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Photoluminescence (PL) imaging has become a fundamental tool in disease diagnosis, therapeutic
evaluation, and surgical navigation applications. However, it remains a big challenge to engineer
nanoprobes for high-efficiency in vivo imaging and clinical translation. Recent years have witnessed
increasing research efforts devoted into engineering sub-10 nm ultrasmall nanoprobes for in vivo PL
imaging, which offer the advantages of efficient body clearance, desired clinical translation potential,
and high imaging signal-to-noise ratio. In this review, we present a comprehensive summary and
contrastive discussion of emerging ultrasmall luminescent nanoprobes towards in vivo PL bioimaging of
diseases. We first summarize size-dependent nano-bio interactions and imaging features, illustrating the
unigue attributes and advantages/disadvantages of ultrasmall nanoprobes differentiating them from
molecular and large-sized probes. We also discuss general design methodologies and PL properties of
emerging ultrasmall luminescent nanoprobes, which are established based on quantum dots, metal
Received 30th August 2022 nanoclusters, lanthanide-doped nanoparticles, and silicon nanoparticles. Then, recent advances of
DOI: 10.1039/d2¢cs00497f ultrasmall luminescent nanoprobes are highlighted by surveying their latest in vivo PL imaging
applications. Finally, we discuss existing challenges in this exciting field and propose some strategies to
rsc.li/chem-soc-rev improve in vivo PL bioimaging and further propel their clinical applications.
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1. Introduction

Medical imaging that utilizes imaging scanners to collect
in vivo information has greatly advanced the development of
diagnosis and therapy of human diseases.” Among the current
nondestructive imaging techniques, photoluminescence (PL)
imaging is one of the most important imaging tools in scien-
tific and clinical research, due to its high sensitivity and
specificity, multiplexing analysis and real-time dynamic ima-
ging abilities.>* As a result, PL imaging is promising for in vivo
imaging, which enables the sensitive visualization of targets’
concentration, activity, and other parameters as well as the
diverse pathophysiological processes in the living body.*™®

Note that luminescent probes are used in PL imaging and
ideally can generate sensitive and stable PL signals upon the
specific recognition of certain analytes.” Organic fluorophores
and fluorescent proteins have been widely applied in the design
of luminescent probes. However, such conventional probes
may face some problems, such as poor physicochemical
stability and limited targeting efficacy to biomolecules and
tissues.*® Currently, luminescent nanoparticles (NPs) have
aroused considerable attention in PL imaging because of their
enhanced physicochemical stability and customizable surface
and optical properties for multifunctional bioimaging.'*™
Despite the exciting advances, in vivo PL imaging still encoun-
ters many issues including limited tissue penetration
depth, interference of background PL and nonspecific tissue
accumulation, and in vivo toxicity concern of luminescent
nanoprobes. Therefore, it remains a challenge to establish
sensitive and specific PL bioimaging platforms for in vivo
clinical applications."®

With the considerable development of synthesis techno-
logies of nanomaterials, sub-10 nm (the size refers to hard size
determined using an electron microscope such as a trans-
mission electron microscope) ultrasmall nanoprobes have
attracted increasing attention in biological imaging applications
(Fig. 1)."*'® This is because ultrasmall nanoprobes generally
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Fig. 1 Timeline of some significant events in the synthesis, bioimaging,
and clinical trials of ultrasmall NPs. Inset: Count of paper result by
searching “(ultrasmall OR quantum dot OR nanocluster) AND imaging”
in Pubmed (obtained on July 27, 2022).

have a much weaker accumulation in the reticuloendothelial
systems (RES) as compared to large-sized NPs, thus efficiently
decreasing the background PL in major organs and enhancing
the signal-to-noise ratio as well."*™"® Besides, it is feasible to
utilize ultrasmall nanoprobes for labelling and tracking in vivo
targets without notably affecting their inherent transport traits
in the living body. Moreover, ultrasmall nanoprobes can enable
some unique in vivo bioapplications, such as PL imaging of
kidney dysfunction and dual-modal in vivo PL imaging and
in vitro urinalysis, which cannot be performed by large-sized
nanoprobes.”*>* Of note, the aforementioned hard size cannot
offer dispersion information of NPs in suspension, thus neces-
sitating the determination of hydrodynamic (HD) size by other
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techniques such as dynamic light scattering (DLS). The HD size
takes surface ligands and solvent into account and can some-
times affect the biological behaviors of NPs (e.g., cell uptake,
in vivo circulation and elimination, etc.).”* For example, the
common prerequisite to allow the renal clearance of NPs is to
have HD size approaching (or lower than) the glomerular filtra-
tion threshold value (~5-10 nm). Ultrasmall nanoprobes with
HD sizes in this range exhibit efficient renal clearance and low
toxicity in vivo, promising future in vivo bioapplications."”®
Recently, several ultrasmall luminescent nanomaterials have been
tailored for in vivo PL imaging, such as quantum dots (QDs),
metal nanoclusters (NCs), lanthanide-doped NPs, and silicon
NPs.?**2 The developed ultrasmall nanoprobes have been imple-
mented to analyze in vivo diseases — especially cancer-associated
hallmarks, such as ions, small molecules, nucleic acids, proteins
and enzymes. As such, it is anticipated that the ultrasmall
luminescent nanoprobes will serve as potent PL imaging tools
and provide a solution to in vivo imaging.****> We should note
that some specific challenges may also arise in the design and
in vivo application of ultrasmall nanoprobes such as insufficient
tumor targeting efficacy.

In this review, we provide a comprehensive summary
of emerging ultrasmall luminescent nanoprobes towards PL
imaging of diseases in vivo. Note that there is still a lack of
systematic and contrastive discussion on the design and appli-
cation principles of the emerging ultrasmall luminescent
nanoprobes. We first summarize the size-dependent nano-
bio interactions to understand the biodistribution, targeting,
clearance, and toxicity of NPs. The unique advantages and
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significant roles of ultrasmall nanoprobes in PL bioimaging
in vivo are discussed, in comparison with traditional molecular
and large-sized probes. We then detail the basic attributes,
rational design methodologies, and in vivo PL imaging applica-
tions of four important kinds of ultrasmall luminescent inor-
ganic nanoprobes, including QDs, metal NCs, lanthanide-
doped NPs, and silicon (and silica) NPs (as illustrated in
Fig. 2). Finally, we highlight the current challenges in this field,
and propose potential strategies to improve in vivo PL imaging
and propel clinical applications. We believe that this review
may offer insights into in vivo PL bioimaging and propel future
clinical translation of ultrasmall luminescent nanoprobes.

2. Size-dependent nano-bio
interactions

Currently, different kinds of nanoagents have emerged in bio-
logical applications and in parallel their performances have been
shown to be associated with their size, structure, and surface
properties.’*® Due to these facts, it is important to understand
nano-bio interactions prior to biological application studies. We
here focus on summarizing and discussing material size effects on
nano-bio interactions, including size-dependent in vitro cell
uptake, biodistribution, and toxicity issues (Fig. 3).

2.1 Size-dependent in vitro cell uptake efficacy

Efficient cell uptake of NPs is a prerequisite for exerting desired
biological imaging and therapy functions. Significantly, nanoagents
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Fig. 2 Schematic illustration of the design of ultrasmall luminescent nanoprobes and their clearance and bioimaging in mice. The synthesis and material
structures, key luminescence properties, and surface engineering strategies of these ultrasmall luminescent nanoprobes are shown. After administration
in the body, these ultrasmall nanoprobes can possibly be excreted via liver clearance and/or kidney clearance pathways. They can be implemented for
diverse bioimaging, such as molecular labeling and tracking, analyte-activated imaging, and cell/tissue-targeted imaging.
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Fig. 3 Schematic illustration of nano-bio interactions that may influence the in vivo pharmacokinetics, cell uptake, tumor targeting, and body
clearance of nanoprobes. The formation of protein corona on NPs and its effect on cell uptake are also shown. Note that disease targeting and body
clearance properties are two crucial factors determining the in vivo imaging performance and clinical translation potential of nanoprobes. Pictures were
adapted with permission from Servier Medical Art by Servier (https://smart.servier.com/), licensed under a Creative Commons Attribution 3.0 Unported

License.

can enter into the cells via multiple endocytosis pathways, while
most small molecules (<1 kDa) penetrate into cells via simple
diffusion, and macromolecules may have low endocytosis effi-
ciency, with the exception of those showing strong binding to the
receptors and/or cell membrane such as folate, transferrin, cell
penetrating peptides, and so on.***' This has also inspired the use
of NPs for delivering cargos (such as drugs, nucleic acids, proteins,
etc.) into cells.*” However, it is difficult to achieve specific uptake of
NPs by certain cell types due to their strong nonspecific adhesion
and binding to the cell membrane.?” Functionalization of targeting
agents is a popular strategy to impart specific cellular uptake and
subcellular organelle targeting abilities to NPs.*> One should note
that cell uptake is not always wanted, as in the case of cell
membrane labeling.**™*® In this context, conferring NPs with
controllable uptake efficiency and intracellular location is one
of the important objectives.

