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Theranostics, which affords both therapeutic and diagnostic functions within a single entity, has emerged as a
cutting-edge technology for the development of personalized nanomedicine. Nanoparticles also offer the
potential to unlock new avenues in cancer theranostics, attributed to their capacity for multifunctionality and
multivalency. Lanthanide-doped upconversion nanoparticles (UCNPs) constitute a promising nano-scale
platform notable for its unique ability to convert near-infrared (NIR) light into higher-energy luminescence. In
addition to the large anti-Stokes shift, UCNPs also feature multiple sharp emission peaks varying from the
ultraviolet (UV) to the NIR region, long luminescence lifespan, and high stability against photobleaching. By
using NIR irradiation as an excition source, UCNPs enable deep-tissue bioimaging, controlled cargo release
and subsequent therapeutic actions with high spatial and temporal resolution. On the other hand, to
accomplish site-specific targetability to maximize theranostic outcomes, active targeting directed by specific
tumor-homing ligands has been proven to be efficacious in improving tumor accumulation and reducing
side effects. The choice of targeting ligands falls into several general classes including small molecules,

Received 28th June 2021, peptides, proteins, antibodies, carbohydrates, or nucleic acid aptamers. Ligand-mediated targeting of
Accepted 13th September 2021 functionalized UCNPs tailored with cancer-specific recognition moieties will lead to enhanced cellular uptake
DOI: 10.1039/d1ma00563d and permeability in tumor tissues, thus achieving effective theranostic treatments and long-term prognosis. In

this perspective, we discuss the provision and prospects of specific ligand functionalized UCNPs for targeted
rsc.li/materials-advances delivery and theranostic application in various types of tumor therapies.
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1. Introduction

For decades, cancer has remained among the greatest threats
to human health. In addition to surgery and radiotherapy,
systemic therapy with chemotherapy is the most common
treatment option. Unfortunately, chemotherapy often inflicts
substantial damage on both cancer and noncancer cells, causing
serious side effects." Rapid drug elimination, nonspecific dis-
tribution, and the inadequate accumulation of therapeutics
also result in a large number of drug administrations, which
further exacerbates undesirable off-target effects. It is desirable
to develop chemotherapeutics that can target cancer cells based
on the specific changes in the molecular biology of tumor cells.
Aside from the therapeutic interventions, imaging techniques
including computed tomography (CT), magnetic resonance
imaging (MRI), positron emission tomography (PET), and
ultrasound (US) are currently accessible for the detection and
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diagnosis of cancer. Optical imaging, which provides high-
resolution images covering a wide analytical scale from cells to
organs, is also an invaluable tool for multimodality imaging.**
The integration of diagnostic imaging and therapy, known as
theranostics,” is a concept that is expected to promote accurate
diagnosis, monitoring, and treatment at the anatomical and
molecular levels. This approach is indisputably useful in the
current era of precision medicine and has exerted a substantial
impact on modern cancer medicine.

Recent advances in the use of nanoparticles (NPs) as a
delivery platform have opened up a promising new avenue for
precise and effective cancer management, mainly owing to their
unique therapeutic controllability over the location, dosage and
timing. Due to vascular abnormalities in rapidly proliferating
cancer tissues, nanosized therapeutics preferentially accumulate
at tumor sites through the enhanced permeability and retention
effect.” Active targeting strategies dependent on complementary
ligand-receptor binding have also been introduced to enhance
both the intracellular delivery and the accumulation of drugs in
tumors®’ to further improve the accuracy and efficacy in cancer
nanotheranostics. This is achieved by functionalizing the surface
of the nanocarrier with ligands that bind to receptors over-
expressed on tumor cells. Subsequent initiation of receptor-
mediated endocytosis can also promote the cellular uptake of
nanoagents in cancer cells.”® Thus, therapeutic payloads can be
effectively delivered to the target site at an appropriate dosage,
thereby reducing systemic toxicity. Folates and other small
molecules, aptamers, proteins, peptides, antibodies, and hyaluro-
nic acid (HA) are some representative targeting ligands used for
this purpose.’

Nanovesicles respond “smartly” to exogenous and/or endogenous
triggers, thereby enabling the precise control of on-demand
therapy.'®"" Endogenous stimuli such as pH, redox potentials,
hypoxia, and enzymes are based on the physiological differences
between cancer and healthy tissues. Among them, pH is a
commonly used stimulus for controlled drug delivery, given that
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the tumor microenvironment (TME) is more acidic (pH 6.5-6.9)
than the normal tissue environments (pH 7.2-7.4)."> The pH
also gradually decreases after entering the cells through endo-
cytosis, decreasing to a value as low as pH 5.0-6.0 in endosomes
and 4.0-5.0 in lysosomes."® Accordingly, engineered NPs with
ionizable groups or blocks or acid-labile bonds can trigger
selective drug release at the target site upon exposure to variations
in pH.'>'"'* External forces including light, magnetic field, electric
field, and US are also appropriate stimuli to control the delivery
and activation of therapy.'®'" Light is especially attractive as
a stimulus due to its non-invasiveness, high spatiotemporal reso-
lution, and ease of remote control.'>™"” For instance, photo-
dynamic therapy (PDT) uses light as an energy source to activate
photosensitizers (PSs) to produce reactive oxygen species (ROS)
that can destroy surrounding cancer cells.'® Photothermal therapy
(PTT) uses light to excite ablation agents (e.g., organic dyes or
plasmonic NPs) to increase the local temperature and damage
malignant tissues."® However, most of the light interventions
involving irradiation are in the ultraviolet (UV) and visible spectral
ranges (wavelengths < 650 nm). Problems include potential photo-
toxicity, limited tissue penetration, and high autofluorescence in
biological species.”® The recent development of nanotheranostics
based on the near-infrared (NIR) spectral window (650-950 nm)
has garnered considerable research interest aimed at maximizing
its performance.'®>"** Plasmonic NPs, transition metal chal-
cogenides, and carbon derivatives are representative examples of
NIR harvesting transducers, which have been widely adopted in PTT
or PDT.

Lanthanide-doped upconversion nanoparticles (UCNPs)
constitute a novel class of luminescent nanomaterials notable
for their unique efficiency in converting NIR light into higher-
energy UV and visible light.”® Upon NIR irradiation, UCNPs with
appropriately doped ions exhibit upconversion (UC) photolumines-
cence with broad-spectrum tunability. With the added benefits of
large anti-Stokes shifts, sharp emission bandwidths, and long
excited-state lifetimes, UCNPs can achieve orthogonal emissions,
spectral/lifetime multiplexing, and multimodal imaging with
improved signal-to-noise ratios and high spatial resolution.”*™’
UCNPs also possess attractive features including low toxicity,
favorable biocompatibility, and excellent photostability. When
surface engineered with targeting ligands, drugs, or other
therapeutic agents, UCNPs have been identified as a promising
multifunctional tool associated with desirable diagnostic and
therapeutic outcomes for theranostic therapy targeting deep
tumor tissues.”®

In this review, we present the luminescence characteristics of
UCNPs and their rational design for cancer diagnosis and treat-
ment (Fig. 1). The synthesis and surface modification processes
of UCNPs are also illustrated. Notably, recent advances in the
development of UCNPs in targeted cancer theranostics and tumor-
specific drug delivery are described. Approaches for fine-tuning
UCNPs with high upconversion (UC) efficiency, tunable output
wavelengths, and magnetic or radioactive properties are discussed
to serve as a reference for multimodal imaging and theranostic
applications. Furthermore, sophisticated strategies allowing
switchable, hierarchical, or dual targeting, providing new insights

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Targeted UCNPs as an engineered NIR-responsive theranostic
nanoplatform for tumor-targeted imaging and therapy.

into precision nanomedicine development, are discussed. Finally,
we present the conclusion and future challenges in UNCP-based
cancer therapy.

