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CONSPECTUS: Next generation theranostic devices will rely on the smart integration of
different functional moieties into one system. These individual chemical elements will have
a variety of desired chemical and physical properties and will need to behave in a
multifunctional manner. Researchers have used upconversion nanoparticles (UCNPs) as a
basis for superior imaging probes to locate cancerous lesions. The features of these
nanoparticles, such as large anti-Stokes shifts, sharp emission bands, long-lived
luminescence, and high resistance to photobleaching, have produced versatile probes.
One way to improve these probes is to add a layer of dense or mesoporous silica to the
outer surface of UCNPs (UCNP@SiO,). These modified UCNPs are chemically stable and
much less cytotoxic than the original UCNPs. In addition, their surface can be easily
modified to introduce various functional groups (e.g, —NH,, —COOH, —SH) via
silanization, which facilitates conjugations with various biological molecules for multimodal
imaging or synergetic therapeutics. This versatility makes UCNP@SiO, particles excellent

platforms for the construction of efficient theranostics.

In this Account, we provide a comprehensive summary of recent progress in the development of UCNP@SiO, nanocomposites
for theranostics in the hope of speeding their translation into the clinic. We first discuss the major design principles and protocols
for engineering various nanocomposites based on UCNP@SiO, structures including those coated with dense silica, mesoporous
silica, or hollow mesoporous silica. Next we summarize several representative efforts that probe the relaxivity mechanisms of
these nanostructures as a way to optimize magnetic resonance sensitivity, multimode cancer imaging, near-infrared light-triggered
chemotherapy, photodynamic therapy, and synergetic therapy (the combination of radiotherapy with chemotherapy,
thermotherapy, or photodynamic therapy) using UCNP@SiO,-based theranostics.

By rational integration of a wide range of features that convey multiple functions (such as imaging and therapy) into the structure
or onto the surfaces of UCNP@SIO,, the constructed theranostics show promise for multimodal cancer imaging, biosensing, and
effective cancer therapy. Finally, we discuss the limitations of UCNP@SiO, nanostructures, the difficulties in the design of smart
theranostics, and their potential role in clinical cancer research.

1. INTRODUCTION

Recently, upconversion nanoparticles (UCNPs) have attracted
considerable attention due to their unique features in
converting near-infrared light (NIR) to visible or ultraviolet
(UV) light efficiently through an upconversion process." Such
upconverted luminescence (UCL) imaging is expected to be
the next-generation photoluminescence imaging technique for
the detection of cancerous lesions because UCNPs provide
many uncommon opportunities in biomedical applications,
such as low background autofluorescence from biomolecules,
deep photon penetration in tissues, minimal photodamage to
living organisms, and high sensitivity.” More interestingly, by
doping with functional ions such as Gd*, UCNPs can be
readily applied as excellent dual-mode imaging contrast agents,
which show a great probability to improve the quality of
imaging and thus provide reliable and accurate detection of
cancerous lesions.” Besides their multiple imaging capabilities,
UCNPs have also been widely used in theranostics in which
disease diagnosis and therapy are combined and performed on
a single nanoplatform.* On the basis of these distinctive
advantages, recent years have witnessed rapid progress in the
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research and development of UCNPs for biomedical
applications.

In the past decades, diverse routes have been developed for
the synthesis of uniform UCNPs.” Typically, monodisperse
UCNPs of highly uniform size and morphology were
synthesized in high-boiling organic solvents such as octadecene.
In this synthesis, oleic acid was usually employed as a primary
surfactant to modulate the crystal growth by coordinating to
the nanoparticle surface. As a result, a subsequent surface
hydrophilic modification is usually necessary to provide both a
stable aqueous colloidal dispersion and the ability to conjugate
biomolecules and other ligands on the UCNP surface before
they can be employed in theranostics applications.

In this regard, a large variety of surface modification methods
have been developed to convert hydrophobic UCNPs into
hydrophilic ones, including chemical modification of the
hydrophilic ligand or addition of an extra hydrophilic layer
on the UCNPs’ surface.® Among various methods, the growth
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of a silica shell on UCNPs (UCNP@SiO,) have attracted great
interest since they exhibit low cytotoxicity and their chemically
active surface can be easily modified to introduce various
functional groups (e.g, —COOH, —NH,, —SH, etc.) via
silanization, which can satisfy various needs of conjugating
biological molecules or functional nanoparticles. Moreover, the
large surface area and pore volume of mesoporous silica ensure
facile adsorption as well as high loading of various therapeutic
materials. Clever combinations of UCNP@SiO, nanocompo-
sites with different kinds of functional moieties will enable the
development of multifunctional nanomedical platforms for
biosensing, multimodal bioimaging, drug delivery, photo-
dynamic therapy (PDT), and synergetic therapy. Hence, the
integration of UCNPs and silica make these systems one of the
most investigated nanocomposite materials. Therefore, it will
be of great significance to introduce the latest progress in this
field to the chemical community.

