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Imaging agents based on lanthanide doped
nanoparticles

L. Prodi®, * E. Rampazzo?, F. Rastrelli®, A. Speghini®, and N. Zaccheroni®

Nanotechnology has recently allowed to design and prepare nanoplatforms with the potential to
face currently unresolved problems. Among these platforms, nanoparticles in particular are
versatile objects that find applications in many different areas. In the vast ensemble of materials
that have been explored to obtain nanoparticles with improved performances, we here focus our
attention on lanthanide-based nanocrystals. These recently developed species are extremely
interesting and well known particularly for their ability to emit anti-Stokes shifted light
(upconversion) with relatively high brightness. Many advantageous characteristics of such
materials are emerging, and their use as multimodal imaging agents is rapidly growing. We here
survey some recent examples on this subject, mainly focusing on systems having NIR-to-NIR

emission properties for in vivo applications.

1. Introduction

While perceived as a frontier research field, nanotechnology is
also an already well-established and fast growing discipline that
finds widespread applications with health, environmental and
social outcomes. It would be therefore redundant in this context
to describe all the advantages of nanotechnology; yet, we would
like to mention the key point that, in our opinion, explains the
reason why this successful discipline has become now so
fundamental: merging. Nanotechnology merges materials,
properties and goals to obtain multimaterial-multifunctional-
multitarget objects - an approach already paved by
supramolecularcular chemistry - but pushed even further.

This merging ultimately leads to nanoplatforms that may
become very powerful tools to face current unresolved
problems. Environment and energy are for sure two of the
greatest issues that the modern world must address nowadays.
Indeed, many efforts are being directed towards the healing of
the human body through medicine, in the form of prevention,
diagnosis, and therapy. This last point is so important that the
word theranostics' has been introduced to indicate a treatment
strategy that combines therapeutics with diagnostics.? Clearly,
in the design of platforms to be used in vivo, there exist many
and urgent constrains such as toxicity,” stability, environmental
compatibility, time of clearance, and output signal reliability
and intensity.*

Many are the possible techniques in modern medical imaging
that can be exploited to generate a signal to be tracked. Non-
invasive imaging methods using exogenous chemical contrast
agents (CA), in fact, are a booming frontier research area with
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an expected breakthrough in diagnostics and in all medical
activities that can be imaging-guided such as surgery, drug
delivery and therapy monitoring.”> The main challenges for in
vivo imaging, to date, include the development of new contrast
agents with increased sensitivity and specificity.® The most
promising approach that has emerged from the research efforts
toward nanostructured and

worldwide, points

7-10

distinctly
nanosized probes that are compatible with most imaging
modalities and that can be optimized for targeting,''
multimodality and activation. The various imaging techniques
differ significantly in fundamental features (Table 1) such as
resolution, penetration depth, time of analysis and cost - with
pros and cons depending on the investigation to be addressed. It
is straightforward to understand how the combination of two or
more of them - bringing to multimodality - can help to
overcome the single constrains.'> Even if this approach is
already followed in medical applications, pushing forward
multimodal imaging still remains one of the main goals of in
vivo imaging research. Magnetic resonance imaging13 (MRI),
computed X-ray tomography'* (CT), nuclear medical imaging'?
(NM) such as positron emission tomography (PET) and single-
photon emission computed tomography (SPECT), ultrasound
imaging'® (US) are the modalities that already find a large
clinical application. It is worth to point out that MRI and PET
instrumentation suffer from high costs, something which plays
a crucial role in modern healthcare systems. In addition MRI
has a quite low sensitivity (together with CT) and very long
acquisition times in comparison with other tomographic

techniques (around 30 minutes versus seconds-minutes).
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Conversely, MRI can offer a non-limited penetration depth, a
high resolution and a high soft-tissue contrast.
Table 1 Main imaging techniques and their fundamental features.
Gadolinium chelates Very high soft tissue
inil inil 0.01-0.1 (small animal discrimination
Radio waves Coceinlpicontiiing 10°-10° ¢ - mal) No limitations min. - hrs. . . ' . ! ~ Yes High
NPs 0.5-1.5 (clinical) Functional imaging without
Iron oxide NPs imaging probes
lodinated molecules S o . le_lte(% sgft t.\ssue .
X-rays . T 10 0.03-0.4 No limitations sec. - min. discrimination Yes Medium/low
SRV SCITE S Radiation concerns
No whole body
Sound waves Microbubbles 10%10™ 0.04-0.1 (small animal) L . imaging High sensitivity i Low
- - sec. - min. es
(high frequency) NPs. 0.1-1 (clinical) Seldom target specific Portable Medium
imaging
Annihilation . . i 1-2 (microPET) o . Radiation concerns. igh sensitivity ;
e Radionuclides 107°-10 S T No limitations min. Seldom target specific Tracer amounts of probes and Yes High
(y) photons -10 (clinical PET) imaging high contrast
i . Sl 0.5-2 (microSPECT) S . High sensitivity .
Gamma rays Radionuclides 10°-10 o No limitations min. Yes Medium
7-15 (clinical SPECT) Tracer amounts of probes
Vis-IR light R azz‘y%’;g e 10° 0.03-0.05 1-60 min. No Low
UV-Vis Luminescent dyes iplexing i i
. ) Y 10°-10™" 1-3 1-20 sec. - min. Multlplexlng'lmaglng, Partial (close) Low
and IR light Luminescent NPs targeted and activable probes

*Spatial resolution in experiments with small anaimals. In the case of clinical applications a resolution decrease of a factor varying from 2 to about 10 usually
takes place. Adapted from ref. 12 Copyright 2014 Ivyspring International Publisher..

All this advantages, along with the virtual absence of health
risks, make this technique one of the most commonly used in
the world together with ultrasound imaging (US, i.e.
sonography) - that is also investigated for therapeutic
treatments.'” This latter technique benefits from a high
sensitivity and a short time of measurement, suffers from a
limited penetration (1-200 mm). The same drawback also
affects CT together with relatively poor soft tissue contrast and
the concern about the X-ray radiation. Safety is an issue also in
the case of NM (Nuclear Medicine) that, despite the limited
spatial resolution, can ensure no limits in penetration and the
highest sensitivity. In this already rich but complex scenario,
significant improvements (implying very strong expectations)
are estimated from two imaging modalities, optical imaging'®
(OI) and photo-acoustic imaging'® (PAI) that to date have still
very limited clinical translation.

These techniques are attracting funding and great research
efforts'™ 2° that are estimated to bring to important
achievements in a relatively short time. OI and PA share very
high sensitivities and short time of measurements. OI can suffer
from a relatively limited resolution in comparison with other
imaging modalities but, on the other side, it has a quite unique
versatility, such as the possibility to exploit light not only for
diagnostic purposes but also for therapeutic treatments
(photodynamic®' and photothermal therapy, PDT and PTT
respectively”>2%). Moreover, properly designed probes can
allow multiplexed imaging®” ** a very valuable high-throughput
possibility that, monitoring many parameters/analytes at the
same time, can drastically lower the required sample sizes
and/or the time of analysis. The main drawback of OI and PAI,
however, is their low investigation depth (< 20 mm for OI and
of 60 mm for PAI) in the case of in vivo applications. Due to
the absorption and scattering of tissues (especially between 400
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and 700 nm), in fact, the propagation of the excitation and, for
OI, emission radiation is an issue. This may be at least partially
overcome in the next future thanks to the anticipated great
advances of real/time endoscopic® and laparoscopic imaging
introduced by the new generations of more and more
miniaturized instruments. In addition, OI is finding a growing
interest from surgeons since it can help guiding their
procedures by visualizing, for example, a tumour mass to be
resected with great accuracy.

A necessary step to improve the penetration depth is anyway to
optimize the probes to exploit the biological optical
transparency window (650 — 1800 nm), a region that takes into
account absorption and scattering caused by the species and
structures of the different skin layers.>® This region can be
divided in the so-called NIR-1 (650-950 nm, where the tissue
scatter and auto-fluorescence is still quite high), NIR-2 (1000-
1350 nm, where the water absorption increases) and NIR-3
(1500-1800 nm).?® The reason for the two gaps that separate the
three NIR (near infrared) ranges can be found in two absorption
peaks of water, the first one centred around 980 nm and the
second much higher one at about 1450 nm (Fig. 1). The
excitation or emission light falling in these two sections is
therefore partially absorbed and thus suffering of limited
penetration. It is also worth to point out another detrimental
consequence: the excitation via laser light at 980 nm, very
common in the structures involving Yb®" ions, causes the
transformation of the absorbed energy into a local heating of
biological samples, a potentially very critical problem. All this
has to be carefully taken into account in designing suitable
systems for applications in biomedical imaging. Such systems
must combine NIR absorption and emission of light, to ensure a
significant increase in penetration’® ** with other advantages
such as a low damage of tissues and cells, that is always a
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concern with long-term UV excitation, and reduced light
scattering and auto-fluorescence.
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Fig. 1 Attenuation coefficient of human blood (oxygenated) in the 300-1700 nm
spectral range. NIR-1 (blue color) and NIR-2 (pink color) biological windows are
indicated. The emission spectral ranges of luminescent NPs classes used for
fluorescent bioimaging are included (GNRs, gold nanorods; UCNPs, upconverting
NPs; QDs, quantum dots; CNTs, carbon nanotubes) Adapted from ref. 31
Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

A great number of possible variables govern the properties of
lanthanide doped NPs: this complexity makes such materials
very challenging but extremely versatile at the same time.
Several examples of NPs have been developed, that are
chemically and photochemically stable, with sharp emission
bands (including intense anti-Stokes ones), NIR excitation-
emission, long lifetimes and low toxicity. Their properties,
however, are not only confined to luminescence - in many
permutations they are also suitable candidates for imaging
techniques such as MRI (see section 4), CT and also NM (see
section 5). In the last few years the area of lanthanide doped
NPs has therefore boost up with single and multimodal systems
applying to imaging®* and therapy,** ** but much effort is still
needed to translate them into the clinic.

The multifaceted interest in these materials is certainly testified
by the impressive number of publications and reviews that are
appearing in the literature daily describing the production of
lanthanide-doped nanocrystals®” ** 3% and their possible
applications.'” 2% 33 3942 Several factors such as morphology,
crystalline phase, size, and components of these nanomaterials
are crucial parameters acting on their electrical, photophysical,
magnetic, and colloidal stability properties.* ** Most of the
synthetic routes - whose implementations are unfortunately still
often linked to a trial-and-error approach - focus on achieving a
rational control over these elements.

In this constantly evolving scenario, we have decided to give
the reader an overview of the state of the art, not even trying to
be exhaustive but rather focusing on lanthanide-doped
nanocrystals both absorbing and emitting in the NIR (1 or 2)
region. We have chosen this restricted subject as the most
promising and innovative in the development of theranostics
nanomaterials for the future of mankind. In this context, NIR
contrast agents, specifically targeted and eventually activated*”

This journal is © The Royal Society of Chemistry 2012
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4 for drug delivery represent one of the most relevant results to
be achieved in the next future. In this review article we have
classified the results found in literature depending on the
imaging modality for which the lanthanide doped nanoparticles
were designed. For each of them we begin with a brief
introduction on the principles at the basis of the method. The
theoretical outline introducing the lanthanide based
nanocrystals as MRI contrast agents (section 4) has been
expanded in proportion to the complexity of the subject: we
have tried, however, to keep the dissertation within reach of a
wide readership.

Finally, since lanthanide doped nanocrystals are appealing
materials that take to unpredictable and bright
advancements in many disciplines of high social impact, we
have tried to make the new achievements as accessible as
possible also to interested researchers working in different
fields.

will

2. Lanthanide-doped nanocrystals for optical imaging

Among the variety of possible luminescent materials only a
very limited group presents NIR adsorption and emission
properties. Materials based on lanthanide ions (Ln*', from
lanthanum to lutetium) are included in this set. Lanthanide ions
are characterized by the progressive filling of the highly
shielded 4f orbitals, originating many states with energies
determined by the combinations of three contributions: the
inter-electronic repulsion, the spin-orbit coupling and the ligand
field. The lower energy excited states in the lanthanide ions are
always determined by the rearrangement of the electrons in the
forbitals that give rise to very narrow f-f absorption bands (with
semi-width even lower than 1 nm) and with very low
absorption coefficients (rarely above the unity) due to their
forbidden character. These transitions give rise to the emission
of these ions that are again very narrow and, due to their low
probability, with very long radiative lifetimes - often in the
range of milliseconds. Frequently, the nonradiative deactivation
through the vibronic coupling with species in close proximity
or via excited states with different configurations is very
efficient. Therefore, to obtain highly luminescent materials
based on Ln’" ions, two are the problems to overcome: i) the
inefficient process of their direct excitation and ii) an efficient
nonradiative deactivation. The research of possible solutions
constitutes a very lively research field since several decades
and many different ways has been proposed to obtain
from lanthanide ions through indirect
processes light-absorbing  systems.
Lanthanide coordination can allow efficient energy transfer
from light harvesting organic-antenna chromophores,*® or by
organic aromatic ligands that are directly bound to the
lanthanide centres or, again, by light harvesting metal-organic
antenna chromophores in heteronuclear metallo-organic
complexes.*” There are also other less traditional and very
intriguing possibilities such as doping lanthanide inorganic
matrixes with other metal ions to obtain luminescent glasses or

luminescence

sensitization from
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more organized nanosized materials as lanthanide doped
nanoparticles.

Lanthanide doped nanoparticles, that are the topic of this
review, are gaining more and more attention in these last
decades merging the advantages of nanomaterials with unique
optical properties.>® They are formed by a suitable dielectric
host lattice where trivalent lanthanide ions are dispersed in low
concentration. Their emission properties are influenced by the
nature, the composition and the structure of the nanoparticle,
but they are not directly dependent on their size or shape as it is
typical of many other nanostructured systems such as quantum
dots (QDs).

These luminescent properties differ significantly by other
luminescent nanoparticles for the possibility to give rise to
efficient anti-Stokes emission processes. The classic down-
shifting emission (DS), that is advantageously used also with
lanthanide-doped nanocrystals, consists in the conversion of the
higher energy excitation photons into lower energy ones
following the Stokes law. On the contrary, in up-conversion
emission (UP) processes the sequential absorption of two or
more photons and energy transfer processes allow the emission
of higher energy photons.*® Interestingly, as we will see, some
researchers have also conceived lanthanide-doped nanocrystals
in which both modalities can be used.

Whichever the mechanism (DS or UC), since the excited state
responsible for the emission is for almost all these systems
centred on the lanthanide ion, they share common features. In
particular, together with the already mentioned sharp emissions
and rather long excited state lifetimes, the luminescence
intensity depends on the nature and concentration of the
components, on the nature of the matrix and on the synthetic
conditions.