2. Rational design of UCNPs as a
potential nanotheranostic platform

UCNPs are lanthanide-doped NPs that can upconvert two or
more absorbed photons with lower energy (generally NIR light)
into a high-energy photon (e.g., from NIR, visible, or UV light).
Unlike conventional molecular fluorophores or quantum dots
that require the simultaneous absorption of two or more
photons, UCNPs provide greater cross-sectional absorption in
NIR,>*"** a sequential absorption process, and multiple long-life
intermediate states, thereby leading to enhanced UC efficiency
of up to several orders of magnitude. They also allow UC to be
produced using low-cost continuous-wave diode lasers without
the need for ultrashort pulsed lasers.** However, factors such as
lanthanide ions, host lattices, and core-shell architectures play
a decisive role in leveraging the energy transfer process and the
luminescence performance. The surface coating and functiona-
lization of UCNPs are also crucial in determining their biologi-
cal outcomes. In this section, approaches that can lead to the
rational design of UCNPs for effective theranostic applications
are explored.

2.1 Luminescence mechanism and properties of UCNPs

The luminescence of UCNPs derives from the intra-4f electron
transitions of lanthanide ions that are doped within an appropriate
host crystal. Because the 4f electron orbitals of lanthanides are well
shielded by the outer 5s and 5p electrons, these intra-4f electron
transitions feature long lifetimes of approximately several milli-
seconds, enabling the electron to be excited multiple times
prior to radiative relaxation and resulting in upconversion

Mater. Adv,, 2021, 2, 7101-7117 | 7103
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luminescence (UCL).>* The host crystal has a substantial effect
on the UC efficiency of UCNPs. To facilitate the against-nature
intra-4f electron transitions, lanthanides must be embedded in
the host crystal featuring low crystal field symmetry to modify
the 4f electron wavefunctions of lanthanides such that parity-
forbidden electron transitions are partially allowed.*® The host
crystals of UCNPs should also have low lattice phonon energy to
minimize nonradiative energy loss.*> Among the various candidates
for UCNP host, transition metal halides such as NaYF,, LiYF,, and
NaGdF, are preferred for their excellent promotion of UC efficiency
and their physicochemical stability.*”

The selection of lanthanides to be doped in UCNPs is another
key factor in achieving efficient energy transfer for UC. The
lanthanide atoms in UCNPs are trivalent and feature ladder-like
4f energy levels that determine the wavelength of the photons that
can be absorbed and emitted.*® Modern designs of UCNPs include
the use of two varieties of lanthanides, sensitizers, and activators
as dopants to maximize UC efficiency. The sensitizer is intended to
absorb the incident photons, and its excited energy is transferred
to the activator, which emits an upconverted photon after multiple
excitations. Thus, the sensitizer determines the wavelength at
which the UCNPs are excited, and the activator controls the
wavelength of the upconverted photons. Sensitizers commonly
used in UCNPs are Yb** and Nd**, both of which can be excited
in the optical transmission window of tissues (700-1000 nmy;
Fig. 2). Yb*" features a single excited-state energy level of °F,,, —
’F5,, that can be excited by the photons from 920 to 1050 nm
(maximum at 980 nm).>* However, the pump wavelength of
980 nm resides in the absorption region of water and therefore
leads to localized overheating of the tissue, which in turn limits
the efficacy of in vivo deep-tissue biomedical applications.*
Therefore, Nd**-sensitized UCNPs were developed so that the
UC can be excited by an 808-nm laser (*I,, — *Fs/;) to both
minimize the overheating effect and exploit the large absorption
cross-section of Nd** (1.2 x 107'° ¢cm?, approximately 10-fold
that of Yb**).*® Because Nd** has multiple excitation states that
may lead to excessive cross-relaxation, UCNPs cosensitized by
Nd** and Yb** were developed to achieve higher UC efficiency,
in which the excitation energy of Nd** is first indirectly trans-
ferred to the activator through Yb**.#>*

Common activators of UCNPs for therapeutic and diagnostic
purposes include Er**, Ho**, and Tm>"; the first two feature
green- and red-light emission, whereas the third features NIR and
blue light emission.*® The selection of the activator depends on
the function of the theranostics. For instance, the emission of the
activator must match the excitation wavelength of the PS in PDT
for cytotoxic ROS to be produced.*” Likewise, the spectral overlap
of the emission of the activator and the absorption of the
photothermal (PT) agent is required whether PTT is used alone
or in combination with PDT.** For photostimulated drug release,
the activator should emit light at the required wavelength
to photolyze the photoresponsive molecules and release the
therapeutic agents.”* UCNPs intended for deep-tissue imaging
require activator emission within the transparency window.*

The emission of UCNPs governed by the activator can also be
manipulated via the energy transfer pathway. Mechanisms of
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Fig. 2 (a) Mechanistic diagram of Yb-sensitized and Nd/Yb-cosensitized
core—shell UCNPs. (b) Effects of activators on the emission of UCNPs
excited at 980 nm. Reproduced from ref. 46 with permission from the
American Chemical Society.

energy transfer between lanthanides, which have been extensively
investigated, include excited-state absorption, energy transfer
upconversion, cooperative sensitization upconversion, cross-
relaxation, and photon avalanches.?®**

2.2 Synthesis and design of UCNPs for enhanced UCL

As mentioned, UCNPs have two components — host crystals and
doped lanthanides - as sensitizers and activators, respectively.
UCNPs for therapeutic delivery should have a size of 30-80 nm
with a narrow distribution and high water dispersibility. Bright-
ness maximization requires minimal crystal defects, as well as
the proper concentration and even distribution of lanthanide
dopants in the host crystal. To achieve this goal, numerous
simple processes have been developed for UCNP synthesis,
including thermolysis, hydrothermal processing, coprecipitation,
and the sol-gel process.”> Thermolysis and hydrothermal proces-
sing are preferred because the supersaturation can be easily
controlled to facilitate the growth of high-quality crystals.”®
Thermolysis decomposes the organic precursor of lanthanide
(usually metallic trifluoroacetate salts) in a solvent at elevated
temperature and ambient pressure. To suppress the aggregation
and overgrowth of UCNPs, a surfactant such as oleic acid,
oleylamine, or trioctylphosphine is introduced as a capping
agent. The size, shape, and phase of UCNPs can be tuned by the
types and concentrations of the metal precursor and capping

© 2021 The Author(s). Published by the Royal Society of Chemistry
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agent, solvent, reaction temperature, and time. Although
thermolysis can produce high-quality UCNPs with strong UCL
and low polydispersity at ambient pressure, it requires high
temperatures and expensive precursors that yield toxic fluori-
nated or oxyfluorinated organic byproducts.*® In hydrothermal
processing, UCNPs are synthesized at lower temperatures but
under higher pressures. With inorganic lanthanide precursors
(chloride, nitrate, or sulfate salts), UCNPs are obtained through
nucleation and crystal growth near the critical point of the
solvent.”® Likewise, surfactants are the keys to ligating the
precursors, controlling crystal growth, and preventing aggrega-
tion in UCNPs. Oleic acid and oleylamine are commonly
exploited for such purposes, which leads to the capping of
UCNPs with a hydrophobic surface group.”” Alternatively,
hydrophilic surfactants such as polyethylenimine (PEI) can be
used as capping agents to produce biocompatible UCNPs with-
out further surface modification.*®