In the past few years, impressive efforts have been dedicated
to understanding the effects of nanoparticle size on cell uptake,
showing a vital role in the uptake pathway and efficacy of NPs.
For example, Chan et al found that herceptin conjugated
gold NPs of hard size ranging from 2 to 100 nm showed a
size-dependent internalization and the maximal cell uptake
was observed in the 25-50 nm NPs.*° In the case of mesoporous
silica NPs (30-280 nm, hard size), Mou et al. also revealed the
highest cell uptake occurring in the 50 nm NPs.?” Note that the
binding between the ligands of NPs and the receptors on the
cell membrane can decrease Gibbs free energy, and result
in membrane wrapping around the NPs.*®* The membrane-
wrapping process is likely acceptable to describe the size-
dependent uptake behaviors.*® In this model, large-sized NPs

This journal is © The Royal Society of Chemistry 2023

have more ligand-to-receptor interaction per particle than that
in the small NPs, thus exhibiting higher cell uptake efficacy.
However, the cell membrane may have receptor shortage and
be unable to bind many NPs of >50 nm (hard size). The
optimal size of NPs for cell uptake is determined as 30-50 nm.>°
In fact, there are currently some available methods to quantify
the ligand number and density on NPs, which may provide
further understanding on the size effect on cell uptake.”’
Cell uptake of ultrasmall NPs has also been preliminarily
studied. For instance, Liang et al. prepared tiopronin-coated
Au NPs with hard sizes of 2-15 nm, and found size-dependent
cell uptake efficacy in MCF-7 cells. Especially, Au NPs of 2 nm
showed a higher cell uptake than 6 nm and 15 nm NPs.>*
Inconsistent with the results, the cell uptake efficacy of cationic
Au NPs was found to be elevated with increasing hard size from
2, 4, to 6 nm, contrary to the results obtained with both anionic
and zwitterionic counterparts.®>>® This suggests that it is hard
to obtain consistent trends of the size effect on cell uptake in
different kinds of NPs.

Moreover, apart from size, cell uptake of NPs is also affected
by other key factors such as surface chemistry, elasticity, and
material shape.>>*”"*° Even for one particular factor, its effect
on cell uptake should be evaluated case by case, similar to the
aforementioned size effect on different materials. For instance,
tuning elasticity has shown opposite effects on the cell uptake
of silica nanocapsules and alginate-encapsulating liposomes.*®*
Interestingly, at a certain particle size, it is possible to control cell
uptake by tuning surface chemistry, in which surface ligands can
be engineered to possess diverse properties such as density (or
surface coverage), hydrophobicity, charge, and targeting motif.®* *
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Therefore, cell uptake can be affected by size effect but is domi-
nated by the combined effect of multiple factors.

2.2 Size-dependent protein corona and in vivo targeting

In order to understand the size effects on cell uptake efficacy,
and in vivo biodistribution and targeting, the protein corona
formation on NPs has attracted much research interest. The
interplay between biological proteins and NPs is one of the
decisive factors in the cell uptake process and in vivo
pharmacokinetics.**°® When NPs are dispersed in the biologi-
cal environment, serum proteins can dynamically adsorb on
NPs, forming the so-called protein corona.®”””® The protein
corona can seriously affect the physicochemical properties,
in vitro cell uptake, and in vivo fate of the NPs. For example,
protein corona can facilitate or inhibit the binding of NPs
to receptors on the cell membrane, thus affecting the cell-NP
interactions.”"”” The active targeting efficacy of functionalized
NPs in vivo could be decreased due to the protein corona-
induced rapid clearance and the shielding of surface targeting
ligands.””* Interestingly, recent studies showed that protein
corona can also be beneficial for improving blood circulation
and targeting by recruiting specific proteins.”>”’” Increasing the
size of NPs has generally led to the increase of the binding
constant and amount of proteins on NPs. Compared to large-
sized NPs, ultrasmall NPs have smaller surface areas and
permit the formation of only a thin-layer protein corona.”® '
Such a reduced degree of serum protein coverage may retain
the targeting capability of surface ligands and antibodies on
NPs to a great extent. Even so, a deeper understanding of the
protein corona of ultrasmall NPs is needed via experimental
and theoretical studies.”**>

In comparison with molecules, NPs show significantly pro-
longed blood circulation and tissue targeting capability.>®%*~%
Particularly, NPs can exhibit passive targeting via the enhanced
permeability and retention (EPR) effect and active targeting for
enhanced accumulation in tumors.®® However, clinical studies
have shown that the EPR effect may not improve the accumula-
tion of nanosized agents in human solid tumors, despite the
success in preclinical animal models.?”*® In addition, NPs are
often prone to be sequestered by the RES (e.g., liver, spleen, and
bone marrow) after intravenous injection into animals. Similar
to in vitro cell uptake, the particle size affects in vivo circulation,
targeting and tissue penetration.”®® For example, larger NPs with
a HD size of 20-100 nm often have improved pharmacokinetics
and tumor targeting, but show limited tumor penetration ability
and serious nonspecific accumulation in the RES, while smaller
NPs (<10 nm) often show lower uptake in the RES and enhanced
tissue penetration but a possible fast blood clearance. Besides, NPs
of >200 nm tend to be accumulated in the spleen.

2.3 Size-dependent general toxicity and clearance pathway

Due to the exposure of main organs and tissues to NPs, it is
of importance to guarantee low toxicity of NPs.””°! Owing to
the high specific surface area, NPs have higher biological
and chemical reactivity in comparison with bulk materials,
resulting in potential toxicity concern.”® One of the main
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toxicity mechanisms of NPs is the formation of reactive oxygen
species (ROS), which cause cell damage by the oxidation of
intracellular substances, such as proteins, nucleic acids, and
lipids.?® This toxicity effect is likely dependent on the type and
concentration of nanomaterials. Besides, nanotoxicity is also
associated with the complex interplay between NPs and bio-
molecules (proteins and enzymes).”* For example, the leaching
of metal ions from metal-containing NPs might cause serious
cytotoxicity and neurotoxicity. In this case, smaller NPs may
have a faster ion release rate than larger NPs and induce higher
cytotoxicity.”> With the advance in nanomaterial engineering,
the nanotoxicity of NPs can be modulated, and nanotoxicity has
also been transformed into an effective therapeutic strategy for
tumors (e.g., selective ROS generation in cancer cells).’® After
administration in animals, in vivo toxicity is highly associated
with the retention time of NPs in organs and tissues.
Nowadays, liver excretion (via faces) and renal clearance (via
urine) are acknowledged as the two main pathways for the body
clearance of NPs.””'° In contrast to liver clearance, renal
clearance typically has a higher clearance efficiency (>50%)
within a shorter period (e.g., 12 h). To allow efficient body
excretion via the renal clearance pathway, NPs usually should
have HD sizes near or less than the glomerular filtration
threshold. In addition, the size cut-off for renal clearance is
also dependent on nanoparticle type (e.g;, hard or soft materials)
and surface properties (e.g., shape, hydrophobicity, and
charge).'”" For example, several kinds of NPs with a HD size
of ~10 nm were also found to be clearable by the kidney.' %>
For NPs within the 2-6 nm range (HD size), smaller NPs are
found to be cleared faster than the larger NPs, which could be
due to their weaker interactions with the glomerular basement
membrane.’®’ As such, designing ultrasmall NPs with high
renal clearance capability offers a promising solution to
decrease long-term in vivo toxicity. This also inspires further
exploration of smart large-sized NPs (that show specific degra-
dation or disassembly into renal clearable molecules and
ultrasmall NPs) for in vivo imaging application.'***>

3. Ultrasmall nanoprobes versus
molecular and large-sized probes

The development of nanophotonics and nanomaterials has
triggered the expansion of luminescent nanoprobes for diverse
bioapplications. Unlike molecular probes, the surface chemistry
of nanoprobes can be finely tailored to fulfill imaging
purposes.'°®'%” Nanoprobes are also able to solve the undesirable
stability and optical tuning dilemmas in molecular probes,
allowing multiplex imaging of targets.'®® Targeting units such as
peptides, proteins, and small molecules can be attached to
nanoprobes via several available bioconjugation methods.*® This
endows nanoprobes with passive and/or active targeting capability
in tumors. Due to the specific size regime, ultrasmall nanoprobes
fill the gap between molecular and large-sized probes, and some-
times provide a solution to the practical problems in disease
targeting.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Strategies to improve the in vivo tumor targeting efficacy of
ultrasmall nanoprobes. (a) Protein capping on NPs via in situ synthesis or
post-synthesis modification. (b) Surface functionalization with aptamers,
peptides, ligands, and antibodies. (c) Designing ultrasmall NP-based smart
assemblies and hybrids.