The nano-range size is of central importance for biomedical
applications, since the dimension entails internalization and
release in cells, organs and biological hosts. Other fundamental
aspects are solubility,'” biocompatibility*® and low-toxicity°
that depend very much upon the nature of the surface of
that can be conveniently

lanthanide-doped nanoparticles,

Energy

functionalized,®® as allow also

bioconjugation.

already mentioned, to

2.1 UCNPs: anti-Stokes-emitting NPs.

The most intriguing emission property of lanthanide doped
nanophosphors is the UC Ion-doped
upconverting bulk materials are known from more than 50
years,”’ and the understanding of the role of the different
mechanisms®® involved in this phenomenon,” > was really
improved by the availability in the following years of powerful
NIR lasers exciting sources. These upconverting bulk materials
have been initially mainly used in the area of optical devices
(such as in solid state lasers)®* and only the advent of
upconverting nanoparticles (UCNPs) has opened up the way to
bio-medical applications,”> ¢ also thanks to the recently
improved emission efficiency that has always been an issue in
upconversion materials. This can be attributed to the careful
design of materials with customized and optimized optical
properties.*” *!* 4 57 The possible strategies are many and the
characteristics of UCNPs can be tuned via the proper choice of
the right host-dopant combination, via the engineering of the
nanostructure (for example with an appropriate core-shell
design)® or via the addition of suitable further species able to
exchange energy with the other constituents. We can say that,
generally, all the strategies involve the combination of three
main components: a host matrix, a sensitizer and an activator
(the emitting Ln®" ion).

Host materials (matrix) play a fundamental role in the UC
being not simply scaffolds, they have to present necessary
features such as: i) the right lattice dimensions to tightly hold
the Ln>" guest ions, ii) a low lattice phonon energy to minimize
nonradiative processes, iii) a negligible absorption in the
spectral working region and iv) a high chemical and
photophysical stability. Alkaline earth fluorides are, to date, the
best performing ones and therefore the most studied also in the
area of biomedical imaging, although oxide based ones (e.g.
sesquioxides or oxosulfides) can be a valid alternative.> 66!
The Ln*" guest ions providing the UC emission are called
activators and can present bands in a large spectral range under

luminescence.
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Scheme 1 Energy level schematization of the main reported lanthanide ions anti-Stokes mechanisms (see the text for the acronysms).
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very different excitation power densities (ions with ladder-like
disposition of the electronic states require low power, the others
much higher one). To avoid cross-relaxation energy losses, it is
necessary to use very low doping degrees of activators (< 2%)
and this is detrimental for the brightness: to overcome this
problem the most common approach is to prepare doubly-doped
nanoparticles that present a sensitizer with a much higher
doping concentration (around 20%) together with the activator.
Its function is to absorb energy in the NIR region (and therefore
a large cross-section is needed) and to efficiently transfer it to
the emitting ions. Yb>" is the candidate that better matches
these requirements and by far the most common sensitizer.

UC luminescence takes place via a number of different
mechanisms, all favoured by the long lifetime of f-f transitions
that allows energy transfer among lanthanide ions and increases
the probability of sequential excitation of the same ion. These
mechanisms could be distinguished in five different processes
(Scheme 1): i) excited-state absorption (ESA), ii) energy-
transfer upconversion (ETU), iii) cooperative upconversion
(CU) (where one can discriminate cooperative sensitization
upconversion (CS) and cooperative luminescence
upconversion®® (CL)), iv) photon avalanche (PA) and v) energy
migration-mediated upconversion (EMU).%

We would like here to present very shortly the differences of
these various mechanisms trying to recall only the essential
information that could be of help for the reader, without any
ambition to be exhaustive on the topic that has already been
brilliantly treated in detail by many researchers.* 3% 64-6¢

1) ESA takes place in ions presenting a ladder-like disposition
of the electronic states (Er’**, Ho®", Tm** and Nd*") with almost
identical energy separation among successive ones. This,
together with their long lifetime, allows the sequential
absorption of two photons by the same activator ion that then
emits from the second energy level.

ii) ETU needs neighbouring sensitizer and activator to occur
and it is therefore dependent on dopant concentrations. The
sensitizer absorbs photons and via sequential energy transfer
processes (one of them occurring between two ions both in an
excited state®®) takes the activator to its second emitting level
generating UC emission. This process is the one at the bases of
the high efficiency of the Yb*" doped UCNPs that are to date
the most exploited and common ones.

iii) CU can be distinguished in cooperative sensitization or
cooperative luminescence upconversion. CS involves three
ions, generally two sensitizers and one activator, and the
simultaneous energy transfer of the photons absorbed by the
sensitizers to the emitting ion populates its upper level that
deactivates via UC emission. In the CL, on the contrary, the
simultaneous deactivation of two excited ions provides an

This journal is © The Royal Society of Chemistry 2013

emission with twice the energy of the single excited states. CL
presents a much lower efficiency than the other mechanisms
and therefore it is not usually exploited in the engineering of
UCNPs.

iv) PA*® requires a laser-pump radiation above a critical
excitation power and with an energy a bit higher than the one of
the first excited state of the emitting ion. In this conditions an
initial ESA occurs that induces both a very weak UC emission
from that activator and an efficient cross-relaxation that takes
the neighboring sensitizer to its excited state, from where it is
then able to transfer its energy back to the activator. This
constitute a kind of avalanche effect in the population of the
first excited state of the activator. Long rise time to build up
(seconds) and the existence of a critical pump threshold make
easy to discriminate the occurrence of the PA mechanism.

v) EMU is the most recently proposed mechanism, it starts with
an ETU step but it involves four different types of interacting
centers (four lanthanide ions) with proper and defined
concentrations and arranged in a multilayered (core-shell)
structure.®’ In the first step of the EMU process the sensitizer
(I) absorbs and then transfers its energy to the higher excited
state of the accumulator (II), after successive energy transfers
to a first migrator (I1II) and then through the layers interface to
other migrators the energy is finally populating the excited
state of the activator (IV) ion to give the UC luminescence.

It is important to highlight that the UC efficiencies of the
various mechanisms are very different. In particular ETU is the
most efficient one and together with EMU (that can be seen as a
more complex ETU case) are by far the most exploited in the
design of UCNPs. On the contrary, CU and above all PA
require a high doping concentration and therefore they are
much more common in bulk materials. Indicative orders of
magnitude for the various UC efficiencies were already
reported by F. Auzel,>? his studies have been the foundations of
this field and proposed this general trend: ETU > ESA > CU
(CS > CL) > PA. The most important point, however, is that the
complexity of the UC emission processes makes always
challenging to obtain a careful characterization of the optical
properties of UCNPs. In particular the determination of their
emission quantum yield (QY), defined as the ratio of the
number of the emitted UC photons to the number of absorbed

33 is not at all trivial with the

photons of the excitation radiation,
direct consequence of a difficult comparison of the performance
of different particles. This is very much due to the power
dependence of the UC intensity, that is not even univocal since
UCNPs are subject to different saturation levels: for the same
host, activator and doping degree, it depends on the size of the
nanoparticle. The importance to have protocols allowing a

consistent evaluation of the QY to compare the results coming
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from different experiments, studies and applications has already such as NaYF,,”" > NaGdF,,”® LiYF,” and CaF,” 7° due to the
been discussed.** °® A comprehensive exposition of the particularly interesting and intense emission of Tm at 800 nm.

methods to calculate the QY in UCNPs is beyond the aims of
this review, we would only like to stress that the QY of the UC

c . . NIR light Blue light ©
emission is usually lower than 1%. This point is of fundamental m normoxia
importance since diagnostic imaging and theragnostic .
applications require appropriate brightness that, in the case of G hypoxia

. . . .. . [Ru(dpp);|**Cl,
UCNPs can even decrease with a reduction of the size. This is NaYkxb Amahe st &

due not only to the lower number of activators in a smaller
volume (at the same doping degree) but also to quenching
processes entailing the surface. In the nanoparticles, in fact, the
surface to volume ratio is very high exposing a relevant
percentage of luminescent centers to deactivation involving the
solvent, other species in the environment, or even surface
lattice defects that can act as long distance quenchers for inner
activators via energy migration. The rational design of the Weak fluorescence Strong fluorescence
external modification of UCNPs is thus fundamental not only to under oxygen-rich condition under oxygen-deficient condition
control their solubility and possible conjugation properties but
also to minimize these possible detrimental effects and increase
the overall light emission efficiency.”’” To the same goal a
proper design of the UCNPs can allow the control of their
excitation dynamics again of great importance in the pursuing
of brighter and brighter particles.®>

The controlled planning of these systems is not at all trivial and
many research groups spent significant efforts to optimize
UCNPs for optical imaging applications starting from the
doping with non Ln*" ions or from the design of the matrix. Gu,
Zhao and co-workers®® demonstrate that changing the
concentration of dopant Li" in GdF;:Yb,Er (20, 2 mol%) NPs it
is possible to modulate the energy back-transfer process
induced by the alkaline metal ions. Under a 980 nm excitation
the ratio of the green and red emission of the Er'" decreases

Hypoxia

—

Normoxia

SEM STEM-bright field STEM-dark field HAADF

with Li* doping increase taking from a yellow to an enhanced —— UCNPs emission

bright red upconversion emission suitable for NIR-to-NIR [Ru(dpp)3]2+CI2 absorption
biological imaging. On the other side, also a matrix change, o4 o
with a consequent different crystallinity can induce a 10-fold [ [RU(dpp)s] C|2 emission

enhancement of the UC luminescence in sub-20 nm cubic
NaLuF4:20%Yb,1%Tm nanocrystals as described by Yang, Li
and co-workers.”® This bright agents presenting both excitation
(980 nm) and emission (800 nm) in the NIR region were used
for in vivo imaging in animals and could reach a penetration
depth of 1.5 cm in pork tissue. This last feature is a crucial
point for in vivo optical imaging and, due to the transparency
biological window discussed in the introduction, it greatly 300 ' 4(')0 ) 5(')0 ' 6(')0 ' 700
benefits by NIR-to-NIR luminescent probes. For this reason W | h
most of the literature on lanthanide based UCNPs for ave engt (nm)
: : H H H es Fig. 2 Schematic illustration of the structure of nanosensors and their sensing to
biomedical applications focuses on ytterbium (sensitizer) doped
NPs that b ientl ited at 980 ith oxygen with a change in luminescence emission (upper). Scanning electron
§ that can be conveniently €xcited aj nm with common microscopy (SEM), bright/dark field scanning transmission electron microscopy
continuous wave (CW) lasers of various power density. The co-  (STEM), and high angle annular dark field (HAADF) images of UCNP@dSiO, (a),
doping with one or more suitable activator ions yields NIR UCNP@dSiO,@mSiO, (b), and UCNP@hmSIiO; (c). (d) Corresponding elemental
1 . . 1 th fficient llecti f th (F, Si) mappings of UCNP@hmSiO; (centre). Normalized absorption and emission
uminescence ensuring  also € clcient collection o € spectra showing the spectral overlap of the emission of the NaYF,;:Yb/Tm NPs
emitted light in depth. The most common Couple combinations  with the absorption of the oxygen probe [Ru(dpp)s]*'Cl,. Black line: emission
34 o 3+ 3+ 3+ 3+ 3+ - P i itati

are Yb>'/Er , Yb3/Tm?" and Yb*'/Ho , with an UC emission i<.'pet.:truLn ofbthe nanozartlclfas'under photoexmt?tlon a; 9802Tn?. Red and 'blule
in the NIR-1 spectroscopic range. In particular. man Tm3+ ine: absorbance an em;§S|on spectrum of [Ru(dpp)s]”Cl,, respectively
m p P gc. P > Y (bottom). Adapted from ref. ** Copyright 2014 American Chemical Society.
doped nanocrystalline fluoride hosts have been investigated,
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The convenience of this approach has been proved comparing
deep-tissue imaging obtained with organic fluorophores and
with NaYF,;:0.1%Tm>",20%Yb>" UCNPs that showed much
higher resolution and penetration.”! However, a fundamental
requirement for an high resolution imaging is a high brightness
that makes mandatory the enhancement of the generally quite
low QY of this particles that is. One of the most elegant and
efficient strategies is the design of core-shell structures able
both to protect the lanthanide ions from nonradiative quenching
processes and to promote energy transfer among the different
components to favour the upconversion mechanisms.

Liu et al.’”® synthesised hexagonal NaYF,Yb,Er@NaYF,
core/shell NPs with different shell thickness and investigated
the correlation with UC emission intensity for colloidal
dispersion in cyclohexane. They found that the green UC
intensity is enhanced with increasing the shell thickness until a
factor of 12 with respect to the core-only NPs. Very similar
species were obtained by Chen, Prasad and co-workers’® with a
systematic synthetic approach that yields size-tunable and
monodispersed pure hexagonal phase NaYbF,:Tm*'0.5% NPs
when doped with 30% of Gd ions. These nanophosphors
undergo an impressive enhancement (350 fold) of the
upconversion Tm luminescence (800 nm) when covered with a
2 nm shell of NaYF, that is able to well suppress surface
quenching mechanisms. The
NaYbF,:Gd*'30%Tm*'0.5%@NaYF, NPs showed high
contrast ability when tested in in vivo whole-body and ex vivo
imaging of nude mice. Many are the examples of multishell
structures and we will discuss some other of them hereafter but
we would also stress that they can involve different materials.
For examples an outer gold shell of proper thickness on silica
coated hexagonal phase NaYF4Yb,Er NPs presents a
plasmonic absorption able to transfer excitation energy at 980
nm inducing an enhancement of all the UC emission peaks.*
The UCNPs can also be part of more complex structures as
proposed by Shi and co-workers’’ that have included
NaYF,: Yb,Tm@NaYF,@SiO, nanoparticles of circa 33 nm of
diameter in hollow mesoporous silica shell spheres (Fig. 2).
They have then exploited the spectral overlap of the emission of
the UCNPs with the absorption of tris (4, 7-diphenyl-1,10-
phenanthroline) ruthenium(II) ([Ru(dpp)s;]*"), also present in
the cavity, to obtain selective hypoxia imaging in vivo under
NIR excitation. Simpler systems have been proposed to detect
also biologically relevant metal ions, such as Ca®* or Zn>" ex
vivot'and in vivo (zebrafish).** In these examples the UCNPs
were decorated on the surface with specific receptors suitable to
take part in energy transfer processes with the nanoparticle and
signal the target binding.

To make the optical imaging more and more specific many
groups have investigated the possibility to introduce a target
component for example folic acid (FA) to recognize tumor cells
or an antibody able to interact with the antigens on gram-
negative bacteria. With two different ligands - oleic acid (OA)
and aminohexanoic acid (AA) - Li and co-workers,?* succeeded
in the hydrothermal synthesis of high-quality water-soluble

upconversion nanocrystals bearing appropriate functional
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groups using a one-step synthetic strategy. The OA/AA molar
ratio allowed to optimize water dispersibility and provided
amino groups for conjugation to folic acid. Their FA surface
derivatized the LaF;:20% YDb,1%Tm NPs were successfully
applied in the lymphatic capillary bioimaging of small animals
with a high signal-to-noise ratio (Fig. 3).