The UCL of UCNPs is determined by the absorption ability of
the excitation light, the efficacy of the energy transfer, and the
extent of defect and surface quenching. Numerous advanced
designs have been proposed to enhance the UC efficiency of
UCNPs, including those involving the doping of nonluminescent
cations, the incorporation of dyes, plasmonic materials, and
core-shell architectures.”® To mitigate the problem of the low
extinction coefficient of lanthanides, organic dyes are employed
as external antennae for collecting the excitation light.** Organic
dyes have broadband absorption and large absorption cross-
sections, and the absorbed energy can be transferred to the UCNP
sensitizer which greatly enhances the emission.”” In addition,
organic dyes can serve as PT agents to induce the PTT effect at
the same time. Moreover, the presence of plasmonic metallic
NPs has been reported to either enhance or quench the UCL
of UCNPs, depending on the size and the surface plasmon
resonance (SPR) wavelength of the plasmonic materials, as well
as their distance to the UCNPs. If the SPR wavelength matches
the excitation of the UCNPs, more energy can be harvested by
the sensitizer, leading to enhanced UCL.*’ When the SPR
wavelength overlaps with the UCNP emission, two energy transfer
routes may be involved: nonradiative resonance energy transfer
(RET), which quenches the UCL, and the Purcell effect, which
enhances the radiative decay rate of the activator.”* As the Forster
mechanism is the main nonradiative RET route, the distance
between the emitter and the plasmonic nanoparticle dictates the
decay rate. On the other hand, the Purcell effect can increase the
spontaneous emission rates of the emitter by elevating the local
density of optical states under the electromagnetic field amplified
by the plasmonic NPs. Purcell enhancement is highly dependent
on the size and shape of the plasmonic NPs. Much effort has
been dedicated to minimizing UCL quenching and improving the
brightness of UCNPs by incorporating plasmonic NPs of different
sizes.’> The combination of plasmonic nanomaterials and
UCNP provides an effective means to design high-sensitivity
photoluminescence biosensing platforms.

Due to the high surface-to-volume ratio of nanosized UCNPs,
surface defects, which greatly quench the upconverted emission,
are abundant. Core-shell architectures were developed to prevent

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the excessive transfer of nonradiative energy in the vicinity of the
UCNP core. These architectures not only effectively eliminate
surface quenching but also boost energy transfer.>® Based on the
host matrix composition of the core and the shell, as well as on
the introduction of lanthanide dopants (generally the sensitizer)
to the shell layer, the shell structures can be active; they can also
be homogeneously or heterogeneously inert. Core-shell architec-
tures can be synthesized through seed-mediated growth, Ostwald
ripening, and layer-by-layer assembly.® In general, the host
crystal of the shell should have minimal lattice mismatches with
the lattice of the cores, thus favoring epitaxial growth. If the shells
are active (i.e., doped with lanthanides), not only can the light-
harvesting ability of UCNP be improved, but the energy migration
path can also be adjusted to prevent the excessive cross-relaxation
that quenches luminescence.*

2.3 Surface modification and functionalization of UCNPs

In targeted theranostics, UCNPs must be surface-hydrophilic,
dispersible, biocompatible, and grafted with multiple functional
groups.>” To achieve these goals, the surface properties must be
adjusted to be hydrophilic, because pristine UCNPs are capped by
hydrophobic ligands such as oleic acid, oleylamine, or trioctylpho-
sphine. Targeting ligands should also be properly engineered on
the surface of UCNPs for efficient delivery. In addition, the use of
light-responsive moieties to connect the therapeutic agents with
UCNPs can maximize the effectiveness of treatment through
on-demand cargo release. According to functionalization and
linking strategies, the hydrophobic ligands on UCNPs can be
altered using ligand removal, exchange, or oxidation for sub-
sequent connection with hard materials, soft polymers, or
biomolecules.?®

Among the hard materials integrated with UCNPs, silica is
the one most often applied given its biocompatibility, hydro-
philicity, optical transparency, and favorable conjunction with
targeting ligands. Generally, UNCP core-shell composites with
silica encapsulation can be prepared through the sol-gel process.
For UCNPs with hydrophilic surfaces, the Stober method enables
the growth of silica through hydrolysis and the condensation of
alkyl silicate in the presence of ammonia as a catalyst. Through
the reverse micelle method, silica is coated on hydrophobic
UCNPs by creating surfactant-stabilized nanoreactors (i.e., through
microemulsion).>* The advantage of silica-encapsulated UCNPs is
that the surface functional groups can easily be tailored to have the
end groups -NH,, -COOH, or -SH through silanization, allowing
further conjugation with biomolecules for targeted theranostics.
Furthermore, the large surface area and pore volume of meso-
porous silica are conducive to high drug loading, greatly improving
the efficacy of PDT, PTT, and chemotherapy.>® Metal-organic
frameworks (MOFs) are an emerging class of porous materials
that can be incorporated with UCNPs through direct crystal
growth. To ensure the growth of MOFs on the surface of UCNPs,
poly(vinylpyrrolidone) (PVP) is used. Being a well-known
stabilizer, PVP can strongly coordinate with metal ions and thus
bridge the gap between UCNPs and MOFs.”® In addition to its
use in drug loading, various MOFs have been developed for
controlled drug release under external stimuli such as pH, light,

Mater. Adv,, 2021, 2, 7101-7117 | 7105
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redox potentials, and temperatures.”® UNCP modification with
soft polymers or macromolecules is simple and essential for
long-term dispersion stability. The reported polymers include
poly(ethylene glycol) (PEG), PVP, poly(acrylic acid), PEI, and
poly(maleic anhydride-alt-1-octadecene).”” In general, hydrophobic
interactions allow the coverage of UCNPs with amphiphilic
polymers, although some are designed to graft polymers after
silica encapsulation. As stimuli-responsive polymers have seen
great advances in drug delivery and triggered release,"" block
or graft copolymers with functionalized designs have been
used to endow UCNP-based nanotheranostics with desirable
properties.

The loading of targeting ligands and therapeutic agents such
as PSs and anticancer drugs on UCNP-based nanotherapeutics can
be achieved through covalent bonding, electrostatic attraction,
or hydrophobic interaction.>®> Covalent bonds provide strong
linkages. Carbodiimide coupling agents, namely, EDC and NHS,
are a classic example of covalent bonding in which an amine
group is tightly joined with a carboxylic group. Because numerous
targeting ligands feature amine groups, EDC and NHS can be
widely adopted for ligand functionalization, wherein the surface of
UCNPs is grafted with a sufficient number of carboxylic groups.*®
By contrast, electrostatic and hydrophobic interactions involve
noncovalent bonds that play a pivotal role in supramolecular
self-assembly. The hydrophobic interaction is the major process
to encapsulate lipophilic PSs and chemotherapeutics in the
polymer or mesoporous shells of UCNPs.?” Layer-by-layer assem-
bly, driven mainly by electrostatic interactions, can effectively
deposit the next layer of oppositely charged polymers or therapeutic
agents.”® Meanwhile, the (de)protonation that causes the charge
change from the surface or associated cargo also determines the
pH-responsive controlled release behavior upon entry into the acidic

Table 1 Ligands for the active targeting of UCNP-based theranostics
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TME or intracellular compartments. More representative examples
are presented in the next section.

