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Lanthanide-doped nanoparticles (LNPs) are speedily colonizing several research fields, such as biological
(multimodal) imaging, photodynamic therapy, volumetric encoding displays, and photovoltaics. Yet, the
electronic transitions of lanthanide ions obey the Laporte rule, which dramatically hampers their light absorption
capabilities. As a result, the brightness of these species is severely restricted. This intrinsic poor absorption
capability is the fundamental obstacle for untapping the full potential of LNPs in several of the aforementioned

Received 31st October 2020, fields. Among others, three of the most promising physicochemical approaches that have arisen during last two

Accepted 15th December 2020 decades to face the challenges of increasing LNP absorption are plasmonic enhancement, organic-dye

DOI: 10.1039/d0nh00627k sensitization, and coupling with semiconductors. The fundamental basis, remarkable highlights, and comparative
achievements of each of these pathways for absorption enhancement are critically discussed in this minireview,

rsc.li/nanoscale-horizons which also includes a detailed discussion of the exciting perspectives ahead.

1. Introduction “lying hidden’”) continue to occupy the bottom part of it

together with their bigger brothers, namely actinides. This

Despite suggestions of turning the periodic table upside representation makes lanthanides quite literally “outstanding”
down," lanthanides (from the Greek word lanthaneien meaning  eJements but not only for their unique properties. Lanthanides,
which along with scandium and yttrium form the family of rare
“ . . ) earths, are indeed elements of strategic interest for several
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flints are some of the mundane objects containing lanthanides
that cross our paths on a daily basis. Other materials are more
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exotic, such as lanthanide complexes behaving as magnets at
the single-molecule level (single-molecule magnets-SMMs).>
However, herein, we are interested in a particular family of
materials that capitalize on the light emitted by trivalent
lanthanide ions (Ln®**); colloidal nanoparticles doped with
Ln*" (LNPs). LNPs are the workhorses in several fields of
nanotechnology owing to their capability, for example, to act as
optical probes*® and photo-initiate chemical reactions under
excitation with low-energy photons.”® The small size of LNPs
makes them usable in microenvironments (e.g., cells)® and more
generally for the investigation of phenomena with sub-
micrometric accuracy while minimally perturbing the observed
system.’®'" They have also been proposed for the preparation of
light harvesting layers for low-energy photons, which would
otherwise go unexploited in photovoltaic devices.'>'* All in all,
LNPs have deservedly gained a place of respect in the field of
nanotechnology alongside their older kin featuring photolumines-
cence properties—the family of semiconductor nanocrystals. LNPs
and semiconductor nanocrystals are both inorganic luminescent
nanoparticles. However, the similarities between them end there.
Numerous discrepancies exist in terms of chemistry and physics,
making each of these nanomaterials suited for specific applica-
tions where the other might need to stretch. Hence, LNPs and
semiconductor nanocrystals are complementary rather than
competing both with their advantages and shortcomings. Speak-
ing of the latter, the most notable limitation of LNPs resides in
their low overall emission intensity, which is the result of the
electronic configuration of Ln** ions (vide infra). This poor bright-
ness represents a major bottleneck in the widespread employ-
ment of LNPs in fields such as lighting and optical imaging.
However, brighter LNPs would also translate to better perfor-
mance in applications where these species are already routinely
employed, such as in the field of sensing. Given the central role
played by brightness in the context of this minireview, it is
convenient to provide its rigorous definition from the very begin-
ning, ie., the product of molar absorption coefficient and
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photoluminescence quantum yield (PLQY). In layman terms,
these two quantities define the efficiency of a species in absorbing
and emitting photons.

In this review, we discuss the recent advances in the development
of brightly-emitting LNPs through the improvement of their absorp-
tion. In Section 2, we present in simple and comprehensive terms the
“brightness issue” that affects Ln*" luminescence. We then proceed
to Section 3 to critically review the methods developed so far for
tackling this issue. Although several approaches have been proposed,
we herein focus on three specifically: the use of plasmonic moieties
to increase the absorption (and emission) prowess of Ln**, and the
sensitization of Ln>* emission through the use of organic dyes and
semiconductors. Lastly, in Section 4, we provide an overview of the
field, pinpointing the questions still unresolved, also identifying the
most promising and probable future research directions.

2. Lanthanide ions and their forbidden
transitions

Trivalent lanthanides (Ln*") owe most of their properties to
non-bonding electrons occupying the 4f orbitals.''® Precisely
because of this lack of involvement of 4f electrons in the formation
of bonds, at the single-ion level, Ln** feature remarkably similar
physical properties in vacuo and when bound to other elements to
form compounds. The “ladder” of the 4f electronic states of each
Ln*" (Fig. 1) is in fact screened by external charge densities from
the 5s and 5p orbitals. Thus, the electrons can jump undisturbed
between the steps of the 4f ladder; however, they should obey an
important quantum mechanics constraint, namely, the parity
(Laporte) rule.'® This rule states the impossibility of electronic
transitions between states with the same parity (such as 4f-4f
intraconfigurational transitions) to occur in centrosymmetric
environments. Fortunately, even when a Ln** is placed at the
centre of a perfectly centrosymmetric coordination polyhedron, f-f
electronic transitions can still occur thanks to vibrations that
induce a temporary reduction of the symmetry. Moreover,
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Fig. 1 Schematic representation of the “4f ladder” featured by Ln** ions,
along with the real example of Er** excitation and emission processes
under 980 nm excitation.
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admixing with opposite-parity wavefunctions (e.g:, 5d orbitals and/
or coordinating ligands) can also cause the breakdown of this
selection rule. Of course, the forbidden nature of these transitions
decreases the probability of an electron to be excited to a higher-
energy state as well as relax to a less energetic one. Therefore,
when (and if) an electron is promoted by the absorption of a
photon to a higher step of the ladder, it will sit there for a relatively
long time (micro- to milliseconds) before being kicked up to an
even more energetic state or relaxing to a lower lying one. Under
the right conditions, such relaxation is accompanied by the
release of energy in the form of a photon whose energy matches
the energy difference between the initial and final states, rather
than as heat generated by vibrations. Overall, the unique
electronic configuration of Ln®" results in emissions that are
narrow (atom-like), fall at relatively constant energies (changing
by few hundred wavenumbers at most), and have extended
lifetimes. The long-lived nature of the 4f electronic states is
desirable since it can be harnessed to generate the optical
phenomenon of upconversion (UC). This process entails the
sequential absorption of multiple low-energy photons, followed
by radiative relaxation of the excited electron with the emission
of a single higher-energy photon."”

However, the reduced probability of these transitions also
translates to poor light absorption and thus to low brightness.
From an optical standpoint, this is the more relevant short-
coming of Ln*" ions since it limits the effectiveness of the direct
excitation of 4f electrons responsible for emission. Quantita-
tively, the capability to absorb a photon of specific energy (i.e.,
wavelength) is defined by the molar extinction coefficient,
which is expressed in units of length per mole. This parameter
is of the order of 0.1-10 M~ em ™! for Ln**, while semiconduc-
tor nanocrystals and organic dyes feature much larger values in
the 10*-10° M~ em ™' range. The product of this parameter and
the PLQY (# of emitted photons per # of absorbed photons)
gives the brightness of a species, as previously defined. This is
arguably the most important parameter to consider for practical
uses as it provides an estimate of how much of the excitation
light shined on the luminescent species will eventually be
converted to emitted light. However, not all Ln>" are the same.
Some, such as Nd** and Yb**, can absorb light more effectively
than others and are thus used as sensitizers, i.e., ions that absorb
the excitation light and transfer this energy to the emitting ion
(activator). The use of sensitizer-activator pairs is at the basis of
the preparation of LNP with good emission brightness. However,
more sophisticated strategies have been developed to improve on
this concept. In the next section, we discuss selected approaches
for the enhancement of this parameter in nanoparticles doped
with Ln®** ions, which aim at increasing the excitation light
absorption capability of the nanostructure.

To complete this brief overview of the absorption capabilities
of Ln*", it should be noted that there are exceptions to the cases
discussed thus far. Among others, Ce* and Eu** (divalent
europium) are the most relevant lanthanide ions that feature
4f-5d electronic transitions. These transitions are allowed and,
as such, yield relatively good light absorption."®'® Therefore, in
such instances, the “brightness issue” is a less urging concern.

This journal is © The Royal Society of Chemistry 2021
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3. Strategies to enhance the
brightness of Ln>* nanophosphors

Several researchers have been working on the optimization of
LNP-based nanosystems with the goal of maximizing the
amount of light absorbed and the fraction of energy funnelled
to the activator ion (Fig. 2). This effort resulted in the develop-
ment of several approaches. Some of them entail the introduc-
tion of lattice distortion-inducing ions (Fig. 2A4)*°>* and
preparation of multi-shell structures (Fig. 2B).>>>® The former
approach aims to manipulate the crystal field experienced by
the Ln*" ion, increasing the f-f electronic transition probabilities
by the partial admixing of 4f wavefunctions with opposite-parity
ones (ie., 5d orbitals). The latter approach is instead under-
pinned by concepts such as the maximization of sensitizer
concentration, spatial segregation of ions, and surface passiva-
tion of the LNP. These approaches push the limit of intrinsic
Ln** optical properties and are not discussed in the present
review; the interested reader is encouraged to read the above
cited works. Another strategy entails the co-doping of Ln** with
ions featuring allowed electronic transitions, such as Ce**,>**°
Bi**,*' and Mn*"*" *2 which can more effectively absorb light and
transfer it to nearby activators (Fig. 2C). These allowed electronic
transitions occur with the involvement of orbitals that participate
in the formation of chemical bonds, unlike the previously men-
tioned 4f orbitals. For this reason, the energy of the associated
electronic levels (and thus the absorption range) can be tailored
via the selection of the host material and/or tuning of its
composition.'® These ions can also introduce additional energy
levels that act as intermediate states for the population of Ln*",
thus increasing the energy transfer efficiency and enabling the
fine tuning of the emission colour. In this review, we do not
examine these approaches.

In the following sections, we focus our attention on three
strategies. One of them acts via the enhancement of the
intrinsic absorption (and emission) probability of the Ln** ions
doped into a material, i.e., the use of plasmonic nanostructures
(Fig. 2D). The other two rely on light harvesting moieties of
different nature—organic dyes (Fig. 2E) and semiconductor
nanocrystals (SNCs - Fig. 2F). For each strategy, we outline
the general principle at its basis, passing then to the descrip-
tion of the involved physical processes and the listing of the
requirements to be met to successfully prepare a brightly
emitting colloidal LNP following the selected strategy.