Zhang and co-workers® have taken advantage of the high
photostability ~ of  antibody-based  bacterial targeting
NaYF,:Yb,Er NPs to uniformly label and long term monitor E.
coli in infected dendritic cells in vitro. The same strategy can
also be used to reach a much more difficult target such as
glioblastoma in brain. Commercial dyes or contrast agents
generally suffer of poor blood-brain-barrier (BBB)
permeability, non-specificity and rapid clearance and Bu, Shi
and co-workers®® have proposed a targeted, biocompatible
system based on UCNPs for the diagnosis and the fluorescence
positioning of glioblastoma to guide efficient tumor surgery.
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Fig. 3 In vivo lymphatic drainage UCL imaging at 800 nm was clearly detected at
four different draining lymph basins (1, 2, 3, 4) along the right antebrachium of
the nude mouse. Detection of upconversion luminescence in the different
positions, prostrate (a) or lateral (b) position, after injection of 20 mL (1 mg/mL)
LaF3:Yb, Er UCNPs into the paw of the nude mouse for 20 min. (c) The lymphatic
drainage UCL imaging after removal of skin and fatty tissues was also measured.
All images were acquired under the same instrumental conditions (power
density of 120 mW/cm2 and temperature at 25 °C on the surface of the mouse).
The mean luminescence intensity ROl (blue areas): ROI 1, (specific uptake), ROI
2, (nonspecific uptake) and ROl 3 (background) were selected for the in vivo
signal-to-noise ratio (SNR) calculation. Adapted from ref. 8 Copyright 2011
Elsevier Ltd.

They prepared NaYF;:20%Yb/2%Tm/15%Gd@NaGdF, NPs
capped with aminepoly(ethylene glycol)-thiol (PEG)
conjugated with Angiopep-2 (ANG) that is specifically able to
bind lipoprotein receptors overexpressed on both BBB and
glioblastoma cells, resulting in the ANG/PEG-UCNPs
nanocomposites (Fig. 4). These species have the further
advantage, thanks to the presence of Gd ions, to be suitable also
for MRI investigations making this system a dual-modal
nanoprobe. Experiments in vivo did not evidenced any toxicity
while ANG/PEG-UCNPs showed very promising results for
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preoperative diagnosing and intraoperative positioning the brain
tumors by MR and NIR-to-NIR UCL fluorescence imaging.

It has to be also mentioned for completeness that the
administration method of the imaging agents can co-operate in
the targeting process and Li and co-workers®® have shown that
the uptake of NaYF, nanoparticles doped with Yb** and Tm**
in MVF-7 tumours in vivo, following intra-arterial injection, is
nearly three-fold higher than that obtained by intra-venous
injection for the same species. In the NaYF,:Yb, Tm@SiO, NPs
the lanthanide-doped core was synthesized by a solvothermal
method (average diameter 20 nm), and during the silica coating
step ethoxysilane functionalized polyethylene glycol (PEG—
siloxane) was added into the microemulsion to achieve
PEGylation (final hydrodynamic diameter ~ 65 nm).

The implementation of these UC targeted nanolabels with
therapeutic features is the last step to go from pure imaging to
theranostics. Many research groups are actively investigating
different possibilities and most of them take advantage again
from NIR light irradiation to trigger targeting, drug release or
photosensitizers.'
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Fig. 4 (a) Design of the dual-targeting ANG/PEG-UCNPs. (b) Schematic diagram of
the ANG/PEG-UCNPs as the dual-targeting system to cross the BBB and target
the glioblastoma via LRP mediated endocytosis, enabling MR and UCL imaging of
intracranial glioblastoma. Adapted from ref. 8 Copyright 2014 American
Chemical Society.

Yeh, Su and co-workers®’
NaYF4Yb, Tm@SiO, NPs
chemotherapic agent) on the surface, via a disulfide bond that

have proposed PEGylated
bearing  doxorubicin (a
can be cleaved by lysosomal enzymes within the cells (Fig. 5).

Together with the anticancer agent, on the surface it is present
also folic acid (FA) with masked carboxylic groups via a
photocleavable protecting group. In this very complex system
the excitation with 980 nm light induces UC UV emission at
360 nm that triggers the folic acid cancerous cell targeting by
activating the photocleavage reaction of FA protecting agents.
The results obtained with these NIR-triggered targeting
in both
chemotherapeutic efficacy studies evidence the potential of this

vehicles in vitro and in vivo imaging and in
strategy to improve selective targeting. In this kind of systems

the premature release of anticancer drugs before reaching the
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target can be prevented developing a stimuli-responsive
controlled release approach. In particular NIR-remote-
controllable nanovectors are highly desirable for in vivo
applications and Shi, Bu and co-workers’”® have proposed a
nanoplatform based on mesoporous silica-coated
NaYF,;:5%Tm,20%Yb@NaYF, core—shell UCNPs.
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Fig. 5 PEGylated NaYF,;:Yb,Tm@SiO, NPs with therapeutic features. Adapted from
ref. ¥ Copyright 2013 American Chemical Society.

Subsequently the positioning azobenzene groups (azo) into the
mesopores of silica and the loading of doxorubicin yields a
system that, upon absorption of NIR light (980 nm), emits
UV/Vis photons that are absorbed by the azo molecules
inducing a reversible cis-trans photoisomerization. This
continuous rotation—inversion movement acts as a molecular
impeller that propels the release of the drug (Fig. 6).

The authors were able to demonstrate in in vitro experiments
that in this NPs the drug release is only triggered by NIR
exposure and the amount of the released drug is highly
dependent on the duration and intensity of NIR light exposure
On the other side in slightly simpler systems where
NaGdF,:Yb:Er (Gd:Yb:Er = 78%:20%:2%) are coated with
bovine serum albumin (BSA) loaded with two phototherapy
active dye molecules, the NIR light excitation induces cancer
cells killing.” In this case 980 nm excitation causes a green
light emission from UCNPs that is absorbed by the Rose
Bengal, a photosensitizer for photodynamic therapy (PDT),
while the photothermal therapy (PTT) agent IR825 dye can be
directly excited at 808 nm. This combined phototherapy
demonstrated very good synergistic anti-tumor effects in animal
experiments together with the possibility to perform dual
modal optical/MR imaging. A similar UCNP-based theranostic
nanosystem has been proposed by Liu and co-workers,*® in this
case a layer-by-layer self-assembly strategy is employed to load
multiple strata of Chlorin e6 (Ce6) conjugated polymers onto
Mn® * ion-doped NaY(Mn)F4:Yb,Er nanocrystals (Y:Mn:Yb:Er
=50:30:18:2). The strong UC emission at ca. 660 nm under 980
nm excitation well overlaps the absorption peak of Ce6 that,
being a PDT sensitizer, is consequently activated. Again the
dual modal optical/MR imaging allows the localization of the
nanoprobes that demonstrate remarkably enhanced cell
internalization and tumor-homing, thanks to an outer layer of
charge-reversible pH sensitive polymer.

This journal is © The Royal Society of Chemistry 2012
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As a last example NIR light has been used to phototrigger drug
release from yolk—shell structured mesoporous silica nanocages
containing  UCNPs (NaYF,Tm*' Yb**@NaLuF,) and a
prodrug.®' This last species is able to release the drug after
photolysis induced by the upconversion emission light. The
authors demonstrated the possibility of photoregulated drug
release in living animals with a system characterized by a high
drug-loading capacity.

a) ‘—»f.}—» (

NaYF;TmYb NaYF;TmYb@NaYF,  UCNP@mSIO,

b)

OH
NH,
O Mesopore
Q © Negative charge
Stirrer: azo group

St o

5,

Positive charge

50 nm

Fig. 6 a) Synthetic procedure for upconverting nanoparticles coated with a
mesoporous silica outer layer. b) NIR light-triggered Dox release mediated by the
upconversion property of UCNPs and trans—cis photoisomerization of azo
molecules grafted in the mesopore network of a mesoporous silica layer. TEM
images of c¢) NaYFi:Tm, Yb, d) NaYF;Tm, Yb@NaYF,;, e) NaYFgTm,
Yb@NaYF,@mSiO,, and f) NaYF;:Tm, Yo@NaYF,@mSiO,-azo. g) Bright-field and
h) dark-field STEM image of TAT-modified NaYF;:Tm, Yb@NaYF,@mSiO,-azo.
Adapted from ref. ® Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

All the examples discussed so far are based on the Yb*"
sensitizer and therefore involve a laser excitation at 980 nm.
Since a few years it has been evidenced and taken into account
by many groups, that at this wavelength some non-negligible
overheating problems can rise, especially when high power

This journal is © The Royal Society of Chemistry 2012
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lasers are used. This light energy, in fact, exactly matches the
gap between the NIR 1 and the NIR 2 windows, a range where
water presents an absorption peak. Therefore, in bioimaging
applications, the water absorption at 980 nm of the excitation
beam first of all can be detrimental for depth penetration but,
due to the dissipation as heat, it can also cause dramatic tissue
damage depending on the laser power and the irradiation time.
This is well evidenced by the fact that laser interstitial thermal
therapy (LITT), a therapy where tissues necrosis is obtained via
laser induced local increase of temperature, is often realized by
980 nm diode lasers.® *° For this reason, in the last years there
is a growing attention on systems that can be excited at
wavelengths where water does not absorb.

A pioneering computational and experimental study of He and
co-workers’! has evidenced that NaYbF,:Yb>"/Tm** UCNPs
encapsulated in a PEG derivative are suitable for in vivo whole
body imaging of nude mouse under an excitation wavelength of
915 nm. Moreover, the study of the temperature distribution on
mouse skin after various irradiation times showed that there is a
significant difference in the temperature rise with respect to 980
nm excitation. A careful comparison of the in vivo data and of
the performance of the NPs in phantom tissue, revealed that the
excitation at 915 was advantageous in terms of depth
penetration and minimal excitation power density required,
with a consequent much reduced overheating. Other excitation
wavelengths have been proposed, for example for
LiYF4:Er'*10% that under 1490 nm low power light present a
total UC QY higher than the one of NaYF,;:20%Yb*"/2%Er*"
nanocrystals under excitation at 980 nm.*?

More recently, however, it has been evaluated that an excitation
matching the local minimum of water absorption spectra at
around 800 nm could be considered an ideal one, inducing the
least damage to the biological environment. To this goal
UCNPs have been carefully engineered and thanks to cascade
sensitization and Nd ions doping, it has been possible to
prepare stable and highly emitting systems under excitation at
800 nm. Nd** has, in fact, a large absorption cross section at.
this wavelength, that presents the double advantage to be in a
range where water and other biomolecules have the minimum
adsorption and to be covered by commercial easily available
and low cost CW lasers with good performance. In a first
example Han and co-workers®® have found that first of all, due
to the rather complicated excited Nd*' states, its doping
concentration needs to be optimized for each combination.
They showed that pS-NaYF4:1%Nd,30%YDb,0.5%Tm NPs
presented the best balance among the component but still a low
UC efficiency. Taking into account the high surface to volume
ratio in nano-objects and the consequent greater surface
quenching risk, it is essential to prevent these deactivations via
core/shell strategy. They grew an inert fNaYF, layer on the
UCNP core for a total average diameter of 29 nm and a circa
20-fold enhancement of the emission yield. The final result was
a much lower heating effect of water under 800 nm excitation
and a comparable UC luminescence intensity with other similar
systems. In this case the tri-dopant UCNPs present all the Ln**
in the core while the shell is un-doped. A different strategy was
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followed by Yan, Sun and co-workers’ that distributed the
three components (Nd, Yb and Er ions) in two couples: Nd/Yb
in the shell and Yb/Er in the core, both layers of NaGdF,
matrix. In their investigation they found that Nd*" is an
irreplaceable sensitizer in order to have an efficient excitation at
circa 800 nm, and that the emission intensity of the UCNPs
increases with its increasing concentration but at high doping
degrees (> 10%) there are two detrimental effects: self-
quenching and Nd*" quenching of the Er emission. To minimize
these drowbacks Nd*" and Er’* were separated in two different
layers and the co-doping with Yb*" of both of them ensured an
efficient sensitizer-activator energy transfer. In this design the
activator is shielded and protected by the surface quenching but
it is also kept far from the Nd ions to decrease possible energy
back-transfer processes. This strategy has yielded an UC
emission efficiency suitable for in vivo imaging of nude mouse
under 800 nm excitation and without overheating side effects.
Liu and co-workers”™ have proposed another distribution of
almost the same components in order to further enhance the ET
efficiency pushing further the doping degree of Nd**. They
used NaYF, matrix to prepare core/shell
NaYF,Yb/Tm/Nd@NaYF,:Nd NPs with 2% Nd in the core
and 20 mol % of total Nd** considering also that present the
active shell (Fig. 7).
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Fig. 7 (a) Schematic design (top) and simplified energy level diagram (bottom) of
a core—shell nanoparticle for photon upconversion under 800 nm excitation.
Nd** ions doped in the core and shell layers serve as sensitizers to absorb the
excitation energy and subsequently transfer it to Yb* ions. After energy
migration from the Yb* ions to activator ions, activator emission is achieved via
the Nd**-sensitization process. (b) Near-IR absorption spectra of
NaYF;:Yb/Nd(30/1%) nanoparticles coated with an inert NaYF, shell or an active
NaYF;:Nd(20%) shell. The absorption spectra were normalized at 976 nm for
comparison. Adapted from ref. 9 Copyright 2013 American Chemical Society.

The integrated emission intensity increased of more than 400
times adding the Nd*" layer coating on the core, a better result
in comparison with the ones obtained with core/shell systems
with an inert outer shell. Nevertheless, the energy back-transfer
was still a challenge and Yao, Ma, Zhao, Gu and co-workers”®
have carefully investigated the possibility to further reduce this
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quenching effect and maximize the concentration of the Nd
They the structure and
components of the previous example but they implemented the

sensitizer. started from same
system adding a second spacer-layer between the core
(containing the Yb®>" and the activator ions) and the outer shell,
presenting the Nd in the matrix (around 90% of the
concentration) and doped with Yb*. The intermediate layer
acts as a shield to prevent the energy back-transfer increasing
the distance between Nd*" and Er’' and contains a certain
amount of Yb®' ions to ensure the migration of the direct
energy transfer from the sensitizer to the activator.

