascade mechanism, in which the dye, the sensi-
tizers, and their location within the NP (shell, interface
or core) are optimized, as it is the case of NaYbF,:Tm**@
NaYF,:Nd** NPs conjugated with the dye IR-808. In this
case, the proposed ET scheme is dye —Nd** (in the shell)
—Yb** (in the core) -Tm** (in the core), the final upcon-
verting luminescence being produced via the classical
ETU mechanism [228].

In the case of MOFs, the fluorophores can be part of
the MOF structure, as it is the case of benzodinitrile-based
MOF [229], or can be introduced as a guest, as in carbox-
ylate-based Ln MOF loaded with trans-4-styryl-1-methyl-
pyridiniumiodide and methylene blue [230].

3.2.4 Core-shell architectures

Core-shell architectures are used to minimize the quench-
ing by physically separating the surface defects and the
surface-associated ligands from the Ln emitters. The
core/shell strategy is especially relevant for UCNPs.
A summary of some core-shell structures is shown in
Figure 9A-D. Ln-doped NPs can be coated with a layer of
an amorphous material, mostly silica-based (Figure 9B),
which is a common procedure not only for functionali-
zation but also to reduce surface quenching effects [155,
232]. A second core-shell architecture is that obtained

Core Amorphous shell  Inert shell

Core lattice = Shell lattice ® Dopant
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using an inert shell of the same material as that of the
core (NaGdF,:Nd*@NaGdF, [233] and NaGdF:Er*, Yb>*@
NaGdF, [234]) (Figure 9C). The inert shell can also be fab-
ricated with a material different to that of the core but
showing similar lattice parameters (NaEuF,@NaGdF,
[235] and NaYF,:Tm*@CaF, [236]). Finally, the shell can
also be doped with the sensitizer cation (KMnF_:Yb*,
Er*@KMnF_:Yb* [237]), which is then called an “active
shell” (Figure 9D). This last strategy gives rise to even
better results in terms of emitted luminescence. The
spatial distributions and the local relative concentrations
of the dopants within both the NPs core and shell have
also been demonstrated to play a key role in the quench-
ing of the luminescence of the UCNPs. Such variables
can also be optimized by using strategies such as the LbL
doping, as it is the case of homogeneously doped core-
shell NaGdF,:Yb*, Tm*@NaGdF,:Ln (Ln=Tbk?*, Eu**) NPs,
showing multicolor emission with a 20%-30% improve-
ment in their luminescence when compared to their het-
erogeneously doped counterpart [238]. In some cases, the
appropriate selection of the core and shell can provide
nanophosphors with both UC and NIR to NIR DC lumi-
nescence, as it is the case of NaGdF,:Yb*, Er*, Nd*@
NaGdF,:Nd* NPs [239] and other analogous core-shell
structures [240, 241].

The coating with silica or silica-based materials
(Figure 9E) is also a common procedure not only for func-
tionalization but also to reduce surface quenching effects
[155, 232]. Details on the silica coating were already com-
mented on in Section 2.4. Finally, plasmonic materi-
als such as gold and silver can also be used as coating
materials providing the Ln-doped NPs with plasmonic
properties and enhanced luminescence. This is attributed
to the influence of the plasmonic electric fields on the
local electric field (dipole moment), which can change
the crystal field around the sensitizer and activator ions
[242-246]. Examples of such core-shell architectures are

Active shell |

Figure 9: Different strategies to enhance the luminescence of UCNPs: Schematic illustration of a dye-sensitized UCNP: (A) Lanthanide-
doped core NP. (B) Amorphous shell coating. (C) Inert crystalline shell coating. (D) Active-shell design with sensitizers or activators doped
in the shell layer. Taken from [199]. Reproduced with permission of John Wiley and Sons. Copyright © 2014. (E) Porous silica coating on
NaYF,:Yb*, E*@NaGdF,:Yb** NPs. Bar=50 nm. Taken from [164]. Reproduced with permission of John Wiley and Sons. Copyright © 2013.
(F) NaYF,:Yb*, Tm** nanocrystals coated with a Au nanoshell. Bar=50 nm. Taken from [231]. Reproduced with permission of John Wiley and

Sons. Copyright © 2010.
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NaYF,:Yb*, Er*, Tm*@Au [247], NaYF,:Yb*, Tm*@Au
(Figure 9F) [231], NaYF,:Yb*, Tm** NPs decorated with
Au nanorods [248], NaScF,:Yb*, Eu*, Gd*@Au [249],
NaYF,:Yb*, Er**/Tm**@Au/Ag [250] and NaYF,:Yb*, Er*@
Ag [251]. In other cases, the plasmonic NP is coated with
the luminescent material, as it has been reported for Au@
GdVO,:Eu** NPs [252]. For upconverting materials, this
strategy has been demonstrated to have a positive effect
on the UC luminescence [253]. Core-shell nanostructures
with a combination of different shell materials have also
been reported, as it is the case of NaYF, @SiO,@Au [254],
NaGdF,:Yb*"/Er*@NaGdF,@Ag [255] and NaYF,:Yb, Er@
NaYF,@Si0,@Au [256].

3.3 Downconverting nanophosphors
for luminescent bioimaging

Two different types of DC luminescent bioprobes based
on Ln ions can be distinguished, those excited by UV
radiation and emitting visible light (Ln = Eu*, Th*, Dy**)
and those doped with Nd*, which are excited and emit
in the NIR region. The number of studies reporting the
use of visible emitting DCNPs for luminescent bioimag-
ing is relatively low in the literature when compared
with those related to UCNPs, because the UV radiation
required for the excitation can be harmful for the cells
and also produces a strong self-fluorescence. Neverthe-
less, NUV and visible excitable REVO,:Eu’**, Bi** NPs
have been recently used for in vitro luminescent bioim-
aging assessments. In this case, the codoping with Bi**
shifts the original absorption band of the VO,>" anions
(originally centered at 275 nm) toward the visible, with
a maximum around 342 nm. These NPs can be excited
with a fluorescence microscope (around 340 nm) or with
a confocal laser scanning microscope (cLSM) at 405 nm
[52] (Figure 10).

NIR to NIR emitting NPs based on Nd** overcome
most of the limitations of the UV excited DCNPs and
currently attract wide research interest. As mentioned
above, excitation and emissions in the NIR are of
particular interest, since they are located in the bio-
logical windows in which the absorption and self-flu-
orescence of many biological tissues are avoided [257].
Moreover, deeper penetration depth into biological
tissues, better image contrast and reduced phototoxic-
ity and photobleaching are observed [258]. For example,
NaGdF,:Nd**@NaGdF, NPs have been used for both in
vitro and in vivo luminescent bioimaging applications
(Figure 11) [233], LiYF,:Nd** NPs have been employed
for in vivo imaging of the lymphatic and blood vessel

DE GRUYTER

20 pm

Figure 10: Confocal microscopy images of Hela cells incubated with
YVOA:Eu3‘, Bi** NPs for 24 h.