3.1. Plasmonic enhancement

Among the alternatives discussed in this review, the use of
plasmonic materials is by far the most explored pathway for the
enhancement of LNPs’ emission. A plasmon is a quasiparticle
that defines the collective motion of free charge carriers within
a conductor material (e.g., metals), which occurs at a frequency
characteristic of the material itself. Surface plasmon (polaritons)
resonances (SPR) result from the hybridization of the bulk
plasmons with free-space radiation, which takes place at the
interface of the plasmonic material and a dielectric medium.
Along with the nature of the conducting material, the dielectric

Nanoscale Horiz., 2021, 6, 209—230 | 211
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Fig. 2 Graphical summary of the strategies employed for the enhancement of Ln®** emission brightness. (A) The modification of the lattice by the
incorporation of defects and lattice-distorting ions effectively lowers the coordination symmetry of Ln®*, ultimately leading to a relaxation of the parity
rule for intraconfigurational f—f transitions. (B) Preparation of LNPs with multi-shell architecture, where different Ln** ions are spatially confined and
protected from quenchers (e.g., solvent molecules with high-energy vibrations) allows minimizing energy losses, thus yielding brighter Ln** emission.
(C) Co-doping with Ln** and ions featuring allowed electronic transitions (Ce*, Bi**...) is a viable strategy to enhance the light absorbing capability of
LNPs. These approaches (A—-C), albeit easy realized, theoretically afford a limited enhancement of the LNP capability to absorb the excitation light. For this
reason, in this review we focus on three other approaches that can theoretically grant brighter Ln®* luminescence. (D) Plasmon-enhancement entails the
use of moieties featuring localized surface plasmon resonance (LSPR), which can improve both the absorption and emission efficiency of the coupled
LNP. (E, F) Dyes and semiconductors can both be used as excitation light harvesters and, upon proper coupling/amalgamation with LNPs, they can
transfer the absorbed energy to Ln**. These three latter strategies promise the highest absorption enhancement and tunability but the synthesis of these

nanosystems require a higher degree of finesse.

constant of the medium determines the oscillation frequency of
the charge carriers. When the carriers are spatially confined, as is
the case for plasmonic nanoparticles (PNP), the natural fre-
quency of these collective oscillations also depends on the size
and geometry of the PNP. This is referred to as localized surface
plasmon resonance (LSPR) and is the phenomenon of interest in
the current frame. In fact, although there are numerous exam-
ples of UC emission enhancement using patterned plasmonic
surfaces and 2D structures,®>* we are herein focusing only on
colloidal systems. Clearly, for preparing such systems, PNPs
ought to be used.

The enhancement of Ln** emission stems from the influ-
ence of surface plasmons on three distinct parameters, which
synergistically contribute to determining the overall emission

212 | Nanoscale Horiz., 2021, 6, 209—230

brightness: decay rates (i.e., radiative and non-radiative relaxa-
tions), energy transfer coefficients, and absorption cross-
section.’® We should note here that albeit the focus of this
review is the betterment of the absorption capability of the LNPs,
to comprehensively address the topic of plasmon-enhanced
emission, we also discuss the cases wherein increased radiative
decay rate plays a major role. Indeed, often the effects cannot be
completely disentangled and other times the explanation offered
by the authors for the observed emission enhancement is more
an “educated guess” than a definitive explanation.

An in-depth discussion of the fundamentals of each aspect
lies beyond the scope of this manuscript and the interested
reader is encouraged to read the instructive review from Park
et al.®® For the sake of the present discussion, it is sufficient to

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Plasmon-enhanced LNP emission. (A) The enhancement factor is a complex function of the PNP-LNP separation distance with its maximum
falling at a value determined by several effects discussed in the main text. (B) Plasmon-enhancement in a Yb**/Er®* upconversion system, where
absorption (due to local field enhancement) and emission (due to the Purcell effect) are simultaneously achieved. (C) Scheme of sequential decoration of
Yb3*/Tm**-doped LNP with gold nanospheres and the complete coverage with a gold nanoshell, along with the extinction spectra and enhancement/
quenching factors observed for the two architectures. Adapted with permission from ref. 53. Copyright 2010 Wiley-VCH. (D) Decoration of a single
SiO,-coated GNR with CaF,-based small LNPs. Local field enhancement under 980 nm excitation varies considerably in intensity and spatial distribution,
depending on the relative orientation of the impinging light (Eo) and the GNR. The different behaviour of the observed polarization of green and red
emitted light arises mainly from the coupling between LSPR and UC emission rather than from laser polarization. Adapted with permission from ref. 39.
Copyright 2016 Springer-Nature. (E) In a structure comprised of LNPs sandwiched between gold nanodisks, the field (980 nm) is greatly enhanced within
the LNPs. Moreover, the position of the LSPR peak of the structure can be tuned by varying the diameter of the plasmonic moieties (gold disks above and
below the LNP). In reality, the produced structures have an upper disk smaller than the lower one (approx. 85%). The simulated absorption (blue) and
overall measured PL (red); enhancement is found with a diameter of the lower gold disk between 240 and 250 nm, yielding a maximum enhancement of
>1000 at low excitation powers. Adapted from ref. 52.
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say that (i) absorption is mainly influenced by the local field
enhancement, (ii) radiative decay rate is enhanced by the
increased photon density of the states (Purcell effect), (iii)
non-radiative relaxation is impacted by ohmic losses induced
by the presence of metal, (iv) experimental reports indicate that
energy transfer enhancement is generally observed for systems
with large donor-acceptor separation distance and as such
featuring intrinsically inefficient transfer. Regarding the last
point, in the case of LNPs, the donor-acceptor distance refers to
the separation between the sensitizer and activator ions in the
particle lattice. Considering the large amount of sensitizers
introduced in LNPs (often between 20 and ~100%),>® the
average distance between the neighbouring ions is short, making
the energy transfer between them efficient enough so that its
further enhancement using plasmonic moieties is difficult to
achieve.’” Importantly, the interplay between the first three
points yields an emission enhancement factor whose maximum
falls at a specific separating distance between LNP and PNP.*
This distance defines the optimal thickness of the spacer
between the two moieties (Fig. 3A — generally of the order of 10
to few tens of nanometres). In the case of LNP-PNP coupling,
such a spacer is often made of silica;>®**> however, polymers
have also been used.**** Another important aspect to consider is
that larger PNPs always feature stronger scattering of light, which
induces higher luminescence enhancement compared to their
smaller counterpart.*>*® For smaller particles, the LSPR peak
overlaps with the emission support instead of a more efficient
quenching of the luminescence via energy transfer (likely due to
their dominant absorption over scattering).*” This is a pivotal
consideration, which provides further guidelines for the design
of the most suitable plasmonic system for plasmon-enhanced
luminescence.

Considering the observations above, the enhancement of
LNP emission can be achieved by simultaneously matching the
excitation and/or the emission wavelengths, thus exploiting the
absorption enhancement and the radiative decay rate increase,
respectively (Fig. 3B)."®*° This was also demonstrated in dye
molecules coupled to individual silver nanoprisms.’® Regarding
LNPs in particular, it is important to note that while plasmon-
induced enhancement of downshifting emission has a quadratic
dependence on the local field enhancement, the anti-Stokes
process of UC depends on the fourth power of this
parameter.>>”" It therefore comes as no surprise that studies
on plasmon-enhanced UC are far more common than studies on
downshifting enhancement, also because emission processes
that are intrinsically poorly efficient (such as UC) are more easily
enhanced harnessing plasmonic effects. Nonetheless, we should
point out that UC is a process that relies on the long-lived nature
of the Ln*" energy states for the successive absorption of
photons. Therefore, any increase in the decay rate of an inter-
mediate energy state involved in the population of higher-energy
levels is detrimental to this anti-Stokes optical process. A fitting
example is offered by a Yb**~Er** co-doped material, where the
excitation of Yb®" at 980 nm fosters UC emission of Er*". In some
instances, it has been observed that a perfect match between
LSPR and Yb*" absorption was not the most favourable situation
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for plasmon-enhancement.”®> A wavelength mismatch instead
allowed the maximization of the optical performance of the
combined system, likely due to a less pronounced lifetime
shortening (i.e., decay rate increase) of the Yb*" “F;, excited
level that happens in particular for zero-phonon transitions.

Lastly, a point should be made regarding the versatility of
plasmon enhancement as a strategy. The position of the LSPR
peak featured by the PNPs can be controlled by several means
such as the nature of the plasmonic material, size and morphology,
as well as the presence of interfaces with different materials are all
parameters that can be harnessed to fine-tune the LSPR position.
Gold is the most versatile material for the preparation of PNPs and
decades of experience have produced a vast literature of synthetic
approaches. Nanospheres, nanorods (GNRs), nanoshells (GNSs),
and nanourchins are only some of the proposed gold-based PNPs,
and their LSPR covers a wide gamut of wavelengths, from visible to
the second biological window (NIR-II, 1000-1350 nm). Silver is
another noble metal with suitable plasmonic properties but also
some oxides (indium tin oxide - ITO,>* W,0%), chalcogenides
(Cu,S, Cu,Se),>® and boride (LaBg)*” nanoparticles feature LSPR.
For many of these latter PNPs, plasmonic resonance can be easily
extended in the near-infrared (NIR) beyond 1000 nm, whereas
PNPs based on noble metals tend to have their LSPR in the visible
(unless cumbersome or high aspect-ratio systems are prepared).
Despite this flexibility in terms of the tuning of the optical proper-
ties, the coupling of PNP with LNP does not afford broadband
excitability. Indeed, the excitation wavelength is still determined by
the Ln** whose absorption is to be enhanced.

In the rest of this section, we discuss selected examples of the
plasmonic enhancement of LNP emission (Table 1), subdividing
the approaches depending on the architecture of the final system.
As mentioned above, most of the examples deal with UCNPs.

3.1.1. Decoration of LNP with PNPs. One of the most
straightforward approaches explored for the plasmonic manipula-
tion of LNPs’ emission is their decoration with PNPs. This method
is generally accomplished with gold and silver NPs, whose LSPR
peak falls predominantly in the visible part of the electromagnetic
spectrum. This allows harnessing the Purcell effect to enhance the
UC emission.”® However, above 100 nm in size, the extinction
spectrum of gold NPs extends more decisively in the NIR. In that
vein, it was observed by Fischer et al. that larger gold NPs are
better suited for enhancing Er’" emission at 980 nm under
1520 nm excitation due to increased scattering by large
structures.”> When it comes to colloidal systems, both enhance-
ment and quenching of the emission were observed in LNPs
decorated with PNPs. To that end, silver PNPs (irspr = 415 nm)
were used to enhance the emission of NaYF,:Nd*'Yb*' Ho*
LNPs.*® The authors found that a 10 nm thick SiO, spacing layer
afforded the largest enhancement factors (15 and 7.5 for green
and red emission, respectively) both under 808 and 980 nm
excitation in cyclohexane. The enhancement followed from the
increase in the radiative decay rate (Purcell effect) rather than
from absorption enhancement, as also expected from the lack of
overlap between LSPR and the excitation light. These results were
consistent with those obtained for NaYF,:Yb*' Er’" LNPs com-
bined with 15 nm silver PNPs.** Duan, Huang, and co-workers

This journal is © The Royal Society of Chemistry 2021
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Table1 Summary of the main parameters describing the properties of most relevant LNPs featuring plasmon-enhanced emission described in Section 3.1