The author investigated the influence of the interlayer
thickness on the final UC emission intensity and they have
found the best balance of the back and forth ET was obtained
for a 1.5 nm one. The final
NaYF,;:Ybg,,Ergo@NaYF,:Yby ;@NaNdF,:Yby; NPs, or the
corresponding ones bearing Tm®" or Ho®" as activators, under
800 nm excitation have UC luminescence higher than the
corresponding NaYF;:Ybg,,Ergo,@NaYF, NPs sensitized
directly via the Yb** (Fig. 8).
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Fig. 8 Photoluminescence comparison of Nd-sensitized quenching-shield
sandwich UCNPs (exc. 800 nm) and conventional Yb-sensitized core-shell UCNPs
(exc. 980 nm). a) Absorption spectra in hexane (20 mg/mL). b) Luminescence
photographs of UCNPs with different activator ions (Er**, Tm®*, and Ho®") excited
at 800 (top) and 980 nm (bottom) with 0.5 Wem™ diode lasers. c) UC emission
spectra of the ErCSS nanoparticles (excitation at 800 and 980 nm) and the ErCS
nanoparticles (excitation at 980 nm). d) UC emission spectra of NaYF 4
:20%Yb,0.5%Tm@NaYF 4 :10%Yb@NaNdF 4 :10%Yb (TmCSS) nanoparticles
(excitation at 800 and 980 nm) and NaYF 4 :20%Yb,0.5%Tm@NaYF 4 (TmCS)
nanoparticles (excitation at 980 nm). e) UC emission spectra of NaYF 4
:20%Yb,0.5%Ho@NaYF 4 :10%Yb@NaNdF 4 :10%Yb (HoCSS) nanoparticles (exc.
at 800 and 980 nm) and NaYF 4 :20%Yb,0.5%Ho@NaYF 4 (HoCS) nanoparticles
(excitation at 980 nm). Note that the ErCSS, TmCSS, and HoCSS samples were
synthesized under the same conditions and the ErCS, TmCS, and HoCS samples
were prepared by using the same synthetic method. All the above samples were
dispersed in cyclohexane at the same concentration (20 mg/mL). The power
density of both lasers is 0.5 W cm™. Adapted from ref. % Copyright 2009 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.

Also in this case, the evaluation of the ability of the UCNPs to
penetrate tissue by in vivo imaging of nude mouse reviled for
the Nd*" sensitized NPs excited at 800 nm a higher penetration
depth a much lower undesirable overheating than the 980 nm-
excited Yb®" sensitized NPs. These last examples involve
highly engineered UCNPs with optimized excitation features
but have the partial drawback that the emission light is mostly
in the visible range of the spectrum. A very promising strategy

This journal is © The Royal Society of Chemistry 2012
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that is now extensively explored to overcome also this problem
is to exploit lanthanide doped NPs for DS emission, a very
interesting topic that needs a separate discussion.

2.2 DSNPs: Stokes-emitting NPs in the NIR-1 and NIR-2
regions.

In the DS emitting nanocrystals the co-doping strategy is rarely
adopted and the Ln*" ions commonly used are those presenting
significant visible emission under UV excitation, that is to say
Sm**, Eu**, Tb*" and Dy*". However, for in vivo imaging, the
need of having both the excitation and detection wavelength in
the biological optical transparency window has led to the
choice of Nd*" as emitting unit.

In fact, as it can be seen from Fig. 9, Nd*" can be conveniently
excited in the NIR-1 region, and in particular at around 800 nm,
where this ion has relatively high good absorption cross section.
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Fig. 9 Room temperature absorption spectra of NaYF, colloidal nanocrystals
doped with various amounts of Nd* (1, 2, 5, 10, 15 and 25%). The bands are
assigned to the transitions from a ground state 4|9/2 to the indexed excited ones.
Adapted from ref. 7 Copyright 2011 Elsevier Ltd.

At the same time, the luminescence spectrum of Nd** ions
presents three possible transitions (*F32 — *Fy;, in the NIR-1
and *F3, — *F 1 and *Fs3, — *F3, in NIR-2), at around 900,
1050 and 1300 nm, respectively, with luminescence quantum
yields that in NP, summing up the three contributions, can be as
large as 80% (Fig 10).%% 7%

The luminescence of Nd** doped NPs has been reported in the
last few years by several groups for core and core/shell NPs.
The optical properties of YF;:Nd** NPs, prepared by
solvothermal decomposition of trifluoroacetate precursors in
high boiling point solvents, have been investigated by Tan et
al.” These NPs, that have a size of about 20 nm, showed a
fluorescence quantum yield and an excited state lifetime that
was highly dependent on the concentration of dopant. In
particular, the luminescence spectra and the excited state
decays have been recorded for concentrations ranging from
0.25 mol% < Nd < 5 mol%. In this range, the quantum yield
dropped from about 75% to less than 5%, while, at the same
time, the average lifetime passed from 588 to 6 us. This is a
behaviour that is common to all Nd** doped NPs and can be

This journal is © The Royal Society of Chemistry 2012
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attributed to two concomitant energy transfer processes, i.e.,

cross relaxation (CR) and energy migration (EM), whose
overall efficiency varies with the square of dopant
concentration.
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Fig. 10 Emission spectrum of a colloidal solution of Nd** :LaF; NPs as obtained
after 808 nm optical excitation. NIR-1 (blue) and NIR-2 (pink) biological windows
are schematically labeled. Adapted from ref. 31 Copyright 2014 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

In CR, the luminescent *F5,, excited state transfers only part of
its energy to a Nd** ion in the *F, ground state to give two ions
in the *F,s,, state, leading to a decrease of the luminescence,
according to the following scheme:

4 4 4
Fi3n+"Fop — 27Fisp

In the case of energy migration, all the energy of a “F5, state is
transferred from a Nd** ion to a neighbouring one and so on. In
this way the excitation energy is not lost; however, this process
increases the probability that a Nd ion present at (or close to)
the surface could be excited; since these ions can be efficiently
quenched by surface effects (ligands, solvent molecules, and
surface defects), they behave as energy sink, thus greatly
decreasing the overall luminescence quantum yield. The
negative effects of energy migration can be minimized, as also
discussed for UCNPs, with the epitaxial growth of an undoped
outer shell that can efficiently shield these Nd*" ions from
surface quenchers.'® This is a very interesting strategy, that has
been followed by different authors. For example, Xie et al.'"'
have investigated Nd*" doped LaF; nanocrystals prepared by a
surfactant-free aqueous solution route. In this case, the authors
showed that core/shell NPs prepared coating the same NPs with
an outer LaF; shell showed a 60% intensity increase at 1056 nm
respect to the uncoated NPs.

In this context, another very interesting example has been
proposed by Prasad and co-workers that synthesised small
core/shell  oleate-capped core/shell NaGdF,:Nd**/NaGdF,
NPs'® (average diameter 15 nm) with efficient NIR-to-NIR
down shifting PL (A, = 740 nm, A, = 850-900nm) for in vitro
and in vivo imaging.'” They adapted a previously reported
synthetic method bearing to hexagonal-phase core-shell
NaYF,: Yb,Tm@NaYF,:Yb,Er nanocrystals containing Tm and
Er in the core and in the shell, respectively.'®® In this case they
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take advantage of a NaGdF, shell covering a NaGdF,:Nd** core
to suppress non-radiative recombination processes at the NP
surface. More in detail, to optimize the overall signal of the
NPs, the authors have adopted two sequential steps. The first
one was based on the optimization of the brightness of the
NaGdF,:Nd** core upon varying the Nd*" concentration. In
particular, they found that in hexane the photoluminescence
quantum yields of these nanostructures doped with a 3, 6, 10,
and 15% of the emitting ion were estimated to be about 22, 9.4,
5.0 and 3.6 %, respectively, suggesting that the highest
brightness (that has to take into consideration also the
absorbance of Nd*" and thus is concentration) could be obtained
with a 3% doping degree. The authors also showed that
lowering even further the concentration of the dopant to 1%
could not take to an additional increase of the quantum yield.
Once optimized the Nd concentration, the authors grew a 2 nm
thick shell of NaGdF, obtaining in this way NPs showing a QY
as high as 40%. The effect attributable to the shell is thus a 86%
increase of the luminescence, very close to the effects
previously discussed. A parallel increase in the excited state
lifetime from 190 to 240 ps was also observed. For biological
applications, these NPs were then transferred to the aqueous
phase by the ligand-free method; in this condition however the
QY resulted to be two times lower (and the excited state
accordingly shorter) because of the multi-phonon deactivation
process due to the high energy of the O-H oscillators,
suggesting that the shell used for these NPs does not provide an
absolute protection for the Nd** ions against surface effects.
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Fig. 11 3.5 In vivo whole-body image of a nude mouse subcutaneously injected
with ligand-free (NaGdF;:3% Nd*)/NaGdF, nanocrystals: (a) bright field image,
(b) PL image, and (c) superimposed image (bright field image and spectrally
unmixed PL image). (Inset) spectra of the NIR PL signals. Adapted from ref. '®
Copyright 2012 American Chemical Society.

The NIR-to-NIR bioimaging was successively demonstrated in
vivo trough visualization of the emission at 900 nm upon Xe
lamp excitation light from a band-pass optical filter (710-760
nm).'® In this experiment the NPs injected
subcutaneously to a mouse and the luminescence imaging was
measured with a CCD camera (Fig. 11). A bright emission was
clearly visible at the injection point, while almost no
autofluorescence was observed elsewhere, resulting in a high
contrast image.

An exhaustive and rigorous study on the optimization of the
best conditions for efficient bioimaging with DS nanoparticles
based on Nd** ions has been performed by Jaque and

were
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coworkers.?" 19 1% They synthesized Nd** doped LaF;
nanocrystals having a diameter of 15 nm and a size dispersion
close to 30% with different concentrations of dopant to obtain
the highest brightness, reached with a 15% Nd concentration.'*
An important subject of study was to verify which of the three
transitions observed in the luminescence spectrum, at around
900, 1050 and 1300 nm, could give the best signal in normal
imaging conditions.’’ The parameters to be considered are
three: (i) the relative intensity of each transition; (ii) the
sensitivity of the detectors at the different wavelengths, and (iii)
the transparency of tissues at each wavelength. As far as the
relative intensity is concerned, for the system under study a
relative intensity of 0.25, 0.60 and 0.15, respectively, was
reported, while the sensitivity of the InGaAs array typically
used for these experiments is, in arbitrary units, 0.4, 0.8 and
0.8, respectively. The tissue transparency was instead evaluated
measuring the intensity transmitted by layers of phantom
tissues (mimicking the optical properties of human skin) of
different thickness. The obtained extinction coefficients, that
take into account both absorption and scattering processes, are
7.9, 6.0 and 5.0. Summing up all terms, the Fin > ‘Fun
transition at around 1050 nm, in the second biological window,
was shown to be the best for subtissue imaging, also if
compared to the traditionally used “Fi, — *Fo at 910 nm
(first biological window). In addition, since in in vivo optical
imaging the spatial resolution is restricted mainly by scattering
processes, the use of the emission in NIR-2 could also be
beneficial from this point of view. High tissue penetration (ca 1
cm), observing the luminescence spot originating from injection
points performed at different depth in mice, was then obtained
in in vivo experiments.

808 nm
GNR and Nd3*:NPs excitation

Nd3* Luminescence
(sub-tissue Temperature)

808 nm

Phantom Tissue

/
I3
(1 mm thick) 3

5]

&
S
&

HEAT

GNRs @ Nd:Nps

Fig. 12 Schematic representation of the experimental setup used for single-beam
sub-tissue-controlled hyperthermia. A 808 nm laser beam is focused into an
aqueous solution containing GNRs (nanoheaters) and Nd3+:LaF3 nanopartic- les
(nanothermometers). The solution was placed under a 1 mm thick phantom
tissue. The luminescence of Nd**:LaF; nanoparticles was collected by using the
same objective, and the subtissue temperature was extracted from its spectral
analysis. Diagram at the right reflects the fact that both GNRs and Nd*:LaF; NPs
were simultaneously excited by the 808 nm radiation. Adapted from ref. 104
Copyright 2013 American Chemical Society.
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Interestingly, the same group has also demonstrated that these
Nd*" doped core/shell LaF; NPs can be used as subtissue
thermal sensors.'™ In fact, upon increasing the temperature, a
gradual, small shift (0.10 cm™ K™') of the band at 864 nm can
be observed, accompanied by a change of the ratio of the
intensities observed at 885 and 863 nm. Both these two
parameters can allow the possibility to measure temperatures
with a thermal resolution close to 2°C. Although this resolution
is much lower than the one obtained with other systems,'® it is
possible to appreciate the temperature increase obtained in a
single-beam plasmonic-mediated heating experiment, as
described in Fig. 12. Gold nanorods were used as heaters,
taking profit of their high absorbance at 808 nm, where also the
NPs are excited, and the temperature monitored by the NIR
Nd** emission, evidencing how the temperature induced
spectral shift and intensity variation emission bands of the Nd**
ions can be successfully monitored to estimate the local
temperature. In addition, the same kind of Nd** doped LaFj;
NPs were studied'® also for their photo-thermal properties. In
this case, however, the NPs were activated with an even larger
amount of Nd*' ions, up to 25%, decreasing in this way the
brightness of the system (because of the decrease of the QY
observed at high dopant concentration), but largely increasing
the ability to generate heat under optical excitation at around
800 nm. In this way, with the same NP it has been possible to
generate an increase of the local temperature in a chicken breast
tissue, an increase that could be concomitantly monitored via
the observed luminescence. This is an interesting proof of
principle for the development of theranostic platforms based
only on radiation light in the NIR-1 biological window.

A very recent paper by Villa et al.'® reported an investigation
on SrF,:Nd*" NPs for in-vivo imaging in the NIR-2 biological
window.
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Fig. 13 (a) Optical and fluorescence images in the 900-1.500 and 1.300-1.500
nm spectral detection ranges of the organs extracted from a sacrificed mouse 1
hour after an intravenous injection of Nd:SrF, particles. (b) 900-1.500 nm
integrated fluorescence intensity obtained from the different organs. (c) 1.300—
1,500 nm integrated intensity obtained from the different organs. In all cases,
the integrated fluorescence intensity has been normalized by the organ weight.
Adapted from ref. 103 Copyright 2014 Springer.
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The particles were prepared by a environmental friendly
technique, using water as a solvent and relatively low treatment
temperatures. Upon excitation at 808 nm with a diode laser, the
emission band at 1340 nm of the Nd*" ion was used to measure
in vivo and ex vivo optical images of mice after intravenous
administration of a colloidal dispersion of the SrF,:Nd*
particles.

This investigation showed a negligible overlap between the
emission band at 1340 nm of the Nd*" ions and the infrared
autofluorescence due to the food commonly used to feed the
mice. The particles have been found to accumulate mainly in
the liver and spleen, as shown in Fig. 13.

Nd*" doped bimodal GdF; NPs were also investigated by Sardar
et al.,' ' and their fluorescence and magnetic properties have
been demonstrated. The NPs (average size ~ 5 nm) were
prepared by thermal decomposition and subsequently coated
with poly(maleic anhydride-alt-1-octadecene), PMAO, to
increase the water solubility and the cellular uptake. The
absolute QY of the Nd** emission in the 850-1400 nm range for
the GdF;:Nd** powders resulted to be 10.2+1.6% upon an
excitation wavelength of 800 nm and excitation power density
of 12 W/ecm?. It is important to note that, differently from other
cases, the authors noted a dependence of the QY on the
excitation power density. The functionalized NPs form stable
colloids and their cellular uptake has been tested on fibroblast
cells. By placing the NPs under pig skin of different thickness,
they could observe a clear signal also at the highest tested
thickness (5 mm). In addition, they also found that the DS QY
of these NPs were 2000 times higher than that of UC pB-
NaYF420%Yb>/2%Er*" of the same size.