(A) Transmission channel, (B) fluorescence channel (A =405 nm,
A, >600 nm), (C) merged image. Taken from [52]. Published by The
Royal Society of Chemistry.

systems of mice [42], and ultra-small NdVO, NPs have
been proposed for both in vivo imaging and photother-
mal therapy applications [259].
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Figure 11: /n vivo whole-body image of a nude mouse subcutaneously injected with NIR to NIR downconversion NaGdF,:Nd*@NaGdF,
nanocrystals: (A) bright field image, (B) PL image, and (C) superimposed image. Inset in panel B is the spectra of the NIR PL signals with a

background taken from the injection site and noninjected area.

Taken from [233]. Reproduced with permission of American Chemical Society. Copyright © 2012.

3.4 Upconverting nanophosphors
for luminescent bioimaging

UCNPs are extensively used in the literature for lumines-
cent bioimaging due to the reasons given above. Thus,
UCNPs, in many cases based on the NaREF, and REF,
(RE=Y, La, Lu, Gd) phases codoped with Er**/Yb* and
Tm?*/Yb*, often silica-coated, have been used to in vitro
image cells [260-262]. The appropriate functionalization
of the NP surface and the introduction of targeting mole-
cules such as folic acid, some peptides, specific antibod-
ies and growth factors permits in some cases a cellular
targeting imaging [263-265]. In vivo luminescent bioim-
aging of bacteria [266, 267], small animals (mostly mice)
[268, 269] and plants [262, 270] with UCNPs has also been
widely reported in the literature. Different processes of
biomedical interest can be also studied in vivo by using
UCNPs, as it is the case of the biodistribution of the NPs
[271] and targeting [272-275].

UC NIR emission from Tm*/Yb* codoped UCNPs
provide extra sensibility and penetration depth since
both the excitation (980 nm) and at least one emission
(800 nm) are in the NIR I window. In vivo images of small
animals have been obtained with different NaREF,:Yb*,
Tm3* UCNPs [276-278].

The use of both of Nd** and Yb** as sensitizers allows
the in vivo imaging with two different possible excita-
tions (Figure 12) [223]. For example, B-NaGdF,:Nd*@
NaGdF,:Tm*, Yb** NPs have been used for in vitro
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Figure 12: /n vivo UC imaging of a nude mouse subcutaneously
injected with NaGdF,:Yb, Er@NaGdF,:Nd, Yb NPs.

The images were obtained with 980 nm laser (A) and 808 nm laser
(B) irradiation. Taken from [223]. Reproduced with permission of
American Chemical Society. Copyright © 2013.

two-modal imaging techniques and UC and NIR to NIR DC
imaging of biological tissues [240], and peptide-function-
alized NaGdF,:Yb*, Tm**@NaGdF,:Nd** NPs with targeting
moieties have also been used in vivo for both the UC and
NIR to NIR DC imaging of cancer cells [241].

3.5 Persistent luminescent nanophosphors

3.5.1 Luminescent properties

Persistent luminescent materials are able to emit light for
minutes, hours or even days after ceasing the excitation
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irradiation. In some cases, they can be excited again to
recover their luminescence, which has important impli-
cations in luminescent bioimaging. In general, such
materials are based on an inorganic matrix doped with
an activator metal, in which special traps or defects are
formed. After excitation, charged carriers (i.e. electrons
or holes) are promoted to excited states, and later they
are captured in the trapping or metastable states, from
where transitions to lower energy states (i.e. relaxa-
tion) are forbidden. Once in a trap, the carriers can be
slowly released (i.e. escape from the traps) in a process
that can be optimized and controlled, finally yielding
the long-lasting luminescence [279, 280]. Traps are nor-
mally associated with defects in the structure, which can
be intrinsic to the material or intentionally produced,
after treatments at high temperature, by bombarding the
material with electron beams, high-energy rays, nuclear
particles or high-intensity lasers, or after the introduc-
tion of impurities or dopants. The nature, concentra-
tion, and depth of the traps can be characterized and
optimized. For some persistent luminescent materials,
Ln cations play the role of activators. Depending on the
proposed mechanism, they play an active role in the per-
sistent luminescent process (i.e. they participate in the
mechanism with changes in their number of oxidation),
or they just emit light through a controlled and slow
ET from the host material [281, 282]. The most common
matrices used for persistent luminescent materials are
based on silicate, aluminate, gallogermanate and gal-
lates [47, 118, 119, 123, 283, 284].

Some proposed mechanisms of persistent lumines-
cence are shown in Figure 13. The hole model mechanism
(Figure 13A) was proposed for SrAl O,:Eu?, Dy*. After the
excitation of Eu?", a hole is formed, and it is subsequently
transferred to the valence band (VB), later to Dy**, then
back to the VB and finally to Eu*, which is oxidized to
Eu* and then emits light [281]. The electron mechanism
(Figure 13B) suggested for CaALO,:Eu*, Dy* implies an
excitation of an electron from the matrix from the VB to
traps of unspecified origin. After relaxation, the energy
is transferred to Eu?, which then emits light. In this case,
codoping with RE* cations is supposed to increase the
number of traps in the matrix [282]. The energy band
engineering model (Figure 13C), used to describe the PL
in aluminate and silicate compounds, suggests an exci-
tation of Eu?* and a subsequent electron transfer to the
conduction band (CB), codoping RE** cations, back to the
CB and a final return to the Eu*, which is reduced to Eu?
and finally emits light [285]. In Ca ,Zn /Mg ,Si, O :Eu*,
Mn?, Dy* NPs, Ln cations have been suggested to act as
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Figure 13: Proposed mechanism for some persistent luminescent
materials.