Excitation

wavelength Highest enhancement factor

Ln*"-Doped material Plasmonic material Spacer Structure (nm) (emission range) Ref.
NaYF,:Nd**,Yb** Ho*" Ag nanospheres  SiO,  LNP/SiO,/PNPs 808, 980 15 (green), 7.5 (red) 59
NaYF,:Yb*" Er®* Ag nanospheres  SiO,  LNP/SiO,/PNPs 980 14.4 (green), 12.2 (red) 42
NaYF,:Yb* Tm*" Au nanospheres, PAA- LNP/polymer/PNPs, 980 Nanospheres: 2.5 (blue), 1.5 (red) 53
Au shells PAH  LNP/polymer/shell shell: <1 (blue, red)
Na(Y,Gd)F,:Yb** Er**, Tm*" Ag nanospheres  SiO,  LNP/SiO,/PNPs 980 3-4 (green, red, NIR) 60
NaYF,:Yb**, Tm** Au NRs PMAM LNP/PMAM/NRs 980 Shorter NRs: 11.2 (visible) longer 43
NRs: 27 (NIR)
Ceo.oTby 1 F; and LaF;:Yb*" Er*"  Au NRs Si0, NR/SiO,/Ln*'-disks 255,980  CeyoTby F;:2.3, 3.7, 1.9, 67
1.8 (Tb*"*°Dy — 7Fe5.43)
LaF;:Yb*"Er’™: 6.5 (green), 6.2 (red)
NaGdF,:Yb** Nd*'/NaGdF,: Au NRs SiO,  NR/SiO,/LNPs 808, 980 2 (blue), 20 (green), 8 (red) 49
Yb*',Er’’/NaGdF,
CaF,:Yb*" Er** Au NRs Si0,  NR/SiO,/LNPs 980 3 (green), 6.7 (red) 39
NaYF,:Yb**, Tm*" (or Er*") Au shell Citrate LNP/shell 975 Tm*": 5.5 (blue), 8.5 (red), 4.5 (NIR) 68
NaYF,:Yb*" Er** Au shell SiO,  LNP/SiO,/shell 980 3.3 (blue), 2.5 (green), 2.2 (red) 69
NaYF,:Yb*" Er®", Tm** Au and Ag shells PMAM LNP/PMAM/shell 980 Ag: 20 (blue), 3 (green, red) 44
Au: 2.3 (blue), 20 (green)
Y,05:Er** Ag nanospheres  SiO,  PNP/SiO,/Ln*"-shell 980 4 (green + red) 72
Y,0;:Yb*" Er** Au nanospheres  SiO,  PNP/SiO,/Ln’*-shell 980 9.59 (green), <1 (red) 73
Lu,05:Gd*!,Yb** Er** Ag nanospheres  SiO,  PNP/SiO,/Ln*"-shell 980 30 (green + red) 71
NaYF,/NaYF,:Yb** Er? Cu,; ¢S — PNP/Ln**-shell 980 6.9 (green), 7.5 (red) 79
Nd,O05 Au NRs — NR/Ln*"-shell (rattle-like) 730 4.6 (870 nm) 74
NaYF,:Yb** Er** Au disks — Disk/LNP/disk (sandwich) 980 >1000 (green) 52
Y,05:Yb*" Er** Au ca — Ln**-sphere/ca 980 64 (green), 101 (red 80
P p P g
NaYF,:Yb*" Er®* Au cap — Ln*'-NR/cap 980 >100 (green, red) 81

compared the effect of sub-micrometric LNP decoration with gold
PNPs and the growth of a continuous gold shell (Fig. 3C).>* LNPs
were successively decorated with polyacrylic acid (PAA) and poly-
allylamine hydrochloride (PAH), exploiting the negative and
positive charge, respectively, featured by the two polymers. Gold
PNPs (seeds) were then attached to the surface of the LNPs
(made of NaYF,:Yb*",Tm*") and their coalescence was induced
by the addition of gold precursor in the suspension, yielding a
continuous metal shell. The enhancement of Tm®" emission
(452, 478, and 647 nm) was observed only in the presence of
PNPs with absorption in the visible range, while quenching was
induced by the metal nanoshell. This last effect was ascribed to
the scattering of the excitation light (owing to the NIR-centred
LSPR of the shell), yielding a lower overall excitation light flux
and to the reduced transmission of UC emission through the
shell. Xing et al. prepared a sub-50 nm system comprising
Na(Y,Gd)F.:Yb*"Er’",Tm*'/Si0,/gold nanospheres.*® Several UC
emission lines stemming from Er*" and Tm®" were observed
between 500 and 800 nm, while the gold PNPs featured an
extinction stretching throughout the whole visible range. Upon
the optimization of the spacer thickness (10-15 nm) and PNPs
amount, a 3/4-fold enhancement of UC emission was achieved.
The brighter luminescence allowed for in vitro and in vivo
visualization of the particles under 980 nm excitation, while
the magnetic and X-ray absorption properties of Ln®*' also
endowed the system with MRI and computed tomography imaging
capabilities. Similarly, Jiang et al. demonstrated an almost 80-fold
enhancement of Gd** UC emission in NaYF,:Gd*",Yb**,Tm*" by
carefully controllying the total amount of attached small gold
PNPs.®! One limitation of the approaches discussed above is that
the spectral overlap between LSPR and LNP emission could also
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induce absorption of the emitted light by the PNPs. This scenario
is most detrimental for the increment of the brightness of LNPs
but it can be harnessed for bioassays and colour-tuning.*"%*"%

The enhancement of UC luminescence was also observed in
GNR-decorated NaYF,Yb*',Tm*" LNPs.**> A polyamidoamine
dendrimer was used to functionalize the surface of LNPs, and
GNRs were grown in situ on the surface of the structure. The
extinction spectrum of GNRs was characterized by two contribu-
tions at 520 and 805 nm owing to the LSPR transverse ad
longitudinal modes, respectively. On extending the GNR growth
time to 240 min, the light extinction efficiency of the plasmonic
particles increased, resulting in a maximum 27-fold enhance-
ment of NIR-to-NIR UC luminescence (Tm*" emission at 800 nm)
under 980 nm excitation. At shorter growth times, the GNRs had
a smaller aspect ratio, which resulted in the preferential
improvement of the UC visible emission (11.2-fold) compared
to NIR. The nanocomposite (GNRs + LNP) functionalized with
2-thiouracil was employed by the authors for uric acid (UA)
sensing: in the presence of UA, the particles aggregated, yielding
changes in both the extinction and luminescence spectra. Both
signals could be used to determine the UA concentration with a
detection limit as low as 1 pM.

3.1.2. Decoration of PNP with LNPs. In recent years, this
approach has been extensively exploited by several researchers.
The most common structure is a single high-aspect ratio PNP (or
a pair of them®®) coated with a silica layer of controlled thickness
(spacer), on top of which several small LNPs are attached
(Fig. 3D).****%” Simultaneous excitation and emission enhance-
ment were achieved by Kang et al. using engineered core/shell/
shell LNP to decorate the surface of a 25 x 80 nm GNR coated
with a 28-nm thick mesoporous SiO, layer.”® The transverse
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LSPR was centred in the green region, while the longitudinal
mode fell in the NIR, encompassing both 808 and 980 nm
(i.e., the excitation wavelengths used for Nd** and Yb*" excita-
tion, respectively). It is interesting to note that studies for the
plasmonic enhancement of LNP emission generally make use of
rather simple LNP architectures, while in the mentioned study,
the segregation of sensitizers (Nd**, Yb*") and activator (Er**) in
different LNP regions, along with the growth of a passive shell
were performed. Overall, an enhancement factor of 20 was
achieved for green emission (upon 808 nm excitation), whose
lifetime was substantially shortened due to the Purcell effect
(and possibly due to the introduction of other non-radiative
decay pathways). A similar system was prepared by He et al,
who employed CaF,:Yb*"Er*" LNPs tethered to the surface of
Si0,-coated GNRs (Fig. 3D).*® The authors observed enhanced
green and red UC emission owing to the spectral overlap of these
emission lines with the transverse and longitudinal LSPR modes
of the GNR. Even more interestingly, it was verified that the
emitted light was strongly polarized. While the polarization of
red emission did not show correlation with the relative orienta-
tion of the GNR axis and the polarization direction of the
excitation light (E,), green UC emission appeared to be dependent
on this parameter. This behaviour stemmed from the stronger
contribution to the overall emission coming from the LNPs
located at the tips or at the sides of the GNR when E, is parallel
or perpendicular to the GNR’s axis, respectively. Indeed, while red
UC emission remained polarized along the GNR axis, irrespective
of the excitation light orientation and LNP location, these two
parameters strongly influenced the polarization of the green UC
emission. By performing electrodynamic calculations within the
frame of FRET theory, the authors could unravel complex inter-
actions underpinning this behaviour. In particular, the relative
orientation and degree of interaction between the emission
dipoles in the LNPs and the transverse/longitudinal plasmonic
dipoles within the GNR were shown to play a key role.

3.1.3. Growth of plasmonic shells on LNPs. Considering
gold-based plasmonic nanostructures, an effective way to push
their LSPR within the NIR (thus matching the absorption of
typical Ln*" used as sensitizers, such as Nd** and Yb*") is the
preparation of nanoshells. These are structures of few nano-
metres in thickness grown on top of a dielectric core, such as
silica particles. The tuning of the ratio between the SiO, core
size and metal thickness allows controlling the position of the
LSPR peak. SiO,-coated LNPs covered with a layer of noble
metal are indeed among the most explored structures in this
context, although the growth of a gold shell directly on LNP has
also been performed. In this vein, we mentioned in Section 3.1.1
a study from Duan, Huang, and co-workers, wherein a gold
shell was grown atop the LNPs. As opposed to the decoration
with PNPs, the gold shell induced the quenching of NaY-
F4Yb*",Tm** emission (Fig. 3C).>* However, the enhancement
of LNP emission with plasmonic shells was achieved in other
studies. For example, the direct growth of a gold shell
on citrate-functionalized cubic o-NaYF.:Yb* Er’" (or Tm®")
NPs afforded UC emission intensity comparable to that exhib-
ited by the same material in the hexagonal (B) polymorph.®®

216 | Nanoscale Horiz., 2021, 6, 209—230

View Article Online

Nanoscale Horizons

Priyam et al. controlled the thickness of the gold shell grown on
Si0,-coated NaYF,:Yb*" Er** LNPs, thus effectively tuning the
LSPR peak maximum from 580 to 900 nm.*® The thinner the
shell, the more red-shifted the extinction. Enhancement was
observed only in the case of 900 nm-centred LSPR, thanks to
the highest extinction at 980 nm (ie., the LNP excitation
wavelength) and reduced LSPR overlap with the Er’* emission
lines centered at 410, 550, and 660 nm. All the other tested
LNP/SiO,/GNSs instead showed quenched UC emission. The
optimized nanostructure was used for simultaneous fluorescence
and dark field imaging of the B16-F0 cells, leveraging the light
scattering of GNS for the latter imaging modality. Kannan et al.
instead explored a silica-free approach, where the LNPs were
modified with a polyamidoamine dendrimer of first generation
(PMAM G1).** The polymer offered a suitable substrate over which
gold or silver shells were grown, yielding increased green or
UV-blue UC emission enhancement, respectively.