A preference for NIR-to-NIR DSNPs respect to NIR-to-NIR
UCNPs for in vivo imaging has been evidenced also by other
authors. The advantages of DSNPs are many: first of all, the
luminescence quantum yield of these nanostructures is
substantially higher. Besides this, the linear dependence of the
emitted light on the excitation intensity - differently to what
observed for bi-photonic processes - leads to a larger
penetration depth and the possible use of light sources with a
relatively low density, a feature that decreases possible
biological damages. To take profit of all these features for in
vivo imaging, but having an additional signal in the visible
region for in vitro experiments, Li et al.'® '% prepared NaGdF,
based multishell dual mode (UC and DS) NPs. In particular, as
schematized in Fig. 14, these NPs are made of one core and
three different shells with a C/S1/S2/S3 structure. The two
active parts are the core C (f-NaGdF,:Nd) and the second shell
S2 (NaGdF,:Nd,Yb.Er) that were designed for DS and UC
luminescence, respectively, both at A., = 800 nm. Passive shell
S1 and S3 (NaYF,) were added to prevent surface deactivation
and, in case of S1, possible energy transfer processes to the ions
in the active shells. C was responsible for the typical Nd
centred luminescence, that was conveniently used for the in
vivo imaging of a nude mouse upon low excitation intensity,
while S2 was responsible for the green fluorescence at 540 nm
used for the in vitro imaging of human lymphocytes cells.
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Fig. 14 (A) General strategy to achieve the UC and DS dual-mode luminescence
with multi-layer C/S1/52/S3 B-NGdF,;:Nd/NaYF,/NaGdF,:Nd,Yb,Er/NaYF, NPs. (B)
Proposed energy transfer mechanisms in the multi-layer core/shell NPs. Adapted
from ref. '® Copyright 2013 Macmillan Publishers Limited.

3. Lanthanides-based nanoparticles as MRI contrast
agents

Since the seminal paper of Lauterbur!'® in 1973, Magnetic
Resonance Imagining (MRI) has rapidly emerged as one of the
most powerful routine diagnostic tools in medicine, its strength
being based on the non-invasive nature, the high spatial
resolution accompanied by tomographic capabilities, and the
absence of ionizing electromagnetic radiations.

The principles behind such a technique lie in the combined use
of a static magnetic field B, and magnetic field gradients
arranged in such way that the physical space which encloses the
sample magnetization (typically originating from water
protons) is mapped into a frequency space of resonating spins.
The basic radio-frequency pulse schemes used in MRI to
manipulate the sample magnetization are sensitive just to the
proton spin density, and are generally of limited use in the
imaging of complex tissues or organs. More frequently, contrast
is enhanced by 7} or 7, editing techniques, i.e. by using pulse
sequences that are sensitive, as well as to the spin density, also
to the longitudinal (7)) or transverse (73) relaxation times of
protons. These two time constants come at play whenever the
magnetization created by the external field B, is moved away
from its

equilibrium value. Within a phenomenological

approach, the decay of the z-magnetization towards its thermal

14 | J. Name., 2012, 00, 1-3

Journal Name

equilibrium value is governed by the longitudinal relaxation
time, whereas the same decay relative to the x- and y-
magnetization components is governed by the transverse
relaxation time. For small, rapidly tumbling molecules in the
solution state it is found that 7, = T, (fast motion limit).

When the characteristic relaxivity of protons within different
domains is not sufficient to provide an informative image, the
use of paramagnetic contrast agents (CAs) can lead to a
considerable enhancement of the anatomic or pathologic details
under investigation. The reason for this enhancement lies in the
fact that, when the contrast agents (usually, metal chelates of
paramagnetic ions) accumulate in a certain tissue or region, the
water protons of that region experience a significant relaxation
increase, which can easily be detected in 7)-weighted imaging
sequences. For these reasons, contrast agents are important
diagnostic tools used in more than 30% of all clinical MRI
scans. However, as will be seen from the theory, the efficacy of
a typical Gd(III) small chelate (such as, for example,
Gadodiamide) is quite limited, and a relatively large local
concentration of CA is required to obtain a significant contrast.
As a further complication, the design of all CA must cope with
the possible toxicity of paramagnetic ions - notably Gd(III)
among other lanthanides - and with the body excretion
capabilities. Highly stable Gd(III) complexes are routinely used
as CAs, yet not without insidious shortcomings. First, the
gadolinium ion may coordinate regions of partial charge on
proteins or macromolecular substrates and, as a consequence of
such binding, the relaxivity of the CA can vary significantly
due to the altered rotational and exchange dynamics. Second,
the rapid tumbling of a small complex reduces the efficiency of
the relaxation agent, as will be seen from the theory. To
alleviate this problem, a variety of slow-tumbling water-soluble
complexes with Gd(III) ions have been originally devised with
the aim of obtaining high water relaxivities at the lowest
possible concentrations. Such macromolecular species include
zeolites, micellar aggregates, polyamino acids, polysaccharides,
dendrimers and, more recently, nanoparticles based either on
lanthanide compounds or functionalised with lanthanide ions
chelates.'!!

3.1 Theoretical highlights.

The CAs operating mechanism advantage of a
phenomenon known as paramagnetic relaxation enhancement
(PRE) of longitudinal and transverse relaxation rates. The
interested reader can find a thorough treatment of PRE in books
by Bertini''? and Kowalewski,''* as well as in many technical
reviews; to our scope, just the basics of the theory will be
recalled in this section.

Solution-state NMR used by chemists mostly deals with
diamagnetic species, i.e. species in which the pairing of the
electron spins cancels out the electron magnetism.''* The strong
magnetism of paramagnetic (and ferromagnetic) species is
rather due to the presence of unpaired electron spins. In the
presence of a magnetic field, the unpaired electron spins behave
in a similar way as the nuclear spins, one major difference
being that the electronic magnetic moment is about 650 times

takes
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that of the proton. Just as the longitudinal and transverse
relaxation of nuclear spins are driven by random fluctuations of
the dipolar coupling between the nuclei, PRE is caused by
fluctuations of the electron spin — nuclear spin interactions.

In solutions of paramagnetic ions or complexes, the ligands
carrying nuclear spins (e.g. water) can reside in two types of
environment, namely in the coordination sphere of the
paramagnetic ion or in the bulk solution. PRE for each of these
two scenarios is conveniently treated in different ways: “inner-
sphere” relaxation refers to relaxation enhancement of a solvent
molecule directly coordinated to the paramagnetic ion, and
“outer-sphere” relaxation refers to relaxation enhancement of
non-coordinated solvent molecules (namely, the bulk solvent).
An intermediate situation, the “second-sphere” relaxation
mechanism, generally refers to PRE of water not directly bound
to the paramagnetic ion, but to other H-bonding groups in close
proximity to the ion (e.g. carboxilates, see Fig. 15).

IS

SS OS

Fig. 15. Schematic representation of a GdF; nanoparticle coated with citrate in
water medium. IS = inner sphere; SS = second sphere; OS = outer sphere.
Adapted from ref. s Copyright 2013 The Royal Society of Chemistry.

It is important to point out that the PRE effects discussed below
can affect 7; or 7, (or even both) in distinct amounts,
depending on the chemistry of the paramagnetic relaxing agent.
In the following discussion, the Gd(III) ion in water will be
taken as the paradigm of a 7 relaxing agent: accordingly — and
for sake of simplicity — only the theoretical formulations
relative to 7 will be explicitly mentioned. The analogous

expressions for 7, can be found in specialized books.'!* !!3

3.2 Inner-sphere relaxation.

For a dilute solution of paramagnetic species like Gd(III) in
water, the inner-sphere contribution to PRE is given by the
quantity

ey

where P\ is the mole fraction of bound water nuclei (Py =
[Gd(I1T)]g/55.6 with g the number of binding sites in the
1" 7,/ is the lifetime of the water in the complex and
Tim is the longitudinal relaxation time of the bound water

complex

protons. Note that 7;, is a limiting factor for the propagation of
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PRE from the paramagnetic site to the bulk water. For non-
binding paramagnetic complexes, the inner-sphere contribution
is null by definition, whereas in the fast-exchange limit (7, <<
T1nm) the enhanced relaxivity depends on the relaxation time for
the coordinated solvent molecules.

The quantity 77y is made up of two contributions, namely a
Fermi-contact (or scalar) one and a dipolar one. With some
convenient approximations, 77y can be estimated by means of
the Solomon-Bloembergen equations as

-1
Tiw = (Thi)  + (THD™ )
_ 2 T
TFOY ' =242 5(5+ 1 ez 3
( 1M) 3 “FC ( )1+(w5—a),)21'32 (3a)
2 K? 7T 37
TEP) 1~ —Lg(s+1 <z <
(T 15 18 ( ) 1+ w3t 1+ w?th (3)

In eq. (3a) the constant Apc represents the scalar part of the
Fermi contact interaction (i.e. the electron—nuclear hyperfine
coupling constant), a quantity which is proportional to the
density of “unpaired electron spin” at the site of the nucleus
under investigation. The correlation time 7, = (tj;! + Tyt) ™t
takes into account the exchange lifetime of the complex (7y)
and the electron transverse relaxation time (75.). In eq. (3b) rg
is the distance between the observed nucleus and the
paramagnetic centre, where it can be defined. In addition, the
above equations are formulated for a generic electron spin
whose quantum number S should be substituted by the spin-
orbit J quantum number in the case of lanthanides. The constant
Kig is the (electron—nuclear) dipole—dipole coupling constant

“

being y; the magnetogyric ratio of the nucleus (i=/) or the
electron (i=S) and g the permeability of vacuum. Again, the
product ysh should be substituted with g;up for the case of
lanthanides, where 25 is the Bohr magneton.

Relaxivity (1/mM*s)

! 1 1 !

0
1.00e-4 1.00e-3 1.00e-2 1.00e-1

Magnetic Field (Tesla)

1.00e0 1.00e1

Fig. 16 Experimental and calculated nuclear magnetic relaxation dispersion
(NMRD) profiles for Gd—EDTA" in aqueous solution in the presence (solid circles)
and absence (solid squares) of the bovine serum albumin. Adapted from ref. 16
Copyright 2003 Elsevier Ltd.
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It follows from the previous statements that the Fermi-contact
contribution vanishes “through bonds” (yet in a non-systematic
way), whereas the dipolar contribution rapidly vanishes
“through space” as the distance r;5 grows.
A prominent role in determining the relaxation properties is
played by the correlation time quantities 7: as a general rule, if
more than one (uncorrelated) processes modulates a single
interaction, the inverse of the resulting correlation time is a sum
of the rates of the single processes responsible for the loss of
correlation. For the dipolar part there exist two relevant
correlation times, namely 7., and 7, , defined as
=ty + TR =12 3)
which incorporate the rotational correlation time 7z, and the
exchange lifetime of the complex together with the electron
longitudinal (7.) or transverse (75.) relaxation times.
The ultimate goal in the design of highly efficient CAs is
essentially related to shortening 7' as much as possible. Apart
from increasing the number of binding sites ¢, a straightforward
way to increase the relaxivity of Gd(III) complexes is to shorten
Ty This goal can be achieved by increasing the rotational
correlation time (see eq.s (3b) and (5)), that is by increasing the
size of the complex. The effect of this strategy is well
illustrated in Fig. 16: the interaction between the complex Gd—
EDTA" and bovine serum albumin clearly raises the relaxivity
and modifies the dispersion profile.

3.3 Outer-sphere relaxation.

As the exchange lifetime 7), becomes increasingly shorter, a
limit situation is reached where a binding site no longer exists
and the paramagnet-ligand interaction is modulated only by
random encounters between the molecules, under diffusion
control. In other words, the solvent (water) molecules can also
experience PRE even in the absence of coordination to the
paramagnetic species. This second mechanism is generally
called “outer-sphere” relaxation and, differently from the inner-
sphere intramolecular mechanism, it is driven by the stochastic
variation of the intermolecular nuclear spin—electron spin
distance. In fact, pure “outer-sphere” relaxation arises just from
the modulation of the electron-nuclear dipolar coupling by
translational diffusion of water molecules around the Gd(III)
complex. In between the “inner-sphere” and “outer-sphere”
mechanisms, a “second coordination” (or secondary-sphere)
effect has sometimes been invoked, yet hardly quantified.''” ''®
Within this picture, contact shifts no longer exist, and the
dipolar shifts average to zero (if the approach to the
paramagnetic ion can occur in every direction).''> As compared
to eq. (1), the equations describing 7' for the outer-sphere
relaxation are quite different, although a general factorization
into a constant term and a dynamic term can still be identified.
The characteristic time for the modulation of the interaction
energy becomes the diffusional correlation time 7,

d2

= 6

Tp
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where Dy and Dy are the diffusion coefficients of the Gd(III)-
containing and ligand-containing (water) molecules, and d is
the distance of closest approach between the Gd(III) and the
water molecules. Note that, for very large (e.g. nanosized)
complexes, (Dy + D) ~ Dp meaning that only the ligand
(water) diffusion coefficient can influence 7.

Within the outer-sphere relaxation mechanism, two limiting
situations apply, depending on whether the electronic relaxation
time is shorter or longer than the diffusional correlation time.

In the case of fast electron relaxation, the solvent appears
frozen on the timescale of the electron relaxation process. The
outer-sphere contribution can be thus evaluated by integrating
the dipolar part of the Solomon-Bloembergen equations (3b)
over the distance range between d and infinity, while noting
that 7.; = T}, from eq. (5). In doing this, the following equation
results:

2 4 K%
Tiw = =—=1000N4[M] ——=5(S + 1) x
15 3 d3 @
7T, 3Ty,
1+ wiTE 1+ w?TE

where 1000 N, [M] is the concentration of the molecule
bearing the paramagnetic centre in mol/m’, being N, the
Avogadro number. In this case, the relevant parameters are just
the concentration and the longitudinal and transverse electronic
relaxation times of the paramagnetic species. Also, differently
from the inner-sphere mechanism, the paramagnetic effects for
the outer sphere mechanism are not reduced by the mole
fraction P,; of bound solvent molecules.

As opposite to the previous case, in the diffusion-controlled
regime the dipolar interaction is modulated only by the relative
diffusion of the paramagnetic centre and the solvent spins. Eq.
(7) thus rewrites as

47 K%

T a0, oSS+ DX
x [7J(ws) + 3J(wp)]

8
Tik = ——=1000N,[M]

135 (®)

where the quantities J(w;) are the spectral densities for the
modulation of the distance » by (uniform) translational

diffusion. As has been pointed out in different contexts,''®'?*

121 such spectral densities scale as the inverse of the distance of
closest approach d, rather than as the inverse sixth power of »
(eq. 3b), allowing PRE to reach long-range water spins.

