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Theranostic nanoplatform integrated with concurrent diagnostic and therapeutic capabilities has
attracted increasing attentions recently in the field of nanomedicine since it offers great opportunities in
the fight against various major diseases, such as cancer. In recent years, lanthanide-doped upconvertion
nanoparticles (UCNPs), have been explored for potential applications in cancer diagnostics and treatment
owing to their unique merits such as enhancing penetration depths and minimizing background auto-
fluorescence, photo-bleaching as well as photodamage to biological specimens, and reducing adverse
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side effects of NIR triggered treatments. Of particular interest is to construct stimuli-responsive nan-
otheranostic platforms based on UCNPs that imaging and anticancer activities in response to various
internal/external stimuli. In this review article, we would like to focus on the recent progress of UCNPs
in their applications of stimuli-responsive theranostics that trigger the diagnostic and therapeutic func-
tions in response to various stimuli, including near infrared (NIR) light, pH, glutathione (GSH), reactive

oxygen species (ROS), enzyme, and temperature. Furthermore, the future directions and challenges in
the development of UCNPs for stimuli-responsive theranostics are discussed.
© 2019 Elsevier Ltd. All rights reserved.
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Introduction

Cancer is one of the main diseases that seriously threaten peo-
ple’s health and life [1]. Despite enormous efforts have been made
to seek a cure for cancer, each patient gave different responses to
the same treatment owing to the heterogeneity and complexity of
cancer [2-4]. Therefore, it is urgent to develop a patient-focused
approach to cancer treatment, i.e. personalized medicine. Ther-
anostics, the integration of diagnostic and therapy, have been
proposed as a promising strategy to fight against various fatal dis-
eases, such as cancer in next-generation personalized medicine
[5-10]. Co-delivery contrast agent and drug possess the same
biodistribution, and therefore imaging functionality can not only
identify the location and size of tumor but also give an accurate
assessment of therapeutic effect. Thanks to the rapid develop-
ment of nanoscience and nanotechnology in the world, various
nanomaterials have been explored for potential applications in
cancer diagnostics and treatment in the last few decades, such
as magnetic nanoparticles, [11-14] quantum dots, [15-17] metal
nanoparticles, [18-22] silica, [23-26] carbon-based nanomaterials,
[17,27-30] polymeric nanoparticles, [31-37] lipid-based nanopar-
ticles, [38-41] transition metal dichalcogenides [42-46] and so
on. These nanomaterials are beneficial to serve as theranostics
agents due to their unique property and versatility embraces mul-
tiple inherent imaging functions, anticancer therapeutic abilities
or delivery multiple types of drugs to achieve concurrent diag-
nostic and therapy. However, drug molecules can only be released
by the simple diffusion effect in conventional theranostics plat-
form, resulting in irregular distribution of drugs in the body and
serious side effect to normal tissue. Ideal theranostics platforms
require “zero-release” before reaching the cancer cells, while the
drug release can be controlled in temporally and spatially, i.e. deliv-
ering the drugs to the right place and releasing at the right time.
With this end in view, great efforts have been devoted to design
“smart” stimuli-responsive theranostics that can respond to spe-
cific stimuli to control drug release on demand, which brings new
chances and space for theranostics. Many endogenous or exoge-
nous stimuli have been exploited to achieve sustained drug release
in a controlled manner, including endogenous stimuli pH, H,0-,
glutathione (GSH), adenosine triphosphate (ATP), enzymes, exoge-
nous stimuli light, temperature, and electric or magnetic fields.

Imaging probes, as the diagnostic tool to delineate tumors,
monitor physiological responses to therapy, and evaluate the
therapeutic efficacy, are one of the most important parts of the
theranostic nanoplatform. Various noninvasive imaging techniques
have been applied in clinical applications, such as magnetic reso-
nance imaging (MRI), computed tomography (CT), photoacoustic
imaging (PAI), optical imaging, positron emission tomography