3.1.4. Growth of Ln*"-doped shells on PNPs. A strategy
complementary to the one discussed above involves the growth
of a Ln*"-containing shell on PNPs. Different approaches have
been explored, such as the growth of the Ln*"-doped shell
directly on the surface of the plasmonic particles,”® the use of
a spacer between the two species,*®”*™”* as well as the selective
etching of a silica spacer to achieve rattle-like structures.”>”*
Stucky and co-workers grew a Y,05:Er** shell onto SiO,-coated
silver NPs,”> adapting a strategy for the preparation of rare-
earth nanostructures with urea and rare-earth salts.”> Optimal
spacer thickness was found to fall between 20 and 40 nm,
depending on the diameter of the silver NPs (from 20 to
130 nm). An analogous structure was prepared by replacing
Ag NPs with Au NPs; a spacer thickness of 40 nm afforded an
almost 10-fold enhancement of green Er*" emission thanks to
the overlap of the LSPR peak (centred at 527 nm) with Er’*
emission.”® A shell of Lu,05:Gd*",Yb*"Er*" was also grown on
the Si0O,-coated Ag NPs using the same approach.”® The resulting
nanosystem was used as a probe for the fluorescence imaging of
HelLa cells and featured a 30-fold enhancement in the lumines-
cence compared to the control sample lacking PNPs. Interest-
ingly, similar structures with GNRs coated with Ln**-doped
fluoride”®”” or oxyfluoride’® shells showed quenched UC emis-
sion. Recently, the first example of plasmonic-enhancement of
the UC luminescence of colloidal LNPs using non-metal-based
PNPs was reported. Cu, ¢S nanoparticles were coated with two
shells of NaYF, doped respectively with Yb** and Yb**-Er**.”®
The authors claimed that the NIR-centred LSPR of the chalco-
genide PNPs, along with the optimization of the Yb®* content in
the intermediate layer (30%), afforded a maximum of 28-fold and
101-fold enhancement of green and red UC emission, respec-
tively, thanks to the enhancement of the absorption capability of
the system. However, we note that these numbers were obtained by
comparing the emission of Cu, ¢S/NaYF,:Yb*"(30%)/NaYF,:Yb*" Er**
and the reference LNPs of NaYF,/NaYF,:Yb*"Er’" (the latter
lacking Yb®" in the core). It is thus very possible that a sub-
stantial part of the enhancement stemmed from an increased
number of sensitizer ions capable of absorbing the excitation
light (980 nm) in the intermediate shell rather than from
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plasmonic enhancement. A more conservative 6.9- and 7.5-fold
increase, obtained by comparing the same LNPs with Cu, S/
NaYF,/NaYF,:Yb*" Er**, thus seems more reasonable. Lastly,
moving from UC, the enhancement of Nd*" downshifting emis-
sion was achieved in the GNR/Nd,O; nanocomposites.”* The
structure was prepared via a hydrothermal method at relatively
low temperature (85 °C) and the tuning of LSPR allowed to reach
a maximum enhancement factor of approximately 4.6 for Nd**
emission at 873 nm under 730 nm excitation.

3.1.5. Other structures. Aside from the appearance of
extended polaritons in periodic structures, the reason why
patterned surfaces are often used for the enhancement of the
luminescence has to be searched in the non-isotropic nature of
the electromagnetic field enhancement.®* In fact, on surfaces, it
is possible to control the relative disposition and orientation of
the plasmonic antennas and LNPs. The confinement of the
enhanced field in selected regions and careful positioning of
the LNPs therein affords unrivalled plasmon-mediated sensiti-
zation. Clearly, control over the relative spatial orientation of
LNP and PNP is pivotal in a colloidal system. Unfortunately,
this directionality is not easily achieved with classical wet
chemistry methods. To that end, recently the group of Park
reported on the combination of wet chemistry (for UCNP
synthesis) and lithography (for the growth of the metal
moiety);>> this hybrid method affords nanostructures where
LNPs are sandwiched between two gold plasmonic layers
(Fig. 3E). This architecture maximizes the field enhancement
within the LNP and the LSPR peak could be tuned to match
Yb*" absorption by controlling the diameter of the sandwiching
plasmonic disks. Due to the experimental limitations, a mismatch
of approximately 85% was observed between the upper and lower
gold disks, leading to a slight deviation from the plasmonic
behaviour modelled for the case of perfectly identical metal
moieties. These structures show above 1000-fold luminescence
enhancement at low excitation power density and approximately
100-fold at high powers. Such an enhancement was measured
while the nanocomposite was still attached to the silicon substrate
used for lithography. In fact, a smaller 50-fold luminescence
enhancement was observed at a high-power density for the
nanocomposite when dispersed in water. Another interesting
example is provided by the study of Fujii and co-workers, who
combined wet-chemistry and thermal evaporation to prepare
Y,05:Yb** Er*" nanoparticles with a gold cap.®® To prepare this
structure, the nanoparticles were deposited on a fuse quartz
substrate, covered with a Ti adhesion layer and finally, gold
deposition was accomplished at a controlled angle from the
normal to the substrate. The nanostructures were then dispersed
in polydimethoxysilane resin. Varying the gold deposition angle,
the cap shape was tuned and, consequently, its plasmon resonance.
When the LSPR approached 980 nm (Yb*" absorption), the authors
found maximum green and red UC emission enhancement of
64 and 101, respectively. The authors further expanded on this
topic, achieving the coating of NaYF4:Yb*"Er*" nanorods with gold
caps using the same approach.®' Also in that case, the emission
brightness increased capitalizing on more efficient light absorption
of the nanocomposite.

This journal is © The Royal Society of Chemistry 2021
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3.2. Organic antennas

Together with the use of semiconductors, this approach grants
broadband sensitization of LNP emission, which is in stark
contrast with the spectrally narrow absorption lines intrinsically
featured by lanthanide ions. The organic sensitization of LNPs
typically involves the use of organic dye molecules anchored on
the inorganic LNP surface to implement the antenna effect.®’
Frequently, the authors describe the effect of the dye as “bright-
ness enhancement”. Although an increased brightness is indeed
the ultimate effect, the direct consequence of dye attachment/
decoration is an enhancement of the absorption properties of
the Ln*"-doped nanoparticle. This attachment of the organic
dyes on the surface of the LNPs can proceed through the routes
of covalent bonding, electrostatic attraction, physical absorption,
or their combination.

Upon electromagnetic irradiation, the dye molecule is promoted
to its excited singlet electronic state(s). Subsequently, de-excitation
takes place through several processes (Fig. 4A), such as:

- Non-radiative internal conversion (IC) at the dye molecule.

- Intersystem crossing (ISC) between singlet and triplet state
of such molecules.

- Fluorescence emission (E).

- Energy transfer (ET) from the dye molecule acting as a
donor to Ln** (mostly on the surface of the LNP) as an acceptor.
It involves the relaxation of dye molecules to the ground state,
together with the promotion of Ln*" to their excited state.

Zooming into a more detailed description of the fourth step,
it typically proceeds through either Forster or Dexter non-
radiative energy transfer or a combination of the two.

For a given donor-acceptor pair (Fig. 4B), (i) the Dexter
mechanism is an exchange interaction, which involves double
electron transfer and requires a sizeable orbital overlap
between the wavefunctions of organic molecules as the donor
(D) and the Ln*" as the acceptor (A); (ii) Férster (or dipole-
dipole) mechanism is an electrostatic interaction, in which the
dipole moment associated with the dye molecule’s state cou-
ples with the dipole moment of the 4f orbitals. In addition,
dipole-multipole transfers play a non-negligible role in the
sensitization of Ln** ions.®*%

Both singlet and triplet states of the organic molecules may
transfer energy to the lanthanide ion, possibly with the assistance
of phonons. However, since the singlet state is short-lived, transfer
from this latter level is often not efficient. The most likely energy
transfer process to happen (ET from S,; Fig. 4A) leads as its
outcome to the relaxation of dye molecules to the ground state
S and promotion of Ln>" to an excited state. But it is also possible
that ISC (whose likeliness is inversely proportional to the S;-T;
energy gap) can occur more efficiently than the ET from S; just
described. If that is the case, the dye molecule will first switch to
its triplet state (Ty), then an ET from Ty to Ln** may happen. This
second kind (and less likely to occur) ET can be Forster, Dexter, or
both simultaneously. In a majority of the published dye-Ln**
systems, emphasis has been put on Forster-based description only
because of the higher ET rate from S; over the ISC one. Inter-
distance wise, at an estimated dye molecule-Ln** distance in the
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Fig. 4 Organic (dye) antenna. (A) Schematic of the energy transfer mechanisms, Forster and Dexter. (B) Schematic illustration of non-radiative energy
transfer processes from the dye to Ln**. E, IC, and ISC represent the luminescence emission, internal conversion, and intersystem crossing, respectively.
Adapted with permission from ref. 89. Copyright 2017 Royal Society of Chemistry. (C) (top left) Cartoon schematic of the dye-sensitized UCNP system,
showing IR-806 bound to the UCNP surface (not to scale), and an upconversion event inside the UCNP where two excited Yb** non-radiatively and
sequentially excite Er®* into a higher energy state. (bottom left) Magnified illustration of the interactions between IR-806 and a surface lanthanide—the
heavy nucleus of the lanthanide aids in ISC from IR-806 S; — T; states, allowing much more efficient T, sensitization of the Ln** jons within the UCNP.
(right) Depiction of the antenna-like nature of IR-806 in sensitizing the UCNP, conveying the much larger absorption cross-section of IR-806 relative to
the UCNP, as well as S; — T, ISC enhancement by Ln**. Adapted with permission from ref. 86. Copyright 2018 Springer-Nature. (D) Energy diagram of a
three sensitizer-system and ions of the so-sensitized UCNPs. The thick horizontal lines represent the energy levels and the arrows represent the
sequential energy transfer. (E) Upconverted UV emission intensity from the double-ligand UCNPs (1.6 mg mL™). Molar ratios of sensitizer Il and IIl range
from 1:2 to 100:1. The 517 nm laser power density is 25 mW mm™2. The number written above the purple bars indicates the calculated interligand
distances (nm). Overall, the figure shows that there is a trade-off (appreciable in terms of final UV emitted intensity) between the increasing number of
sensitizer ligands and the relative decrease in the acceptor amount. That is, the former effect is beneficial for absorption of the excitation beam while the
latter decreases the effective transfer of optical energy to Tm** ions. (F) Image of the integrated device array on a flexible plastic substrate. (F, G, and H)
are adapted with permission from ref. 90. Copyright 2017 Wiley. (G) NIR imaging of CS & Cy7@PC and CS@PC through the pork tissue of varied thickness
(excited at 800 nm). Adapted with permission from ref. 91. Copyright 2018 Royal Society of Chemistry. (H) UC luminescence lymphatic imaging at 30 min
post injection of (upper) CS:Nd-Cy7@PC and (bottom) CS:Nd@PC under irradiation at 808 nm (LycLumin = 540 + 12 nm, scale bar = 10 mm). Adapted with
permission from ref. 92. Copyright 2016 Royal Society of Chemistry.

1-2 nm range, Dexter ET was usually found to be negligible or, at
maximum, comparable with the Forster mechanism.