Generally, for monoaqua (¢ = 1), low molecular weight Gd(III)
complexes at high fields, the outer-sphere contribution can
whereas its

the

account for nearly 50% of the relaxivity,

in  macromolecular
111

contribution drops systems in

approximate frequency range 10-60 MHz.

3.4 Curie spin relaxation.

The static magnetic moment (u) of a paramagnetic molecule
interacts with the nuclear spins and introduces another
relaxation mechanism. This contribution is important for large

paramagnetic molecules with rapid electron spin relaxation, and
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can in certain situations prevail over the Solomon-like terms.
Curie spin relaxation is modulated by reorientation and
exchange dynamics of the paramagnetic complex, but not by its
electron relaxation. In addition, since the magnetic moment
depends on the square of the external magnetic field, Curie spin
relaxation increases with the square of the nuclear Larmor
frequency @, according to the equation

o) = é(#o)z

0)2 4,4
~o 1g6“3652(5+1)2|:
4

31, 9
(BkpT)?ns ] ®

2.2
1+ wity

where the constants and parameters have been already
introduced in eqs. (3) and (4), except for the Boltzmann
constant kz. As seen for the previous equations, the spin-orbit J
quantum number should replace the quantum number S in the
case of lanthanides. The quantity S; = (S,) = —geusS(S +
1)By/(3kgT) appearing in eq. (9) is the magnitude of the
“Curie spin”, namely the thermally averaged amount of spin S
aligned along the external magnetic field B,. In this respect, the
Curie spin Sc, the magnetic moment (u) and the molar
susceptibility y,, represent alternate viewpoints on the same
phenomenon, being (u) = —g.upSc and yu = pgoNa{u)/Bo.
At high field strengths with slowly rotating molecules the Curie
spin relaxation mechanism may become important, but it is
generally negligible at the low fields used in MRI (typically up
to 1.5 T, about 60 MHz proton Larmor frequency).''’

3.5 Lanthanides-based nanoparticles as MRI contrast agents.

The use of nanomaterials and nanoparticles as contrast agents
has attracted much attention in the last years, and this subject
has been quite extensively covered by recent reviewes. '>> 12
L. 124 pyamples of lanthanides-based nanosystems include
surface-coated lanthanide oxide nanoparticles'* '** such as
Gd,0; (also doped to add Iluminescent
upconverting properties*’), where the coating is typically
glucuronic acid,” lactobionic acid,'”’ polyethylene glycol
(PEG)"** ' to ensure biocompatibility and avoid precipitation.
Ultrasmall Gd,O3 nanoparticles with particle diameters of about
1 nm exhibit a large R, relaxivity with a maximum between 1
and 2.5 nm diameter.

Along the same line, dextran coated paramagnetic gadolinium
phosphate (GdPO,) nanoparticles have been proposed for MRI
tumor imaging, relying on their tens of nanometres size for
accumulation into tumor cells, and on the dextran coating to
prevent the rapid elimination from the blood stream.'*°

Layered gadolinium hydroxychloride nanoparticles
[Gd,(OH)5(H,0),]Cl1 have been also proposed as MRI contrast
agents: interestingly, such systems can be dispersed to form a
stable colloidal nanosheet in aqueous medium'*’.

Gadolinium fluorides (i.e. GdF; and NaGdF,;) have also
attracted growing interest due to their chemical versatility and
high relaxivity values."*' With respect to other inorganic NPs,
these systems have the ability to quickly and reversibly
exchange their cations by surface exposure to another
lanthanide ion: indeed, this peculiar feature opens the way to a

or fluorescent

This journal is © The Royal Society of Chemistry 2012

Chemical Society Reviews

straightforward synthesis of multimodal imaging NPs bearing,
for instance, an up-conversion core and a paramagnetic shell
132 A study by van Veggel and co-workers '**> showed that the
rate of increase in ionic relaxivity with decreasing NP size
closely parallels the rate of increase in the NP surface-to-
volume ratio, thus giving indication that the surface Gd ions are
the
Furthermore, the surface Gd ions on a larger NP have been

the major contributors to relaxivity enhancement.
shown to affect the relaxivity more strongly than those on a
smaller NP, which is consistent with the theory of inner-sphere
relaxation.

Botta and co-workers''> have provided a thorough investigation
on the structure and dynamics of the hydration shells of citrate-
coated GdF; nanoparticles (Fig. 15). In this study, different
citrate: Gd(II) molar ratios were used to investigate the effect
of the organic shell on the relaxometric properties. The
resulting NPs were thus investigated by nuclear magnetic
relaxation dispersion, with the aim to understand the operating
PRE mechanisms and to assess their relative contributions. The
longitudinal relaxivity (1/7)) for these NPs is found to be
significantly lower than the typical values of Gd-chelates
conjugated to macromolecules or incorporated into nanosized
systems (micelles, liposomes, silica NPs). The rationale behind
this evidence lies in the fact that, in “chelated” macromolecular
systems, all paramagnetic ions are accessible to the solvent and
contribute to the relaxivity enhancement, mainly because of the
of NMRD
measurements complemented with variable-temperature 'O
for GdF;
nanoparticles, Gd** surface ions are coordinated to citrate

reduced molecular tumbling. By means

experiments the same authors conclude that,

anions and to two inner-sphere water molecules which
extensively contribute to R;,. The second-sphere mechanism is
also important in this case, and corresponds to the presence of
four water molecules per metal ion on the surface, whereas the
outer-sphere contribution is found to be negligible.

Another interesting system for the investigation of the PRE
induced by lanthanide NPs is represented by the core@shell
Gd*"-doped upconverting nanoparticles (UCNP) proposed by
Bu and Shi and co-workers."** In the case of silica-shielded
NPs (Fig. 17), the inner-sphere mechanism is hampered by the
slow diffusion of water through the silica shell, and the
longitudinal relaxivity enhancement of water protons occurs
mainly via the outer-sphere mechanism. It is worth to remark
that, in macromolecular systems with chelate paramagnetic
ions, the efficiency of PRE can be controlled by varying the
size of the macromolecule (that is, 7.) or the chemistry of the
chelating groups (and hence 7)). In lanthanides-based
nanosystems, the lanthanide ions on the surface are the major
contributors to the PRE of water protons, while the core ions do
not provide a significant contribution to the relaxivity.'*> PRE
in these systems is thus driven by the surface-to-volume ratio
(S/V, see Fig. 33) and by a careful choice of the coating layer,
which can possibly endow secondary sphere relaxation and
control the water access to the NP surface.
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Fig. 17 Sketch of a silica protected, water soluble core@NaGdF, nanoparticle.
The interlayer NaGdF, is the PRE active layer (t; = thickness), which contains
thousands of surface Gd** ions as payload. Shell of tunable thickness (t;) dense
(d-) and mesoporous (m-) silica covers the single particle to create difference in
porosity and particle size, which could potentially alter the coordinated number
of water molecules. Adapted from ref. 134 Copyright 2013 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

However, the rotational correlation time 7. increases with the
NP size, contrasting the S/} effect and making the surface ions
on larger NPs much more relaxation-efficient than those on
smaller NPs. Clearly, the complex balance among all these
effects is best assessed through the experimental evidence, as
testified by the great amount of synthesis and characterization
efforts that has been recently invested in these nanoprobes.

Decreasing size

0 T T T T T T v T . L}
0.5 1.0 1.5 20 25
Gd* concentration (mM)

Fig. 18 Longitudinal relaxivity (1/T;) of water protons per Gd (lll) ion for NaGdF,
NPs of different sizes in water (1.5 T). Surface-to-volume ratio S/V = 3/r. with r
the radius of the nanoparticle. Adapted from ref. 133 Copyright 2011 American
Chemical Society.

Gadolinium-based NPs doped with fluorescent lanthanide
elements have also attracted attention for their ability to act as
MRI and fluorescence imaging agents. In principle, the
combination of fluorescent bioimaging with MRI capabilities is

appealing because the greater sensitivity and resolution of
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fluorescence imaging may complement MRI data. Examples of
such systems include PEGylated Gd,O5:Tb** NPs'*® and mixed
Eu,GdysPO4-H,O NPs.'*” GdF; NPs doped with Er’*/Yb*
and Tm®>"/Yb*>" have been also proposed as bimodal probes for
both in vitro and in vivo optical and MRI, the latter technique
taking advantage from the high R, relaxivity found for these
hybrid NPs.'*® Unfortunately, one of the general limitations of
Gd-doped magnetic/upconversion fluorescent probes is their
relatively low longitudinal relaxivity R;, which can prevent
their use in living systems. For the same UCNPs, a number of
reports have shown that a fluorescence enhancement of
lanthanide ions in the lattice can be obtained by introducing a
coating layer that shields the surface emission ions and reduces
the surface defects. As an example, a NaYF, matrix can shield
Er** ions from the surroundings and enhance their fluorescent
intensity as compared to those at the crystal surface, but the
same matrix also isolates Gd*" ions from the water molecules,
thus reducing R;. In practice, for such nanoprobes, deep (>4
nm) Gd*" ions do not contribute significantly to the longitudinal
relaxivity. These observations have inspired the synthesis of
highly efficient nanosystem for bimodal 77 MRI and
upconversion fluorescent imaging."*® In such way, Gd-doped
UCNPs were designed with a thin NaGdF, layer deposited on
Gd-free NaYF,:Er/Yb cores, achieving a R; value of 6.18
mM s !

Gadolinium oxysulfide NPs doped with other lanthanides (Eu*",
Er’*, Yb*) have been suggested as multimodal platforms for
MRI, X-ray and photoluminescence imaging.'** Gd,0,S:Eu’**
NPs show a strong transverse relaxivity and a strong X-ray
absorption, allowing their use as contrast agents for 75-
weighted MRI and X-ray tomography. Similarly, upconverting
Gd,0,S:Er; Yb NPs can be used both for in vivo deep
fluorescence imaging and for MRI. Core-shell nanoparticles
with NaLuF,:Yb*", Tm*" as the core and SiO, as the shell layer,
complemented with the complex Gd-DTPA as the surface
ligand, have been also designed for trimodal NIR-to-NIR
upconversion, MRI and X-ray tomography imaging.'*'
Bio-functionalized NPs with a core—shell structure have been
also prepared for MRI and fluorescence imaging. These
systems feature a Prussian blue core containing interstitial
gadolinium and a biofunctional shell of fluorescent avidin and
biotinylated antibodies that enable molecular targeting of
eosinophilic cells.'*

3.6 Comparison with other MRI contrast agents based on
Gd(II) complexes.

Among the many parameters appearing in the equations related
to PRE, only a few are actually in control of the synthetic
chemist, namely t, (related to the exchange and to the
chemistry of the chelating molecules) and 7. (related to the size
of the whole complex). As shown in the previous paragraphs, a
decrease in the correlation time of a lanthanide complex can
lead to a significant improvement in the relaxivity, and many
efforts have been devoted to the conjugation of Gd(III)
complexes with macromolecules or nanoscopic objects via
bifunctional linkers. Nonetheless, while the optimal condition

This journal is © The Royal Society of Chemistry 2012
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of fast exchange ), < Ty, is easily met for small complexes,
the
conjugates, where the fast exchange condition is much more

situation changes significantly for macromolecular
stringent and requires T, to be in the order of tens of
nanoseconds.''" This regime is hardly met by lanthanide-DOTA
or lanthanide-DTPA macromolecular conjugates, for which an
intermediate- or slow-exchange regime typically applies
(ty = T1py). Indeed, proper chemical tuning may recover the
fast exchange regime, but the requirement of clinically
approved complexes of exceptional stability severely limits the
design of new ligands for in vivo applications.

Amplification of an otherwise modest ionic relaxivity can be
achieved through scaffolds that accommodate a large number of
paramagnetic complexes on a single macromolecule. In this
context dendrimers, monolayer-protected nanoparticles and
virus capsids have provided perhaps the best results in terms of
relaxivity gains (see Table 2). Liposomes have also been
prepared by self-assembly of amphiphilic units bearing chelate
Gd ions. Albeit of limited “per unit” efficiency, the appeal of
liposomes for in vivo imaging mainly stems from their high
easy their

physicochemical properties. Furthermore, in the wide list of

biocompatibility  and manipulation  of
nanoscopic MRI contrast agents, a distinctive role is played by
super paramagnetic iron oxide nanoparticles (SPIO), whose
clinical use (e.g. Combidex) relies on their ability to strongly
enhance 7,-weighted images, particularly in liver, spleen, and
bone marrow.

As compared to other macromolecular contrast agents, it can be
seen from Table 2 that lanthanides-based nanoparticles have a
relatively low per unit relaxivity, which is partly recovered by
increasing the number of paramagnetic centres loaded. Indeed,
the capability to act as multimodal imaging agents still
represents an unmatched and most attracting characteristic for
this class of compounds.

Despite the established use of lanthanides-based drugs in
clinical MRI, the biotoxicity of their nanoscopic analogues is
not extensively studied and still little understood'*. In general,
macromolecular conjugates tend to have a much longer dwell
time in the body and a more difficult elimination, their toxicity
varying with the type, size and surface functional groups. SPIO
nanoparticles, the only class of NPs clinically used as MRI
contrast agents, seem to have a high in vitro toxicity, which can
be however attenuated by proper coating (namely with
dextran). Observed toxic effects range from cell death to
inflammatory reactions, and from particles agglomeration to
alterations in neurobehavior. Most of the nanoparticles listed in
Table 2 show prolonged tissue retention and contain heavy
metals, something that is highly concerning from a clinical
perspective.
evaluated in rats or mice by weight measurement, behaviour

The long-term in vivo toxicity is generally

observation, histology and haematology analysis: yet, the
toxicity evaluation protocols still lack uniformity as far as the
physicochemical properties and the nanomaterials’ applications
are concerned.”

This journal is © The Royal Society of Chemistry 2012
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4. Multi-modal NPs for other imaging techniques.

Lanthanide-based NPs can be conveniently used also for
imaging techniques other than MRI and O], like CT, PET, and
SPECT. In the majority of cases, however, this occurs when
typically
combining UPCNs for OI with one of the other imaging

dual- or tri-modal nanoprobes are designed,
techniques. To our opinion, it is important to remind at this
point that, as already discussed, the preparation of multimodal
probes can help to overcome some of the limitations
characteristic of a single modality; it is however often
underestimated the problem associated with the different
sensitivity offered by the various imaging techniques, that
could hamper the use of the same probe at the same conditions

(e.g. concentration) with two different modalities.