Even so, ultrasmall nanoprobes may have relatively low
uptake in tumors than large-sized NPs due to their molecule-
like renal clearance and fast blood clearance.*""'*""* Impressively,
some strategies have been presented to augment the tumor
accumulation efficacy of ultrasmall nanoprobes.'”*™** For
example, metal NPs can be synthesized in situ on template
proteins (e.g., albumin), which may allow enhanced blood
circulation and tumor accumulation effects than small-
ligand-capped counterparts (Fig. 4a)."*®''” Functionalization
of targeting agents (e.g., peptides, antibodies, and aptamers)
may also be achievable (Fig. 4b); however, it is a big challenge to
functionalize these targeting agents on ultrasmall NPs and
maintain their renal clearance property. Currently, there are
only a few successful examples such as those based on lever-
aging small antibodies and antibody fragments (with a mole-
cular weight below ~ 40 kDa)."*®'*® Ultrasmall Au NCs and QDs
could also self-assemble into large assemblies or integrate with
other materials to form hybrids for increasing accumulation
efficacy in the tumor and other desired sites (Fig. 4c).'%%12%12!
This direction may be helpful to design smart assemblies
for tumor-specific imaging and therapy application, which
however is still in its infancy. Besides, the resultant assemblies
may have increased nonspecific organ accumulation and
different body clearance pathways.

Because of low unspecific accumulation in major organs,
superior in vivo imaging quality with high signal-to-noise ratio
can sometimes be realized by using ultrasmall nanoprobes.'*'**
More importantly, ultrasmall nanoprobes may feature a wider
scope of in vivo imaging applications than the molecular and
large-sized probes. For example, ultrasmall nanoprobes permit

This journal is © The Royal Society of Chemistry 2023
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some exclusive biological applications, such as in vivo PL
bioimaging of kidney dysfunction and bladder-related diseases,
and in vivo PL tracking of labeled proteins.'**'** In addition,
designing nanoprobes that feature target-activated release of
renal clearable ultrasmall NPs offers a new strategy to diagnose
in vivo diseases by urinalysis.”>'*® Such a methodology has
facilitated in vitro multiplex analysis of in vivo targets.

4. Ultrasmall luminescent nanoprobes
and in vivo bioimaging

As discussed above, ultrasmall luminescent nanoprobes offer
new imaging tools for in vivo bioimaging applications.
Currently, several important kinds of ultrasmall inorganic
luminescent NPs have been engineered for in vivo PL bio-
imaging applications. In this section, we summarize the general
features, design strategies, and in vivo imaging performance
of ultrasmall luminescent nanoprobes based on QDs, metal NCs,
lanthanide-doped NPs, and silicon NPs, respectively.

4.1 Quantum dots

4.1.1 General features. Semiconductor QDs are crucial
luminescent tags that have been used in biological diagnosis
and imaging since their successful colloidal synthesis.'*®"*°
In 1993, Bawendi and coworkers reported the facile production
of nearly monodisperse QDs, inspiring the follow-up synthesis
and biomedical application of QDs."*® Due to the size
approaching the bulk Bohr exciton radius (namely in the range
of 2-10 nm), QDs show unique electrical and optical properties,
especially nanocrystal size-dependent energy band gap.'*"'3>
Compared with fluorophores, QDs often exhibit better in vivo
imaging performance, due to their narrow and tunable emis-
sions covering from the visible to infrared regions, robust
photostability, large absorbance coefficients, and high quan-
tum yields."** For instance, the PL wavelength of QDs can be
readily tuned by controlling particle sizes, compositions, and
internal structures.>*"'** Currently, researchers have developed
a number of approaches to synthesize QDs, including bottom-
up methods (e.g., wet chemistry, pyrolysis, hydrothermal
methods, etc.) and top-down methods (e.g., electrochemical
etching, laser ablation, etc.)."*>"*” Besides, surface functionali-
zation of QDs can be conducted by diverse modification strategies,
such as ligand exchange, amphiphilic polymer coating and silica
coating.’**"*® Such attributes make QDs an important label for
molecular PL imaging in vivo.

Typically, metal chalcogenide QDs are composed of ele-
ments from Group II-VI (e.g., CdSe, CdTe, HgTe) and IV-VI
(e.g., PbS, PbSe). The earlier works based on these QDs have
brought them to the forefront in biomedical imaging. However,
heavy metal elements, such as Cd, Hg, and Pb, are rather toxic
to cells. Besides, although it is currently a routine to synthesize
QDs with near-infrared (NIR) PL (700-900 nm), their excitation
wavelength still lies in the visible region (<500 nm), which
hinders in vivo practical application. To circumvent such
issues, the past years have witnessed the rapid development
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of core-shell QDs with an inert shell (e.g., ZnS) and low-toxicity
QDs without heavy metals, including Group III-V (e.g., InP,
InAs), I-VI (e.g., Ag,S, Ag,Se),"*® and I-1II-VI (e.g.,, CulnSe,
AgInS,). These QDs may have improved in vivo long-term
biostability and also extend emission wavelength into the
second NIR region (NIR-II, 1000-1700 nm). Over the past few
decades, the in vitro and in vivo toxicity effects of QDs have
attracted much research, as summarized in several nice
reviews.'°'*? The toxicity of QDs is mostly caused by the
release of metal ions and ROS formation, which are dependent
on dosage, composition and surface chemistry properties.
Generally, inert shell coating and biomolecule/PEG modifica-
tions could be beneficial for reducing the potential toxicity.'*®

4.1.2 Biodistribution and body clearance. The in vivo bio-
distribution fate of QDs is largely dependent on the surface
properties (e.g., ligands, charges, and proteins) and particle
145,146 15 2007, Bawendi and Frangioni et al. studied the
size and surface charge effects of QDs on their urinary excretion
properties after intravenous injection.'>” The QDs were synthe-
sized in an organic phase and coated with zwitterionic or

size.

neutral organic ligands to render water dispersibility. The
authors found that QDs with a HD diameter of <5.5 nm were
effectively cleared into the urine within a few hours (Fig. 5).
This study provides a foundation for future exploitation of renal
clearable nanoagents for biomedical application. However, the
HD size of QDs may be increased (e.g., >10 nm) after surface
modification with polymers, proteins, and antibodies. These
QD nanoprobes may be sequestrated by the liver and encounter
subsequent slow hepatic clearance via the feces.’**'*” For
example, Wang et al. reported the encapsulation of Ag,S QDs
in protein nanocages (PNC) and their further modification with
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of Ag,S-PNC and PEGylated Ag,S-PNC after intravenous injection.
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polyethylene glycol (PEGylation), which both led to their major
accumulation in the liver, but the blood circulation time was
significantly prolonged after PEGylation (Fig. 6)."** Dai et al
also found the size increase of the synthesized QDs from
6.9 nm (hard size) to 18.2 nm (HD size) after PEGylation. The
resulting QDs enabled sensitive in vivo imaging of tumor and
can be mainly excreted in 72 h via the biliary pathway (Fig. 7).**®
In addition, the biological stability of QDs should be consi-
dered to avoid potential toxicity of metal ions caused by
decomposition.’*® Thereby, careful functionalization of QDs
with suitable agents is necessary to impart body-clearable and
disease-targeted imaging capabilities to QD nanoprobes for
improving bioimaging efficacy.

4.1.3 Invivo PL bioimaging. To avoid the potential toxicity
of heavy metal ions (e.g., Cd, and Hg) in animals, toxic-metal-
free QDs with outer ZnS shells are the ideal choices for
bioimaging."*' Importantly, the ZnS shell can also lower the
toxicity of Cd-/Pb-based QDs, as evidenced by the minimal
in vivo toxicity of CdSe/CdS/ZnS and PbS/CdS/ZnS QDs."*° 2
To bypass the possible toxicity of heavy metal ions, Pons et al.
synthesized core-shell CulnS,/ZnS QDs with intense emissions
centered at 800 nm and a high quantum yield (QY) of 20%,
which retained bright fluorescence after dispersing in water
and were applied to in vivo sensitive imaging of sentinel lymph
nodes."*® The QDs also had a better stability and lower in vivo
acute toxicity in comparison with Cd-containing QDs. By con-
trast, CulnS, QDs were found to evoke serious in vitro and
in vivo toxicity when there was no ZnS shell coating, corro-
borating the significance of the surface inert shell in reducing
toxicity.'>* The QY of core-shell CulnS,/ZnS QDs can be further
improved to 70-80% by using template and cation exchange

This journal is © The Royal Society of Chemistry 2023
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of Sciences.