This Account provides an overview of UCNP@SiO,,
including their chemical synthesis strategies, modification and
functionalization approaches, and their theranostics applica-
tions. We aim to elucidate the general concepts and structure—
property relationship of UCNP@SiO, and then to provide
useful insights into the strategies of achieving a set of desired
chemical properties using the UCNP@SiO, nanoplatform for
practical applications in the future. We hope to stimulate new
ideas and inspire continuous endeavors in this emerging
research area.

2. SYNTHESIS OF UCNP/SILICA CORE—SHELL
STRUCTURES

Silica shells can be in either dense or mesoporous forms. In the
following sections, the rational design and synthesis of
UCNP@SiO, nanomaterials, including both dense and
mesoporous silica shells will be highlighted. It is worth
mentioning that gold, quantum dots, and superparamagnetic
iron oxide nanoparticles can also be embedded into silica shells
using the following methods.

2.1. Dense Silica Coating

Dense silica (dSiO,) coating is a versatile strategy to modify the
surface of UCNPs. Typically, there are two routes to coat dSiO,
onto UCNPs: one is sol—gel nanochemistry in a reverse micelle
nanoreactor’ to coat dSiO, onto UCNPs with hydrophobic
capping ligands; the other is the Stober method® to make dSiO,
coating provided that the UCNPs’ surfaces have already been
modified to be hydrophilic.

The reverse micelle method is applied for coating a uniform
layer of dSiO, on oleate- or oleylamine-capped UCNPs (Figure
la). This method involves the formation of a nanoconfined
hydrophilic cavity, which acts as a “nanoreactor”, stabilized by a
surfactant (e.g,, Igepal CO-520) in the organic phase (e.g,
cyclohexane). After addition of tetraethyl orthosilicate (TEOS)
to the solution, the dSiO, shell will grow on the surface of
UCNPs via ammonia-catalyzed polymerization of TEOS. To
ensure the stability of the microemulsion, the final silica shell
thickness can be precisely controlled only in the range of 20 to
100 nm by tuning the amount of the added TEOS.

The Stober method prevails in silica chemistry. This method
can be easily applied in the synthesis of UCNP@dSiO, by
mixing hydrophilic UCNPs with water and ammonia to form a
homogeneous solution. A uniform dSiO, shell can be formed
around the UCNP via the hydrolysis and condensation of
TEOS around the UCNP “seeds”. Hence, the precise control of
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Figure 1. Transmission electron microscopy (TEM) images of various
UCNP@SiO, nanostructures, including UCNP@dSiO, (a), UCNP@
mSiO, (b), UCNP@dSiO,@mSiO, (c), and UCNP@hmSiO, (d).

surfactant content essential for creating stable micelles in
reverse micelle method is unnecessary in this Stober approach,
thereby facilitating the elaborate manipulation of reactant
concentrations to accurately tune the silica shell thickness from
1 nm to 2 ym. For example, Li and Zhang reported the coating
of a very uniform dSiO, shell onto polyvinylpyrrolidone (PVP)-
stabélized UCNPs with the controlled dSiO, thickness of 1-3
nm.

2.2. Mesoporous Silica Coating

In general, there are two routes to synthesize the nano-
composites of UCNP@mSiO,. The first is to coat mSiO, layer
directly on the surface of UCNPs in one step; while the second
is to coat mSiO, layers on the surface of UCNP@dSiO, to
form a UCNP@dSiO,@mSiO, core@shell@shell structure.

Our group reported the direct fabrication of the mSiO, layer
on the hydrophobic surface of UCNPs using temperature-
controlled ultrasonication treatment (Figure 1b).'° In this
process, cetyltrimethylammonium bromide (CTAB) serves as
both surfactant for transforming hydrophobic UCNPs to
hydrophilic ones and organic template for the formation of
the mesoporous shell. During the mSiO, shell coating process,
the ultrasonic energy input can effectively prevent the
aggregation of nanoparticles at the controlled temperature of
25 °C, which facilitated the formation of monodisperse core—
shell nanostructures with single UCNP cores being uniformly
coated by mSiO, shells.