4.1 Nuclear medical imaging

As already mentioned, from one hand both PET and SPECT,
being based on radioisotopes, can benefit from a very high
sensitivity and unlimited tissue penetration; on the other hand,
the same decay causes health concern, disposal related
problems, and possible limitations to synthetic strategies. This
last problem is particularly important in nanomedicine: the
probe, in fact, has to be prepared and purified in a time shorter,
or at least comparable, to the half-life of the nuclide. This
severely limits the number of possible solutions, especially
when, instead of rather simple molecules as '*FDG, a
multicomponent nanostructure has to be prepared. For example,
the most used radionuclide for clinical PET is 'F, that has a
half-life time of circa 110 minutes: a very rapid conjugation of
'®F into the NPs and a very high reaction yield are thus required
in this case. To date, the only efficient strategy for the
preparation of rare earth NPs for PET imaging has been
proposed by the group of F. Y. Li and is based on the strong
binding between fluoride anions and rare-earth cations.'**'*® In
particular, a water solution containing '8F is typically added to
a water dispersion of NPs; after a rather short (1-10 minutes)
incubation, the NPs are purified by centrifugation. Since this
strategy is simple and general, it has been used with NPs with
different cores (such as Y,O;, NaYF,, Y(OH);, Gd(OH)s,
eventually co-doped for obtaining UC material) and capped
with various agents (citrate, Pluronic F127 or oleic acid/a-CD).
In a first example, with this strategy Li and coworkers'*’
synthesized 8F_labeled hydrophilic citrate-capped
NaY,Gdy¢Ybg 13Erg 02F4 probes made for PET, MRI, and UCL
imaging. In particular, using a small-animal micro-PET
scanner, 15 min after injection on anesthetized mice an intense
signal was detected almost exclusively in the liver and spleen
(Fig. 19). This was in agreement with the magnetic resonance
images obtained with the same set of NPs that, however, are
characterized by a low contrast. No evidence of clearance from
these organs was observed after two hours.

In another example by the same group,"*® NaYF,:Yb,Tm
UCNPs, capped with PEG and having a 20 nm diameter, were
derivatized with '*F", and applied for lymph nodes monitoring.
An intense signal could be detected in the left sentinel lymph
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node already 3 min after subcutaneous injection of the NPs into
the left paw of a nude mice; dynamic observation indicated in
particular a dramatic increase of the signal between 0 and 30
min after injection, followed by a plateau. It is interesting to
note that probes with dimensions ranging from 20 to 100 nm
are of great interest for sentinel lymph node mapping,'’ so that
the use of NPs is particularly promising for this crucial
application.

A 100

1 15min
2z 2n

% ID g!

Fig. 19 (A) Biodistribution of ~148 kBq ‘°F-labeled-cit-NPs at 15 min and 2 h
post-injection (n=5). In vivo micro-PET images acquired at 15 min after
intravenous injection of ~5.9 MBq BE_cit-NPs. (B) Whole-body two-dimensional
projection, (C) transversal, (D) coronal, and (E) sagittal images are shown
respectively. The arrows inset point to the liver (L) and spleen (S). Adapted from
ref. ' Copyright 2011 Elsevier Ltd.

The luminescence properties of these NPs (two distinct band at
475 and 800 nm upon 980 nm CW excitation) were
conveniently used to verify their distributions within organs in
mice. Analogous results were also obtained in vivo, after
improving the water solubility of OA capped lanthanide-doped
nanocrystals via supramolecular alkyl chain/a-cyclodextrin (a-
CD) host/guest association. This approach resulted independent
from the nanocrystal size, shape and core composition, and was
applied by Li and co-workers to NaYF4:20mol%Yb,2mol%Er
NPs obtained by thermal decomposition. The final multimodal
system was suitable for cell labelling in vivo.'** These results
clearly indicate that the formation of a supramolecular adduct
with o-CD can be widely applied in improving the water-
solubility of UCNP. The same strategy has also been used for

20 | J. Name., 2012, 00, 1-3

preparing tri-modal (NMR, UCL, and PET) NPs by Li and
coworkers, in this case as the final step of the synthetic
procedure."*® They started from NaYF,:Yb,Er oleate capped
nanoparticles obtained by solvothermal synthesis, to develop
multifunctional up-conversion nanoparticles (NaYF,:YDb,Er),
combining magnetic (Gd*>"), PET (‘®F), and targeted recognition
(folic acid) properties. In particular Gd*" was introduced on the
surface of the nanocrystals by cation exchange with Y*" ions,
while '8F was introduced for PET imaging by interaction with
the rare-earth ions.

In particular, surface Gd*" ions obtained in this way have the
advantage to present strong T,
discussed. The incubation with '®F" anions followed the surface

enhancement as already

coverage with OA, aminocaproic acid and folic acid, used to
confer water solubility and target ability toward cancer cells.
The approach described so far has however two important
limitations. The first one is intrinsic to the chosen radionuclide:
the short half-life of '*F does not allow investigations for a time
longer than circa 2 h.

Fig. 20 In vivo SPECT images after intravenous injection of Sm-UCNPs. (a) whole-
body three-dimensional projection, (b) coronal, (c) sagittal and (d) transversal
images acquired at 1 h and (e) whole-body three-dimensional projection images
acquired at 24 h are shown respectively. The arrows inset point to the liver (L)
and spleen (S). Adapted from ref. **° Copyright 2011 Elsevier Ltd.

Moreover, about 5% dissociation of ®F from UCNPs was
observed, with a potentially negative effect on the toxicity and
on the imaging quality.'* Theoretically, this last problem could
be avoided — with one-step synthesis of the UCNPs - using '*F
as a reagent for the preparation of the NP core; unfortunately
not a possible option since the synthesis would require more
than 8 h being suitable only for radioisotopes showing a longer
half-life. To address this issue '2*1, a radionuclide with a half-
life of 4.18 days, has been used to derivatize the RGD peptide
conjugated with 30 nm NaGdF,:Yb**/Er** UCNPs, preparing in
this way a trimodal PET/MR/optical probe. These NPs showed
- thanks to the targeting properties of the RGD peptide - a high
specificity for a,f3; integrin-expressing U87MG tumor cells and
xenografted tumor models."*® Within the lanthanide-based NPs,
a more general possibility for inserting a radionuclide with
sufficiently long half-life is represented by '**Sm, that has a
half-time of 46.3 h, thus offering the possibility to overcome
the main limitations encountered by the use of 'SF. '*Sm,
emitting beta particles and gamma rays (E, = 103 keV) allows
SPECT imaging.

This journal is © The Royal Society of Chemistry 2012
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Table 2 Relaxivites of main clinical gadolinium agents, and of various paramagnetically-labeled molecules, polymers, and colloidal systems.

. Per unit
Per unit (molecule) , H fre tem,
CONTRAST AGENT type MW (KDa) or diameter Total (nm-system) ( mNZI"s' (MHz()l (°C§) pH notes Ref.
n (mM_‘S_l) 1)
Gd(DTPA) - Magnevist molecule 0.546 43 - 20 25 DT Ag:d‘;gg?;f:::nﬂ;’gﬁ;:ﬁf:ce ate 151,152
Gd(DOTA) - Dotarem molecule 0.559 3.56 475 20 39 ])G(Z;El[(jieiagalzid:tilr?:j;:;i 152155
153, 156,
Gd(HP-DO;A) - ProHance molecule 0.559 (0.588) 3.7 - 20 40 Gadoteridol 157
Gd-DO;A-P*™" molecule 0.666 42 - 37 7.5 Monophosphinated analogue of DOTA 158
Heterobimetallic Re(I)-Gd(I1I) bimodal (MRI/FOI) 1.02 8.6 (water) - 500 - - : 159
Complex molecular probe ) 3.9 (PBS) - 7.4
[(GA(DTPA-ph-phen))3(H20)3Ru]— bimodal (MRI/FOI) 2.50 36.0 20 37 ph-phen = 1,10-phenanthroline 160
complex molecular probe ) i No significant interaction with HSA was detected.
Gd(IIT)-DTPA- probe for peroxidase (HRP) 0.79 4.3 (PBS) _ 20 40 7.4 Gd(III)-DTPA-bisamides that oligomerize in the presence of 161,162
bismonomethylamide imaging 3 15.9 (PBS, HRP) 7.4 peroxidase/H,0, pair
1,4-AQ-Gd, bimodal (MRI/FOI) 132 5.4 (11.7 DNA bound) _ 30 37 : Anthraquinone-Gd(I1I),-dimetallic complexes, binding to 163
molecular probe DNA.
u(IIT)Gd(III); Trispicolinamide bimodal (MRI/FOI) . . 164
. g . (I1D), -
E 2.78 28.8 - 20 37 7.4 Eu(III), Gd(III) heteropolymetallic lanthanide complex.
complex molecular probe
Gd-DOTA-K(fluorescein)-Gal-CPP bimodal (MRI/FOI) 269 16.8 _ 123 21 : Dual-labeled probe for_mtracellular MRI/FOI of b- 165
molecular probe galactosidase enzyme
polylysine-GADTPA polymer 48.7 13.1 (850 polymer) - 20 39 - - 166
DDl tng star polymer 10+£2 nm 84 - 20 37 - Cellular uptake monitored by FOI. MRI in vivo experiments 17
acrylate star polymers
G4-(Gd-DO3A-PP™"3), PAMAM dendrimer 18.6 (1097 dendrimer) 20 37 7.5 = 158
G5-(GAdEPTPA),, 17.1 (~1900 dendrimer)
G7-(GAEPTPA),s; PAMAM dendrimer 25.6 (~6500 dendrimer) - 30 37 7.4 Reversible T and pH dependency 108
G9-(GAEPTPA), ;57 27.9 (~32900 dendrimer)
. . ~ 14.5 (capsid-+linkers) . A rigid linker between the Gd-contrast agents and the viral 169
MS2-HOPO-R,R virus capsids 27 nm (DLS) 38.2 (6876 capsid) - 60 37 7.0 ) e Ty [T
Gd-DTTA-Au NPs gold NPs 4.8 nm 60 (3000 particle) - 30 25 - Diamagnetic yttrium ions functionalization is also reported 170
. . 9 nm 810 3000 a i 171
Au@Gd-DOTA-SiO, silica coated Au NPs 15-18 nm 13500 15800 60 T.t. - Au NPs coated with a Gd-DOTA doped silica shell
DOTA-monop(lI‘belonamlde C18 el 242 20 25 _ _ 172
15.4 (mol. in micelles);
Gd-DOTAGAC,, 5 5 17.0 (mol. in liposomes) ~ : : 173
Gd-DOTA(GAC12), ttsellle / imeromes 38.8 (mol. in micelles); 2l 2
40.0 (mol. in liposomes)
Gd(II1)-ND G- mme el 55-130 nm 58.8 (particle) : 60 37 ; ; 74
conjugate
. 65 Sinerem or Combidex. 175-177
AMI-227 SPIO, dextran coated 20-40 nm 23.3 (particle) (particle) 20 37 - o il il iSRS o oo e 240

This journal is © The Royal Society of Chemistry 2013
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. . SPIO NPs coated with 9-10 nm (SPIO core) 5- NPs were studied over time in biological suspensions, 178
o0 @@, mesoporous silica. 40-66 nm (overall) - SR & 7.4 acetate buffer (pH 5) and PBS (pH 7.4).
Gd(I1I)-DO3A-TiO, TiO, NPs 3-5 nm 3.5 (61.0 particle) - 60 37 - DNA labeled nanoparticles 17
Gd-DTTA-Rubpy-SiO, NPs aralrllimligfiicﬁn{)?i?ddsilica 37 nm 2.0x10°(particle) 6.1x10° 128 _ Hybrid silica NPs containing a Ru(bpy);”” core and a 180
Gd-DTPA-Rubpy-SiO, NPs p & NPsy 40 nm 4.9x10° (particle) 7.8x10° paramagnetic coating of a silylated Gd(III) complex
. o CdSe/ZnS QDs coated with Gd(III)-DOTA doped silica. 20 171
Gd-DOTA SiO2-coated QDs silica coated QDs 8 nm 1019 2438 60 37 - 0 320 Gd(I1I) fons per QD
Mn;0,@SiO,(RBITC)-FA core— silica-coated manganese 35 nm 0.50 _ 20 37 74 Silica-coated Mn;O4 NPs conjugated with Rhodamine B and 181
shell oxide NPs 0.47 128 i folate (FA). In vitro MRI on HeLa and MCF-7 cells
X Relaxometric properties are constant over a large pH range,
- - = E 1 g
%‘;g%?;ﬁi@@ggxf 51 mesoporous silica 6%)(())—3(())0nr11nm 6271023(?27)?]005 a}ZZiIZe ) - 20 37 - and strongly depend on the pore size and Gd-complex 182
T P localization
Gd-DOTAGA-MCM41 mesoporous silica 20-50 nm 37.8 (29500 particle) = 20 37 = = 18
Gd-MSNs 3000 nm 19.0 46.8 Mesoporous silica NPs containing
PEG-Gd-MSNs mesoporous silica 145 nm 25.7 56.0 128 37 7.4 redox cleavable Gd(III) chelates, PEG and anisamide ligand 184
AA-Gd-MSNs 160 nm - - to improve biocompatibility and targeting specificity.
Core-shell structured lanthanide-based NPs,
UCNP@Si02-GdDTPA silica coated UCNPs 30 nm 6.35 - 20 - - NaLuF4:Yb*",Tm™ @Si0,-GdDTPA for NIR-to-NIR UCL, "“
CT and MR in vivo imaging
Gd,0; NPs Ultras;r:(aigeg;cifshmum ~1nm 9.9 10.5 64 - - Maximal 7, for d in the 1-2.5 nm range 12
Gd,0;@D-glucoronic acid ultra small gadolinium 0.9 nm 12.6 12.9 64 _ _ In vivo imaging (3T) of rats with brain tumors (Gd,O;@D- 126
Gd,0;@lactobionic acid oxide NPs 1.0 nm 11.6 13.4 glucoronic acid)
ol iﬁi)?{;g::hvghﬂ:lz od . Multimodal imaging: SPECT/MR/Optical. NPs cleared by
Gd,0; \gitlz, Cy5 and In dium—pl 1 3-4 nm - - 300 37 vi’to renal excretion without accumulation in liver and RES 185
radionuclide UG,
PEG-silane 12.0+0.5 Gd,O0; NPs doped with terbium ions synthesized by a polyol
Gd,0; Ultrasmall Gd,O; NPs 4.3+1 nm Mal-PEG-NHS 14.2+0.5 - 64 21-23 water route with fluorescent and magnetic contrast agent 136
SH-PEG-NH2 7.8+0.9 properties.
Ultrasmall Gd hydrated 2.3+0.1 nm 234 46.4 128 25 . . 186
5 % -
(A (O HO)) carbonate 16.9+1.7 nm (DLS) 34.8 40.6 23 32 NI @it by o it asid)
.. . . Antibody labelled NaGdF4 nanocrystals, coated by PEG,
NaGdF4 Gadgi?;zms?;(;nde 51 193:11 (BEIS]; 8.78 - 200 - vi’to detecting intraperitoneal tumor 187
v xenografts in nude mice by MRI
3.9 (330 particle) 53 20 ) . . .
GdF3 citrate-capped GAF3 NPs 2223 nm 5.3 (448 particle) 6.4 40 37 ; il (@0 WD, 2288 1) erients ovar st @ffti el 72T |-
5.6 (471 particle) 71 60 a biological relevant media (Seronorm ")
Relaxivity per NP is 200-3000 times larger than the clinical 133
(eI [PANELGHIT IS 230 mm i 3 & 3 3 agent. Ionic relaxivity is larger for 2.5 nm NPs
NaYF4:Yb,Tm-NaGdF4 IRENG# 47Na?\l‘},Fs femediel 2041 nm 2.33 (1.56x10" particle) 160 400 - - UC properties ex. 980/ em. 800 nm =2
GdPO4 dextran coated GAPO4 NPs 2348 nm 13.9 15.0 64 40 74 In vivo imaging of the femoral region of VX2 tumor-bearing 130
i i i rabbit
40+4 nm 6.13 (47000 particle) 7.79 . 5 — 5 q
Euy,GdosPO4 EugGdo PO, HO NPs 71214 nm 2.56 (82000 particle) - 60 37 ; iz vitize (BHlLe Ce”;)(;‘l“jnlgl\‘;h‘g ;Cé:tl:ga“” EXpERIEAt: 137
145+36 nm 2.34 (164000 particle) - gents.
Core 23.8 nm - .
Core@NaGdF, 24 nm 6.18 ztn Shell thickness-dependence of negative lattice shielding
NaYF,:Er/'Yb@NaGdF, core@NaGdF, UCNPs Core@NaGdF, 24.5 nm 6.14 = 128 = VHTO 1 effect in Gd-doped UCNPs. Longitudinal relaxivities (r, per £
Core@NaGdF,25.8 nm 5.46 v;za Gd ion) of silica protected water soluble Core@NaGdF,
Core@NaGdF,27.5 nm 2.18
water . . .
v s . core 30 nm - X Multifunctional lanthanide-based NPs for NIR-to-NIR UCL, 141
NaLuF.Yb", Tm™ @SiO,-GdDTPA UCNP@SiO,-GdDTPA core@Si02 40 nm 6.35 - 128 v;zo CT and MR i vivo imaging.
P . water . . . . . .
1 I Gd-NPs containing Prussian core: 33+7 nm X Core—shell biofunctionalized NPs as multimodal imaging 142
Ko.5:Gdy ssFe™ [Fe" (CN)gl35 e core: 120440 nm (DLS) 38.54+4.6 44.7+6.3 128 20 v;;a p—
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Furthermore, '*Sm*" shows chemical properties, including the
ionic radius, similar to the other lanthanide Ln>" ions, and it can
thus be easily used for doping Ln-based nanoparticles. In
addition, because of the high sensitivity typical of the SPECT
imaging, the low amount of '>*Sm’" that is required does not
alter substantially the properties of the host structure including,
if any, its UC ability. An interesting example is represented by
NaLuF,:"**Sm,Yb,Tm nanoparticles, obtained by hydrothermal
synthesis by Y. Yang and coworkers.'* These NPs, with a 25-
30 nm diameter and capped with OA and 6-aminohexanoic
acid, showed a UC luminescence higher than that observed with
NaYF,-based NPs; for this reason they could be used for the
first time in the imaging of normal Kunming mice with rich fur
in vivo. Using the same NPs, SPECT images were taken at 1
and 24 h after injection. Also in this case, as it can be seen from
Fig. 20, an intense signal was observed in the liver and in the
spleen, in agreement with UCL images. At 24 h, the authors
observed a much larger uptake by the spleen compared to the
liver, a result that can be partially explained by the fact that
spleen is the largest organ of the immune system.