synthesis methods."*>'*® Upon functionalizing QDs with tar-
geting agents, like peptides, nucleic acids, and antibodies,
cancer-targeted PL imaging was realized to visualize in vivo
tumors.'?>"”1%® For instance, Pang and colleagues doped
Mn** into Ag,Se QDs, conferring QDs with both NIR PL
imaging and magnetic resonance imaging abilities.">® The
ultrasmall nanoprobes (HD, 4.3 nm) were encapsulated in the
cell-derived microvesicles (MVs) for labeling, thereby enabling
whole-body tracking of MVs via dual-modal imaging. Also,
emission-tunable QDs allow multicolor and multiplex PL
imaging by targeting different biomarkers.'®”'®" In order to
improve in vivo imaging specificity, QDs can be engineered with
target-activatable linkers (e.g., enzyme-responsive peptides) and
energy acceptors (e.g., dyes), thus enabling specific PL imaging
of targets via modulating Forster resonance energy transfer
between the QDs and acceptors. This strategy has been
implemented to image cancer-associated markers, including
proteases, ions (e.g., H', metal ions), small molecules (e.g., reactive
oxygen species), and nucleic acids (e.g., mRNA, microRNA)."*>%>
Interestingly, in 2006, Rao et al. introduced self-illuminating QD
conjugates for in vivo multiplex imaging.'®® Through the biolu-
minescence resonance energy transfer between QDs and luci-
ferase, the conjugates emitted bright PL for in vivo imaging with
a high signal-to-background ratio. So far, the self-illuminating QD
nanoprobes have been developed by several design strategies,
providing multifunctional autofluorescence-free tools for in vivo
imaging of diverse diseases."®"7°

In comparison with PL imaging in the NIR-I region (700-
900 nm), NIR-II imaging techniques have realized better
imaging sensitivity and resolution in deep tissues, due to
significantly reduced light scattering and tissue absorption as
well as negligible background PL in such a spectral range.
Currently there are several kinds of NIR-II QDs, mainly includ-
ing PbS, Ag,S, InAs, and CulnsS,."”"™"7” In 2010, Wang et al. first
reported the synthesis of monodisperse NIR-II Ag,S QDs
with a hard size of 10 nm and PL emission at ~1058 nm."”®

This journal is © The Royal Society of Chemistry 2023
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Wang et al. recently developed activatable NIR-II nanoprobes
for real-time assessment of the early traumatic brain injury
(Fig. 8)."”7 Bruns et al. exploited the NIR-II-emitting InAs-based
core-shell QDs with a QY up to 30%, and demonstrated multi-
functional in vivo PL imaging applications, such as quantitative
blood flow mapping in brain and tumor microvascular imaging
in mice (Fig. 9)."”® Importantly, activatable NIR-II QD nano-
probes show high imaging sensitivity and specificity to targets
of interest, and are increasingly explored for specific diagnosis
of cancer and PL imaging-guided surgery.'”®'®° Ultrasmall QDs
will serve as promising imaging toolkits for in vivo bioimaging,
but it may still not be easy to make such multifunctional QD
nanoprobes renal clearable currently.

4.2 Metal nanoclusters

4.2.1 General features. Metal NCs, such as Au, Ag, Cu, and
Pt NCs, are ultrasmall metal NPs that generally have core sizes
below 2 nm.*®"'82 Herein, we focus on Au NCs in view of their
good physicochemical stability and low tissue toxicity. Due to
the definitive atom number and molecular formulae, atom-
ically precise metal NCs provide the missing links between the
atoms and nanocrystals (>3 nm)."**'* Owing to the ultrasmall
size approaching the Fermi wavelength of electrons, Au NCs
show discrete electronic states and attractive optical absorption
and PL properties. In particular, Au NCs usually feature tunable
PL from UV to NIR regions, long lifetime (us level), large Stokes
shift (>100 nm), and high photostability. Such attributes make
Au NCs interesting ultrasmall luminescent nanoprobes for
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biosensing and bioimaging.''**8>'%¢ Despite the general low
toxicity, Au NCs also have toxicity concern caused by the
induced ROS generation in cells and organs. Especially,
protein-protected Au NCs have shown toxicity to liver, kidney,
and spleen after long-term accumulation in organs, while no
toxicity was observed in small-ligand-capped Au NCs.'”'88
Besides, a serious cytotoxicity of ultrasmall Au NPs (1 nm, hard
size) capped with organic ligands was observed.'®® Therefore,
the toxicity of Au NCs is highly related to surface ligands, which
might dominate their interaction with cells/biomolecules and
the in vivo clearance way.'*’

Typically, Au NCs are synthesized by reducing metal pre-
cursors in the presence of certain protective ligands, such
as thiolates, polymers, proteins, and nucleic acids."®* ™% Apart
from “bottom-up” synthesis strategies, Au NCs can also be
obtained through the “top-down” etching strategy. Thiolate
ligands are commonly used to synthesize water-soluble metal
NCs.®* In 2005, Tsukuda et al. synthesized and purified
glutathione (GSH) capped Au NCs, and characterized the clas-
sical Au,5(SG);s NCs by using high-resolution electrospray
ionization mass spectrometry.'®> To prepare high-purity Au
NCs, a ‘“size focusing” method has been developed and
proven effective for the synthesis of numerous NCs, such as
AU,5(SR)15,"%® Aus5(SR),4,""” and Auy,4(SR)go NCs,'*® which can
be applied to versatile thiolate ligands.'*® By employing CO gas
as a reducing agent, Xie’s group developed a facile way to
synthesize a series of atomically precise Au NCs.>*° Interest-
ingly, thiolate-capped Au NCs can further be modified for
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diverse bioimaging and therapy applications via several strategies,
such as ligand exchange/addition, protein functionalization, and
the formation of hybrid nanomaterials.'*®

Compared with the organic fluorophores and aforemen-
tioned QDs, Au NCs (such as thiolate-protected Au NCs) have
a relatively low QY (typically <10%).>°>*%® Additionally, some-
times PL origins of Au NCs remain elusive, which could be due
to the lack of enough precise structures and PL information of
Au NCs. In order to improve the PL property of Au NCs, great
efforts have been devoted into modulating the composition,
structure and surface rigidity. For example, Zhu and coworkers
introduced the silver doping strategy to dramatically augment
the PL QY of Au,s NCs by ~40%.>°* Lee et al. reported the
distinct enhancement of Au,,(SG)s’s QY by rigidifying the
Au(1)-thiolate shell with surface bulky groups, and achieved a
QY of ~60%.%°> Similar to the aggregation-induced emission
(AIE) phenomenon in the organic AIE nanodots, Xie et al
observed the poor solvent-induced aggregation and large PL
enhancement in the Au(1)-GSH complexes. Subsequent one-pot
synthesis of Au NCs by aggregation of Au(1)-GSH complexes on
the in situ generated Au(0) core resulted in a high QY of
~15%.%% Xie et al. further conducted systematic spectroscopic
investigations on a series of Au(1)-GSH complexes and the
atomically precise GSH-Au NCs.>*” This study reveals the effi-
cient modulation of the PL origins of Au NCs and their
emission wavelengths (from the visible to NIR-II regions) by
controlling the length of the surface Au(i)-thiolate motif, which
provides new insights to control the emission wavelength and
intensity of thiolate-protected Au NCs. Apart from the above
strategies, Au NCs’ QY can also be enhanced by confinement
and self-assembly approaches.>*%>1

4.2.2 Molecule-like in vivo biodistribution property. Unlike
large-sized NPs, Au NCs with HD sizes of ~2 nm tend to be
quickly cleared out from the body via kidney filtration, similarly
to small molecules. In 2011, Zheng et al. first reported the high-
efficiency renal clearance (>60%) of luminescent GSH-Au NCs
within 24 h after intravenous injection (Fig. 10), while citrate
and cysteine protected Au NCs were prone to be accumulated in
the RES (especially liver and spleen).”! This reveals a vital role
of surface chemistry in dominating the biodistribution fate of
Au NCs. Oppositely, molecule-like Au NCs possess a relatively
short blood circulation time, which may invalidate the EPR
effect for passive tumor targeting. Liu and Zheng found that
PEGylation (with a molecular weight of ~ 1 kDa) was capable of
endowing Au NCs with enhanced tumor targeting, prolonged
blood circulation lifetime, and effective renal clearance, in
contrast to GSH-Au NCs (Fig. 11).>'*> Besides, Au NCs can be
functionalized with additional agents (e.g., folate, peptides, and
antibodies) for active tumor targeting.'®® Interestingly, Zheng
et al. found that GSH-mediated biotransformation in the liver
can modulate the transport of NPs in vivo.”’* The indocyanine
green (ICG)-modified Au,; NCs were first transported to
the liver and then transformed into renal clearable ICG and
GSH-Au,s for systemic blood circulation. This resulted in the
enhanced tumor accumulation of ICG and GSH-Au,; NCs,
offering a strategy to tailor in vivo targeting and clearance of

This journal is © The Royal Society of Chemistry 2023
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ultrasmall nanoprobes. It should be noticed that the core size,
length of the ligand, surface charge and protein corona could
also affect the biodistribution of Au NCs.>" For in vivo applica-
tions, high-efficiency renal clearance of Au NCs can increase the
signal-to-noise ratio in the targeted site after the elimination of
off-target NCs.*'* Based on these findings, Au NCs could hold
great clinic translation potential.**>"%*