(PET), and single-photon emission tomography (SPECT). As an
important molecular imaging technology, optical imaging, espe-
cially fluorescence imaging can be used to visualize morphological
details with subcellular resolution, and elucidate important signal-
ing pathways and fundamental biological processes at the cellular
level. More importantly, its application range is extensive from sub
micrometer level viruses and bacteria, to micrometer level cells,
and to macroscopic animals. Therefore, it is a powerful imaging
mode that can provide comprehensive anatomical and physiolog-
ical details for diagnostic work. Nonetheless, the currently used
fluorescent probes, including organic dyes, [47,48] semiconduc-
tor quantum dots (QDs), [49-52] metal complexes, [53-55] and
fluorescent proteins, [56-59] usually require ultraviolet (UV) or
visible radiation as excitation source, which results in a series of
insurmountable defects and severely limited their applications in
theranostics. For example, (i) low tissue penetration inherent to
the UV or visible excitation; (ii) low signal-to-noise ratio caused by
the serious autofluorescence interference from biological tissues,
(iii) possible severe DNA photodamage and even the cell death due
to the long-term irradiation, and (iv) potential biosafety concerns
of the toxicity of heavy metals that will be release with photoox-
idation. In contrast, near infrared (NIR) light within the “optical
transmission window” of biological tissues as excitation exhibits
several significant advantages, such as deeper penetration, weaker
background autofluorescence, none photobleaching as well as min-
imizing photodamage to biological specimens [51,60-62].

Over the past decades, lanthanide-doped upconversion
nanoparticles (UCNPs) that convert lower-energy radiation (usu-
ally NIR light) to higher-energy emission (e.g., visible, UV, and NIR)
have been proposed as new generation of fluorescent probes with
great potential in biomedical imaging [63-74]. The upconversion
luminescence featured with large anti-Stokes shift is a process
by which two or more photons combine in a medium to pro-
duce a higher-energy photon [70,73,75]. This is a rather unusual
process that can be driven by an economic and continuous wave
(CW) diode laser, which is different from nonlinear multiphoton
absorption. As theranostic agents, UCNPs have a series of attractive
features: (i) the excitation wavelength, usually 980 nm or 808 nm,
located in the “optical transmission window” of biological tis-
sues (700-1000 nm), thereby significantly enhancing penetration
depths; (ii) there is no background autofluorescence when UCNPs
served as UCL imaging probes, because endogenous and exogenous
fluorophores in the organisms can’t be excited by NIR light, result-
ing in high signal-to-noise ratio; (iii) UCNPs could be applied as
multi-modality contrasts through doping with different rare-earth
ions without additional modification of other functionalities owing
to the similar ionic radii and chemical properties of Ln ions, such as
MRI, CT, and so on; [61,63,76-79] (iv) UCNPs possess large versatile
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Scheme 1. Schematic illustration of the structure of this Review.

surface that can be easily modified to conjugate with hydrophilic
ligands, biomolecules, and various therapeutic agents, making
them well-suited for use in theranostics and stimuli-responsive
theranostics; (v) the high photostability enable UCNPs to monitor
the therapeutics both in vitro and in vivo; (vi) most importantly,
there is no toxic elements in the composition of UCNPs, thus
endowing them with great potentials for biomedical application.
These unique merits have greatly accelerated research of UCNPs
in theranostic, and significant advances have been made in recent
year. In spite of many outstanding reviews have surveyed to differ-
ent aspects of UCNPs, [55,65,70,80-94] such as synthesis methods,
surface modification, upconversion multicolor tuning, size and
morphology controlling, and biological applications, rarely focus-
ing on their theranostics applications, especially stimuli-driven
theranostics [95,96]. Therefore, it is necessary and significant to
introduce the latest progress concerning the application of UCNPs
in stimuli-responsive theranostics, which would promote the
development of this field and arouse more extensive interests of
researchers.

In this review, we aim to summarize the recent progress and
future prospects of UCNPs in their stimuli-responsive theranos-
tices applications rather than attempting to exhaustively cover the
whole field (Scheme 1). Section 2 describes the principal synthe-
sis strategies of typical structured UCNP-based theranostic agents.
The current progress that has been made in UCNPs for high sensi-
tivity, high resolution as well as deep tissue imaging is discussed
in section 3. In sections 4, we highlight recent research progress
on UCNPs in their applications of stimuli-responsive theranostics
that trigger the therapeutic functions in response to various stimuli,
including NIR, pH, GSH, ROS, enzyme, and temperature. Finally, we
discuss the current challenges and future prospects of using UCNPs
for cancer theranostics (Scheme 2).