(A) Hole model: Afterglow mechanism proposed by Yamamoto

et al. for SrAL,0,:Eu?", Dy** [281]. (B) Electron model: afterglow
mechanism proposed by Aitasalo et al. for CaAl,0,:Eu?, Dy**
[282]. KT represents a thermally assisted transition. (C) Persis-
tent phosphorescence mechanism proposed by Dorenbos et al.
for aluminate and silicate compounds [285]. Images A to C have
been taken from [257]. Reproduced with permission of The Royal
Society of Chemistry. Copyright © 2016. (D) Schematic energy
level diagram of Mn?* and Ln**in Ca,,Zn Mg, Si,O, PLNPs. The
main hole traps are Mn? ions in the Mg** site, while electrons are
trapped by oxygen vacancies (V) and Ln* ions. Taken from [283].
Reproduced with permission of the American Chemical Society.
Copyright © 2011.

electron traps [286], Mn being the emitter. During irra-
diation, holes are mainly trapped by Mn?* ions giving
Mn**, while electrons are trapped by oxygen vacancies
and Ln** ions. Upon thermal activation, electrons are
released from their traps and captured by Mn®*, giving
rise to the Mn* emission (Figure 13D) [283]. However, it
should be taken into account that there is no universal
mechanism that explains the persistent luminescence
and this is still an open topic in the scientific community
[257, 283, 287].

Eu? is the lanthanide cation most commonly used
for persistent luminescence [288]. Its emission can
be tuned from yellow to red by adjusting its chemical
environment, since the electronic transitions of these
cations are not f-f and are thus strongly affected by
the crystal field [166]. Most of the time, UV radiation
is required as excitation source, but some nitride- and
sulfide-based phosphors can be excited with visible
light [289, 290]. Eu* is often accompanied by trivalent
Ln cations such as Dy** and Nd*, which, as previously
mentioned, induce more defects in the host structure
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and thus enhance the final luminescence [291]. Ce3* is
also frequently used as activator, mostly in aluminate-
based matrices such as CaALSi,0, [292] and Sr,AL0.Cl,
[293]. Examples of materials based on other Ln such
as Eu’*t, Sm*, Pr*, Nd**, Th**, Dy** Tm*, Yb* and Yb*"
are not so abundant in the literature, although because
of their interesting properties they deserve to be men-
tioned. Thus, some RE-based persistent luminescent
materials able to emit NIR radiation have been recently
developed, either through DC (Gd,0,CO.:Yb* [294],
S1,Sn0,:Nd* [295] and some gallates, germanates and
gallo-germanate host materials doped with Nd** [296]
and Yb** [297, 298]) or UC (gallo-germanate phosphors
doped with Cr*, Yb* and Er** [299]) processes. However,
NPs have been obtained only for the Gd,0,CO:Yb** case.

Finally, it should me mentioned that not only RE
cations are used to produce persistent luminescent mate-
rials but also transition metal cations such as Cr*, Mn¥,
Mn“, Ti** and main group elements such as Bi** have been
also reported as activators [20].

3.5.2 Luminescent bioimaging with PLNPs

Invivo imaging of small animals has been carried out with
RE-based PLNPs. Variables to be taken into account are
the time during which the luminescence is observed after
stopping the excitation and the possibility of reactivation
to restore the persistent luminescence signal.

Different observation times have been reported in the
literature. For example, Ca_,Zn Mg Si,O:Eu*, Mn*, Pr**
NPs, previously irradiated with UV light (254 nm), can be
observed in vivo for at least 15 min after systemic injec-
tion in mice. In this case the NPs were mostly located in
the liver [283]. PEG-functionalized SiO,@SrMgSi,O,:Eu?’,
Dy?** previously irradiated with near UV light (365 nm)
was still observable after more than 1 h after peritoneal
injection in mice [122]. H22 tumor bearing mice have been
imaged in vivo with folic acid and peptide functionalized
ZnGa0,:Cr**, Eu** PLNPs. The NPs were irradiated in
advance with UV light (254 nm) and Kkept their lumines-
cence for 1 h after intravenous injection. Interestingly,
the PLNPs could be re-excited at the tumor site with 650
and 805 nm lasers, which permitted extra observation for
at least 5 min more [47]. NIR emitting PEG-functionalized
an‘%GaL%GeZOm:Cr%, Pr** PLNPs showing luminescence
for more than 15 days have been used for in vivo bioimag-
ing (Figure 14) and have also been used for cancer cell
targeting after conjugation with arginylglycylaspartic
acid [119].
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Figure 14: In vivo NIR luminescence images for increasing times of

a normal mouse after intravenous injection ofan‘%Gal.%Gezom:Cr“,

Pr3* PLNPs (0.6 mg, 10 min irradiation with a 254 nm UV lamp before
injection).

Taken from [119]. Reproduced with permission of the American
Chemical Society. Copyright © 2013.

4 Magnetic resonance imaging
applications

4.1 Magnetic resonance principles

MRI is a non-invasive diagnostic technique that produces
3D tomographic images of organs and tissues with high
spatial resolution and soft tissue contrast. An important
advantage of MRI is that no ionizing radiation or radio-
active agents are necessary to record the images. MRI is
based on the response of proton magnetic moments when
submitted to a radiofrequency (RF) pulse in the presence
of an external magnetic field (B)). When exposed to B
the magnetic moments of the protons produce a net mag-
netization in the longitudinal z axis (Figure 15). The RF
pulse flips the net magnetization away from its original
axis. After the RF pulse disappears, the magnetization
returns to its original state (relaxation) through two differ-
ent and independent relaxation processes: longitudinal
(T1) and transverse (T2) relaxation. The sensitivity of MRI
is relatively low because the difference between normal
and abnormal regions is usually subtle and the use of
CAs is necessary to induce additional contrast. CAs are
substances that shorten the relaxation times of protons,
and their ability to do so is called relaxivity. Longitudinal
relaxivity (r1) is the ability of the CA to shorten T1, while
transverse relaxivity (r2) is the ability of the CA to shorten
T2. MRI CAs are classified on the basis of their r2/r1 value.
CAs that produce r2/r1 ratios close to 1 are known as T1 or
positive CAs, and they produce an increase in signal inten-
sity (bright images). T2 or negative CAs cause a reduction
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Figure 15: Magnetization vector M at thermal equilibrium, followed by a 90° RF excitation pulse and relaxation via spin-lattice and spin-spin

interactions.

in signal intensity (dark images) and produce higher r2/r1
values (Figure 16).

4.2 Classical MRI contrast agents

Classical T2 CAs are the well-known superparamagnetic
iron oxide (SPIO) nanoparticles, which have been fre-
quently used owing to their freedom from strong mag-
netic interactions in dispersion and high stability under
physiological conditions [300]. However, the dark image
that the T2 CAs produce can be confused with blood or

Figure 16: MR images of T1-weighted (A) and T2-weighted (B)
NaGd(MoO,), NP suspensions at concentrations ranging from
0.01 mm (top left) to 0.2 mm (bottom right).