3. Biological ligand-mediated targeted
theranostics based on multifunctional
UCNPs

Numerous biological ligands, including small molecules,
nucleic acid aptamers, proteins, peptides, and polysaccharides,
have been identified and employed for the active targeting of
NPs in diseased tissues, commonly tumor tissues (Table 1). Cell
membrane-camouflaged NPs have also emerged as a new class
of biomimetic NPs with attractive biological properties and
functions such as immunosuppressive capability, long circula-
tion time, and target recognition. The targeting ligands can
both bind to specific receptors on the surface of the targeted
cells to increase cellular uptake and target subcellular orga-
nelles to enhance the therapeutic effect, thereby maximizing
theranostic outcomes and minimizing adverse effects. In this
section, different types of biological ligands and their current
applications in UCNP-based theranostics are reviewed, with the
focus primarily on in vivo studies (Table 2).

3.1 Folates or small molecules

Folate or folic acid (FA) is a low-molecular-weight (M, 441.4 Da)
water-soluble vitamin and an indispensable nutrient for var-
ious cellular metabolic processes. Folate receptors (FRo, FRp,
and FRy) are cysteine-rich cell-surface glycoproteins that can
bind to folate with high affinity (K4 < 1 nM) in order to mediate
folate uptake through endocytosis.”® The increased folate
requirement in rapidly proliferating cells, such as cancer cells,

Type Ligand (examples) Surface receptors Advantages Disadvantages
Small Folate, glycyrrhetinic Folic acid receptor (FR), e Small size (M,, < 900 Da) o Low specificity
molecules acid (GA) GA receptor e Low cost
e Ease to synthesize and modify
Aptamers AS-1411, sgc8 Nucleolin, tyrosine e Moderate size (M, ~ 5 to 15 kDa) e Rapid degradation
kinase 7 e Non-immunogenicity by nuclease
e Ease to synthesize and modify
e Mainly from in vitro selections
Proteins Antibodies, transferrin ~ Specific antigens, e High specificity and affinity e Large size
transferrin receptor (TfR) e Produced in vitro or in vivo e High cost
e Long in vivo half-life o Low stability
e High immunogenicity
e Limited permeability
Peptides RGD Integrin avf3 e Moderate size (typically e Susceptible to peptidase
< 30 amino acids)
e Non-immunogenicity
e Ease to synthesize and modify
e In vitro evolution
Polysaccharides  Hyaluronic acid (HA) CD44 e Biocompatible and biodegradable e Off-target effect
e Non-immunogenicity
e Ease to modify
e Potential carrier in drug delivery
Cell Cancer cell membrane = Tumor-specific targeting e Long circulation time e Tedious preparation methods
membranes e Immune escape e Low production yield
e Homotypic targeting e Batch-to-batch variation
o Difficult to store
e Potential safety concern
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yields higher FRa levels compared with that in normal cells.
Thus, FA receptors are overexpressed in human carcinomas,
including breast, ovarian, lung, brain, and colon cancers, but
are only minimally distributed in normal tissues.’ FA is among
the most commonly used targeting molecules for the treatment
and diagnosis of cancers.®® Stability, inexpensiveness, and
nonimmunogenicity (compared with that of monoclonal anti-
bodies) are among its advantages. Companies such as Endocyte
Inc. are developing products at different phases of clinical trials
involving the loading of various drugs in FA-modified nano-
carriers for the targeting of pathologies such as cancer, rheumatoid
arthritis, and kidney disease.®*

As mentioned, UCNPs are promising biolabels useful
for biomedical imaging and cell tracking. For example, three
FA-functionalized UCNPs (UCNC-Er-FA, UCNC-Tm-FA, and
UCNC-Er,Tm-FA) were designed for in vitro UCL imaging of
HelLa cells under the excitation of a 980-nm laser.®> By doping
NaYbF, with three types of rare-earth ions (Yb*'/Er**/Tm?"), a
four-color (blue, green, red, and NIR) UCL output can be
produced. Moreover, the NIR-to-NIR UCL efficiency of NaYF,:
Yb,Tm NPs was shown to be significantly enhanced (by approxi-
mately 20-fold) through tridoping with nonluminescent Fe**
cations.®® When the inert NaGdF, shell is incorporated into the
core NPs of cit-Y:Yb,Tm,Fe, a further increase in UCL intensity can
be observed (Fig. 3a). Furthermore, because Gd** ions exhibit
strong paramagnetism and high X-ray attenuation ability, their
doping also endows core-shell UCNPs with enhanced contrast
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in MRI and X-ray imaging. The introduction of FA can success-
fully accomplish tumor-targeted UCL/MR/X-ray trimodal imaging
in vivo.

To overcome the limitations of conventional PDT, which is
only applicable to superficial cancers, UCNP-based PDT, which
can afford greater tissue penetration depths, can be employed.
After effective RET, the surrounding PS can potentially exert its
full therapeutic potential.**** In addition, the multicolor-emission
capability of NIR-excitable UCNPs allows for the simultaneous
activation of dual PSs to enhance PDT. For example, UCNPs coated
with a mesoporous silica shell layer were reported by Zhang
et al. to deliver high payloads of two PSs, namely, merocyanine
540 (MC540) and zinc(n) phthalocyanine (ZnPc).®> The surface
modification of FA also accounts for the preferential accumulation
of B16-FO melanoma tumors in vivo. Irradiating these UCNPs with
a 980-nm laser, resulting in UCL as green and red light (~ 540 and
~660 nm, respectively), can simultaneously activate the coloaded
PS cargo, resulting in the enhanced generation of cytotoxic
singlet oxygen. Compared with the single PS method, the dual-
PS approach demonstrates greater PDT efficacy both in vitro and
in vivo, achieving desirable therapeutic outcomes. In addition,
because the absorption of water is stronger near 980 nm, the
excitation of UCNPs should be performed at 700-850 nm to
improve the tissue penetration depth and prevent overheating.*
Various Nd*'-sensitized UCNPs have been designed to provide
laser excitation ability at 800 nm.>*°® For example, Nd**-sensitized
core-shell UCNPs have been used as dual-PS nanoplatforms for

UCNPs
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Fig. 3 FA- or TPP-functionalized UNCPs applied to active tumor targeting for drug delivery or biomedical imaging. (a) Preparation and surface
modification of the FA-Y:Yb,Tm,Fe@Gd NPs for trimodal tumor imaging. Reproduced from ref. 63 with permission from The Royal Society of Chemistry.
(b) Schematic illustration of the synthesis of the CUSCs-PEG-FA nanocomposite for multimodal imaging-guided PTT/PDT in vitro and in vivo.
Reproduced from ref. 70 with permission from Elsevier. (c) Illustration of photocaged UCNPs following NIR laser activation to remove cage molecules
and subsequent targeting of cancer cells. Reproduced from ref. 73 with permission from the American Chemical Society. (d) pH-Responsive
UCNP@PAIE-TPP-PEG NPs as the NIR triggered mitochondria targeting PS to generate ROS for PDT. Reproduced from ref. 74 with permission from
the American Chemical Society.
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smart FR targeting to maximize the antitumor efficacy of PDT
while minimizing damage to normal tissues.®” This is promising
for the future development of non-invasive treatment for deep-
seated tumors.