Synthesis of UCNPs-based theranostic agents

The principal design concept of UCNPs-based theranostic
nanoagents is integrating multiple types of functional nanomateri-
als with UCNPs into a single nanoplatform through well-established
chemistry process and nanotechnology, resulting in that the scaf-

structure

Synthesis of UCNPs-

based theranostic

Scheme 2. General strategies to synthesis of UCNPs-based theranostic agents.

fold can perform multiple functions, such as diagnosis, therapy,
tracking of the biodistribution and monitoring of therapeutic pro-
gression. In general, a theranostic agent consists of at least four
components, i.e., imaging agents (UCNPs), therapeutic agents (anti-
cancer drugs, photothermal agents, photosensitizers (PS), small
interfering ribonucleic acid [siRNA], etc.), carrier (polymer, sil-
ica, graphene, etc.), and surface modifier (PEG, target molecule,
stimuli-responsive molecular valve, etc.). The structure of ther-
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anostic agents, i.e. the position of UCNPs and other functional
components, is a vital factor in determining their performance
for specific applications. Therefore, this section will elaborate the
design and constructing of typical structured UCNPs-based thera-
nostic nanoagents.

Synthesis of core-shell structured UCNPs-based theranostic
nanoagents

Core-shell structure is the most respective structure of UCNPs-
based theranostic nanoagents. Coating the shell on the surface of
UCNPs (UCNPs@shell) not only endows UCNPs with a hydrophilic
surface for good dispersity in physiological environment, but also
introduces the other functional units into theranostic platform. So
in this section, we focus on the design and synthesis of core-shell
structured UCNPs theranostic nanoagents with different kinds of
materials as shell, such as polymer, silica, and noble metal (Au or
Ag), etc.

UCNPs@SiO, theranostic nanoagents

Interests in coating of silica shell on UCNPs through silanization
technique have been grown in the field of nanomedicine since silica
exhibit good biocompatible and their surface are easily functional-
ized with various groups (e.g., —COOH, —NH,, —SH, etc.), which
make them feasible to combine with different kinds of biologi-
cal molecules, functional nanoparticles and responsive molecules
for imaging, drug delivery, gene delivery, photothermal therapy
(PTT), photodynamic therapy (PDT), and stimuli-responsive ther-
apy. Depending on the different forms of silica shells, UCNPs@SiO,
structure includes three categories, i.e., dense silica shell (dSiO5),
mesoporous silica shell (mSiO;), and hollow mesoporous silica
shell (hmSiO;).

Typically, two routes are applied to dSiO, shell according to
the polarity of the capping ligands on the surface of UCNPs. When
UCNPs capped with hydrophilic ligands, the Stober method is used
to coat the dSiO, shell through the hydrolysis and condensation
of TEOS around the UCNPs [97]. Otherwise, the reverse micelle
method is exploited for growth a uniform dSiO, shell onto UCNPs
with hydrophobic capping ligands [98]. Zhang and co-workers
coated a dSiO, shell onto UCNPs surface and further modified with
amine groups. The obtained UCNPs@Si0O,-NH, nanoparticles were
first demonstrated the potential of UCNPs for gene delivery [99].
However, the capability of delivery therapeutic agents of dSiO,
shell is limited owing to the absence of porous structures. Alter-
natively, coating mSiO, shell has prevailed in surface modification
of UCNPs due to the unique merits of mSiO,, such as large surface
area, tunable pore size, and ease of surface functionalization, which
makes UCNPs@mSiO, not only serve as excellent drug carriers
but also realize stimuli-responsive release via attaching responsive
molecules on mSiO, [100-102]. Shi’s group reported the growth of
a uniform mSiO, shell on the hydrophobic surface of UCNPs using
cetyltrimethylammonium bromide (CTAB) as both surfactant for
transforming hydrophobic UCNPs to hydrophilic ones and organic
template for the formation of the mesoporous shell, [100] as shown
in Fig. 1a. The ultrasonication treatments during the coating pro-
cess can effectively avoid agglomeration of UCNPs cores, thereby
achieving monodisperse UCNPs@mSiO, core-shell nanostructures.
Apart from directly coating the mSiO, layer on the surface of UCNPs,
mSiO; shell also could be growth on the surface of UCNP@dSiO,
by using octadecyltrimethoxysilane (C18TMS) [103,104] or CTAB
[105] as a mesopore template, as shown in Fig. 1b. Inserting of a
dSiO, interlayer endows UCNP@dSiO,@mSiO, with improved the
chemical stability as well as tunable separation between the UCNPs
core and channel/surface tethered components, which is important
for fluorescence resonance energy transfer (FRET)-based applica-
tions, such as biosensors and PDT.