Taken from [89]. Published by The Royal Society of Chemistry.

metallic deposits. Therefore, although iron oxide is more
biocompatible than Gd- or Mn-based materials, which are
the base of T1 CAs, the latter are preferred to avoid false
results. An ideal T1 CA substance should be constituted
by paramagnetic ions with long electronic relaxation
times. Among the paramagnetic ions with a large number
of unpaired electrons such as Gd* and Mn?*, the former
is preferred as T1 CA because it has the highest number
of unpaired electrons and a long electronic relaxation
time, much longer than that of other lanthanide ions,
which favors relaxivity. The ionic radius of Gd** (108 pm)
is very close to that of Ca? (114 pm). Free Gd** is there-
fore a competitive inhibitor of physiologic processes that
depend on Ca?* influx, including voltage-gated calcium
channels and the activity of some enzymes. Different
chelating agents have therefore been used to confine the
free ion. At present, nine Gd-containing CAs are com-
mercially marketed, all of them being Gd** chelates [301].
However, these relatively small molecules generally have
a short circulation time in the vascular system, which is
an obstacle for capturing long MRI scans.

4.3 Ln-based NPs as MRI CAs

Although not yet commercialized, Gd-based inorganic
NPs constitute an important research focus in the MRI
field. In addition to an excellent contrast enhancement,
Ln-based NPs present long circulating times and are
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easy to functionalize, which make them an interesting
alternative to the traditionally used Gd chelate CAs com-
mented on above. A large variety of them, ranging from
oxides [302] to fluorides [303, 304] and sulfides [305],
as well as Gd oxysalts [44, 64, 180, 306], have been
synthesized and demonstrated good ability as T1 CAs.
In many cases, an even higher level of image resolu-
tion was shown with the use of Ln-based NPs than with
Gd chelates. For example, NaGdF, nanodots exhibit an
rl value which is 2.4-fold that of clinically used T1 CA
Magnevist. Attractively, these nanodots can be used for
magnetic resonance (MR) angiography with a vascular
signal much stronger than that using clinical MR CAs at
the same dose (Figure 17) [303].

The relationship between NP size and relaxivity
properties has been widely analyzed in the literature
with different conclusions. Although the mechanism of
proton relaxation has mainly been described for Gd che-
lates [307], it is accepted that Gd** ions at the NP surface
should contribute more to relaxivity than ions in the core
of the particle, as water molecules have direct access to
the former [308]. This hypothesis explains the general
observation consisting in the increase of r1 value with
increasing the surface/volume (S/V) ratio [308-310]. For
example, increasing relaxivity r1 values from 2.34 mm™
s to 6.13 mMm* s have been found for Eu,Gd PO, NPs
with decreasing particle size from 145 nm to 40 nm [311].
However, in some cases, a non-monotonic behavior of r1
versus particle size has been reported. For instance, 5,
15 and 20 nm diameter NaGdF, spherical NPs showed,
respectively, 6.20, 5.70 and 8.78 mm™ s [312]. This result

Magnevist G

NaGdF, Grotp

Figure 17: MR angiography of rabbits within 3 min after injecting
with the NaGdF, nanodots (left) or Magnevist (right) at the same
dosage (13 mg Gd/kg): abdominal aorta (AA) and inferior vena cava
(Ivo).

Taken from [303]. Reproduced with permission of John Wiley and
Sons. Copyright © 2014.
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has been explained by the contribution of the tumbling
time of the NP, which increases as the NP size increases,
counteracting the effect of the S/V ratio on the relaxivity
[304].

Although the aforementioned NPs have been shown
to increase the contrast in single-modal MRI images, they
respond only in a single imaging mode and frequently
encounter ambiguities in the MR images. Consequently,
the research on inorganic NPs that serve as both T1 and
T2 CAs for dual-modal MRI has recently attracted con-
siderable interest because they reduce the potential false
negative results, providing an unambiguous diagnostic.
Interestingly, while BaGdF, NPs were shown to be poten-
tial positive CAs in T1-weighted MRI [98], doping BaGdF
NPs with 50% Er produced a binary CA for T1/T2 dual-
weighted MRI (Figure 18) thanks to the negative contrast
effects exhibited by Er**, which are due to the large mag-

netic moment of this lanthanide ion (x_,=9.58 p) com-

pared to that of Gd* (u =794 p) [313].
A Pre-injection 1 h injection 3 h injection
3
g
E
-
B
8
g
E
-

Figure 18: (A) T1-weighted and (B) T2-weighted in vivo coronal MRI
images of a healthy mouse before injection as wellasat1and3 h
after the intravenous injection of BaGdF,:50 mol % Er NPs into the
tail vein.

The arrows indicate the liver locations with contrast-enhancing
effects, and the numbers below are the corresponding average
signal intensities. These in vivo MRl images were acquired by a 1.0
T MRI system. Taken from [313]. Reproduced with permission of The
Royal Society of Chemistry. Copyright © 2016.
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4.4 MRI CAs for high magnetic fields

MRI CAs have been traditionally used in MRI scans
recorded at low magnetic fields (<3 T). Higher magnetic
fields would provide higher MRI spatial resolution, better
signal-to-noise ratio and shorter imaging acquisition
times [314, 315]. Current clinical CAs are less effective at
ultra-high magnetic fields than at lower fields [315]. For
example, the optimum magnetic field strength for Gd*
chelates is <1 T, while their r1 value is reduced to r1/3 at
3 T. The clinically used T2 CA SPIO suffers magnetization
saturation at 1.5 T, and increasing the magnetic field will
not therefore increase the r2. Based on the fact that the
magnetization of lanthanide-based NPs does not saturate
at clinic field strength, and that their magnetic moment
increases with the field strength before saturation, Zhang
et al. [316] have recently reported in vivo studies that
demonstrate that both NaDyF, and NaHoF, NPs with
modulated sizes (9-40 nm) and shapes (spherical-like,
hexagonal prism and rod-like) are good candidates for T2
CA for high-field (9.4 T) MRI.

5 X-ray computed tomography
imaging

5.1 Basics of X-ray computed tomography

CT is a tissue-imaging technique based on the X-ray atten-
uation by the tissues. The ability of matter to attenuate
X-rays is measured in Hounsfield units (HU). The name of
this unit is in honor of Sir Godfrey Hounsfield (1919-2004)
— one of the pioneers of CT. Water is assigned, by defini-
tion, a value of 0 HU and air a value of -1000 HU. For a
material with a linear X-ray attenuation coefficient u, the
corresponding HU value is calculated using the following
equation:

(=)

HU x1000

water

CT allows for higher resolution 3D details of tissues
than other tomography techniques like positron emis-
sion tomography, which also uses an ionizing radiation
(gamma-rays). Likewise, the temporal resolution of CT
is much higher than that of MRI, which can take several
minutes to record a scan. These advantages make this
imaging technique one of the most used diagnostic tech-
niques in hospitals nowadays, in spite of the concerns
about the ionizing X-ray radiation.