Notably, mSiO, shells can also be readily coated on UCNP@
dSiO,. Typically, an ordered mSiO, shell with a thickness of
10—100 nm can be uniformly coated around UCNP@dSiO,
nanoparticles by using octadecyltrimethoxysilane (C;gTMS) as
a mesopore template. "'> One drawback of this method is the
uncontrolled aggregation of the final nanoparticles during high-
temperature treatment (550 °C, 6 h), which seems to be the
only known way to remove C;;TMS from the silica network.
To solve this problem, we used hexadecyltrimethylammonium
chloride (CTAC) as template when coating mSiO, shells."
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Subsequent extraction of the CTAC using ion exchange (e.g,,
sodium chloride) yielded a patterned mSiO, shell (Figure 1c).
Compared with direct mSiO, coating, the incorporation of a
dSiO, interlayer results in improved chemical stability along
with tunable separation between the UCNPs core and surface
tethered components.

2.3. Hollow Mesoporous Silica Coating

Recently, rattle-structured UCNP@hmSiO, nanomaterials,
which compose of UCNP core, mSiO, shell and large voids
in between the core and the shell, have attracted widespread
attention because their high surface to volume ratio and large
pore volume are highly desirable for many potential
applications.

Etching, or partial dissolution of the interior of nanoparticles,
is a widely used approach to synthesize hmSiO, nanomaterials.
Typically, this method involves the growth of two layers of
dSiO, on a hydrophobic UCNP, and the second shell growth is
usually accomplished by a water-phase Stober method.
Subsequently, a surface-protected hot water etching process
(using PVP as a surface protector) at 95 °C can etch away the
first dSiO, shell by breaking the internal Si—O—Si bonds and in
the meantime generate mesopores in the second silica shell,
yielding a “yolk” nanostructure with mSiO, shell. By adjust-
ment of the etching duration, it was possible to obtain a series
of intermediate structures with different cavity sizes. To
generate bigger pores in the outer silica shell, the mesoporous
second silica layer, instead of dSiO, layer, can be coated before
etching (Figure 1d).”

3. APPLICATIONS IN IMAGING, BIOSENSING, DRUG
DELIVERY, AND SYNERGETIC THERAPY

3.1. Relaxivity Mechanism Probing and MR Sensitivity
Optimization

Gadolinium-doped UCNPs (Gd-UCNPs) have been widely
documented as both UCL and T',-weighted magnetic resonance
(T;-MR) imaging agents.14 Understanding of the relaxivity
mechanism of Gd-UCNPs as affected by surface modification is
of great significance in guiding MR sensitivity optimization.
With this in mind, the origins of the longitudinal (r,) relaxivity
in the situation of various surface modifications were
investigated using models of dense and mesoporous silica
coated Gd-UCNDPs." According to the classical Solomon—
Bloembergen—Morgan theory for predicting the efficiency of
MRI contrast agents, the overall rj-relaxivity involves two
contributions: inner-sphere relaxivity (r°, bonding of water
molecules directly to Gd** ions) and outer-sphere relaxivity
(%%, no water to Gd** ion bonding is needed).'® Typically,
three critical parameters (g, the number of water molecules
coordinated by a single Gd**; 7,,, the mean residence time of
water molecules; and 7y, the rotational correlation time of water
molecules) are the most structure-related parameters that
influence the performance of r°. The maximized q value and
optimized 7,, and 7y are required to obtain high ri’. The
diffusion correlation time of water molecules (zp,) is the only
parameter that affects 9%, The increased 7, value will result in
higher r{®°. Interestingly, by taking advantage of the inherent
differences in porosity between dSiO, and mSiO, shells, altered
q and 7, could be expected. In addition, different silica shell
thickness may influence 7z and 7p, which could potentially
provide a chance to investigate the involved relaxivity
mechanisms (Figure 2)." It was observed that the r, value of
UCNP@mSiO, remained nearly unchanged at around 4.8
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GdF interlayer

Figure 2. Well-designed silica coated Gd**-free NaYF,:Yb/Er core@
NaGdF, shell nanoprobes for investigating the MR relaxivity
mechanism. Reproduced with permission from ref 15. Copyright
2013 John Wiley and Sons.