4.2.3 In vivo PL bioimaging. In the bioimaging field, the
unique advantage of Au NCs could be their low toxicity, rapid
body clearance, and theranostic functions.?*>>'® The favorable
NIR-emitting Au NCs can be synthesized by directly using
peptides and proteins as both capping and active targeting
agents. For instance, Kircher and colleagues recently reported a
series of emission-tunable Au NCs with HD sizes of ~2-6 nm
that were protected by low molecular mass metalloprotein
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View Article Online

Chem Soc Rev

b 40 -{ [ Coresize [ Hydrodynamic size
24310.55"\ 3.39 +1.06

AuQCs

a | .. AuQcC,s

{=-759mV
PDI =0.25

0.4 - AuQCy5

Normalized intensity

0.2

T
300 400 500 600 700 800 0 2 4 6 8

Wavelength (nm) Size (nm)
(o] Non-invasive Seirsgcszléy l Stepwise fluorescence-guided surgical resection I
&= 1 i < H
2
g
8
¢
s Low
i
Fig. 12 ) Excitation (dotted lines) and emission (solid lines; excitation,

360 nm) spectra of emission-tunable Au NCs. (b) Core size, zeta potential,
and HD diameter of the 705 nm-emitting Au NCs. (c) PL imaging guided
intraoperative surgery of in vivo mouse tumors. Adapted with
permission.?” Copyright 2020, Springer Nature.

alpha-lactalbumin (a-LA).>"” The Au NCs showed a high tumor
accumulation ability for effectively visualizing in vivo breast
tumors and guiding the tumor resection process (Fig. 12).
Besides, the o-LA-capped Au NCs not only enabled dual-
modal bioimaging by integrating X-ray computed tomography
with magnetic resonance imaging, but also utilized cytotoxic
a-LA-oleic acid complexes for tumor theranostics.

Beyond always-on PL imaging, Au NCs can be assembled
with other types of luminescent agents for turn-on or ratio-
metric imaging of analytes (e.g., ROS).>'**** Additionally,
luminescent Au NCs with an efficient renal clearance feature
can serve as imaging agents to noninvasively monitor the renal
clearance kinetics and image kidney diseases.>***** To improve
the in vivo targeting efficacy to tumors, it is required to tailor
the pharmacokinetics and biodistribution of Au NCs, which
could be achieved by surface modifications. For example,
Liu et al. recently synthesized the charge-reversal luminescent
Au NCs protected with thiolate PEG and small ligands, which
had optimized pharmacokinetics and pH-regulated HD sizes
and surface charges.”'® Such nanoprobes enabled high tumor
targeting for the selective PL imaging of tiny metastatic tumors
in the liver and lungs (Fig. 13). Importantly, Au NCs may retain
the HD sizes below 6 nm even after further functionalization
of some small-sized agents (e.g., antibody, protein, PEG), while
QDs with similar modifications may have overall sizes of
>10 nm and couldn’t be renal clearable.

In recent years, NIR-II PL has been observed in classical
thiolate-protected Au,s NCs, which provide better PL imaging
contrast than the conventional NIR-I-emitting Au NCs.?>3:*26
The NIR-II PL was found to be enhanced by precise doping of
metal ions (such as zn**), thus allowing for the sensitive
imaging of brain blood flow dynamics and cancer meta-
stasis.>”” By using cyclodextrin (CD) as the capping agent, we
and colleagues facilely synthesized CD-Au NCs with an intense
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metastasis sites). Adapted with permission.?'® Copyright 2020, American
Chemical Society.

emission at ~1050 nm."*> The NCs not only feature efficient
renal clearance, but also enable robust protein/antibody label-
ling via the host-guest interaction for in vivo tracking and
tumor-targeted PL imaging (Fig. 14). Also, Li et al. developed
the ribonuclease-A capped Au NCs with bright NIR-II emissions
for gastrointestinal tract imaging and intestinal tumor diagno-
sis, due to their outstanding photostability in the gastric
environment.>*® By virtue of the high renal clearance efficiency
and decreased potential toxicity, luminescent Au NCs are
increasingly explored as ultrasmall nanoprobes and promise
future clinical translation.?****°

4.3 Lanthanide-doped nanoparticles

4.3.1 General features. Lanthanides are the important 15
elements covering from lanthanum (atomic number 57) to
lutetium (atomic number 71), which are considered as rare
earth elements together with scandium and yttrium. Lantha-
nide ions (Ln**) have the electron configuration of 4f"5s>5p®
(n = 0-14), and emit tunable emissions covering from UV, visible,
to NIR regions originating from the 4f-4f transitions.**'>** When
doped into suitable host crystalline lattices or coordinating with
suitable ligands, Ln>" have intense, narrow, tunable emissions
with good photostability, because of the well-defined and ladder-
like energy levels.>**>*® In addition, their 4f orbitals are shielded
by the filled 5s and 5p orbitals, providing stable and distinguish-
able spectroscopic signals for PL bioimaging in the biological
environment.>****° Moreover, Ln>" ions show long-lived lumines-
cence and narrow band emissions, which enable time-resolved
optical imaging and multiplex PL imaging.>*"**> In 2004,
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for tumor targeting. (d) Urine clearance properties and (e) PL images
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(non-target), respectively. Adapted with permission.’®> Copyright 2021,
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Haase et al. reported the efficient photo upconversion in
colloidal lanthanide-doped NaYF, nanocrystals.>** The devel-
opment of the core-shell structure and co-doping design
further improves the upconversion luminescence QYs of
lanthanide-doped nanocrystals.***>*” Significantly, owing to
the weakened light scattering and absorption of tissues in the
NIR-II regions, lanthanide NPs with NIR-II emissions have
currently attracted increasing attention in PL bioimaging. The
fantastic upconversion NIR-I PL and down-shifting NIR-II PL
upon deep-tissue penetrable light excitation (e.g., 808, 980,
1208 nm, and X-ray sources) make lanthanide nanoprobes a
unique multifunctional imaging tool in vivo.>**>*°

Notably, high-quality lanthanide NPs are generally prepared
in organic solvents with surface coating of oleic acid (and/or
oleylamine) ligands. It is nowadays a routine to control the
nanocrystal size and morphology of lanthanide-doped NPs.>*>72%*
To engineer functional nanoprobes, much efforts have been
devoted to conducting surface modifications through silica and
polymer coating and surface ligand exchange strategies.>>>*
The rich surface lanthanide ions facilitate facile polymer functio-
nalization via both electrostatic interaction and the strong
coordination between Ln*' and carboxyl and amino groups.
In comparison with nanoprobes established based on QDs and
metal NCs, lanthanide nanoprobes might show advantages in
the well-tunable and narrow PL in NIR-I/-II regions and the

This journal is © The Royal Society of Chemistry 2023
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multiple excitation lights (e.g., NIR lasers and X-rays), which
promise broad bioimaging application. However, ultrasmall
lanthanide NPs may encounter low luminescence QYs, owing
to small absorption cross-section and surface quenching. In
2010, Prasad et al. prepared ultrasmall (7.1 nm, hard size)
NaYbF,:2% Tm>* NPs with high upconversion efficiency than
that of classical NaYF,:20% Yb®*', 2% Tm*" NPs.>*” So far,
several strategies have been proposed to increase PL efficiency
in ultrasmall lanthanide NPs, such as host engineering and
energy transfer modulation.>®”>°® Interestingly, Liu et al. dis-
covered that the UV emissions of ultrasmall (5 nm, hard size)
NaGdF,:Yb/Tm NPs can be boosted by about 11 000 folds after
coordinating surface ions with bidentate molecules (namely
pyridine-2-carboxylic acid), which may induce reconstruction of
the orbital hybridization and crystal-field splitting of surface
Yb**.2%* In spite of these attempts, studies on highly lumines-
cent ultrasmall lanthanide-doped NPs are still in infancy.”®

With regard to toxicity, many studies have been carried out
to examine the in vitro and in vivo toxicity of lanthanide NPs,
most of which have indicated their low toxicity to cells and
animals.”®® However, time- and concentration-dependent cyto-
toxicity was observed in several reports.”®” It is also required to
consider the nephrotoxicity of Gd*>* and other lanthanide ions.
Besides, bare lanthanide NPs were reported to induce serious
cytotoxicity due likely to strong interactions with biological
molecules such as adenosine triphosphate (ATP).”®®*%° Never-
theless, lanthanide NPs have shown relatively low in vitro and
in vivo toxicity after suitable functionalization (e.g., peptides,
proteins, phospholipid shell).>”*>”*