Albeit a selected list of representative applications and devel-
opments of the organic antenna approach for the enhancement
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of LNPs absorption is included within this section (Table 2), we
decided to highlight here the innovative work by D. J. Garfield
et al® Therein, the authors managed to amplify UC nano-
particles’ (UCNPs) emission by enriching the molecular antenna
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Table 2 Summary of the main parameters describing the properties of most relevant LNPs featuring dye-sensitized emission described in Section 3.2

Excitation
wavelength
LNP Dye molecule (nm) Enhancement (emission range) Ref.
B-NaY®" (78 — x)%Gd* x%Yb** IR-806 808 33000-fold (520 to 680 nm; Er*" VIS emission) 86
20%Er**20%F,
Y**80%Ln**20%F, (Ln = Nd** or Yb*") Tropolonate (Trop) 340 Not reported (900-1100 nm) luminescence 93
lifetimes (longest components) >5 times
longer (Yb) >11 times longer (Nd)

La*"95%Eu’'5%F; 6-Carboxy-50-methyl-2,20- 305 ~100-fold (615 nm) 94

bipyridine (bipyCOO™)
B-NaYF,:Yb*" Er** IR-806 800 3300-fold (720-1000 nm) 95
(NaYbF,:Tm>" 0.5%)/NaYF,:Nd*>* IR-808 800 14-fold (300-700 nm; Tm** UC range) 96
NaYF,:Tm?*'Yb/NaYF:Yb*" IR-1061 980 2.8-fold (800 nm) 97
NaYF,:Yb10%,Er2%/NaYF,: Nd 30% IR-783 670-860 Not reported (300-700 nm) 98
NaYF,:Yb** X/NaYbF,/NaYF,:Nd** Indocyanine green (ICG) 700-860 4-fold (multipeak between 1000-1600 nm) 99
(X = null, Er*", Ho*", Tm*", or Pr)
B-NaYF,:Yb20%, Tm 0.5% I: BODIPY-FL 488, 517, 800, Between 50 and 100-fold (340-360 nm) 90

II: Cy3.5 and 980

III: IR806
NaYbF,/NaYF,:Nd*" Cy7 808 15-fold (980 nm) 91
NaYF.:Yb** Nd*" Er’*/NaYF:Nd*" Sulfonic-functionalized Cy7 808 17-fold (520 to 680 nm; Er’* VIS emission) 92

triplets. This was accomplished by promoting the ISC in the dye
via the adjustment of the UCNP composition. It was demon-
strated that the triplet states in the dye antennas critically affect
the brightness and stability of the dye-UCNP systems, thus
providing relevant insight to overcome limitations found in pre-
viously reported materials. The IR-806-sensitized NaYF,:Yb** Er**
UCNPs underwent an adjustment of the Gd** content, from 0 to
30%, substituting the Y** ions. In particular, ISC within the dye
was found to be enhanced by the larger spin-orbit coupling to
Ln** ions near the surface of the UCNPs achieved by increasing
the Gd*" content (Fig. 4C). Furthermore, this enriched triplet
population was responsible for a significant amount of energy
transfer into the UCNPs. The overall result was a 30-fold
enhancement in the UC emission. The main conclusion of this
work is the possibility to concurrently optimize the LNP compo-
sition and the dye sensitization pathway to achieve maximum
optical performance.

3.2.1. Rise of the concept from metal-organic complexes.
The basic concept of organic molecules transferring absorbed
optical energy to Ln**—no nanoparticle involved—can be
tracked to the middle of the last century. A seminal study by
S. I. Weissman in 1942%” proved the efficient transfer of energy
from organic ligands to Eu®* ions in metal complexes. To this
end, the early 2000s witnessed a blooming of the field of
lanthanide complexes under the general idea of chromophores
sensitizing Ln*" emission (a concept also applied to supra-
molecular architectures and self-assembled compounds).®®

By 2007, the first report was published by J. Zhang et al. for
testing the concept of an organic dye acting as the antenna for
lanthanide-doped (inorganic) nanoparticles.”® This seminary
paper portrayed the combination of the antenna effect provided
by organic chromophores with the protection of Ln*" given by
an inorganic matrix. At the dawn of using antenna dyes for
LNPs, the work from L. J. Charbonniére et al must be
highlighted.®* The authors reported an increase in the emission
of Eu’* under 305 nm excitation of up to two orders of
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magnitude, as compared to the same Eu**-doped nanoparticles
with no dye attached. A thorough photo-physical study demon-
strated that such a large increase in the brightness of the LNP’s
luminescence, with a corresponding long-lived excited-state life-
time, was caused by a broad absorption in the near-UV and
subsequent energy transfer to Eu** from bipyCOO™ ligands
tethered to the surface.

3.2.2. Organic antennas for UCNPs. History says that back
in mid- and late-2000s, the genesis of the research interest
around LNPs started with UCNPs based on the most classic
Yb®* (sensitizer)-Er’* (activator) ion pair. The UC process is a
low-output one; on top of the already described low absorption
coefficient of Ln*"-doped materials, the intrinsically poor efficiency
of UC emission is to be added. This unfortunate synergy of
brightness-limiting constraints makes UC a very attractive research
area to test the potential of the organic antenna approach.
Obviously, the application of organic (dye) antennas in the field
of UC makes it necessary to find NIR-absorbing dyes that are able
to properly funnel the NIR excitation energy to the Ln>" sensitizers
inside the UCNP matrix.

A remarkable milestone of this bubbling trend was published
in 2012, when W. Zou et al. reported an enhancement by a factor
of ~3300 of the overall sensitized UC emission of NaYF,:Yb*" Er**
UCNPs by using the NIR-absorbing IR-806 organic dye as the
antenna.”” This dye was a carboxylic acid-functionalized derivative
created by the nucleophilic substitution of the central chlorine
atom in IR-780, which is a commercially available cyanine dye. The
use of such a novel dye resulted in a blue-shift (806 nm) in the
absorption maximum of the structure (LNP + dye) from 975 nm
(ie., direct Yb** absorption) that is otherwise used for the optical
excitation of the very same LNPs with no dye attached. The
extinction coefficient of IR-806 at 806 nm was measured to be
~5 x 10° times higher than that of NaYF,:Yb** Er*" nanoparticles
at 975 nm. Interestingly, a set of photophysical control experi-
ments demonstrated that ~50% of the photon energy initially
absorbed by IR-806 is transferred to the Yb** and Er** energy-
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accepting ions in the NaYF,:Yb®>',Er’* core. The glaring short-
coming of the proposed system was the remarkably large energy
gap between the energy levels of the dye molecule and the Yb**
ion. This fact limited the ET efficiency to support the UC process
via the usual ET pathway (dye to Yb*>" and then to the Er** emitter).
Moreover, the energy mismatch between the dye-Yb®* energy
levels may cause the ET performance to be undesirably
temperature-dependent. Years later, G. Chen et al introduced
the concept of cascade energy UC to mitigate such a drawback.
Using NaYbF,:Tm>"0.5%/NaYF,;:Nd>" core/(active) shell UCNPs
sensitized by different NIR-absorbing dyes as a model, they
achieved a large enhancement in visible UC emission, efficacious
ET, and surprisingly high (~19%) PLQY.*

As outstanding example from the materials viewpoint, in
2018, the work by C. Hazra et al. pushed the limits on the
spectral range of excitation wavelength for dye-sensitized
UCNPs.”” In that work, the use of a water-dispersible dye
absorbing above 1000 nm (IR-1061) to sensitize NaY-
F,:Yb**30%/Tm>'0.5%/NaYF,:Yb®*"10% core/active shell UCNPs
was proposed for the first time. Having the goal of proofing
biomedical potential, the authors managed to encapsulate the
as-synthesized NIR-absorbing dye in the polyoxomer Pluronic
F68 (PF-68), thus rendering the dye water dispersible owing to
the presence of hydroxyl groups. From a quantitative stand-
point, a relatively modest ~ 3-fold enhancement in the 800 nm
emission of the Tm** ion was reported from such IR-1061-
sensitized UCNPs via the doping of Yb** ions (10% optimal) in
the UCNP shell (ie., core/active shell architecture). Critically
speaking, the performed excitation at 980 nm did not allow to
fully profit from the IR-1061 absorption, which peaks at longer
wavelengths within NIR-II. Moreover, the experiments also
carried the drawbacks of a relatively strong water absorption
at the chosen excitation wavelength.

3.2.3. Recent representative developments on organic
antennas’ sensitization of LNPs. There are diverse fields of
application of the organic antenna approach for LNPs’ absorption
enhancement. In photovoltaics, UCNPs have been much sought
after to expand the spectral working range of solar cells towards
NIR, the spectral range to which almost half of the photons
reaching Earth from the Sun belong. This active research line is
very well exemplified by the work of S. Hao et al.°® The authors
built a core/shell nanoparticle, NaYF,/Yb*"10%,Er’"2%/NaYF,/
Nd>"30%, sensitized with the NIR-absorbing dye IR-783, and
implemented it into a dye-sensitized solar cell (DSSC), achieving
a 13.1% performance enhancement compared to the control cell
in the absence of the UCNP-converting layer. Furthermore,
efficiency improvement following NIR harvesting was quantified
to be > 3-fold higher than the one obtained with the core/shell
UCNPs with no IR-783 dye attached. With a keen eye on the
applications in real life, on checking the photostability of the
system, the IR-783 dye was demonstrated to be photostable
under AM1.5G simulated sunlight irradiation (100 min).

In the ever-growing field of integrated photo-electronics,
systems based on dye-sensitized LNPs have also been actively
developed. The work by J. Lee et al. is remarkable for several
reasons,’” starting from the use of a multi-dye organic antenna
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to sensitize the p-NaYF4: 20%Yb**,0.5%Tm>" UCNPs. The three
dyes were, namely, BODIPY-FL, Cy3.5, and IR-806, having in
common their composition, comprising an energy harvesting
aromatic fluorophore and a carboxylic acid for linkage to the
UCNP. This game-changer approach widens the photon absorp-
tion window of such nanoparticles, from solely the NIR range
(975 nm, when relying on just Yb*' as the sensitizer) to the
entire visible and NIR-I range (450-975 nm) (Fig. 4D). Such an
expansion of the excitation range, encompassing photons that
cannot be used in conventional UCNPs, maximized the utility
of such Yb**,Tm’*-doped UCNPs. This is because a large photo-
absorption bandwidth with high absorption coefficients
increases the upconverted output emission intensity in the UV
range. Moreover, the authors walked the extra mile in terms of
material engineering, optimizing the sensitizer-ligand distance
and the ratio between the different organic dyes, thus further
increasing the efficiency of the sequential ET and UC processes
(Fig. 4E). Finally, the third exciting aspect of the work lies in the
application of such a fine-tuned nanosystem, in collaboration
with ultraviolet (UV)-responsive photo-acid-generators (PAGs), as
a new information security module in data storage devices with
the function of unrecoverable data erasure. Because of the
ultrathin nature of the so-built electronics, the entire system is
deformable and can be integrated on various curvilinear surfaces
including the human skin (Fig. 4F).