mM™' s7! when the mSiO, shell thickness was tuned in the
range from 11.1 to 23.4 nm, indicating the minor role of inner-
sphere mechanism since both 7, and 7 are dependent on
mSiO, thickness. In sharp contrast, r, values of UCNP@dSiO,
increased rapidly along with the increasing dSiO, shell
thicknesses from 2.6 to 16.9 nm, which can be perfectly
explained by outer-sphere mechanism because the increased
dSiO, thickness will lead to restricted outer-sphere water
diffusion in dSiO,, finally resulting in increased r{* relaxivity.
Under the guidance of the above mechanism investigation,
the Gd** ions located on the particle surface were suggested to
provide the main contributions to T,-MR imaging.'” "
Afterward, various highly efficient nanoprobes based on Gd-
free core/NaGdF, shell-structured UCNPs have been inves-
tigated.”® To optimize the r; value of Gd-UCNPs, decreasing
the nanoparticles” size (smaller than 4 nm) can be another
effective way to elevate the density of surface Gd** ions. We
fabricated ultrasmall NaGdF, nanodots (~2 nm) with chelating
diethylene triamine pentaacetic acid (DTPA) grafted outside to
capture the potentially released Gd*", which exhibited a high r,
value of 893 mM~' s7'.*' Importantly, these nanodots
demonstrate much stronger vascular signal than clinical
Magnevist at the same dose; a considerable number of capillary
vessels and atherosclerotic plaques can be clearly delineated
with a high resolution. No doubt, the investigation of relaxivity
mechanism will guide the design of other UCNP agents with
unique and efficient UCL/T-MR bimodal imaging capability.
As another MRI mode, T,-weighted MRI can also achieve
sensitive molecular imaging by using magnetic nanoparticles as
probes through shortening the transverse relaxation time of
surrounding water molecules.”” It is worth mentioning that,
among various lanthanide ions, a number of paramagnetic ions
such as Dy**, Ho*, and Yb*', in addition to Gd*', are suggested
to be promising T,-MR probes.”®
3.2. Multimodal Imaging

It is anticipated that multifunctional diagnosis probes can give
more detailed information on tumors with both high resolution
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Figure 3. TEM images of Gd-UCNP@SiO,—Au (a) and Gd-UCNP@TaO,, (b). Reproduced with permission from ref 26. Copyright 2012 Elsevier
Ltd. (c—e) In vivo UCL/CT/T;-MR imagings after intravenous injection of Gd-UCNP@TaO,. Liver sites are marked with circles. Reproduced with

permission from ref 27. Copyright 2012 Elsevier Ltd.

and sensitivity. However, how to design the high-performance
trimode contrast agents without mutual interference is
technically challenging. One way is to dope specific elements,
which provide MR and X-ray computed tomography (CT)
functions in UCNPs. Very recently, our group developed an
efficient nanoprobe based on NaYbF,:Ho for multimodal
UCL/CT/MR imaging thanks to the simultaneous CT and T,-
MRI performance of both Yb and Ho.>* As another solution,
integration of differently functionalized components into one
system is more appealing.”®> Due to the easy surface
modification of silica, our group combined NaYF,:Yb/Gd/
Er/Tm with gold nanoparticles by electrostatic adsorption
between electropositive UCNP@dSiO,—NH, and negative
gold nanoparticles (Figure 3a) for trimodal imaging: strong
upconversion emissions for UCL imaging, Gd** for T,-MR],
and gold nanoparticles for CT imaging.*® Interestingly, the
distance between the UCNP core and plasmonic gold
nanoparticles at the surface can be well tuned by varying the
thickness of the silica shell, which is very useful to manipulate
plasmonic interaction for enhanced UCL emission. Practically,
to prevent the UCL signal blocking by outer gold nanoparticles,
recently a nanocomposite has been constructed by decorating
Gd-UCNPs with radiopaque but luminescence-transparent
tantalum oxide (TaO,, x ~ 1) (Figure 3b) via a reverse micelle
method.” After intravenous injection of the probes to the mice,
high contrast UCL/CT/MR trimodal imagings in vivo (Figure
3c—e) could be achieved simultaneously, which will be greatly
favorable for precisely determining the location of tumors.
More attractively, the recent development of multifunctional
UCNPs for hexamodal imaging (fluorescence/Cerenkov
luminescence/UCL/photoacoustic/positron emission tomog-
raphy/CT) further confirmed the potential of clinical
application for UCNPs-based nanoprobes.”®
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3.3. Drug Delivery