4.3.2 In vivo biodistribution and body clearance. Owing to
the relatively low toxicity and high photo- and chemical-
stability, lanthanide NPs are regarded as biocompatible
probes.>*®*”? Different from the hard size below 10 nm of
QDs and metal NCs, lanthanide NPs often have sizes between
20 nm and 100 nm to achieve high PL QYs. Lanthanide NPs
within such a size range tend to be accumulated in the RES
after intravenous injection. In 2010, Li and colleagues studied
the in vivo long-term biodistribution of Ln**-doped NaYF, NPs
(11.5 nm, hard size), showing initial accumulation in the liver
and spleen after intravenous injection and gradual body clear-
ance over 115 days (Fig. 15).>>° Such behaviors were similar to
those of silica coated NaYF, NPs with observable body clear-
ance after 7 days.>”®> However, Liu and coworkers observed the
long-term body retention (over 3 months) of 30 nm (hard size)
NaYF,;:Ln NPs coated with polyacrylic acid (PAA) and PEG
layers.>”* The surface chemistry, particle size, and administra-
tion manner therefore can greatly affect the biodistribution and
clearance of lanthanide nanoprobes.>*®

In the past decade, the excretion pathway of lanthanide
NPs has been increasingly researched. For example, Li and
coworkers utilized radioisotope labeling to track the biodistri-
bution of lanthanide NPs (hard size, ~22 nm), revealing high
accumulation in the mononuclear phagocyte systems. Only a
fraction of lanthanide NPs were excreted into mice feces (<5%)
via the hepatic clearance pathway.>”> When decreasing particle
sizes or changing surface properties, it is feasible to elevate the
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Fig. 15 Real-time ex vivo upconversion PL imaging of mice with the
intravenous injection of PAA-lanthanide NPs. Sites 1, 2, 3, 4, 5, 6, and
7 indicate the kidney, lungs, heart, spleen, liver, stomach, and intestine
regions, respectively. Adapted with permission.?>® Copyright 2010,
Elsevier.

hepatic clearance efficiency of NPs.>’® For instance, Dai et al.

reported the surface functionalization of lanthanide NPs with
cross-linked hydrophilic polymers, resulting in a notably
enhanced hepatic clearance efficiency of ~90% (Fig. 16).>*"
Notably, sub-6 nm lanthanide NPs have also been prepared for
PL imaging. Zhang’s group reported that lanthanide NPs of
5.3 nm HD size can be excreted into both feces (~45%) and
urine (~30%) at the fourth day post intravenous injection.?*
Prasad and colleagues studied the in vivo clearance efficiency of
Ln**-doped NaGdF, NPs with a HD diameter of ~5.1 nm. The
injected NPs were almost eliminated from the body, showing a
liver clearance of 55% and a kidney clearance of 40% over 4
days.?”” Overall, ultrasmall lanthanide NPs may be favorable to
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Fig. 16 (a) Sketch map of cross-linking polymer modified hydrophilic
lanthanide NPs. (b) PL imaging of mice at 1 d and 14 d post injection of
Er®*-doped lanthanide NPs. (c) PL intensity in the liver and spleen post
injection. (d) Organ and tissue accumulation at 14 d post injection. The
excreted amount of lanthanide NPs in the faeces within different time
periods is also shown. Adapted with permission.?>! Copyright 2019,
Springer Nature.
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be excreted via both liver and kidney pathways, while large-
sized lanthanide NPs tend to accumulate in the body for a
relatively long time. Nevertheless, lanthanide nanoprobes are
body-clearable, which can be beneficial for long-term in vivo PL
bioimaging.

4.3.3 In vivo PL bioimaging. To construct ultrasmall
lanthanide nanoprobes for PL bioimaging, the synthesis of
sub-10 nm lanthanide NPs with bright PL is the first essential
challenge. Previous studies have realized it by changing the
synthetic methodologies, such as the design of ion doping and
core-shell structure, which has been reviewed.?¢%*6>:278
In 2011, Li et al. reported the synthesis of ultrasmall NaLuF,:
Gd/Yb/Tm NPs (HD size, 8.6 nm) with intense upconversion PL,
realizing cell labeling and in vivo sensitive upconversion PL
tracking.”’® Ultrasmall upconversion nanoprobes can also be
adopted for multimodal tumor imaging.?***®! In spite of these
advances, the upconversion PL efficiency of lanthanide NPs is
still far less than that of down-shifting PL. Moreover, NIR-II PL
imaging with low background signals and high tissue penetra-
tion depth has led to increasing research interest in NIR-II-
emitting lanthanide nanoprobes. For example, Zhang et al.
synthesized 1064 nm-emitting Nd**-doped NPs (HD size,
5.3 nm), which can be functionalized with GSH to construct
ROS-activatable nanoprobes (Fig. 17)."**> The ultrasmall nanop-
robes were trapped in inflamed areas subjected to the ROS-
triggered crosslinking reaction, achieving precise NIR-II PL
imaging of mice inflammation. Meanwhile, other free nanop-
robes were able to be excreted into the feces and urine, leading
to the high-contrast in vivo PL imaging.

Apart from the conventional excitation of UV-vis and NIR
lights, lanthanide NPs can also emit PL upon excitation of high-
energy rays, such as X-rays and cathode rays.*** Because of the
broad clinical use and nearly limitless tissue penetration depth
of X-rays, X-ray-activated PL imaging offers a new opportunity
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Fig. 17 (a) Schematic illustration of the design and NIR-II PL imaging of

inflammation using ultrasmall lanthanide nanoprobes. ROS responsive
crosslinking of the nanoprobes is shown. (b) NIR-II PL imaging of
mice inflammation after injecting different nanoprobes. Adapted with
permission.'?? Copyright 2018, Wiley-VCH.
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for deep-tissue disease diagnosis and further clinical trans-
lation.*®? In 2011, Xing et al. synthesized small Eu**-doped NPs
with a hard size of 14 nm, and utilized their intense X-ray-
excited NIR radioluminescence for in vivo imaging, which
showed better imaging contrast than the conventional NIR
imaging.”®* X-ray-excited NIR-II imaging was also presented
through utilizing core-shell Er*'-doped lanthanide NPs,
enabling sensitive in vivo visualization of lymph nodes.*®®
Recently, lanthanide NPs with X-ray-excited NIR-I/-II persistent
radioluminescence have been studied, allowing high-contrast
imaging in deep tissue.”®***” In addition, it was realized to
translate UV-vis Cerenkov luminescence of radioisotopes into
NIR lights for in vivo PL imaging by combining with lanthanide
NPs.**32% For example, Grimm et al. integrated the ultrasmall
europium-doped NPs (hard size 7 nm, HD size 11 nm) with *Zr
isotopes for simultaneous positron emission tomography (PET)
and NIR PL imaging (Fig. 18).>" The original Cerenkov radiation
in the UV-vis region can excite lanthanide NPs and emit NIR
PL signals to address the limited tissue penetration depth of
UV-vis excitation light. Such a design provides new possibilities
to improve the practical medical application of the Cerenkov
radiation. However, sub-10 nm ultrasmall lanthanide NPs are
still rarely explored for in vivo PL bioimaging currently, which
might be due to their relatively low PL efficiency.

4.4 Silicon nanoparticles

4.4.1 General features. Silicon is considered as the second
most abundant element in the earth’s crust after oxygen,
leading to the wide applications of silicon materials in
various fields, including photonics, microelectronics, and bio-
medicine.**°>°> Note that biologically used Si-based nano-
materials mainly include sub-10 nm ultrasmall silicon NPs

This journal is © The Royal Society of Chemistry 2023
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and non-luminescent silica NPs.>**

With the crystal size near
bulk-Si exciton Bohr radius (~4 nm), ultrasmall silicon NPs
possess unique optical properties (e.g., PL).>***% Luminescent
silicon NPs usually have low cytotoxicity and tunable PL in the
UV-vis and NIR range. Notably, silicon NPs could be biode-
graded into metabolizable molecules (e.g., silicic acid) in the
biological environment.>**°® This makes silicon NPs very
promising for clinical translation. Excitingly, ultrasmall silica
NPs have been approved by the U.S. Food and Drug Adminis-
tration as imaging agents for human clinical trials.***%°

In the last several years, luminescent silicon NPs have been
widely utilized for in vitro biodetection and in vivo
imaging.??%3%°3%! The synthesis method can be roughly divided
into two main categories, namely ‘“top-down” and “bottom-up”
approaches. The former means the crushing of large-sized
silicon precursors into silicon NPs by physicochemical treat-
ments, such as chemical etching, laser ablation, thermal
decomposition, and mechanical milling.>***°*3% These meth-
ods offer a facile strategy to synthesize silicon NPs with tunable
emissions, but it needs hazardous agents or treatments, such
as high-concentration HF and heat treatments. The alternative
bottom-up methods rely on the self-assembly of molecular
silicon precursors under microwave and solvent-thermal
treatments.’** % This strategy can obtain silicon NPs with
decided surface chemistry by using different precursors.**®
Significantly, the crystal size of silicon NPs markedly impacts
the PL emission wavelength, lifetime, and QY, due to the PL
origin from the recombination of quantum confined charge
carriers of silicon.?*”2°° Silicon NPs are prone to be oxidized
and biodegraded in the biological environment,>® which
may reduce crystal size and affect PL properties.**”*® Conse-
quently, surface passivation of hydrogen-terminated silicon
NPs is necessary for improving their photostability. It has been
found that the PL and photostability of silicon NPs were
improved by surface coating of organic ligands (e.g., alkene
and alkyne ligands).*®® For example, Sato et al. coated silicon
NPs with silicone elastomer as the passivation layer and
improved their photostability in the atmosphere and in various
solvents.*'® Typically, silicon NPs can be functionalized with
polymers and other biological agents via hydrosilylation and
functional phospholipid coating.?***'*