A different, and easier approach for the synthesis of SPECT
active NPs has been successively proposed by the same group,
based on a post-labelling procedure through a cation exchange
method, as schematized in Fig. 21."%8 In this case, citrate-
capped NaLuF,:Yb,Gd,Tm where mixed with 153SmCl,
aqueous solutions; the precipitate obtained after a very short
shaking (less than 1 min) at room temperature was collected by
centrifugation.

SPECT imaging

Fig. 21 Schematic representation of 153Sm—postlabeled citrate-capped

NaLuF,4:Yb,Gd,Tm by cation exchange for in vivo quantitative tracking. Adapted
from ref. 1% Copyright 2013 Elsevier Ltd.

Almost no dissociation of *Sm*" from the nanoparticles was
observed, even after storage in fetal bovine serum for 72 h.
Moreover, when injected in mice, only negligible '*Sm®"
signal were observed in urine (by large, the main excretion
route for the free ion) even at 300 min after injection, indicating
a negligible dissociation also in vivo. The results obtained
showed that this synthetic strategy could be used to prepare
efficient dual-mode (UCL and SPECT) nanoparticles with a
very short labelling time (less than 1 min). Interestingly this

This journal is © The Royal Society of Chemistry 2013
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strategy could be extended to other series of rare-earth
nanoparticles, including phosphates, fluorides, and oxides of
rare-earth ions, offering in all cases high labelling yield and
stability.

Taking advantage of the two described synthetic methods,
slightly different materials were realized for a very interesting
pre-clinical application: blood pool imaging in vivo. In a first
case RE-based nanoprobes constituted by very small (sub-10
nm) PEG-coated UCNPs doped with '**Sm* were prepared
with a hydrothermal synthetic procedure.'* The SPECT
imaging clearly indicated that these NPs have a long blood
retention time in vivo and, importantly, that the renal excretion
was in this case more rapid than the hepatobiliary excretion in
the faeces. In a second example, larger (20 nm)
radioactive/upconverting NaLuF,:Yb,Tm,*>Sm NPs, coated
with ethylenediamine tetramethylenephosphonic acid (EDTMP)
were synthesized via a solvothermal method, with the
advantage of a reduced time consumption with respect to the
previous example. However, as expected because of their larger
size, a remarkable accumulation of these NPs in liver and in
spleen could be observed at 1 h after injection.

4.2 X-ray CT

As already mentioned in the introduction, also X-ray CT is a
widely used imaging technique in medicine. In this case,
together with barium salts, non-ionic, low-osmolar iodinated
small molecules as iobitridol are used as contrast agents in
clinical applications. These molecules, however, suffer from
short circulation lifetime and renal toxicity.'® '° Y. Liu et al.
139 demonstrated that NaYbF,:Er NPs, when doped with Gd**
concentration of 20 mol% or higher (to obtain a better control
over size and shape) and capped with a PEG derivative, could
be very promising for this technique. As a matter of fact, these
NPs showed a higher CT contrast signal under the normal
operating conditions of clinical imagers (120 kVp) not only in
comparison with a solution having the same concentration
(g/ml) of iobitridol, but also with respect to salts of heavy
metals (Au, Pt, Bi, and Ta). The K-edge of Yb (61 keV) is in
fact located just within the higher energy region of the X-ray
spectrum obtained with the usual clinical setting. It has to be
very briefly recalled here that the binding energy of the K shell
electrons in an atom (K-edge) has to be at least paired, or better
a bit exceeded, by the energy of the photon to be absorbed. In
contrast, the K-edge values of Au, Pt, Bi, and Ta were found to
be far from the region of clinical imagers, thus revealing that
Ln-based probes could be among the most effective in vivo CT
contrast agents at 120 KVp.

A rare example of a dual probe for SPECT and X-ray CT
imaging was based on hydrophilic PEG coated EuOF:'*’Sm
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NPs.'”! In this case, together with the imaging modality given
by the presence of '**Sm®" as dopant, the authors took profit of
the high degree of X-ray absorption of europium. These NPs,
having a diameter core of about 5 nm, showed indeed a
significant (although lower than the one observed with Yb at
the same concentration) CT contrast signal, as shown in Fig. 22
in Hounsfield units (HU).

Concentration(mg/mL)

Fig. 22 (a) Hounsfield unit (HU) measurements of PEG-EuOF with different mass
concentration of 1.0, 2.0, 4.0, and 8.0 mg/mL. Inset: phantom and color-mapped
CT images of PEG-EuOF with different mass concentration. (b) /n vivo CT volume-
rendered and intensity of vertical, coronal, transversal images of 20 min after
injection of 4.0 mg/mL PEG-EuOF. The position of lymph node was marked by
circles. Adapted from ref. 191 Copyright 2014 Elsevier Ltd.

This figure shows CT images acquired 20 min after the
injection into the left paw of a mouse of 150 pL of the NPs at
concentration of 4.0 mg/mL. As it can be seen, a significant
contrast enhancement of the lymph node could be observed,
extending in this way the applications of these NPs. SPECT
images were conveniently taken with the same nanostructures
for determining their dynamic distribution in vivo, indicating a
blood lifetime of 4.65 h, and an efficient elimination through
biliary/gastrointestinal pathway. As already mentioned, the
ability to efficiently absorb X-rays is common to all the RE
elements, and for this reason it has been used in other cases, for
example with Gd,05:Yb*>"Er** UC nanorods.'*? In some cases,
the presence of additional heavy atoms, such as Ba*" in the
BaGdFs:Yb/Er NPs, could even increase the CT contrast.'”

4.3 Photoacoustic imaging

We would like to conclude this section with the example of a
nanoprobe for photoacoustic imaging (PAI), a very interesting
and promising imaging modality, with very significant
advantages such as high resolution (10-100 x vs. PET), deeper
tissue penetration compared to OI, and cost-effectiveness
compared to SPECT, PET, and MRL.% 195 1n particular PAI
requires a very efficient absorption in the NIR region; the
instrumentation detects the ultrasound waves generated by the
thermoelastic expansion of the medium surrounding the probe
caused by the heat dissipation associated with the non-radiative
deactivation processes of the excited state.

To our knowledge, the only example reported so far is based on
OA-stabilized hexagonal-phased NaYF,:Yb*',Er*" (80:18:2)
UCNPs dispersed in water.'”® Yu and co-workers solubilised
these nanocrystals by a-CD addition exploiting supramolecular

alkyl chain/a-cyclodextrin (a-CD) host/guest association. The

24 | J. Name., 2012, 00, 1-3

considerable luminescence quenching observed when
dispersing the NPs in water (circa 62%) had the effect of
enhancing the PA signal, although the possibility to perform
UCL and PALI at the same time can be in general considered a
precious advantage. PAI imaging in vivo of an anesthetized
mouse showed clear contrast enhancement localized on the
kidney (Fig. 23), proving that these NPs could be used as an
efficient contrast agent for diagnostic purposes under 980 nm
excitation.

0

spinal cord
idney
vena cava

= portal vein
e/ intestines
: /|

stomach

liver

Fig. 23 Single-wavelength PAI of a live mouse anatomy at 980 nm. (a—e)
Individual anatomy sections of the live mouse before intravenous injection of

UC-a-CD. (f-j) Individual anatomy sections recorded after 35 min post-
intravenous injection of UC-a-CD. Dashed lines in Fig. (a) and (f) indicate the
positions of the mouse with respect to the viewer. Pointed areas in Fig. (g—j)
indicate the localization of UC-a-CD. (k) Three-dimensional rendering of scanned
area. (l) Schematic section corresponding to analyzed area. Adapted from ref. 196
Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

5. Conclusions

In this review we have tried to guide the reader through the

recent advancements in the research on lanthanide-doped NPs

for bioimaging applications, a field where they display a

tremendous potential. The unique characteristics of these

species have been discussed via many examples, reporting the
different approaches used in the various imaging techniques for
both in vitro and in vivo (small animals) experiments.

Summarising the information reported in table 1 and 2 and

discussed for the different systems, we here suggest a schematic

outlook of the strengths and weaknesses of these nanoparticles
as imaging agents, comparing them with their molecular
counterparts.

1. The clinical translation of optical imaging is in his early
infancy; in this scenario lanthanide based nanomaterials
present a quite unique property: the possibility to obtain
upconversion luminescence. This is a precious way to shift
the absorption toward the NIR region, the most suitable one
for biomedical applications. On the other side, exploiting
the more common down shifting luminescence processes

This journal is © The Royal Society of Chemistry 2012
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takes to systems presenting both the absorption and
emission in the NIR region, and this approach is more and
the efforts of the field.
Nevertheless for a clinical translation, lanthanide-doped

more attracting scientific
NPs, even presenting a high photostability, need further
investigation to improve some still critical features. In
particular the brightness of UCNPs that is generally quite
low (due to parasite cross-relaxations and narrow and low
extinction coefficients), possible batch-to-batch variability
in emission efficiency, the surface functionalization or a
multi-material core/shell design to obtain suitable retention
times and efficient clearance when in vivo. A direct
comparison with the performance of lanthanide complexes
is difficult since their application is still quite far and rare
also in living cells and their clinical translation is a very
distant goal. This is due to many factors, among them the
fact that many properties, especially in UCNPs, take profit
of collective processes that are not possible in molecular
structures. In addition, we would like to mention their
blinking problems and the complexity of lanthanide
photophysics that, being dramatically affected by the
environment, often rises unpredicted problems in complex
matrixes.
2. MRI contrast agents in the form of Gd-chelates represent an
established based
molecules. This topic has been given due prominence in the

clinical application of lanthanide
review, highlighting how it is possible to obtain a great
boost in relaxivity through scaffolds that accommodate a
large number of paramagnetic complexes on a single
this
dendrimers, monolayer-protected nanoparticles and virus

macromolecule of nanoscopic size. In context
capsids have provided perhaps the best results in terms of
relaxivity gains. On the other side, when the gadolinium
ions become part of a nanoparticle structure, the relaxivity
gains are generally lower than the typical values of Gd-
chelates conjugated to macromolecules. This evidence is
mostly due to the physicochemical properties of lanthanide-
doped nanoparticles and, together with other physiological
the the

viscosity/osmolarity of injectable preparations, it may

factors such as excretion times and

represent a limitation to the practical use of these systems.
3. Another
nanoplatforms is the possibility to obtain, with relatively

valuable characteristic of lanthanide-doped
versatile approaches, multimodal imaging. The examples
discussed in this review clearly show the advantages of a
multimodal approach that allows co-localization and
multiple targeting at the same time. These valuable features
are not possible at the molecular level and very difficult to
obtain (usually with very tedious synthetic procedures) also
following a supramolecular approach.
It has to be mentioned that lanthanide based NPs also allow a
further degree of complexity and with a relatively facile design
it is also possible to obtain systems for drug delivery and light
activated therapies, in particular with high penetrating NIR
radiations. This is opening up the way to the preparation of

theranostic agents with remarkable qualities in terms of

This journal is © The Royal Society of Chemistry 2012
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biocompatibility, low toxicity, targeting and stimuli-regulated
drug release.

All together these NPs are expected to play a fundamental role
in medical diagnosis and therapy in the future since they merge
capabilities and advantages coming from different materials,
strategies and from the knowhow of fields such as chemistry,
physics, biology and medicine.
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