Over the past decades, to minimize the systemic cytotoxicity of
free drugs, various drug delivery systems have been constructed
thanks to their great potential for further biomedical
applications. Lin et al. developed a multifunctional nanocarrier
composed of UCNP@mSiO, and pH/temperature-responsive
P(NIPAm-co-MAA) polymer brush gatekeepers for simulta-
neous imaging and controlled chemotherapy.”® At elevated
temperature or lowered pH, the swelling of polymer located at
the surface of mSiO, layer will trigger the release of DOX
molecules encapsulated in the mesoporous shell.

Very recently, a NIR light-triggered anticancer drug release
system was developed by integrating UCNP@mSiO, and
photoresponsive azobenzene molecules into one system
(Figure 4a).>° Upon NIR light irradiation, the upconverted
UV and visible luminescence from UCNPs can trigger the
continuous back and forth wagging motions of the azobenzene
molecules linked in the mesopore channels, which can thus
propel the release of anticancer drugs. Soon afterward, a similar
drug release system was also explored by Li’s group by loading
7-amino-coumarin derivative-caged anticancer drug chlorambu-
cil in the UCNP@hmSiO,.*' Under NIR exposure, the
upconverted UV light from UCNPs can cleave the chemical
bond of the aminocoumarin site, thus resulting in the release of
the uncaged chlorambucil. Such nanocarriers possess the
advantages of high drug-loading capacity and sensitivity to
NIR light. These achievements provide a promising solution to
the general problem of low tissue penetration of excitation light
in traditional phototriggered drug release systems.

In clinical applications, the real time monitoring of anticancer
drug release is very significant because insufficient or excess
drug dosages are both undesirable. Xing and co-workers
developed a NIR light-activated nanoplatform by combining an
apoptosis-sensing peptide-conjugated UCNP@dSiO, with a
photoactivatable platinum prodrug (Pt'V).>* After the activation
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Figure 4. (a) The mechanism of NIR-triggered drug release. Reproduced with permission from ref 30. Copyright 2013 John Wiley and Sons. (b)
Schematic illustration of monitoring drug release by MR imaging. Reproduced with permission from ref 13. Copyright 2014 John Wiley and Sons.

of Pt"Y complex by the upconverted emission from UCNPs, the
generated caspases would effectively cleave the peptide
conjugated on the silica surface, thus enabling the recovery of
the quenched NIR fluorescence. As a result, the proposed
nanotheranostic is capable of real-time imaging of the drug
release. Our group further proposed a UCNP@hmSiO,
nanocomposite and developed a novel concept of monitoring
drug release in vivo using MR imaging."> As depicted in Figure
4b, along with the release of drug molecules, the amount of
drugs in the hollow cavity will decrease, resulting in the
increased probability of water molecules bonding to Gd** ions
located in UCNPs core and consequently increased r; value of
the designed nanosensors. Such a monitoring strategy is
featured with the high resolution and tissue depth-independ-
ence of MRI, which can be possibly applied to online
determining the drug concentrations in vivo.

3.4. PDT

Conventional PDT drugs are activated by visible light to
generate reactive oxygen species (ROS) and singlet oxygen
(10,), which is able to kill the cancer cells.>® However, they
have been proven effective only in the treatment of superficial
carcinoma, not deep cancer due to the poor penetration of
visible light. Fortunately, the integration of UCNPs and PDT
agents such as MCS540 (merocyanine 540) and ZnPc (zinc
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phthalocyanine) can enable the PDT agent activation under
NIR excitation by employing UCNPs as wavelength converters.
For example, PDT agents can be chemically incorporated
within UCNP@dSiO, via siloxane linkages.**

Typically, NaYF,:Yb/Er UCNPs produce a green emission
along with a red emission under NIR irradiation. In the above-
mentioned systems, only a single band of upconverted emission
was absorbed by PDT agents. To make use of other emission,
Zhang’s group developed a dual-photosensitizer approach, in
which MC540 and ZnPc photosensitizers were loaded into
NaYF,:Yb/Er@mSiO, simultaneously (denoted as UCNs-
ZnPc-MCS540) (Figure 5a).>® Such dual photosensitizers can
be activated by both upconverted green and red emissions
under a single NIR excitation. Compared with single photo-
sensitizers, UCNs-ZnPc-MC540 demonstrated promoted gen-
eration of singlet oxygen and higher antitumor effect (Figure
Sb).