Not all the outstanding examples of organic antennas that
improve absorption for LNPs have been developed for UC
systems (Table 2). The current growing trend of developing
NIR emitters for biomedical imaging owing to the deeper
penetration, better optical contrast, and low tissue autofluo-
rescence characterizing such spectral “transparency window”
finds a fertile ground in LNPs. NaYbF,/NaYF4Nd*'60% nano-
particles were coupled with high-PLQY Cy7 dye in the work by
Q. Liu et al. in 2018.%" Starting from a pure NaYbF, emitter core,
the authors augmented the Nd** doping concentration up to
60% in the outer shell, which is appreciably higher than in the
case of most reported dye-sensitized systems. The architecture
favoured the optically-absorbed energy that is transferred from
the sensitizer (Cy7) to the emitters (Yb*") via intermediate ions
(Nd*"), the overall benefit being offered by a significant
increase in the absorbance of the LNPs. Therefore, the bright-
ness was increased, yielding a deeper imaging penetra-
tion (Fig. 4G). The relevance of this report lies also in how
the water-solubility and biocompatibility of the nanosystem
were addressed by wrapping the Cy7 dye-core/shell composite
in phosphatidylcholine. This way, two of the key points of
concern for biomedically-oriented LNPs were taken care of.
This NIR-emitting (centred at 980 nm) material was applied
in vivo, proving itself to be a promising imaging agent for
fluorescence-guided surgery by way of its application in assisting
in the procedure of peritumoral lymph node dissection. Notwith-
standing the achievements of this paper, in line with the critical
approach of this review, it is also worth noting that the character-
ization performed by the authors showed that coating with an
inert shell would make energy transfer efficiency from Cy7 to Nd**
relatively weak. This happens because the undoped outer shell
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increases the physical distance between the (donor) organic
molecules and the (acceptor) Ln*" ions, thus hindering ET
between the two species. Such incompatibility of the approaches
severely limits the possibility to simultaneously implement
organic antennas (for absorption betterment) together with the
growth of an undoped outer protective shell (nowadays, a widely
used method to improve the LNPs’ quantum yield). This consti-
tutes a limiting issue within the framework of LNPs’ achievable
brightness by the use of organic antennas, a matter discussed
further in this review (vide infra).

Highlighting the most promising NIR-absorbing organic dyes,
the above mentioned Cy7 has indeed made possible in vivo
imaging even for UCNPs acting as imaging probes by emitting
in the visible range. This result is remarkable, considering the
sizeably lower tissue penetration depth in that wavelength range.
Indeed, Nd**-based UCNPs sensitized with Cy7 demonstrated, as
shown in the report by X. Zou et al., in vivo lymphatic imaging at
540 nm under excitation at 808 nm (Fig. 4H).*>

Finally, the report from W. Shao et al. in 2016 should also be
analyzed within the current research trend to develop down-
shifting LNPs for in vivo imaging, which emit at longer wave-
lengths (NIR-II and NIR-III spectral ranges, meaning 1000-1700
nm).”® Therein, upon achieving NIR-II, III emission, the authors
aimed at profiting from the assets already described above that
arise from shifting the signal collection towards longer wave-
lengths (i.e., deeper sub-skin penetration, better optical contrast,
and higher signal-to-noise ratio). Thus, the NaYF,:Yb*"/X*'/
NaYbF,/NaYF,:Nd*", (X = null, Er, Ho, Tm, or Pr) core/shell/shell
system, with indocyanine green (ICG) attached to the LNP sur-
face, was designed to create a cascade ET pathway upon 700-
860 nm optical excitation: ICG — Nd** (outer shell) — Yb**
(inner shell) — Yb**/X*" (core). The ICG antenna not only
enhanced the overall brightness of the multiple-line emission
of the LNPs by ~4 times but also provided the much broader
excitation band than the LNPs had just by themselves. The proof-
of-concept of NIR-II, III bioimaging was extended in vivo by
means of subcutaneous injection of an aqueous suspension of
phospholipid-encapsulated ICG-sensitized core/shell/shell LNPs,
which allowed imaging in a mouse.

3.3. Semiconductors as light harvesters

The use of SCNs for the sensitization of Ln** emission follows
the same principle of organic antennas: the semiconductor
moiety should be able to absorb the optical energy and transfer
it to the Ln®*" ions. The pivotal difference from the case of
organic antennas is that the role of the dye’s singlet/triplet
states is herein played by the semiconductor’s excited states.
These can be localized excitonic levels, inter-bandgap levels,
and charge trap states (Fig. 5A). SNCs have a molar absorption
coefficient that is generally slightly larger than that of the dyes
(up to 10° vs. up to 10> M~ * em™*).’*° However, the smaller size
of dye molecules could mitigate this partial shortcoming since
it is plausible to think that more dye molecules than SNCs
could be accommodated on the surface of the LNPs (if the
decoration LNPs with SNCs is the pursued approach). On the
other hand, in the case of using SNCs, the final material is fully
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inorganic and hence, it is less prone to photobleaching and
degradation in harsher environments.

Aside from the points above, a fair comparison should also
include the efficiency of transfer between the light harvesting
moiety (dye or SNC) and the lanthanide ion. Unfortunately, the
very limited availability of these numbers makes it difficult to
fairly compare the performance of the two approaches from
this point of view.

The sensitization of Ln** through SNCs was accomplished
via different approaches, such as the coupling of SNCs and
LNPs, doping of Ln** in a SNC, and the synthesis of core/shell
SNC/LNP structures (Table 3). Albeit these methods rely on a
similar operation principle (Fig. 5A), they require attention to
different variables.

3.3.1. Coupling of LNPs and SNCs. The main advantage of
this method, compared to the doping of Ln*" in SNCs, is the
possibility to separately control the properties of the two
nanoparticles. Moreover, the surface chemistry of the two
species can be tuned independently, depending on the coupling
strategy one wants to pursue. Two particularly relevant examples
are represented by the amalgamation of NIR-absorbing SNCs of
Ag,S'"" or Ag,Se'®” with LNPs to achieve brighter NIR or visible
UC emission, respectively. Zhang et al. synthesized a hybrid
Ag,S-NaYF:Yb*" Er*" nanostructure, leveraging the electrostatic
interaction between the positively charged surface of ligand-free
LNPs and the carboxylic group of mercaptopropionic acid (MPA)
on the surface of the Ag,S SNCs. The resulting LNPs decorated
with SNCs displayed a 17-fold increase in the Er’* emission
intensity (at 1550 nm) under 808 nm irradiation compared to
direct 980 nm excitation of Yb®" in the LNP (Fig. 5B). The authors
also achieved in vivo tumour imaging in NIR-IIT under 808 nm
excitation. They modified the surface of the LNPs with a
glutathione-cleavable peptide; after cleavage took place in the
tumour microenvironment, maleimide-modified Ag,S SNCs
injected in the mouse could bind to the LNPs via a “click”
reaction, thus enabling the semiconductor mediated-
sensitization of Er’* emission. The result is an elegant demon-
stration of in vivo tumour imaging using a two-stage injection
strategy, which allows increasing the emission intensity of the
LNPs on demand. While developing this composite imaging
probe, the authors also explored the effect of growing a protec-
tive shell on the LNPs. The observed trend echoes the results
observed with dye sensitization, with luminescence enhance-
ment through SNC decreasing almost linearly with the thickness
of the shell. This is the result of the increased distance between
the doped Yb®* ions in the core (acceptors) and the Ag,S SNCs
tethered to the outer surface (donors). This assumption was
confirmed by the regain in the luminescence enhancement upon
doping Yb*" ions also in the overgrown outer shell, thus again
enabling efficient SNC-to-Yb®" ET. It is interesting to note that
the overall PLQY of the best performing sample only amounted to
0.16%. On the bright side, the composite retained up to 70% of
the emission intensity upon continuous 808 nm irradiation for 60
min, which is in stark contrast to the 98% drop experienced by the
analogue system featuring IR-806 dye molecules in place of Ag,S
SNCs. In a similar fashion, Song et al. prepared hydrophilic
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Fig. 5 Use of SNCs to increase the brightness of lanthanide emission. (A) Partial energy level diagrams to illustrate the sensitization mechanism between
conjugated SNC and LNP moieties (left) and in the case of Ln**-doped SNC (right). In the latter case, CT means charge transfer state; dark yellow arrows
indicate the ET processes and vertical lines are the electronic transitions. (B) Scheme of Ag,S SNC-decorated Yb**,Er®*-doped LNPs along with the
proposed energy transfer mechanism responsible for the sensitization of lanthanide NIR emission. MPA = 3-mercaptopropionic acid. Adapted with
permission from ref. 101. Copyright 2020 American Chemical Society. (C) Scheme and means of operation as an optical probe and PDT agent of the
Ag,Se—-LNP-Rose Bengal composite encapsulated in phospholipids. Adapted with permission from ref. 102. Copyright 2019 American Chemical Society.
(D) Preparation of Yb*"-doped Pbln,S, SNCs and their optical properties. The cation exchange process to transform NalnS, into Pbin,S, entails the
substitution of two Pb?* ions for each Na*. Both NalnS,:Yb®* and Pbln,S,:Yb®* feature host-sensitized Yb*>* emission around 1000 nm; however, upon
passing from NalnS, to PbIn,S,, the absorption extends to longer wavelength, covering a good part of the visible spectrum. Adapted with permission
from ref. 103. Copyright 2017 American Chemical Society. (E) Lanthanide doping scheme in Pb?*-based halide perovskite SNCs along with the absorption
and emission spectra of CsPbCl3:Yb>* SNCs doped with increasing amounts of lanthanide ion (from O to 7.4%). Adapted with permission from ref. 104.

Copyright 2018 American Chemical Society.

NaYF,:Yb*',Gd* Er**/NaYF,:Yb** Nd*" core/shell LNPs and co-
encapsulated them with hydrophilic Ag,Se SNCs in the micelles
of phosphatidylcholine (Fig. 5C). On optimizing the SNC content
in the micelles, the authors observed an 18-fold increase in the UC
emission. Aside from using the system for imaging purposes, the
authors displayed its suitability as a photodynamic therapy (PDT)
agent when Rose Bengal (RB) was co-encapsulated in the micelles.
In fact, the construct showed reactive oxygen species generation
upon 808 nm irradiation thanks to the UC-mediated excitation of
RB. It is also likely that the system displays NIR-III emission due to

222 | Nanoscale Horiz., 2021, 6, 209—230

the presence of Er’*, which could be harnessed for imaging pur-
poses, as in the case of previously-discussed Ag,S-NaYF,:
Yb**,Er**. However, the authors did not explore this possibility.
It is important to point out that the authors also investigated the
photostability of the Ag,Se SNCs versus a solution of IR-806
under 808 nm excitation. They observed a 10% emission inten-
sity decrease in the case of SNCs, while the dye was almost
completely photobleached. This evidence further corroborates
the higher robustness of the LNP-SNCs systems compared with
those based on organic antennas for Ln*" sensitization.