Rattle-structure (i.e. yolk-shell structure) with hmSiO; shell has
aroused significant interests because their attractive properties,
such as unique hollow structure, high surface to volume ratio and
large pore volume, which are highly desirable for many poten-
tial bioapplications [106,107]. Etching strategy was widely applied
to synthesize hmSiO, nanomaterials. However, traditional acidic
etchant cannot be used for fabricating UCNPs@hmSiO, because
UCNPs cores were liable to dissolved in the acidic environment.
Thereby, mild etchant “hot water” has been successfully employed
to synthesize UCNPs@hmSiO, through surface-protected etch-
ing strategy [78,108,109]. Su et al. prepared PEIl-protected
UCNPs@mSiO, through the reverse micelle method, and then
etched with hot water to obtain yolk-shell structures [108]. Bu and
co-workers developed a rattle-structured nanotheranostic com-
posed of a movable UCNP core, mSiO, shell and large cavity in
between them through growth two layers of SiO, shells [78,109].
Firstly, a dSiO, shell was coating on the surface of oleic acid capped
UCNPs via the reverse micelle method, subsequently the second
mSiO, shell was achieved. Then, a surface-protected hot water
etching process was conducted to selectively etch the inner dSiO,
shell using PVP as protector and product pores in the second sil-
ica shell, as shown in Fig. 1c. Comparing to dSiO, as the second
shell, the obtained yolk-shell structure possesses ordered and reg-
ular porous structure, which is feasible to the release of drug.
Importantly, the large hollow cavity of rattle structures endows
UCNPs@hmsSiO, with many intriguing properties: i) larger loading
capacity; ii) higher FRET efficiency; and iii) higher sensing sensitiv-
ity.

UCNPs@polymer theranostic nanoagents

For theranostic application, the necessary requirements of
theranostic nanoagents based on UCNPs are stable in water,
biocompatiblity, and the feasibility for further functionalization.
Unfortunately, UCNPs with high monodispersity, controllable sizes,
regular shapes, high crystallinity and upconversion emission effi-
ciency are mainly synthesized via wet-chemical techniques so
far, which are hydrophobic in nature owing to their capping lig-
ands. Organic polymers have been regarded as another kind of
potential surface modifier for rendering hydrophobic UCNPs to
water-dispersible and providing active chemical groups for fur-
ther functionalization [110]. More importantly, polymer shell could
improve the circulation time of nanoparticles in the bloodstream
and reduce the nonspecific uptake by cells in the reticuloendothe-
lial system [111]. Various polymers have been used to modify
UCNPs, such as poly(acrylic acid) (PAA), [112-115] polyethylen-
imine (PEI),[116,117] poly(allylamine) (PAAm), [118] polyethylene
glycol (PEG)-grafted amphiphilic polymer (C18PMH-PEG),[72,119]
PEG-phospholipid, [120-122] polydopamine (PDA), [123] TWEEN,
[124,125] and so on. Depending on the properties of the polymer,
different strategies were explored to construct UCNPs@polymer
theranostic nanoagents. For example, ligand exchange method is
often employed to wrap the hydrophilic polymers with polyden-
tate ligands on the surface of hydrophobic UCNPs. Lin’s group
reported a UCNPs theranostic nanoagent using PEI as surface mod-
ifier to not only transfer UCNPs into water phase and provide free
functional amine groups for further functionalization with trans-
platinum(IV) pro-drug. Such UCNPs theranostic nanoagent could be
a promising candidate for UCL/CT/MRI trimodality imaging guided
NIR-initiated platinum prodrug release of cancer therapy [117]. The
amphiphilic polymer attachment strategy is another widely used
method for converting hydrophobic UCNPs to hydrophilic ones
through the van der Waals interactions between the hydrophobic
segment of the amphiphilic polymer and the hydrophobic lig-
ands capped on UCNPs. Thereby, the exposed hydrophilic segments
make the UCNPs well disperse in water. Liu's group synthesized
an amphiphilic polymer C18PMH-PEG, and coated it on the sur-
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corresponding TEM images. [Reference 101] printed with permission from Wiley.