DE GRUYTER

5.2 Classical CT contrast agents

Although the contrast resolution of CT is much higher
than that of conventional radiography, it is convenient to
use CAs with a high capacity to absorb X-rays for a better
delineation of regions of interest. The interested readers
can refer to two recent reviews on this subject by Liu et al.
[317] and Lusic and Grinstaff [36]. CT CAs are substances
containing high Z elements because of the Z* dependence
of the X-ray absorption coefficient of an atom (u=pZ*/
AE’, where p =density of the material, Z=atomic number,
A =atomic mass and E =energy of the X-ray beam). Iodine-
based chelates (Z_, =53) and barium sulfate (Z,_, =56)
suspensions are classical CT CAs approved for human use.
Both of them present, however, several inconveniences
such as the inherent toxicity of Ba? ions, which hinders
use other than in gastrointestinal imaging, and the short
circulation time and high osmolality of iodinated com-
pounds, which prevent wider application. These disad-
vantages are strengthened by the fact that CT imaging
requires high dosages of CAs.

5.3 Ln-based NPs as CT CAs

Ln-based NPs have recently become a research focus in CT
imaging due to their prolonged circulation times, reduced
toxicity, targeting capacity, which decreases the dosage,
and possibility of multimodal imaging plus sensing and
theranostic [21, 22]. Most of the lanthanide-based NPs syn-
thesized as CT CAs are, in fact, multimodal agents, and
they are mainly fluorides, due to the above commented
advantages of this chemistry for UC luminescence. For
example, Zhai et al. demonstrated [318] the good X-ray
CT imaging ability of LiLuF, @LiGdF,:Yb**, Tm*@LiGdF,
NPs. The authors evaluated the in vitro contrast efficacy
by comparing the X-ray absorption of the core-shell-shell
NPs with that of iobitridol (an iodinated chelate widely
used as CT CA). It was found that, at equivalent concentra-
tions, the X-ray absorption of the NPs was higher than that
of iobitridol. To assess the potential of the NPs for in vivo
CT imaging, the authors injected a solution of the core-
shell-shell NPs intratumorally. A clear contrast enhance-
ment could be detected from the tumor site after injection
(Figure 19). The NPs also showed bright upconversion
luminescence and good T1-weighted MRI contrast images.
Another interesting example of multimodal (CT, MRI and
drug delivery) Ln fluoride-based NPs with potential utility
as CT CA is that published by Yang et al. [77]. In this case,
the in vitro CT contrast images were compared with those
of iopromide, another CA widely used in clinic CT, at
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Pre-injection

After injection

Figure 19: In vivo CT images of a tumor-bearing mouse before (A-D)
and after (E-H) injection of LiLuF, @LiGdF,:Yb*", Tm*>*@LiGdF, NPs at
the tumor site.

The position of tumor is marked by blue circles. Adapted from [318].
Reproduced with permission of Elsevier. Copyright © 2015.

different concentrations of lanthanides and of iodinated
chelate. Significantly, the X-ray absorption of the NPs was
higher than that of iopromide at equivalent concentra-
tions (Figure 20), indicating that the NPs can provide an
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Figure 20: /n vitro CT images of UCNPs with different lanthanide ion
concentrations (A), and CT value (HU) of samples as a function of
lanthanide ions (Gd and Yb) concentrations (B).
Taken from [77]. Reproduced with permission of Elsevier. Copyright
© 2013.
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equivalent contrast at a lower dose compared with the
iopromide.

6 Multimodal imaging

One of the main advantages of RE-based nanostruc-
tures is the possibility of combining different RE in the
same nanostructure. NPs showing different lumines-
cent, magnetic and X-ray absorption properties attract
currently high research interest, since they give rise to
multimodal imaging nanomaterials. Some examples of
RE-based NPs for multimodal imaging have been already
mentioned in the previous sections, which were focused
on the description of the different imaging techniques.
Luminescent NPs doped with different and appropriate
RE (including core/shell structures) can show down-
conversion and upconversion dual-modal emission. Of
special interest are NIR to NIR and NIR to visible (vis)
emissions. For example, both downconversion and
upconversion NIR to NIR and NIR to vis emission have
been reported for B-NaGdF,:Nd*@NaGdF,:Tm*, Yb*
core-shell NPs [240]. In these NPs, a careful control and
optimization of the RE distribution was carried out.
Similar features were reported for NaGdF, :Yb*, Er*,
Nd**@NaGdF,:Nd*" core-shell NPs, which emit both
visible and NIR light after laser excitation at 793 nm
through different ET mechanisms between the RE [239].
Due to the presence of Gd, the NPs were also suitable as
CA for MRI. Moreover, NaGdF,:Tm*, Er*, Yb*" NPs are
used as NIR to NIR emitters and also as CA for in vivo
MRI [277]. Other examples are BaLaF,:Mn*:Yb*":Er**NPs,
which have been used for both in vitro and in vivo upcon-
verting luminescence and CT bioimaging [319]. In other
cases, the doping with other elements such as Co pro-
vides magnetic properties, as it occurs in NaYF,:Yb*,
Tm3+:Co* nanorods, which are used for both in vitro and
in vivo luminescent and T2-weighted MRI imaging [320].
Some systems with three- and even four-modal imaging
have been reported in the literature. For example,
NaGdF,:Yb**/Er*@NaGdF,:Nd@sodium-gluconate have
been used for upconverting luminescent and MRI as
well as for CT [321]; BaYbF,:Tm@BaGdF,:Yb, Tm NPs
have been used for both in vitro and in vivo UC, MRI and
CT imaging [322]; and NaLuF,:Yb, Tm@NaGdF,(**Sm)
NPs have been employed for in vivo UC luminescence
and magnetic resonance bioimaging and CT tomogra-
phy. Interestingly, the doping with the radioactive **Sm
made the NPs also suitable for single-photon emission
computed tomography imaging [323].
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7 Biosensing applications

Ln-based sensing systems are considered a new genera-
tion of fluorophores and have also raised a lot of interest
in the bioanalytical sensing field. As in the previous appli-
cations, such potential is owing to their unique proper-
ties, i.e. high quantum yield, narrow emission peaks,
large stoke shifts, upconversion emission potential, good
chemical stability and low toxicity [17, 19], which make
them superior in some aspects in comparison to organic
fluorophores and other fluorescent NPs. Although the
research on Ln-doped NPs is still in its infancy, very
diverse types of these NPs have been reported as sensing
probes, such as lanthanide doped nanoparticles (Ln-
doped NPs), lanthanide coordination polymers (Ln-CPs)
[324] and lanthanide-containing metal-organic frame-
works (Ln-MOFs) [325].