PTT is another non-invasive phototherapy treatment. Unlike
PDT, which relies on the light-induced cytotoxicity of PSs, PTT
employs photoabsorption agents to efficiently convert energy from
incident light to heat for tumor ablation. Yang et al. demonstrated
a promising strategy for the targeted and imaging-guided chemo-
PT treatment of cancer involving the combination of UCNPs and
protein-capped gold nanodots (GNDs@BSA).”® UCNPs play a
principal role because of their excellent UCL, whereas GNDs@BSA
offers excellent X-ray attenuation in CT imaging and PT conversion
performance. Because the emission of UCNPs overlaps with the
SPR band of GNDs@BSA, the RET effect can enhance PTT
efficacy under NIR laser irradiation. The introduction of FA
and chemotherapy drug doxorubicin (DOX) further suggests the
improved anticancer efficiency of the combination of enhanced
tumor accumulation and chemo-PT therapy. The combination
of PTT and PDT can synergistically improve the efficiency of
tumor treatment. An appropriate level of thermal effect can also
increase the blood flow and thus the transport of oxygen to the
tumor, leading to PT-enhanced PDT effects.’® A highly efficient
multifunctional anticancer nanocomposite device was attained
by assembling a PT agent (CuS NPs) and a PDT agent (g-C3;N,
quantum dots) on Tm>"-doped UCNPs after mesoporous silica
coating, followed by FA modification (Fig. 3b).”® Under excitation
with NIR light at 808 nm, PTT-PDT treatment inhibited cancer
more effectively than any monotherapy. Codoping with Gd** and
Yb®* ions also makes the nanoplatform applicable in CT and MRI
for contrast enhancement, and it can be used in conjunction with
UCL imaging to yield high-resolution, three-dimensional structural
details. Recently, Linde Type A (LTA) zeolite-derived UCNPs were
loaded with protoporphyrin (PpIX), DOX, and FA. They have been
developed for multimodal synergetic therapy involving US and NIR
light, including chemotherapy, PTT, PDT, and sonodynamic
therapy (SDT), used to treat melanoma.”* Due to the deeper
penetration of US, SDT-PDT could synergistically act on tumors,
especially in deep tumors. PTT could also be simultaneously
initiated by NIR through Er**/Yb*'-codoped UCNPs to further
enhance the effect of PDT.

Delivering chemotherapeutics to the site of action through
controlled release can reduce the systemic side effects commonly
associated with chemotherapy. Lu et al designed polymer-caged
UCNPs to achieve NIR-controlled drug release in anticancer
therapy.”> A folate-conjugated light-responsive spiropyran-
containing copolymer (i.e., PSMN-FA) was self-assembled on
mesoporous silica-coated UCNPs with preloaded drugs. Under
irradiation with NIR at 980 nm, the caged UCNPs codoped with
Yb*" and Tm*" emitted UCL in the UV region, driving the
spiropyran to switch from the closed-loop state to the zwitter-
ionic open-loop state. This structural transformation made the
amphiphilic copolymer more hydrophilic and detachable from
the UCNPs, leading to the on-site release of active drugs for
improved therapeutic efficacy. Moreover, caged FA-UCNPs were
developed by Yeh et al. to realize NIR-controlled phototargeting

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

for improved tumor selectivity (Fig. 3c).”> When the UCNPs
were under laser irradiation at 980 nm, the UCL emission at
360 nm uncaged the photolabile o-nitrobenzyl group, enabling FA
to target FR and deliver UCNPs to lysosomes via FR-mediated
endocytosis. To exert a chemotherapeutic effect, DOX was thio-
lated on the surface of the UCNPs to form a disulfide bond
cleavable by intracellular lysosomal enzymes. These caged UNCPs
can be used as a universal nanoplatform to achieve phototargeting
with different types of tumor-homing ligands. For pH-responsive
and imaging-guided drug delivery, hybrid nanocomposites con-
sisting of magnetic UCNPs and nanoscale MOFs have been
successfully fabricated through a simple one-step approach.”
The magnetic Gd*'-doped UCNP, serving as an MR/UCL imaging
agent, is coupled with MIL-53(Fe) to achieve high drug loading and
pH-responsive payload release. Decoration with FA revealed the
enhanced uptake of B16-F10 melanoma cells.

Aside from FA, various small molecules such as monosac-
charides (mannose, glucose, galactose, and their derivatives)
and biotin also hold great potential for targeted delivery.":"®
Several small molecules have also been used for tissue-specific
targeting. For example, bisphosphonates that can bind specifically
to hydroxyapatite were selected for UCNP functionalization to
achieve bone-targeted multimodal (MR/PET) imaging.”” In addi-
tion, UCNPs modified with glycyrrhetinic acid (GA) have been
applied for in vivo hepatocellular carcinoma due to the identifi-
cation of relatively abundant levels of GA receptors on the liver cell
membrane.”® Subcellular organelle-specific delivery of biologically
active payloads has been considered a promising strategy for
improving efficacy. Mitochondria and cell nuclei play vital roles
in maintaining cell homeostasis and thus constitute targets in
cancer therapy.”’ For example, Gao et al. reported the use of
triphenylphosphine (TPP) as a mitochondria-targeting moiety for
guiding polymer-encapsulated UCNPs to participate in the
PDT-induced mitochondrial ROS collapse and cell apoptosis
(Fig. 3d).”* The coated polymer, featuring aggregation-induced
emission (AIE) characteristics, is an effective PS that can be
activated by the upconverted energy of Tm>'-doped UCNPs
under laser irradiation at 980 nm. The subcellular targeting
ability allows for the specific delivery of therapeutics to intra-
cellular sites, yielding improved PDT effects. Similar results
were also observed by Wang et al. in their study, UCNPs were
functionalized with a transactivating transcriptional activator
for mitochondrial targeting, thereby achieving PDT potency
maximization.® In short, the use of organelle-targeting ligands
represents an innovative approach to modern therapy.

3.2 Aptamers

Aptamers are a class of small single-stranded oligonucleotides
(usually comprising 20-80 nucleotide residues) that can fold
into unique tertiary structures determined primarily by their
sequences. Aptamers can also interact with their cognate
targets with high affinity and specificity due to the combination
of multiple intermolecular interactions; consequently, they are
called “chemical antibodies.” In 1990, two research groups,
Ellington and Szostak®" and Tuerk and Gold,** described the
process by which small nucleic acids (aptamers) specific to
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targeted ligands are selected from synthetic combinatorial
nucleic acid libraries through a technique called the systematic
evolution of ligands by exponential enrichment (SELEX).
Inspired by these breakthroughs, researchers have generated
numerous DNA and RNA aptamers against various targets,
ranging from small molecules to entire organisms.®**> Their
low cost, small size, high thermal and chemical stability, ease
of modification, and low immunogenicity make them promis-
ing alternatives to antibodies because they can be adapted to
different applications.®*%°

In 2006, Tan et al. proposed the first cell-based SELEX technique.
In this process, a human acute lymphoblastic leukemia cell line,
CCRF-CEM (T-cell line), was used as the target cell line, and a
human diffuse large cell lymphoma cell line, Ramos (B-cell line),
served as the control cell line.*” Groups of aptamers have since been
generated for the specific recognition of target cells. Among them,
the DNA aptamer sgc8 has a strong affinity (Kg: ~0.8 nM) to the
target protein tyrosine kinase 7 on the cell membrane,*”*® which
has recently been identified as a potential new biomarker for
leukemia.®® Tan et al further designed a UNCP-based nanosystem
for target cell-activatable fluorescence and MRI imaging.”® MnO,
nanolayers were grown in situ on the surfaces of UNCPs to quench
the UCL. The sgc8 aptamer was surface conjugated to allow targeted
delivery to CEM cells. After cellular uptake, the MnO, nanolayers
were converted to Mn®" through the reduction of intracellular
glutathione, leading to the recovery of UCL and activatable MRI
signals. The design of an “off-on” signal nanoprobe for tumor cell
recognition provides new insights into the development of precision
theranostics. Moreover, an sgc8c-based multifunctional DNA ligand
was developed for UCNP surface modification (UCNP-Ce6-aptamer)
to realize targeted PDT and bioimaging.”* The DNA sequence was
carefully designed to ensure the close proximity of Ce6 and UCNP to
achieve effective RET and 'O, generation (Fig. 4a). The nanoplat-
form labeled with tetramethylrhodamine (TAMRA) dye at the end of
the aptamer can also be used for biological imaging. Due to the
high programmability of DNA, this approach can also be applied to
deliver other therapeutic cargos in a NIR-responsive manner.