Despite the extensive efforts in developing NIR-induced
PDT, deep-located tumors remain mostly unaccessible. In
addition, antitumor efficacy will be drastically decreased due to
the remarkable oxygen consumption during continuing PDT.
To address these issues, our group developed an X-ray-
activated PDT strategy to treat deep tumors with diminished
oxygen dependence using a Ce™-doped LiYF,@dSiO,@ZnO
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Figure S. (a) Schematics of UCNP@dSiO,@mSiO, coloaded with ZnPc and MCS540 photosensitizers for PDT. (b) Representative photos of mice
intravenously injected with FA-PEG-UCNs, unmodified UCNs or PBS. Scale bars, 10 mm. Reproduced with permission from ref 35. Copyright 2012
Nature Publishing Group. (c) Schematic illustration of the synthetic route to monodisperse SZNPs. (d) The mechanism of ionizing radiation-
induced PDT. Reproduced with permission from ref 36. Copyright 2015 John Wiley and Sons.

structure (Figure 5¢).>® In brief, under X-ray radiation, UV light
emitted from octahedral Ce**-doped LiYF, scintillating nano-
particle (SCNP) matches well with the bandgap of ZnO
decorated on the surface of SCNP@dSiO,, resulting in the
formation of an electron—hole (e”—h*) pair. Notably, the
reaction between h* and the absorbed water instead of oxygen
can generate highly reactive hydroxyl radicals (*OH) (Figure
5d). Such a process essentially minimizes the oxygen tension
dependency of ROS generation.

3.5. Synergetic Therapy

Recently, our group demonstrated that higher X-ray doses
could be concentrated at the tumor regions containing the
constitutive heavy elements due to their large X-ray photon
capture cross-section and strong Compton scattering effect
during radiotherapy.>” As a result, a large amount of
photoelectrons and Auger electrons can be concentrated in
the regions of interest. Some specific anticancer drugs
containing high-Z elements, such as cisplatin (CDDP)
containing Pt, can be used as radiosensitizers, which will lead
to simultaneous chemotherapy and radiotherapy by loading
CDDP into theranostics. For example, CDDP loaded UCNP@
hmSiO, nanotheranostics were designed to achieve optimized
therapeutic efficacy via synergetic chemo- and radiotherapy,
giving rise to much enhanced antitumor efficacy with reduced
dosages of both chemodrug and X-ray.>® In addition, because
most anticancer drugs must reach the cell nucleus where they
interact with DNA to stop cell growth,> our group further
constructed a sub-50 nm UCNP@mSiO, nanotheranostic
system to directly deliver radiosensitizing drug Mitomycin C
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into the nucleus. The results indicate that the substantially
enhanced synergetic chemo- and radiotherapy can lead to
efficient cancer treatment as well as circumvention of multidrug
resistance in vitro and in vivo.*’

Although the high-Z metal ion-sensitized radiotherapy can
generate increased local radiation doses on deep-seated tumors,
such an enhanced radiotherapy is not able to thoroughly kill
radiotherapy-insensitive S-phase cells. Fortunately, these radio-
resistant cells are very sensitive to thermotherapy; therefore the
combination of radiotherapy and photothermal ablation will
offset the above disadvantage. Very recently, our group
constructed multifunctional core/satellite nanotheranostics by
decorating the surface of UCNP@dSiO, with ultrasmall CuS
nanoparticles (Figure 6).*' The UCNP inner core served as not
only radiation dose-enhancer due to the existence of rare earth
elements but also contrast agent for UCL/T|-MR/CT trimodal

UCNP (Imaging)

NIR
PTA
PEG—=udSINvEC. ~ . l .......
: Synergistic:
CusS i Effect !
4 Enhanced
X-ray  silica RT

Figure 6. Schematic of a theranostics for the synergistic radiotherapy
and photothermal ablation. Reproduced with permission from ref 41.
Copyright 2013 American Chemical Society.
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imaging. In the meantime, CuS$ satellites were used as NIR-
driven photothermal agents for efficient photothermal ablation.
Such a combination showed much higher antitumor efficacy
than the expected sum of two individual treatments.