Depending on their surface chemistry and/or struc-
ture, and therefore the mechanism involved in the sensing
response, three main types of sensing systems can be
distinguished: (i) ligand-free Ln-doped NPs, that is NPs
without any recognition ligand on their surface, (ii) func-
tionalized Ln-doped NPs, where specific ligands, groups or
motifs have a recognition capability of the target analyte,
and (iii) Ln ions are embedded in an organic framework
(MOFs) or polymer. In the former case the response of
the system is mainly governed by a physical mechanism,
whereas in the second case there is a combination of
chemical (i.e. analyte-recognition ligand interaction) and
physical processes. In the last case physico-chemical pro-
cesses (i.e. analyte-metal/analyte-ligand interactions and
porosity) together with physical mechanisms provoke the
response. Concerning the physical mechanisms behind
the optical response, they can be roughly divided into
three classes: (i) luminescence resonance energy transfer
(LRET), (ii) ET mediated by a ligand and (iii) emission-
reabsorption (inner filter effect, IFE), see Figure 21. The
differences and pros/cons of each type of system will be
explained by means of selected examples.

An interesting example of using ligand-free Ln-doped
NPs for sensing purposes was reported recently by Guo
et al. [327]. They proposed the detection of water mole-
cules based on the intrinsically nonlinear upconversion
amplification process of NaYF,:Yb*, Er* NPs, being able
to reach a detection limit as low as 0.008 vol % (80 ppm)
in an organic solvent. The presence of water causes the
quenching of the upconversion emission process, which
is mainly attributed to efficient ET between upconver-
sion NPs and water molecules as well as water-absorp-
tion-induced excitation energy attenuation. Thanks to
the high photostability of the upconversion emission, an
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important advantage of this sensing system is its poten-
tial to be used for long-term and real-time monitoring of
water content. However, owing to the fact that several
quenching effects are involved in the response of this
system (i.e. ET and direct water absorption of excitation
energy) and the contribution of each one is still not well
understood, a deeper understanding is required before
opening the door to the development of other optical
sensors relying on leveraging nonlinear upconversion
process of Ln-doped NPs.

Luminescent Ln-doped NPs have also been suggested
as nanothermometers [328]. For example, Eu** and Th*
emissions in ligand-free NaGdF,:Yb**, Tm**@NaGdF,:Tb*,
Eu** core-shell NPs exhibit higher sensitivity in a wide
range from 125 to 300 K (Figure 22A) [329]. The tempera-
ture dependence of many of the lanthanides’ photophysi-
cal properties, including the emission intensity and the
excited-state lifetime or rise time, is exploited in these
systems. In particular, the dependence of the fluorescence
intensities from two emitting levels of lanthanides [332]
has been exploited for monitoring temperature changes
in different cell models such as HeLa cervical cancer cells
[333] and human embryo kidney cells [334], which allows
the investigation of how thermal processes develop at cel-
lular level, e.g. enzymatic reactions, cellular death and
other physiological processes. The main drawbacks of
these nanothermometers are related with their sensitiv-
ity and precision. The quantum yield of the upconversion
process is low, and consequently, the maximum relative
sensitivity values are around ~0.5% K at the physiologi-
cal temperature range. Moreover, resolving temperature
with a precision lower than 0.1° is still to be demonstrated
[334]. Thus, further improvements are needed.

Regarding the sensing applications involving func-
tionalized Ln-doped NPs, it must first be noted that they
are far more numerous because playing with diverse func-
tionalization and different mechanisms enables wider
possibilities. As Ln-doped NPs do not show an intrinsic
or specific luminescence response to most of the analytes
(e.g. pH, oxygen, metal ions and biomolecules), the func-
tionalization of their surface with suitable indicator dyes
or recognition elements imparts to the NP the selectivity or
specific recognition required for most of the sensing appli-
cations, especially for biosensing [335]. A huge diversity of
recognition elements have been reported, the most com-
monly used being antibodies [336], DNA [337], aptamers
[338-340], avidin/biotin pair [341] and polypeptides [342].

The most promising systems in this direction are
those which use upconverting Ln-doped NPs (UCNPs) as
donors in FRET (Forster resonance energy transfer)-based
sensing configurations, resulting then in UCNP-based
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Figure 21: Different mechanisms involved in the optical response of the Ln-based sensing systems.

(i) LRET. A UCNP donor produces anti-Stokes emission upon excitation. Consequently, it can excite the attached acceptors via FRET process.
The intensity of the sensitized emission from the acceptor is proportional to the analyte concentration in the reaction. (ii) ET mediated

by a ligand. After excitation of the ligand, there is an ET to the emissive states of the Eu** ion. Complexation following the introduction of
metal-ion guests into the MOF channels perturbs the electronic structure of the ligand. These changes, in turn, affect the efficiency of the ET
process, and hence the observed changes in the luminescence intensity (adapted from [326]. Reproduced with permission of the American
Chemical Society. Copyright © 2013). (iii) Emission-reabsorption (IFE). After excitation of the ligand, there is an ET to the emissive states of
the Eu** ion. When an absorber molecule is present, this absorbs the light emitted by the Eu** ion, and consequently there is a quenching of
the fluorescence. If the analyte forms a complex with the absorber molecule, the fluorescence is recovered due to the suppression of the IFE
process (adapted from [324]. Reproduced with permission of The Royal Society of Chemistry. Copyright © 2016).

LRET assays [343]. UCNPs are conjugated with energy
acceptors, whose excitation spectra has to overlap with
the emission spectra of the NPs. The acceptor can be
organic fluorophores [111, 144, 344, 345], fluorescent pro-
teins [346], metallic NPs [341], graphene oxide (GO) [338,
339, 347, 348], carbon NPs [342] and semiconductor QDs
[345, 349, 350]. The working principle of upconversion
LRET [depicted in Figure 21(i)] has demonstrated its huge
potential through the development of sensing systems for
the determination of 17f3-estradiol [336], enzymatic activ-
ity [351], matrix metalloproteinase [342], mycotoxins [338],
ATP [339], IgG [352], glucose [347] and pesticides [353],
among others. We discuss here just four selected exam-
ples in order to describe the mechanism responsible for
the sensing response.