AS1411, a 26-mer guanidine-rich DNA aptamer discovered by
Bates et al. that can bind to nucleolin with high affinity and
specificity, exerts potent antiproliferative effects on various
cancer cells but has little or no effect on nonmalignant cells.”>
AS1411 is in phase II clinical trials for the potential treatment of
cancers including acute myeloid leukemia and renal cell
carcinoma.”® Studies have also demonstrated that AS1411 can
function as a targeting agent for mediating cancer-selective drug
delivery based on multiple nanoplatforms such as UCNP@
MOF-DOX.’* In addition, an AS1411-based smart DNA nano-
device was successfully constructed to recognize targets in tumors
and generate photodynamic antitumor effects in a spatio-
temporally controlled manner.®® Specifically, the UCNP surface
was coated with a mesoporous silica shell for the modification
of UV light-activatable aptamer modules (L-Apt) and loaded
with rose bengal (RB) (Fig. 4b). UCNPs can act as photoregulators
to locally and orthogonally convert NIR light at 808 and 980 nm
into UV and green UCL to sequentially activate programmed tumor
recognition and PDT. This design allows tumor recognition and
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Fig. 4 Aptamer-functionalized UNCPs for active tumor targeting. (a)
Schematic representation of the synthesis and *O, generation mechanism
of UCNP-Ce6-aptamer. Reproduced from ref. 91 with permission from
The Royal Society of Chemistry. (b) Schematic showing (i) the orthogonal
photoactivation of the DNA nanodevice in response to two NIR light of
different wavelengths for (i) programmed tumor recognition and PDT.
Reproduced from ref. 95 with permission from the American Association
for the Advancement of Science. (c) Procedure of the designed
UCNPs@PDL@dsDNA/DOX nanotheranostic agent as the highly localized
drug-delivery system. Reproduced from ref. 96 with permission from
Frontiers.

PDT treatment with improved spatiotemporal precision. When
combined with immune checkpoint blockade therapy, the nano-
device exerted both synergistic and abscopal effects in tumor-
bearing mice. Furthermore, in consideration of the enhanced
affinity and specificity associated with multivalency in natural
systems, DNA nanotrains consisting of heterodimeric aptamers
were developed for UCNP modification to achieve therapeutic
benefits through effective nuclear localization.’® A DNA sequence
containing the AS1411 domain was hybridized with a partially
complementary linker strand, which also contained the sequence
of the antiproliferative cell nuclear antigen (PCNA) aptamer, to
form a sequential duplex region rich in guanine and cytosine
providing multiple loading sites for DOX (Fig. 4c). Driven by
AS1411, the designed theranostic nanoplatform can be selectively
endocytosed into cancer cells overexpressing nucleolin. The anti-
PCNA aptamer is responsible for the nuclear translocation of
therapeutic cargo. As expected, this nanoplatform produces
superior pharmacological effects to DOX molecules alone,
dramatically inhibiting the growth of tumors in vivo.

3.3 Proteins, antibodies, and peptides

Proteins, antibodies, antibody fragments, and peptides are of
great interest as cancer-specific ligands due to their inherent
high specificity toward their targets. Transferrin (Tf), a serum

© 2021 The Author(s). Published by the Royal Society of Chemistry
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glycoprotein responsible for iron transport in the body, is a
widely studied targeting ligand. Upregulation of the transferrin
receptor (TfR) ascribable to the elevated demand for iron has
been reported in numerous cancers.””® TfR-targeted transferrin
or antibody fragments, such as single-chain variable fragments,
have entered clinical trials for the development of various
nanotherapeutics, including MBP-426, CALAA-01, SGT-53, and
SGT-94, against different types of tumors.”® The unique UCL
characteristics of UCNPs can explain the achievement of NIR
PDT in vitro by Tf-coated UNCPs.'” When paramagnetic Gd**
dopants were used, the resultant UCNP@T{-PpIX also exhibited
magnetically enhanced PDT efficiency in the presence of an
external magnetic field. In addition, Tf can bind titanocene (Tc)
at the iron-chelating epitope with an affinity equivalent to that
of iron. Accordingly, Wu et al. designed a multilayered UCNP
codoped with Yb** and Tm?* featuring dual photosensitizing
functions. A conjugated polymer is used as the first layer to
generate 'O, through visible UCL, and apo-Tf-Tc is used as the
second layer to generate peroxy radicals through UV UCL.'**
Using UCNP-based multimodal UCL, the dual ROS generation
in response to NIR irradiation can induce formidable anticancer
effects in deep tissues.

In addition to endogenous protein ligands, numerous anti-
bodies have been developed to promote active targeting. The US
Food and Drug Administration has approved more than 40
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antibodies for cancer therapy, including those that can target
receptors of interest such as the epidermal growth factor receptor
or human epidermal growth factor receptor 2.'°> In addition,
antibody conjugation with small, highly cytotoxic molecules called
antibody-drug conjugates constitute a form of active targeted
chemotherapy.'® A similar approach has also been applied in
targeted molecular imaging.'® Bu et al reported the use of
carcinoembryonic antigen (CEA) antibody to modify the surface
of Gd**-doped UCNP for targeted imaging of early colon cancer
with CEA overexpression.'” CEA-UCNPs are effective contrast
agents that can contribute to the considerable enhancement of
MR/UCL dual-mode imaging performance. Epithelial cell adhesion
molecule (EpCAM; also known as CD326), a type I transmembrane
glycoprotein that is overexpressed in epithelial cancers but is less
highly expressed in normal epithelial tissues, is a favorable target
for tumor therapy.'*>'”” To mediate the immobilization of silica-
coated UCNPs with anti-EpCAM antibodies in a specific orienta-
tion to improve accessibility, a bifunctional fusion protein, con-
sisting of a silica-specific solid-binding peptide (referred to as the
Linker, L) genetically fused to the N-terminus of Streptococcus
Protein G’ (PG, an Ab-binding protein), was applied (Fig. 5a)."%®
The resulting nanoplatform was confirmed to be useful for
targeted UCL imaging and UCNP-based PDT for the selective
eradication of cancer cells in vitro. EpCAM, which plays a key role
in tumor progression, invasion, and metastasis, is also considered
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Fig. 5 Protein- or peptide-functionalized UNCPs for active tumor targeting. (a) Schematic illustration of LPG-mediated bioconjugation of UCNP@-
SiO,(RB) with antibodies and their application in targeted PDT. Reproduced from ref. 108 with permission from the American Chemical Society. (b)
Illustration of active BBB penetration and the PT/PDT design of ANG-IMNPs in an orthotopic glioblastoma tumor model. Reproduced from ref. 122 with
permission from Ivyspring International Publisher. (c) Schematic illustration of the dual-function for imaging and inhibition of UCNP-P4 in EBNA1
dimerization. Reproduced from ref. 124 with permission from The Royal Society of Chemistry. (d) Schematic illustration showing the path of entry of the
nanoprobe UCNP-P,, into an EBV-infected cancer cell from normal tissues through sequential and selective targeting. Reproduced from ref. 125 with

permission from Wiley-VCH GmbH.
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as a cancer stem cell biomarker.'®