It is widely known that regrowth of tumors due to the quick
self-repair of DNA is a common drawback of current therapies.
Fortunately, cytotoxic 'O, generated by PDT may be more
effective in destroying cancer cells. Our group constructed a
multifunctional UCNP@hmSiO, nanocomposite coloaded with
hematoporphyrin and docetaxel.*” Hematoporphyrin serving as
photosensitizer was covalently grafted inside the silica shell
while docetaxel applied as chemodrug was encapsulated into
the inner cavity. Interestingly, both hematoporphyrin and
docetaxel can be used as radiosensitizers. Hematoporphyrin has
been reported to promote the generation of ROS under X-ray
irradiation;*> meanwhile, docetaxel-treated cells will remain in
the G2—M phase of the cell cycle, by which cells become highly
sensitive to radiotherapy.** Such an integration of chemo-
therapy/radiotherapy/PDT will enable synergetic therapeutic
effect among different modes, thus leading to remarkably
enhanced anticancer therapeutic effects.

Another possible factor that induces regrowth of tumors is
the existence of hypoxic areas in tumors. Interestingly, a tunable
ratiometric oxygen sensor was developed for the quantitative
measurement of hypoxic level, which is important to guide the
subsequent treatments of hypoxic tumors.” [Ru(dpp);]**Cl,,
whose maximum absorbance perfectly overlaps with the
emission of UCNPs, was chosen as the indicator for sensing
oxygen level. As shown in Figure 7, the efficient combination of

P
NIR light Blue light Q@ - ©
aRNPeET normoxia
N cl
S ANy
Ph .
UCNPs hypoxia

12+
NaYF,:Yb/Tm@NaYF, [Ru(dpp),|**Cl,

Hypoxia
—

—~—
Normoxia

Weak fluorescence Strong fluorescence

under oxygen-rich condition under oxygen-deficient condition

Figure 7. Schematic illustration of the nanosensor structure and its
sensing to oxygen by detecting the change in luminescence emission
intensity. Reproduced with permission from ref 45. Copyright 2014
American Chemical Society.

UCNPs and [Ru(dpp);]**Cl, into one system can be achieved
by encapsulating [Ru(dpp);]**Cl, into the hollow cavity of
UCNP@hmSiO,. In particular, such a hollow cavity is
especially beneficial to the energy transfer between UCNPs
(donors) and [Ru(dpp);]**Cl, (acceptors) within 10 nm. More
importantly, the local oxygen concentrations in the nanosensors
will be significantly higher than those in outside solution due to
adsorption of oxygen molecules into mesopores. As a result, it
is possible to detect low concentrations of oxygen with high
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sensitivity. To treat hypoxic tumors more efliciently, a
theranostic based on UCNP@hmSiO, has been constructed,*
in which the UCNP core serves as radiation dose amplifier,
while the bioreductive prodrug tirapazamine loaded in the
cavity can be used as a hypoxia-selective cytotoxin to mitigate
the oxygen dependence of radiotherapy. This theranostic shows
effectively suppressed activities of hypoxic cells, thus resulting
in substantial inhibition of hypoxia—reoxygenation and the
subsequent cancer cell replication that often occurs after a
single radiotherapy.

4. CONCLUSIONS AND PROSPECTS

Combining the unique properties of both UCNP core and silica
shell, the UCNP@SiO, multifunctional nanocomposites can
serve as effective agents for theranostic applications. However,
there is still large space for enhancing the quantum yield of
UCNPs. Currently, the core/shell structure is widely used to
increase quantum efficiency.”’” To further elevate the quantum
yield, new materials and synthetic strategies should be
developed, especially aiming at synthesizing ultrasmall-sized
UCNPs (within 10 nm) with high luminescent efficiency.
Meanwhile, more effort should be made to rationally design
smart theranostics that enable highly effective therapy under
remote control and to establish relationships between imaging
results and therapeutic efficacy, which will offer possibilities of
monitoring the therapeutic outcome in real time. All these
efforts may make personalized theranostics possible.

Overall, the development of UCNP@SiO,-based theranos-
tics for biomedical applications will continue to be an active and
important research focus. Further intensive research on
UCNP@SiO, will no doubt bring exciting and encouraging
achievements to the chemistry and biomedicine communities
by contributing new discoveries and overcoming challenges.
Interdisciplinary collaborations are critically needed to further
optimize the performance of UCNP@SiO,-based theranostics
and enable their successful application in the clinic.
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