Liu et al. were able to measure cyanide concentrations
in water with a very low detection limit of 0.18 um CN-.
NaYF,:Yb*, Er*; Tm*" were conjugated with a chromo-
phoric iridium complex. The absorption of this complex
overlaps with one of the emissions of the UCNPs (around
540 nm), giving rise to a FRET process. The absorption
of the complex is affected by the presence of CN- anions,
which is highly reduced. FRET is thus also suppressed,
and the analysis of the absorption of the complex with
respect to the 800 nm emission of the UCNPs, which is
taken as internal reference, can be used to measure CN-
species (Figure 22B) [330].

Wu et al. developed a UCNPs-GO-based LRET immu-
noassay for sensitive detection of different mycotoxins,
including ochratoxin A (OTA) and fumonisin B1 (FB1) [338].
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Figure 22: (A) Sensing of temperature: (A1) Schematic design of NaGdF,:Yb*", Tm**@NaGdF,:Tb*", Eu** core-shell NPs for nanothermometers;
(A2) Upconversion emission spectra of NaGdF,:Tm?>, Yb**(1/49%)@NaGdF,:Th**, Eu*(15/1.5%) core-shell NPs recorded between 50 and

300 K; (A3) Temperature-dependence of the intensity ratio of Tb** (545 nm) to Eu** (615 nm) and the linear fitting curve. Adapted from [329].
Reproduced with permission of The Royal Society of Chemistry. Copyright © 2014. (B) Sensing of inorganic ions: (B1) Proposed recognition
mechanism and FRET process of iridium(lll) complex-coated NaYF,:20%Yb?**, 1.6 %Er*, 0.4%Tm>* NPs (OA-Ir1-UCNPs) towards cyanide anion
(CN9); (B2) changes in absorption spectra of OA-Ir1-UCNPs upon addition of CN-. Inset: absorbance at 505 nm as a function of CN- concentra-
tion; B3) changes in UCL spectra of OA-Ir1-UCNPs upon addition of CN". Inset: ratio (/,//,,,) of UCL intensities as a function of CN~ concen-
tration. Adapted from [330]. Reproduced with permission of the American Chemical Society. Copyright © 2011. (C) Sensing of biomolecules:
(C1) Proposed recognition mechanism and FRET process between NaYF,:Yb*', Er** UCNPs-TBA ; and AuNRs-TBA,, (TBA,  and TBA, are aptam-
ers) for the detection of thrombin; (C2) changes in UCL spectra of UCNPs-TBA after addition of various concentrations of thrombin from

0 to 90 nm; (C3) the relationship between the fluorescence quenching efficiency and the concentration of thrombin. Adapted from [331].

Reproduced with permission of Elsevier. Copyright © 2013.

BaYF:Yb’**, Er** and BaYF:Yb**, Tm** UCNPs conjugated with
specific mycotoxin aptamers were used as donors, while
GO acted as acceptor quenching completely the lumines-
cence of aptamer UCNPs due to the close intermolecular
distance caused by n-r stacking interaction. In the pres-
ence of mycotoxins, the aptamers prefer to bind to their
corresponding mycotoxins, and therefore the nt-nt coupling
of GO-aptamer is lost, resulting in negligible lumines-
cence quenching. Changes in the fluorescence intensity
of BaYF:Yb*, Er** and BaYF:Yb*, Tm>" were related to the
concentration of OTA and FB1 respectively, leading to
detection limits of 0.02 ng ml (OTA) and 0.1 ng ml™ (FB1).

Importantly, this is the first example of multiplexed UCNP-
based LRET system for the simultaneous detection of two
target analytes.

Another example using Au NPs as acceptor has
allowed the detection of short genes of H7 subtypes [354].
PEI-modified BaGdF_:Yb*, Er** UCNPs were chemically
conjugated with capture oligonucleotide probes, while
AuNPs were linked to hemagglutinin H7 oligonucleotide
sequence. The hybridization process between complemen-
tary strands brought the energy donor and acceptor into
close proximity, leading to the quenching of fluorescence
of UCNPs. The extremely low detection limit achieved, as

Brought to you by | Biblioteca de la Universidad de Sevilla
Authenticated
Download Date | 6/18/19 6:31 PM



DE GRUYTER

low as 7 pM, should be noted. A similar idea was applied
to the sensing of thrombin with NaYF,:Yb*, Er** NPs and
gold nanorods both conjugated with thrombin aptamers.
In the presence of thrombin both NPs were in close prox-
imity and a FRET process between the UCNPs and the Au
nanorods takes place, giving rise to attenuation of the
emission of the UCNPs (Figure 22C) [331].

These examples showed that typical drawbacks asso-
ciated to traditional FRET systems using downconversion
organic dyes could be overcome by using UCNPs as donors
because of their large anti-Stokes shifted, narrow-band
emission and high signal-to-noise ratio (i.e. no problems
associated with autofluorescence of biological material
as NIR light is used for excitation of UCNPs), and as a
result they would lead to a higher accuracy and selectiv-
ity in diagnostic applications and also in high-throughput
screening approaches. However, one principal drawback
of using UCNPs for biomedical applications is that the
strong absorption of water molecules at 980 nm (one of the
commonly used excitation wavelengths) causes an over-
heating of the surrounding medium and subsequent cell
death. The development of UCNPs which can be excited at
around 800 nm could minimize this side effect [355]. Other
sensing assays based on different resonance ETs, and con-
sisting of nanostructured systems containing REs have
been reported in the literature, especially those involving
lanthanide complexes [356]. For example, cadmium sele-
nide QDs conjugated with europium complexes and biotin
have been used for the detection and quantification of
streptavidin [357]; a similar strategy was employed with
the conjugation of biotin-terbium complexes with strepta-
vidin-functionalized QDs [358]; semiconductor nanorods
(quantum rods) conjugated with terbium complexes with
long photoluminescence lifetimes have been suggested to
be a powerful tool for homogeneous optical biosensing
[359]; QDs conjugated with terbium-labeled monoclonal
primary antibodies against prostate specific antigen have
been employed for FRET immunoassays for prostate spe-
cific antigen [360]; polystyrene NPs labeled with Eu** che-
lates and coated with Alexa Fluor 680 labeled y-globulin
can be used for the analysis of nucleic acid samples [361];
and transfers between terbium complexes, organic dyes
and QDs (multistep FRET) have also been reported [362].
Eu chelates can also be conjugated with peptides for moni-
toring kinase catalyzed tyrosine phosphorylation through
a quenching resonance energy transfer (QRET) between
the Eu chelate and a soluble quencher molecule. A spe-
cific antibody binds to the phosphorylated form of the Eu*
peptide protecting the chelate from the quencher, while
the luminescence of the unphosphorylated form is effi-
ciently quenched allowing thus determination of kinase
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inhibitors [363]. The potential of similar approaches
based on QRET for the screening of enzyme inhibitors has
recently been reviewed [364], which emphasizes the sim-
plicity and rapidity of this technique that make it ideal for
high-throughput screening analyses.