This journal is © The Royal Society of Chemistry 2021
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Table 3 Summary of the main parameters describing the properties of the most relevant LNPs featuring SNC-enhanced emission described in

Section 3.3

Coupling of SNCs and LNPs

LNP SNC Excitation wavelength (nm) Enhancement (emission range) Ref.
NaYF,:Yb** Er** Ag,S 808 17 (NIR@1550 nm) [0.16% PLQY] 101
NaYF,:Yb**,Gd**,Er*'/NaYF,:Yb**,Nd** Ag,Se 808 18 (green) 102
Ln*"-Doped SNCs
Ln** Semiconductor Excitation range (nm) PLQY Ref.
Eu’ cds <400 — 113
Tb** CdSe <500 0.03% 114
Yb** CdSe <600 — 115
Tb*, Eu’* ZnS, ZnSe, CdSe ZnS: <410 ZnS:Tb>": 12% (overall), 5% (Tb*") 116
ZnS:Eu’": 27% (overall), 0.01% (Eu’")
b ZnoO <420 — 143
Eu*’, Er*', Sm** TiO, 488 — 144
Eu® In,0; <400 — 120
Eu’', TH*" Ga,0; <250 Eu*": 0.1% 121
Yb** NalnS,, PbIn,S, (CdIn,S,, AgInS,) <600 5% (Lex = 405 nm) 103
(Er**-ce’®, Nd**-Ce™) Cas <300 (host), Er*": 9.3%. Nd**: 7.7% 122
400-500 (Ce*") [excited through Ce*']
Yb** CsPbCl, <410 Up t0 170% (/ex = 380 Nm) 104
ce*, sm*, Eu’*Y, Tb*', Dy**, Dy*", Er**, Yb*" CsPbCl, <410 Yb**: 142.7% 128
Eu**: 27.2%
Yb**-pr**-ce** CsPbClBr, <480 173% (overall) 129
Yb*', Er** Cs,AgInClg <300 Yb*": 3.6% 134
Er’": 0.05%
Yb3* Cs,AgBIClg <420 <1% 135
Cs,AgBiBrg <520
Eu** Cs;Bi,Br; <425 42.4% (overall), approx. 28% (Eu®*") 136
Other structures
Ln*"-Doped material Semiconductor Excitation wavelength (nm) PLQY Ref.
YF;:Yb**/LuF; (shell material) InP (core material) 440 (and 760) 0.1-0.5% 142

Nonetheless, as mentioned above, one of the main disad-
vantages of this approach lies in the necessity of the SNCs to be
in close proximity to the sensitizer ions for the ET to effectively
take place. This means that only superficial ions in the LNP can
accept energy from the SNCs. This reduces the possibility of
growing a passivating shell on the LNPs, as also underscored
earlier in this minireview in the case of dye-sensitization of LNP
emission (see Section 3.2.3). All these considerations have also
been demonstrated in the reverse case of LNP-to-SNC ET'*>'% and
they pose limitations in the design of the final nanostructure.

3.3.2. Doping of Ln*" in SNCs. This approach yields a
single entity rather than a composite nanostructure where
two or more particles are bound together. However, this com-
pactness comes at the cost of more stringent requirements to
meet in the material design and from a synthetic standpoint.
Recently, we have discussed in detail this specific approach in a
dedicated review;'"” therefore, here, we will only outline the main
aspects to be considered. Notably, the following considerations are
valid generally when attempting the doping of any nanoparticle
with Ln®" ions. First, a host material apt for substitutional Ln*"
doping should feature cationic sites with high coordina-
tion number (CN),'"®® such as those with octahedral or cubic
geometries. In addition, similar ionic radius and oxidation state

This journal is © The Royal Society of Chemistry 2021

favor the substitution of the native cation in the SNC with Ln*".
Once a suitable host material has been chosen, the preparation of
Ln**-doped SNCs could proceed through several synthetic meth-
ods, such as growth doping,'® nucleation doping,'*® cation
exchange,"'" and diffusion doping."*> All these methods have in
common the need to control the reactivity of different ions in the
reaction environment so as to promote the incorporation of Ln**
in the lattice. This is no easy task and often a combination of
coordinating molecules should be employed to ensure that Ln**
ions successfully enter and reside in the SNC lattice. Clearly, all
these considerations should be complemented by attention to the
relative energetic position of the semiconductor excited states
and the Ln** emitting state, as previously mentioned. This set
of requirements makes the preparation of Ln*'-doped SNCs
challenging. Moreover, there is an element of serendipity that is
constituted by the defects possibly introduced by the doping of
Ln’*" in the lattice. These defects can generate localized inter-
bandgap trap states for charge carriers, which either contribute
to non-radiative recombination or act as effective bridge
between the host and doped Ln*".

Early attempts to prepare Ln**-doped SNCs focused on the
use of binary semiconductors, such as Cds,"** CdSe,"'*""> and
ZnS.''® However, these lattices are far from ideal in this context
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since therein Cd*" and Zn>" occupy low-CN sites (tetrahedral).
Moreover, these ions feature different size and oxidation state
compared to Ln**. In fact, most of the works attempting Ln**
incorporation in the SNC lattice mainly report the evidence of
surface absorption of the dopant ions.'"”
obtained by the group of Meijerink, who managed to immobilize
Yb*" ions on the surface of the CdSe SNCs via ion adsorption,
followed by the overgrowth of a thin Se layer.''® Numerous
studies have been reported on the incorporation of Ln** in
oxide-based semiconductor nanoparticles, such as ZnO,"'®
TiO,,"*° In,05,"%° and Ga,0;."*" Although host sensitization is
achieved in these materials, the efficiency is generally poor and
the absorption of the semiconductor moiety lies in the UV-vis
part of the spectrum. Interestingly, Gamelin and co-workers
reported the incorporation of Ln*" in the lattice of colloidal
ternary SNCs (Fig. 5D).'* Their approach involved the use of
NalnS, as the host material—a ternary semiconductor where In**
resides in an octahedral environment. The similar ionic radius of
this cation compared to Ln**, along with same oxidation state
(3+), allowed for the effective incorporation of Yb** in the lattice.
The advantage of using a ternary system where cations with
different properties (ie., Na" and In**) granted the possibility to
perform selective cation exchange to fine-tune the optical properties
of the Ln*-doped SNCs. The authors showed that Na" can be
substituted by Cd**, Ag”, and Pb**, Exchange with the latter cation
afforded partially-exchanged PbIn,S,:Yb*" SNCs, which exhibited
extended visible absorption and a maximum PLQY of 5%.

Other host materials that grant effective Ln*" doping are
alkaline-earth semiconductors (AESs) such as CaS and
Sr§.1091227124 The Jarge cationic radius of the alkaline earths,
along with their high CN, allows for their substitution by
lanthanides. Often, Ce** is doped in these hosts, while europium
takes its divalent state. Hence, albeit host sensitization is
observed, efficient direct excitation of doped lanthanide ions is
generally realized. For instance, Zhang et al. recently prepared
CaS:Ce*",Er*" and CaS:Ce®*",Nd*" featuring NIR emission under
UV-blue excitation. Energy transfer from Ce®" to the second Ln**
enabled bright emission (PLQY of 9.3 and 7.7%, respectively, for
Er’" and Nd*"). After transferring these LNPs to water with the
aid of phospholipids, the authors managed to sense H,O, and
H,0,-producing disease marker xanthine in water. The detection
of these species was afforded by the quenching of Ln** emission
in the presence of hydrogen peroxide.

This section would not be complete without mentioning
halide perovskites. In the past few years, semiconductors of the
family CsPbX; (where X = Cl, Br, I) have become the staple for
Ln*" doping in SNCs, with unmatched results in terms of host-
sensitized photoluminescence efficiency.'®® Halide perovskites,
in general, feature octahedral sites, which offer an ideal coor-
dination environment for Ln*". In lead-based systems, doping
with Ln*" proceeds through the substitution of three Pb>* for
every two incorporated lanthanides.'®*'*® To maintain the
charge balance, a Pb>" vacancy (Vpp) is also introduced. The
most energetically-favourable configuration of the resulting
defect complex (Ln*'-Vp,-Ln**) is shown in Fig. 5E. Hence,
Ln** doping of halide perovskites proceeds through the creation

Some success was

224 | Nanoscale Horiz., 2021, 6, 209—230

View Article Online

Nanoscale Horizons

of defects and the possibility to successfully dope this material
hinges on the tolerance that it possesses towards defects, both
structure- and emission-wise."**'*” Several Ln*" (Ce**, Sm*’,
Eu*’, Tb*', Dy*', Dy*", Er**, Yb®*) were doped in CsPbCl; SNCs
by Pan et al.,'*® observing increased overall PLQY (exciton + Ln**
emission) compared to the undoped system. Stunningly, the
PLQY in the case of Yb*" doping overcame 100%. Because of
their high conversion efficiency and the ideal overlap of Yb**
emission with silicon absorption, Yb**-doped halide perovskites
are thus envisioned as ideal conversion materials in photovoltaic
devices. Indeed, conversion layers for silicon and Cu(In,Ga)(S,Se),
cells"*>"° and quantum cutting luminescent solar concentrators
(QC-LSC) have been prepared using Ln*"-doped lead halide
perovskite SNCs. This quantum cutting phenomenon was
further investigated by Milstein et al, who described it with
the help of low-temperature photoluminescence study on La**-
doped SNCs.'®™ The authors explained quantum cutting as
assisted by shallow defect states below the conduction band,
thus effectively bridging the electronic states of the SNC and the
Ln*". In a following study, Li et al modelled this quantum
cutting phenomenon and explained it in light of the higher
density of states (DOS) at the CB edge featured by Pb>* located
close to the Yb®" ions. This increased DOS favours strong
localized absorption in correspondence of the transition metal
ion, followed by energy transfer to the two nearby Yb**.'*® Ln**-
doped lead-based perovskite SNCs were also used for preparing
with-light emitting diodes, wherein blue-emitting GaN chips
were coated with polymeric dispersions of, for e.g., CsPbCl;:Ce**,Eu**
(ref. 128) or CsPbCl, ¢Br; ,:Ce®",Mn*"."*" Despite Pb*"-based halide
perovskites’ showcasing excellent luminescent performance, the
presence of lead in their composition, in hand with the poor
chemical resistance towards moisture, poses major concerns in
terms of the toxicity and environmental impact."** Ln**-doping
has been shown to improve the stability of CsPbX;'** but their
foreseeable applicability remains limited mainly to water-free
environments. In search for more sustainable alternatives,
the incorporation of Ln*" in other lead-free mixed perovskites
has been performed too, using hosts such as halide double
perovskites (e.g., Cs,AgInClg"** and Cs,AgBiCls"*®) and
Cs;Bi,Br;.**17 To this end, Eu*'-doped SNCs of the latter
material have been prepared by Ding et al., who employed them
in aqueous media for Cu>* detection, a rare instance of the use of
perovskites in water."*® However, the emission efficiency of Pb**-
free systems is often lower compared to the one featured by lead-
containing ones. Lastly, the absorption of halide perovskites
generally cannot be effectively tuned towards the red-NIR part
of the spectrum, thus further limiting the versatility in terms of
the working wavelength range, particularly foreseeing applica-
tions in the biomedical field where NIR working capabilities
(both absorption and emission) are key.

Despite the challenges of doping Ln*" in SNCs, an additional
advantage of this avenue is the possibility of exploiting the
host-to-metal charge transfer (CT) phenomena to sensitize the
activator luminescence."**"*° According to the model proposed
by Dorenbos'® (and validated several times experimentally),
Ln*" ions that are more likely to give rise to CT are Eu’* and Yb*",
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followed by Sm*" and Tm®". This is because of the lower-lying
ground state of their divalent form (Ln**) compared to other
lanthanides. This subject is rather complex and its thorough
explanation lies beyond the scope of the present review. The
interested reader is redirected to the body of work from
Dorenbos (see, for example, ref. 141). The important aspect to
consider is that when Ln*" ions are doped in hosts composed of
relatively polarizable anions (such as $>~ and Se*” as opposed
to O*” and F~), absorption corresponding to the CT band
occurs at lower energies. This observation opens the door to
the possibility of tuning the position of CT-related light absorp-
tion by controlling the host composition.

Lastly, this approach for combining Ln** and SNCs allows
for core/shell architectures to be prepared. The passivation of
the surface therefore becomes possible, aiming for higher
PLQY. We foresee exciting scenarios ahead in this avenue.