4.4.2 Invivo biodistribution and toxicity. Biological toxicity
and the in vivo clearance manner are the two key considerations
that determine whether nanomaterials can be further used for
biomedical applications. Notably, silicon NPs possess lower
cytotoxicity compared to heavy metal-containing QDs.’'
Although silicon NPs may have ROS generation-associated
toxicity at high doses in cells and animals, their good in vivo
clearance can greatly raise long-term safety.>'® It has also been
found that silicon NPs were degraded into silicic acid in vivo
and excreted via the kidney.*'**'® Sailor et al. reported that
luminescent porous silicon NPs were almost biodegraded in
biological media within 4 h (>95%). The silicon NPs were
accumulated first in the liver and spleen, and then gradually
degraded within 4 weeks post injection without causing notice-
able in vivo toxicity.>'* Ultrasmall silicon NPs of HD size below
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Fig. 19 (a) Sketch map of °%/8%Y-labeled silica NPs for diagnosis and
therapy applications. (b) Time evolution of PET images of tumor-bearing
mice injected with °%/®6Y-labeled silica NPs. (c) Time evolution of
Cerenkov luminescence images of mice after injection. Adapted with
permission.® Copyright 2021, American Chemical Society.

5 nm also allow high renal clearance and urine excretion. Louie
and Kauzlarich synthesized manganese-doped silicon NPs with
hard size below 5 nm and HD diameters ranging from 8 nm to
43 nm depending on the surface coatings.*’” These silicon NPs
were nontoxic to mammalian cells, and can be labeled with the
%4Cu** complex for biodistribution analysis via PET imaging.
The results revealed their kidney clearance way and partial
accumulation in the liver.>'® Recently, Cai et al. conjugated
ultrasmall silica NPs (HD size, 13.5 nm) with the isotopic pair
%086y and systematically tracked their in vivo biodistribution
and clearance."® It was observed that the silica NPs conferred
enhanced tumor targeting and rapid hepatobiliary and renal
clearance, showing high-contrast tumor imaging performance
(Fig. 19).

In 2014, a first-in-human clinical trial of silica NPs was
reported for tumor diagnosis (Fig. 20).° In this trial, silica
NPs with HD sizes of 6-7 nm were modified with '**I, PEG, and
peptides, thus facilitating systematic evaluation of their safety,
pharmacokinetics, clearance properties, and cancer targeting
efficacy via PET and CT imaging. The silica NPs were renal-
clearable, and outperformed the clinical standard radiotracers
in imaging sensitivity and specificity of human melanoma. As
supported by many studies, silicon/silica NPs significantly hold
high clinical translation potential.****>*

4.4.3 In vivo luminescence imaging. In order to prepare
silicon nanoprobes, hydrophilic molecules and polymers are
frequently employed as surface coating agents during the
synthesis or during post-synthesis modification.****** In parti-
cular, amphiphilic polymers protect silicon NPs from the
oxidation and also improve their water dispersibility and
in vivo blood circulation life.****>® Targeting agents, such as
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Fig. 20 (a) Schematic illustration of C dots and in vivo imaging. (b) Time-
dependent PET imaging of human after intravenous injection of C dots
(bladder, heart, and bowel are marked with *, yellow arrow, and white
arrowhead, respectively). (c) PET-CT images of human at 4 h and 24 h post
injection (the tumor metastasis site is marked). Adapted with permission.2®
Copyright 2009, American Association for the Advancement of Science.

peptides, antibodies, and oligosaccharides, can be functiona-
lized on silicon NPs to endow them with specific targeting
capability to various diseases.*?°*?® In 2004, Ruckenstein et al.
reported the synthesis of NIR-emitting silicon NPs with
relatively high stability for live cell imaging,®*® which motivated
the increasing exploitation of silicon NPs for PL bio-
imaging.??%*%733%331 pragad et al. demonstrated the synthesis
of PEGylated silicon NPs with intense and tunable emissions at
450-900 nm.*'° The PEGylation and RGD peptide modification
can bypass rapid oxidative degradation and RES uptake during
blood circulation, thus achieving sensitive PL imaging of
sentinel lymph nodes and mouse tumors (Fig. 21). Moreover,
PL in the liver and spleen almost disappeared (>95%) after
2 months, indicative of gradual in vivo degradation property.
In another attempt, cyclic RGD-conjugated silicon NPs (hard
size, ~4 nm) were designed to specifically label PAT-3
for imaging muscle attachment structures in Caenorhabditis
elegans.**® Vancomycin can then be immobilized on silicon NPs
to enable in vivo tracking of Staphylococcus aureus infections for
a long time (8 days),*®*” and to rapidly image Gram-positive
bacteria-induced keratitis in living mice.*** Based on the strong
PL of silicon NPs, He et al. further explored the labeling of
exosomes with silicon NPs (SiNPs@EXO) for in vivo imaging.***
Significantly, SINPS@EXO showed high biosafety and enabled
sensitive diagnosis of metastatic lymph nodes (Fig. 22). Also,
NIR-II-emitting silicon NPs have been synthesized and applied
to in vivo bioimaging. Fujii et al. first synthesized ~9 nm (hard
size) silicon NPs with NIR-II PL centered at ~ 1000 nm.**> They
further improved NIR-II PL via doping boron and phosphorus,
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Fig. 21 (a) Photograph of emission-tunable silicon NPs upon 365 nm
lamp excitation. (b) Time-dependent PL imaging of Panc-1 tumor-bearing
mice after injection of RGD-modified silicon NPs. (c) Sentinel lymph node
imaging upon local injection of silicon NPs. Adapted with permission.3*°
Copyright 2011, American Chemical Society.

achieving a QY of ~1.74%.%****" Taking advantage of the
microscale lifetime (> 10 ps), luminescent silicon NPs can also
be employed for time-gated PL imaging.***

Apart from the bioimaging by using the inherent lumines-
cence of silicon NPs, non-luminescent silica NPs can also be
explored for in vivo molecular PL imaging by integrating with
fluorescent dyes.>***° This can be achieved by either encapsu-
lating NIR dyes in the silica matrix or modifying them on the
surface. In contrast to silicon NPs, dye-doped silica NPs may
have richer structures, compositions, and morphology types
(e.g., pore structure, shape, dopant, etc.), thus allowing diverse
bioapplication scenarios.**° For example, Chen et al. developed
fluorescent dye-doped ultrasmall silica NPs (~6 nm, HD size)
for in vivo melanoma-targeted PL imaging and molecular
phenotyping of sentinel lymph nodes.**' The ultrasmall silica
NPs were modified with Cy5.5 and CW800 dyes to construct
two spectrally distinct ultrasmall nanoprobes for multiplex
imaging. Therefore, the simultaneous imaging of two tumor-
associated biomarkers was capable of identifying the metastatic
tumors and their heterogeneity in the nodes. Such an imaging
tool facilitates intraoperative imaging guided surgical decision-
making and improves surgical efficacy.

In addition, it is feasible to encapsulate the lanthanide
chelates and radioisotopes in silica NPs for in vivo PL
imaging.?®® The long-lived luminescence of lanthanide ions
offers the potential for time-resolved in vivo imaging.>**>*?
Meanwhile, radioisotopes enable Cherenkov luminescence ima-
ging for improving imaging depth and sensitivity in vivo.***

This journal is © The Royal Society of Chemistry 2023
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Fig. 22 (a) Schematic illustration of the preparation of the exosome and
the silicon NP-labelled exosome (SiINPs@EXO). (b) TEM images of the
exosome and SINPs@EXO. (c) PL imaging of the popliteal lymph nodes in
healthy mice and lymphatic metastatic mice at various times post injection.
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Silicon/silica NPs are therefore very promising nanoprobes for
in vivo imaging of diseases, and may be clinically applicable in
the near future by virtue of the ongoing clinical trial.

4.5 Other ultrasmall luminescent nanoprobes

Apart from the aforementioned nanoprobes, there are several
other kinds of ultrasmall luminescent nanoprobes.**** One
typical example is the renal clearable ultrasmall dye-doped
nanoprobes, such as dye-doped AGuIX (activation and guiding
of irradiation by X-rays) NPs, aggregation-induced emission
(AIE) nanodots, and nanosized dye hybrids.***>*® Besides,
luminescent metal chalcogenide dots (e.g., MoS,, WSe,, etc.),
carbon dots, and polymer dots have been explored as renal
clearable nanoprobes for in vivo bioimaging of tumors.***3%
The past few years have also witnessed the size reduction of
classical luminescent NPs down to the sub-10 nm region. For
example, ultrasmall (2.5 nm, hard size) NPs with persistent
luminescence were synthesized, enabling the satisfactory per-
sistent luminescence and renal clearance properties for in vivo
imaging.****** We believe that more and more kinds of ultra-
small luminescent nanoprobes will be emerging with the rapid
development in nanoscience.