The third type of system with relevance in the sensing
field involves the use of Ln-MOFs and Ln-CPs. The ben-
eficial property of these structures, microporosity, can
be used together with luminescence to create sensing for
very different analytes on the basis of a dependence of the
analyte on the luminescence properties of the host lattice.
In these systems the luminescent intensity of Ln-MOFs
and Ln-CPs is typically altered depending upon the iden-
tity of analytes through analyte-metal or analyte-ligand
interactions.

Most of the Ln-MOFs systems are responsive due to
an ET process mediated by the ligand. Depending on the
nature of the interaction and the resulting perturbation
to the electronic structure of the ligand, the efficiency of
ligand-to-Ln ET is affected, leading to compromised or
enhanced population of the Ln emissive states and, ulti-
mately, the quenching or enhancement of its lumines-
cence. To date, several examples for sensing a variety of
species (i.e. gases, metal ions and organic molecules) have
been reported [326, 365-367]. As an example, ion sensing
of Fe** and Zn*" has been achieved utilizing Eu-BTPCA
MOFs (BTPCA* =1,1",1"-(benzene-1,3,5-triyl)tripiperidine-
4-carboxylate) [326]. Such metal ions have an affinity to
N-donor sites that remain available upon framework con-
struction as the Eu** ions selectively only bind to the car-
boxylate groups due to their high oxophilicity. When Fe**
ions were present and bound to the Eu-BTPCA MOFs, the
luminescence is quenched owing to the reduction of the
ET efficiency of the BTPCA linkers to excited 4f states of
Eu’t. A study of the selectivity showed that only Fe* led
to complete quenching of the luminescence, whereas most
ions give a somewhat non-specific quenching. In contrast,
binding to Zn* led to a remarkable increase of the Eu**
emission intensity. Both observations can be explained
by a change of the energy of the relevant excited ligand
triplet states by their donor sites binding to the 3d metal
ions, which diminishes or increases the match in energy
with the 4f states [368]. Thus, it is demonstrated that the
antenna effect is vital for this kind of sensing systems based
on Ln-doped MOFs. Organic molecules which are good
electron donors or acceptors can also influence the ET effi-
ciency and thus the intensity of lanthanide luminescence.
Based on that, 10 different nitroaromatic compounds have
been detected by measuring the luminescence quench-
ing percentage of Eu-MOFs [Eu,(MFDA),(NO,)(DMF),],
(H,MFDA =9,9-imethylfluorene-2,7-dicarboxylic acid) [365].
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Variable responses were obtained for each nitroaromatic
molecule, concluding that the different electron affinities
together with the competition in light absorption between
the MOF antenna ligand and the nitro compound were the
key aspects responsible for the sensing response.

On the other hand, in systems consisting of Ln-CPs
the sensing response is usually through IFE. The IFE
refers to the absorption of the excitation and/or emis-
sion light of a fluorophore by an absorber in the detec-
tion system. A significant advantage of this mechanism
is its simplicity as it does not require a complicated
chemical linkage between the absorber and fluorophore
for getting a response. Li et al. developed a method for
the detection of Hg* in biological fluids by using Eu/
IPA-CPs, where isophthalic acid (IPA) acted as bridging
ligand that could sensitize the fluorescence of Eu* [324].
Because the excitation spectrum of Eu/IPA CPs strongly
overlaps with the absorption band of imidazole-4,5-di-
carboxylic acid (Im), the IFE process is very efficient,
leading to a significant quenching of the fluorescence
of Eu/IPA-CPs. Upon the addition of Hg*, however, the
fluorescence was recovered due to the suppression of
the IFE of Im through the formation of a Hg/Im complex.
Following this strategy, the detection limit was of 2 nmM,
which is lower than the maximum allowable Hg* level
in drinking water (10 nm) permitted by the US Environ-
mental Protection Agency.

Unfortunately, a common problem of this third class
of systems is the poor selectivity towards a specific target
analyte, and therefore this is a challenging task for future
development.

8 Perspectives and evolution

Despite the great advance achieved in the last years in the
development of RE-based nanostructures for biotechno-
logical applications, which is reflected in the huge amount
of available MOFs and NPs (with or without surface
functionalization) having many different compositions,
morphology, size, properties and applications, some chal-
lenges and improvements still have to be addressed before
these systems can be clinically used. Thus, from the syn-
thetic point of view, efficient, large-scale and cost-effective
methods have to be developed. Regarding the persistent
nanophosphors, suitable methods for the synthesis of
uniform NPs are strongly demanded, and new routes for
the synthesis of MOFs at milder reaction conditions that
are quicker and with a better control of the particle sizes
should be developed. For both luminescent DCNPs and
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UCNPs, many efforts have to be made to enhance their
global luminescence. In particular, the design of new
transfer strategies that allow the excitation of DCNPs by
NUV or visible light would increase the number of their
applications, especially bioimaging, since they could be
easily excited by standard fluorescence and cLSMs. The
design of new DC NIR emitting NPs working in the biologi-
cal windows (600-950 nm and 1000-1320 nm) is also of
high priority. Development of multifunctional systems is
undoubtedly one of the most important research focuses
in the design of RE-based nanostructures for biotechno-
logical applications. In fact, many of the luminescent RE-
based NPs are designed to provide, at least, one additional
functionality, either as MRI or as CT CA, thus providing
an unambiguous diagnostic by combining the advantages
of each modality. Among the main challenges in MRI CAs
research is the optimization of both dual T1-T2 MRI CAs
which help to reduce potential false negative results and
MRI CAs able to work properly under high field magnets,
which are the basis for the present trend in clinical MRI
equipment. In addition, the study of the lifetime char-
acteristics of UCNPs has started to attract greater atten-
tion and holds promise in the sensing field to further
reduce the background noise associated with detection
and to increase the potential of multiplexed methodolo-
gies. Exploiting the multiplexing capacities of these NPs
for sensing applications is clearly a key issue for future
prospects.

Finally, a deeper investigation on the biocompatibility
of RE-based NPs, especially long-term toxicity studies, is
still required.
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