3.3.3. Core/shell architectures. A unique case is repre-
sented by the work of Swabeck et al., where a YF5:Yb*" shell
was grown over an InP SNC core.'** Passivation of the system
with a further shell of LuF; alleviated solvent molecule-induced
quenching. This approach allowed achieving Yb*" emission
under 440 nm excitation thanks to ET from the SNC core
to the Yb*" ions in the YF; shell with PLQY in the range of
0.1-0.5%. The sensitization appears to proceed via the involve-
ment of an intermediate trap state (likely an Yb*"-induced
surface state), which acts as a bridge between the InP excited
states and the lanthanide ion. This claim was supported by the
observation of Yb®*' emission, also under excitation with
760 nm light, a wavelength corresponding to the energy of
the trap-related emission recorded upon 440 nm excitation.
We foresee that structures with reverse architecture could be
prepared in the future, where LNP represents the core and a
shell of semiconductor material is overgrown. The shell would
act not only as a sensitizer moiety but simultaneously as a
protective barrier for the emitted Ln*" ions against the quenchers
(i.e., molecules with high-energy vibrations). Further shelling
performed on the first semiconductor shell could further reduce
non-radiative losses.

4. Conclusion and perspective

In this minireview, we have assessed the state-of-the-art of three
families of approaches to improve the brightness (mainly by
increasing the absorption capability) of lanthanide-doped
nanoparticles. These strategies entail the use of (i) plasmonic
species, (ii) organic antennas, and (iii) semiconductor nano-
crystals. From our critical literature survey, we can draw several
general conclusions:

- The interest around the production of brightly-emitting
nanoparticles based on lanthanide ions is vivid. Efforts towards
this direction are driven by the possibility of broadening the
applicability of these unique luminescent species in fields such
as lighting, photovoltaics, and bioimaging.

- Enhancement of the light absorption properties of lanthanide
ions appears to be the decisive step in undertaking the pursuit of
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increased emission brightness of these species. Strategies to
achieve this goal are constantly being honed both from a
physical and chemical standpoint. A better understanding of
the mechanisms involved in brightness enhancement by way of
absorption enhancement allows for a more rational and effective
design of the material. On the other hand, new materials and
synthetic strategies are being proposed, thus opening a host of
new opportunities.

- Despite the advancements witnessed in the preparation of
more intensely-emitting lanthanide-based nanoparticles, we are
far from the performance and reliability of other luminescent
species, such as fluorescent small molecules, quantum dots, or
even lanthanide complexes. Yet, it is encouraging to observe that
dye-sensitized lanthanide-based nanoparticles have been applied
with unrivalled results in cellular imaging thanks to improved
brightness and sensitivity compared to other fluorophores.*>*4¢
However, in general, there is plenty of room for improvement in
terms of brightness enhancement as well as chemical and
photostability.

Regarding the specific strategies discussed in this review,
the following conclusions have been reached.

- Coupling with plasmonic materials is one of the most
exploited approaches to enhance the emission intensity of
lanthanide-based nanoparticles. Yet, in colloidal systems, the
degree of control that can be exerted over the reciprocal
position of the two moieties is limited. The combination of
wet-chemistry methods and metal deposition has already proven
to be a useful hybrid approach for the preparation of unique
architectures. In these nanosystems, the electromagnetic field is
concentrated within the lanthanide-doped nanoparticle, thus
allowing for maximum luminescence enhancement. It is
expected that similar results can be achieved harnessing
methods to decorate selectively different sites of plasmonic
nanostructures."’ Lanthanide-doped materials can be deposited,
for instance, at the tip of the gold nanorods, where the long-
itudinal plasmonic mode results in maximal localized enhance-
ment of the electromagnetic field. On top of that, the use of
plasmonic materials other than noble metals should be further
investigated. For example, materials with plasmonic resonance
located deeper in the NIR (e.g, >1400 nm) could be used to
enhance the absorption and/or emission of lanthanide ions at
these wavelengths, which are relatively unexplored. Copper chal-
cogenides, indium tin oxide, and LaBs nanoparticles could serve
that purpose. We also observed a lack of studies where the
lanthanide-doped moiety is optimized in terms of the dopant
type, concentration, and relative positioning. The mastery
achieved in preparing complex structures with multiple shells,
wherein different dopants are spatially segregated for maximum
optical performance, has grown in the past few years."**'*° There-
fore, it should be employed also in the design of nanomaterials
with even brighter plasmon-enhanced luminescence. We also note
that the body of literature dealing with brightness enhancement of
LNPs by betterment of the absorption capabilities of Ln®* is
limited. This is unfortunate since this approach is the one
anticipated to yield higher enhancements and thus, more efforts
should be put in this direction. One of the possible battlefields
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where nanostructures based on LNPs and PNPs could be deployed
is biomedicine for theranostic (therapeutic + diagnostic) purposes.
Enhanced upconversion luminescence and downshifting emis-
sion can be harnessed to photoinitiate chemical reactions in situ
and imaging, respectively. However, the presence of the plasmo-
nic part could be a double-edged sword owing to its light-to-heat
conversion capability; if, on the one hand, this effect can be
harnessed for photothermal therapy, on the other hand,
unwanted and uncontrolled heating can be generated upon
irradiation.

- The most pressing shortcomings toward the consolidation
of the use of organic antennas for addressing the low absorp-
tion of LNPs are basically three. Firstly, opting for this approach
(absorption enhancement) limits the possibility to prepare
nanoparticle architectures with an undoped outer shell, which
is known to lead to an improvement of the quantum yield
through quenching suppression. The undoped shell both alleviates
the quenching phenomena, arising from surface defects as well as
from the interaction between Ln*" and solvent molecules with
vibrational modes resonant with Ln®" transitions. However, the
distance imposed by the shell between the Ln*" and the surface,
where organic molecules anchor makes the antenna approach
poorly effective, as successful energy transfer requires the involved
species to be at close range. A possible solution to this conundrum
could surge from the use of an optically-active organic polymer able
to act as the antenna for Ln*", simultaneously providing strong
isolation to the very same Ln** from the vibrational modes of
solvent (water) molecules.

The second limitation is directly related to the structural
stability and long-term robustness of the whole antenna-
nanoparticle construct. In a majority of the published reports,
the binding stability of the dye onto the nanoparticle surface
remains largely a matter pending further study, along with the
unknown photostability of the dye-sensitized LNP. To that end,
no comparative studies have been systematically performed for
the most functional “anchoring” methods, i.e., covalent bonding,
electrostatic attraction, and physical absorption. In particular, the
unknown stability of the bond between the dye and the nanopar-
ticle curbs the application of these nanocomposites in the in vivo
biomedical arena. Indeed, upon injection in the specimen, these
LNPs would find themselves in a potentially aggressive environ-
ment that could possibly induce detachment of the dye molecules.

Lastly, the third relevant factor imposing constraints is the
number of dyes per nanoparticle. In the published works, this
number has often been reported to be less than 1000: 1, thus
posing a threshold to the light-harvesting ability of dye-sensitized
LNPs. In other words, there seems to exist an upper limit of dye
molecules per nanoparticle, above which the molecules are more
likely to transfer energy between them than to the Ln** inside the
LNP matrix.

As a general comment, there is still a sort of “thematic-scope
gulf”, keeping disciplines away between researchers working
on the physical properties of lanthanide ions (particularly, the
luminescence side of LNPS) and organic chemists, in particular,
those interested in the soft-chemistry facet of colloidal disper-
sions. However, it is reasonable to think that this gap will
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continue to be gradually bridged, especially when considering
previous relevant cases such as the very travelled research road of
dye-sensitized semiconductor solar cells.

- The research line dealing with the use of semiconductor
materials to sensitize the emission of lanthanide ions is by far
the one that is gaining greater momentum thanks to the advent
on the scene of halide perovskites. The optical and structural
properties of these materials make them utterly suitable for the
preparation of Ln**-doped nanoparticles with bright emission.
Provided that lead-based species are the ones performing the
best, future effort should be put in the development of LNPs
based on heavy metal-free materials that are also resistant to
moisture (hence more broadly applicable in aqueous environ-
ments). Bismuth-based and halide double perovskites are
amongst the most promising materials in these regards. Following
this path, on the one hand, concerns about the toxicity of the
material would be mitigated. On the other, more stable and water-
resistant species will ensure their broader applicability in field
such as light-emitting diodes, photovoltaics, and biomedicine.
Aside from perovskites, it is foreseeable that novel, efficient
lanthanide-doped semiconductor nanocrystals could be produced,
leveraging the strategy of ion exchange, following the example set
by the group of Gamelin."® Ternary semiconductors represent the
ideal canvas for this approach as they allow orthogonal manipula-
tion of their composition (i.e., selective exchange of one or the
other metal ion). Once these strategies will be mastered, taking
one page from the book of quantum dots, the preparation of core/
shell architectures is the natural successive step. The minimiza-
tion of surface quenching phenomena that will result is envisaged
to increase the emission brightness of doped lanthanides to an
even higher degree. Core/shell structures, where the core is an LNP
and the shell is constituted of semiconductor materials, are also
expected to be designed (although lattice mismatch between the
materials involved might pose serious limitations to the realizability
of these structures). Regarding other strategies, the coupling of pre-
synthesized semiconductor nanocrystals and lanthanide-doped
nanoparticles could provide a means to more finely tune the optical
properties of the two moieties in a separate way. On the negative
side, the nature of the interparticle energy transfer mechanisms
involved in the sensitization process poses limits in terms of the
maximum distance between the energy donor (semiconductor
nanocrystal) and the acceptors (lanthanide ions doped in the
nanoparticle). Notwithstanding this, it is often easier to prepare
such composite structures rather than pursuing lanthanide doping
in semiconductors, given the knowledge gained over the recent
years of nanoparticle surface functionalization. This knowledge
also allows to agilely tune the affinity (ie., dispersibility) of the
composite towards different environments depending on the appli-
cation sought after, a task more challenging in the case of using
organic dyes, most of which are not hydrophilic. Consequently, we
propose that the coupling of semiconductor nanocrystals and
lanthanide-doped nanoparticles could bring exciting results in
the next few years, particularly in the biomedical context.

All in all, the journey in the chase of brighter lanthanide-
doped nanoparticles presents several opportunities and it is far
from being at its end. While the avenues described above have
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been walked so far independently, it is also possible that they
will intersect, joining forces quite literally for a brighter tomor-
row. Case in point, the coupling of plasmonic nanoparticles
and lanthanide-doped nanocrystals can be performed with the
goal of simultaneously profiting from host sensitization and
Purcell effect. The decoration of lanthanide-doped nano-
particles with both plasmonic species and organic dyes could
be performed too. These are just some examples but the list of
combined methods is expected to quickly become longer.

Like we have mentioned throughout Section 3, the applica-
tion fields that would mainly benefit from the availability of
lanthanide-doped inorganic nanoparticles are photovoltaics,
lighting, sensing, and biomedicine. Of course, each area neces-
sitates specific requirements to be met in terms of optical and
physicochemical features, as well as the toxicity profile of the
nanosystem. For this reason, it is plausible to think that
different strategies will provide species suitable for different
applications. What we are convinced of is that lanthanide-
doped nanoparticles made brighter via the methods reviewed
herein will play a pivotal role in several fields.
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