5. Conclusions and perspectives

In this review, we have presented the pressing demand of
exploiting sub-10 nm ultrasmall luminescent nanoprobes for
in vivo imaging, and summarized recent advances of PL bioi-
maging based on various vital kinds of ultrasmall luminescent
nanoprobes. We have discussed the size-dependent nano-bio
interactions and compared the ultrasmall nanoprobes with
conventional molecular fluorophores and large-sized probes.
Notably, ultrasmall nanoprobes may have relatively low RES
uptake and weak nonspecific accumulation in the body, thus
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helping to image in vivo diseases of interest with high sensitivity.
Recent studies have proven the significance of ultrasmall lumi-
nescent nanoprobes in molecule/protein labeling and in vivo
tracking of kidney/bladder diseases, which usually cannot be
achieved by large-sized nanoprobes. Nevertheless, it is improper
to draw the conclusion that ultrasmall nanoprobes outperform
large-sized nanoprobes in PL imaging in vivo. With the continued
discovery of novel ultrasmall NPs and the design of functional
nanoprobes, the sensitivity and selectivity of PL imaging could be
further improved. In contrast to molecular and large-sized probes,
ultrasmall luminescent nanoprobes have distinct advantages
(and disadvantages) and deserve future increasing explorations
and clinical trials.

Since the clinical approval of PEGylated liposomal doxoru-
bicin (Doxil) in 1995, considerable efforts have been devoted to
developing nanomaterials for cancer imaging and therapy.
Hitherto, a number of imaging NPs have been clinically
approved or undergoing clinical trials, as exemplified in
Table 1.%***°° Notably, a vast majority of the approved imaging
nanoagents are implemented for magnetic resonance imaging
(MRI), most probably due to the pervasive use of MRI in clinical
diagnosis. Some nanoagents for ultrasound imaging are also
clinically available. However, there is still a big gap between
material engineering and clinical trial/translation of imaging
nanoprobes. Regarding PL imaging, one example is the ultra-
small Cornell dots (7 nm, HD size) that have been in clinical
trial for tumor-targeted PL imaging and positron emission
tomography. Despite high imaging sensitivity and spatial reso-
lution, PL imaging faces some challenges for its clinical
applications.**” A major challenge could be the limited pene-
tration depth of PL imaging in the body. Excitingly, the emer-
ging NIR-II imaging has extended tissue penetration depth
from millimeters to centimeters. Also, further improvement
in the PL QYs of nanoprobes is highly desired. Moreover, PL
nanoprobes are capable of realizing surgical navigation, in
which the deep tissue imaging is sometimes not necessary.>**3®
Additionally, it is still difficult to attain nanoprobes with
clinically acceptable toxicity, biodistribution, and clearance
properties. Ultrasmall nanoprobes with efficient renal clear-
ance have garnered increasing interest in clinical trials (such as
quantum dots as shown in Table 1). Besides, imaging nano-
probes intended for clinical use should be reproducible on a
large scale and of high quality. In this context, atomically
precise metal NCs have some advantages such as well-defined
structures and compositions, which may meet some require-
ments for quality control of clinical agents. Though a number
of imaging nanoprobes have been explored for in vivo PL
imaging, these wunderutilized nanoprobes need further
in-depth investigation for advancing clinical translation.

Furthermore, regarding the design of ultrasmall lumines-
cent nanoprobes, there are still many challenges to be solved.
Firstly, when particle sizes decrease to the sub-10 nm level, the
absorption coefficient and PL QYs of NPs may drop sharply. For
example, as for lanthanide NPs, the controlled synthesis of sub-
10 nm core-shell NPs remains a challenge and their PL QYs
and brightness are usually low because of the low absorption
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Table 1 Examples of imaging nanoparticles (and microparticles) that have been clinically approved or are undergoing clinical trials

Imaging Approval and
Name Material composition Identifiers Size mode Diseases and applications phase status
Feridex Fe;0,4-v-Fe,0; with dextran NA 100 nm MR Imaging of liver lesions FDA (1996)
(Ferumoxides)  coating Discontinued
(2008)
Resovist Fe;0, with carboxydextran NA 60 nm MR Imaging of liver lesions Sweden (2001),
coating discontinued
(2009)
Feraheme Carbohydrate-coated NA 17-31nm MR Anaemia, and pancreatic cancer FDA (2009)
(Ferumoxytol) ultra-small super-
paramagnetic iron oxide
Ferumoxsil Siloxane-coated non- NA 400 nm MR Gastrointestinal imaging FDA (1996)
stoichiometric magnetite
Definity Perflutren lipid NA 1.1-3.3 Us Cardiovascular diseases, and prostatic ~FDA (2001)
microsphere pum neoplasm
Optison Albumin coated Perflutren NA 3-4.5 um US Echocardiography, and renal cell FDA (1997),
lipid microsphere carcinoma EMA (1998)
24[-cRGDY- *4[-labeled cRGDY silica NCT01266096 ~7 nm  PET Melanoma and malignant brain Startup (2011)
PEG-dots nanoparticle tumors Phase NA
Fluorescent Silica nanoparticles, NCT02106598 ~8 nm FL Head and neck melanoma; Imaging- Startup (2014),
cRGDY-PEG- cRGDY-PEG-Cy5.5 guided intraoperative mapping of phase 2
Cy5.5-C dots nodal metastases (recruiting)
*4Cu-NOTA- Ultrasmall silica nano- NCT04167969 ~10nm PET/MR Prostate cancer Startup (2021)
PSMAI-PEG- particles, **Cu-NOTA- Phase 1
Cy5.5-C’ dots PSMAI-PEG-Cy5.5 (recruiting)
QDs-VELD CdS/ZnS QDs-COOH, NCT04138342 ~10nm FL Breast cancer, skin cancer, and skin Startup (2019)
veldoreotide (VELD) diseases Phase 1
(recruiting)
ONM-100 Micelle conjugated to NCT03735680 <100 nm FL Intraoperative imaging of solid tumors Startup (2019)
indocyanine green Phase 2
(completed)
AGuIX Polysiloxane Gd-chelate NCT04789486 ~3 nm MR Lung tumors and pancreatic cancer Startup (2021)
based nanoparticles Phase 2
(recruiting)

Abbreviations: MR, magnetic resonance; US, ultrasound; PET, positron emission tomography; FL, fluorescence; FDA, Food and Drug Adminis-
tration; EMA, European Medicines Agency; NA, not applicable. The identifiers, phase status, and startup year information were found on

ClinicalTrials.gov.

coefficient and increased defect quenching. It is highly
demanded to develop new strategies for improving the PL
QYs and brightness of ultrasmall NPs. Secondly, in order to
satisfy the general threshold value of renal clearance, a limited
number of agents are available for surface functionalization of
ultrasmall nanoprobes. For instance, amphiphilic polymers,
biomimetic targeting agents (e.g., cell membrane), and large-
sized proteins that may markedly increase HD diameters of
ultrasmall nanoprobes are not suitable for surface functionali-
zation. This hampers the design of ultrasmall luminescent
nanoprobes and highlights the growing need of new functio-
nalization strategies. Thirdly, although ultrasmall NPs can
facilitate rapid renal clearance, their relatively short blood
circulation time may weaken in vivo accumulation in the
desired tumor sites. Modifying ultrasmall nanoprobes with
the specific targeting ligand/antibody will be helpful. This
however is still challenging, especially in imaging the orthoto-
pic tumors located in major organs and brain. Designing size-
changeable smart assemblies of ultrasmall NPs could be
an alternative strategy for tumor targeting, but the clearance
pathway of nanoprobes needs more investigation. Fourthly, it is
also highly needed to develop commercial mature imaging
apparatus to improve imaging performance in large animals.
It could be interesting to develop PL imaging techniques that

1688 | Chem. Soc. Rev,, 2023, 52,1672-1696

can practically address the unmet needs in clinical disease
imaging and therapy. Similar demands lie in establishing
standardized in vivo imaging evaluation methods. Fifthly, the
long-term in vivo safety of ultrasmall nanoprobes requires more
in-depth studies. For example, it is hard to know whether the
nanoprobes have side effects on the body after long-term
metabolism and transformation.

Nevertheless, increasing studies and advances have show-
cased that ultrasmall luminescent nanoprobes can offer great
opportunities for in vivo PL imaging and clinical application.
With the rapid development of nanoprobes and PL imaging
techniques, we strongly believe that ultrasmall luminescent
nanoprobes will be a powerful engine for the development of
the PL bioimaging technique, and may propel realization of
precise diagnosis and therapy of diverse diseases in vivo.
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