Tang et al. reported on a simple
strategy for surface engineering antihuman EpCAM on UCNP-
based micelles to allow active targeted MR/UCL imaging in
pancreatic cancer.''® A similar strategy has also been applied
for targeted mitoxantrone delivery in hepatocellular carcinoma
to enable MRI/UCL-guided synergetic chemotherapy and PDT.
Compared with a non-targeted counterpart, the combination
with anti-EpCAM antibody can intensify its imaging contrast
and antitumor action in vivo."""

Small peptides are gaining attention as targeting ligands for
cancer therapy. Their advantages over antibodies include cost-
effectiveness, ease of large-scale synthesis, high stability, and
low immunogenicity."'” The adhesion receptor integrin avp3,
found to be overexpressed on tumor endothelial cells, can be
specifically recognized by the cyclic and linear derivatives of the
tripeptide arginine-glycine-aspartic acid (RGD).'** Various
RGD-conjugated UCNPs have also been exploited for the active
targeting of different types of cancer cells in vitro and in vivo.
For example, a high-contrast UCL label based on RGD-UCNPs
was developed for the targeted imaging of tumors with deep
tissue penetration (~600 um)."** In addition, a cyclic RGD-
tethered amphiphilic polymer was used to coencapsulate
UCNPs and photosensitizers with AIE characteristics. This
novel theranostic nanoplatform exhibited great potential in
the NIR PDT of deep-seated tumors with initial tumor volumes
ranging from 60 to 240 mm®>."* Shen et al. also reported the use of
NIR-to-red UCNPs to deliver Ce6-Mn complexes for T;-weighted
MRI and PDT. With acyclic RGD modification, the ability to target
subcutaneous glioma tumors was greatly improved.''® Moreover,
cesium-doped UCNPs, which provide stronger X-ray attenuation,
were also developed as an excellent CT/UCL contrast agent for
RGD-mediated and imaging-guided chemo-PT cancer therapy.'"”

Integrins are known to play an essential role in tumor
angiogenesis."™® As such, the functionalization of UCNPs with
?4I-labeled RGD can be used as a multimodal PET/MRI/UCL
nanoprobe for targeting tumor angiogenesis in cancer-specific
diagnosis."*® Similarly, UCNPs conjugated with Gd**-DOTA
and RGD demonstrate preferential retention in subcutaneous
U87MG tumor xenografts for successful MR/UCL imaging of glio-
blastoma.™® However, due to the presence of the blood-brain
barrier (BBB), drug delivery to brain tumors has always been a
challenge. Angiopep-2 (ANG) is a promising glioma-targeting pep-
tide that can interact with the low-density lipoprotein receptor-
related protein-1 receptor on endothelial cells to mediate transcy-
tosis and traverse the BBB."*" As a result, ANG-conjugated UCNPs
have great potential for enhanced accumulation in gliomas; as
shown in Fig. 5b, they induced substantial cytotoxicity in an
orthotopic model of NIR PDT and PTT against glioblastoma
multiforme.'** The KE108 peptide, a somatostatin analog pos-
sessing a strong binding affinity to somatostatin receptors, is
commonly overexpressed in neuroendocrine (NE) tumors."*
Aside from surgery, such tumors, including metastasized ones,
can be effectively treated using KE108-functionalized UCNPs,
which enable effective NE tumor targeting, as well as NIR PDT
combined with chemotherapy with AB3.'*® Notably, a respon-
sive UC nanoprobe was designed by Wang et al to detect
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Epstein-Barr virus (EBV)-associated cancer.'** Under the
expression of the targeted protein Epstein-Barr nuclear antigen
1 (EBNA1), a latent cellular protein, in all EBV-associated tumor
cells, UCNPs coated with an EBNA1-specific P4 peptide exhibited
selective and responsive UC emission enhancement through
aggregation (Fig. 5¢). In 2021, the same group presented the next
generation of bioprobes for the concurrent monitoring and
inhibition of EBV-associated cancer cells (Fig. 5d)."* Peptide
sequences that can recognize two overexpressed EBV-specific
oncoproteins, EBNA1 and the transmembrane protein LMP1,
are introduced to UCNP surfaces through a pH-sensitive cleavable
linker imine. Through the precise delivery guided by this dual-
targeting peptide, the targeted UCNPs exhibit higher specific
uptake, lesser side effects, and greater antitumor efficacy against
EBV-positive tumors in vivo.

3.4 Hyaluronic acid (HA)

HA is an anionic, nonsulfated, naturally occurring glycosamino-
glycan composed of repeating disaccharide units of f-1,4-p-
glucuronic acid and B-1,3-p-N-acetylglucosamine. HA is abundant
in the extracellular matrices of connective, epithelial, and neural
tissues in vertebrates. The cell membrane interaction between HA
and its receptor CD44 is pivotal to promoting tumor growth and
metastasis.’*”"*® Therefore, HA is considered as a promising
ligand in the targeted delivery of various CD44-expressing tumor
cells.’*>"*° In 2017, Du et al reported the use of HA-coated
core-shell mesoporous UCNPs as a targeted drug delivery
nanoplatform for the multimodal imaging-guided synergetic
chemo-thermotherapy for breast cancer.’® Contrary to the
commonly used mesoporous silica shell, mesoporous NaGdF,
is grown on the core of UCNPs to improve drug loading and
imaging contrast. CuS acts as a gatekeeper to prevent premature
drug leakage and improve PT and photoacoustic tomography
(PAT) capabilities of the resulting nanocomposite. Surface graft-
ing of HA also improves selective accumulation at the tumor
site, and when used in combination with UCL/MR/PAT imaging,
it can exert favorable theranostic effects. Another core-shell
nanostructure (excited PS) and hypocrellin A (blue light-excited
PS) were used to achieve HA-mediated dual-PS PDT through
808 nm light activation."*> The TiO, shells can be crystallized
directly on the surface of UCNPs for the stepwise conjugation of
HA and hypocrellin A. Moreover, a layer-by-layer assembly
approach was employed to generate multifunctional nanocom-
posites with UCNPs as the core and with Fe;O, NPs and
Prussian blue NPs (PBNPs) as the shell."** In the presence of
HA and a magnetic field, a fourfold higher tumor accumulation
rate (relative to that in the case without dual targeting) was
obtained. PBNP decoration also allowed for sufficient PT ablation
against targeted cancer cells under NIR irradiation. The resultant
nanocomposites have great potential for application in MR/UCL/
PAT imaging-guided, dual-targeted PTT in vivo. To realize con-
trolled cargo release in a spatiotemporal manner, a sequentially
responsive upconversion nano-onion (UCNO) with stacked
polymer coating layers on UCNPs was designed by Ju et al. for
small interfering RAN (siRNA) delivery.'** The UCNPs were sur-
face coated with RB-conjugated PEI (PEI-RB), ROS-responsive
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Fig. 6 HA-functionalised UCNPs for active tumor targeting. Schematic
illustration of (a) synthesis of UCNOs (UCNP-PEIRB-PEISeSe/siRNA-R8-
HA) and (b) sequential responsive decomposition of UCNOs and NIR
boosted intracellular siRNA release and therapy. Reproduced from ref.
134 with permission from Elsevier.

diselenide-connected PEI (PEI-SeSe), siRNA, cell-penetrating
peptide R8, and HA sequentially (Fig. 6a).

The negatively charged outer layer of HA both allows prolonged
blood circulation and prevents nonspecific UCNO degradation.
After efficient accumulation at the tumor site is achieved through
HA-mediated active targeting, hyaluronidase can degrade the HA
layer to expose the positively charged R8, leading to rapid cell
internalization and lysosomal escape. UCL triggered by NIR light
can activate PEI-RB to generate ROS and degrade the HA layer to
expose the positively charged R8, leading to rapid cell inter-
nalization and lysosomal escape. UCL triggered by NIR light can
activate PEI-RB to generate ROS and decompose the PEI-SeSe
layer to release siRNA (Fig. 6b). The effectiveness of tumor
growth suppression in vivo indicated the potential of the
sequentially responsive UCNO in precision medicine.

3.5 Cell membrane camouflage

In targeted delivery, pegylation is the most commonly used
method for improving the stealth properties of foreign NPs and
However, the interaction between the colloid
surface and the plasma proteins (opsonins) is inevitable. This
interaction promotes the rapid clearance of NPs from the blood-
stream through the mononuclear phagocytic system, resulting in
fast clearance and poor therapeutic efficacy.'* Recently, various
types of cell membranes such as those of red blood cells (RBCs),
platelets, immune cells, and cancer cells have been explored to
camouflage NPs in an attempt to determine the inherent

nanovesicles.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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properties and functions of the source cells."**"*° After wrapping
with cell membranes, biomimetic NPs exhibited high biocompat-
ibility, immune evasion, long circulation time, and strong homo-
typic active targeting. This novel interfacing approach is believed
to contribute to the development of future nanotechnology
applications in medicine. For example, Liu et al. demonstrated
that RBC membrane-coated UCNPs can minimize protein corona
formation, thereby improving their FA-mediated tumor-targeting
ability for enhanced UCL imaging in vivo."*° In addition, a micro
vehicle based on UCNP-decorated RBC was designed to achieve
hypoxia-activated O, delivery and enhanced chemotherapy under
NIR light."*" The UNCP surfaces were functionalized with a
hypoxia probe (HP) that can be transformed into an active state
in a hypoxic microenvironment (Fig. 7a). Based on the RET
process between UCNPs and active HP, the HP-emitted photo-
energy can trigger the release of O, molecules from the
oxy-hemoglobin carried in RBC under 980 nm light irradiation.
On account of the tumor hypoxia alleviation, synchronous O,
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Fig. 7 Cell membrane camouflaged UCNPs for active tumor targeting.
(a) Schematic illustration of RBCmv fabrication. In responsive to 980 nm
laser irradiation, RBCmv can continuously release O, and PTX which
endow the drug delivery system chemotherapy enhancement ability.
Reproduced from ref. 141 with permission from The Royal Society of
Chemistry. (b) Preparation, function, and application of CC-UCNPs. The
resulting CC-UCNPs, which inherit the immune escaping and homologous
targeting capabilities from the source cancer cells, have been used for
highly specific tumor imaging. Reproduced from ref. 142 with permission
from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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delivery can enhance the chemosensitivity of malignant tumor
cells to conventional antitumor drugs (e.g., paclitaxel, PTX).
Moreover, cancer cell membrane-coated UCNPs (CC-UCNPs)
were reported to evade immune clearance well, with an ability
comparable to that of RBC-coated UCNPs.'*> CC-UCNPs also
inherit source cancer cells’ favorable homologous adhesion
ability, enabling highly specific tumor targeting (Fig. 7b). Aside
from the satisfactory NIR fluorescence emission performance
of UCNPs, core-shell CC-UCNPs have been successfully used
for highly specific in vivo tumor imaging.

In active targeting, recognition, retention and facilitated
uptake of UCNPs can be enhanced by ligands that bind to specific
receptors. In addition, surface grafting of multiple copies of
ligand molecules on UCNPs can increase the overall avidity of
NPs to the cognate target through cooperativity effects. The dual
or multiple types of ligand molecules on a single nanoplatform
also exhibited more effective cancer cell targeting than its corres-
ponding single ligand system, collectively enhancing the binding
efficiency and subsequent actions. However, there is no certitude
of “more-ligand-more-targeting”. A multitude of factors, such as
ligand density, orientation and appropriate ligand combination,
are critical aspects to achieve the desired outcomes of targeted
delivery. Challenges including nonspecific plasma protein bind-
ing, low blood circulation rate, and poor biodistribution profile
are also potential obstacles to be addressed for future cancer
nanotheranostics.

4. Conclusion and future perspectives

This paper summarizes the recent advances in the design and
use of UCNPs in tumor-targeted nanotherapeutics for cancer
theranostics. We have provided accounts of various strategies
for enhancing UCL efficiency and manipulating the multicolor
emission and multimodal imaging capabilities of UCNPs. We
have also introduced and discussed the latest progress in the
surface engineering of UCNPs with the use of different types
of bioligands for active tumor targeting. As has been demon-
strated, the combination of targeting moieties with UCNP-
based theranostic nanoplatforms has demonstrated substantial
success with regard to applications in fields ranging from
bioimaging to phototherapy. However, challenges in the imple-
mentation of UNCPs in precision medicine remain numerous.

First, consider renal excretion efficiency and toxicity. In
general, NPs smaller than 10 nm in size can pass through the
kidney after intravenous administration. Unfortunately, the
luminescence efficiency of sub-10 nm UCNPs is usually dozens
of times lower than that of UCNPs of typical sizes (50-60 nm).
Therefore, the long-term cumulative toxicities and metabolic
progress of targeted UCNPs (e.g., through hepatobiliary excre-
tion) require systematic investigation.

Second, the brightness of UCNPs requires improvement.
Although UCL for bioimaging in vivo has been described under
different circumstances, the low quantum yield (0.1-1%) remains
a strict limitation even for UCNPs with designated core-shell
architectures. Developing advanced strategies to enhance the
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brightness of core-shell UCNPs is essential, particularly for ultra-
small (<10 nm) UCNPs.

Third, the tissue scattering effect remains an obstacle to
visible UCL. NIR UCL represents a promising opportunity, but
it is currently limited to Yb**/Tm*" doping. Thus, the development
of novel types of UCNPs allowing bright NIR-I (700-950 nm) or
NIR-II (1000-1700 nm) downshifting luminescence is warranted.
Because of the reduced scattering, minimal absorption, and
negligible autofluorescence within these biological windows,
centimeter-deep tissue imaging can be performed with high
resolution and sensitivity.

Finally, UCNP-mediated PDT has been reported to activate
the antitumor immune response by inducing immunogenic cell
death and dendritic cell maturation. Alongside PDT, PTT, and
NIR-responsive controlled drug release, targeted UCNPs also
provide new means for photoimmunotherapy implementation,
creating possibilities for the effective treatment of not only
primary tumors but also metastatic or distant recurrent tumors.
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