face of OA-capped UCNPs (Fig. 2a). The obtained PEGylated UCNPs
with excellent water solubility possessed “hydrophobic pockets”
for loading the anticancer drug DOX by absorbed physical absorp-
tion, and the release of DOX could be controlled by pH [72]. Such
strategy is facile and flexible, and can be expanded to loading other
therapeuticagents[119].Itis meaningful that the amphiphilic poly-

mer attachment strategy is in favor of keeping the UC efficacy
compared to ligand exchange method due to the fact that water
molecules were prevented from entering the Ln luminescence cen-
ters by hydrophobic layer on the surface of UCNPs. Layer by layer
(LBL) technology based on electrostatic attraction is another impor-
tant method to make UCNPs hydrophilic with controllable coating
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thickness, surface charge and active groups. Liu and coworkers
constructed a theranostic nanoagent based on UCNPs for imaging-
guided pH-sensitive photodynamic therapy via LBL (Fig. 2b) [126].
The Mn%* -doped UCNPs core gave a strong red emission, which
could not only be used as UCL imaging but also activate PS Ce6
to realize PDT for cancer. The Ce6 was conjugated with polyanion
(PAH-Ce6-SA), and deposited on the surface of UCNPs functional-
ized with poly (allylamine hydrochloride) (PAH) polycation. The
loading amounts of PS could be controlled by adjusting the num-
ber of PAH/PAH-Ce6-SA layers. The outermost layer was deposited
by pH-sensitive polymer, realizing pH-sensitive photodynamic
therapy. Such rationally design and facile preparation approach
stimulate interest in developing new theranostic nanoplatform.

UCNPs@noble metal (Au or Ag) theranostic nanoagents

Localized surface plasmon resonance (LSPR) has been used to
enhance the UC efficiency of UCNPs [127-130]. Thanks to the
strong NIR absorption of Au/Ag nanostructures, UCNPs@noble
metal (Au or Ag) nanocomposites have been designed and con-

structed for cancer theranostic [131-133]. For assembling the
metallic nanoparticles onto the surface of UCNPs, the surface of
UCNPs have to modified to render UCNPs well disperse in water and
carry positive charges or ligand for attracting negatively charged
metal nanoparticles. Song and coworkers reported a core-shell
structured NaYF,4:Yb,Er@Ag nanocomposite for UCL imaging and
PTT [131]. Thioglycolic acid (TGA) not only transferred UCNPs into
water phase, but also attracted Ag* ions through its thiol group. The
wavelength of LSPR can be tuned to 980 nm by adjusting the thick-
ness of the silver layer. Thereby, the generated Ag shell converting
light to heat and UCL imaging could be performed simultane-
ously under single NIR irradiation, which enables NaYF4:Yb,Er@Ag
nanocomposite potential application in theranostic. Comparing
with Ag shell, Au shell has better NIR absorption. Liu et al. coated
Au shell onto the surface of UCNPs with the assistance of an inter-
mediate iron oxide layer [132]. With the assistance of the magnet,
the resulting nanocomposites show high tumor accumulation and
outstanding photothermal therapeutic efficacy with 100% of tumor
elimination.
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Core-shell structured UCNPs nanotheranostics modified by dif-
ferent shells exhibit good performances inimaging and therapy, but
each of these different kinds of shells have their strengths and lim-
itations in theranostics. The porous structure of silica shell endows
UCNPs@SiO, with large drug loading capacity, which is beneficial
to chemotherapy. However, the PS molecules encapsulated inside
the silica network suffered from the long distance to UCNPs, making
unsatisfactory FRET efficiency for PDT. In contrast, covalent bond-
ing of PS molecules on the surface of UCNPs@polymer is a promising
strategy to ameliorate this hurdle. But, the colloidal stability of most
of polymer coated UCNPs under physiological conditions are often
unsatisfactory, ascribing to the high affinity between salts in buffers
and lanthanide ions on the surface of UCNPs. As a consequence, the
design and choosing the shell should depend on the treatment of
UCNPs nanotheranostics. In addition, developing new materials to
constructing core-shell structured UCNPs nanotheranostics will be
appealing in the future.

Synthesis of hybrid structured UCNPs-based theranostic
nanoagents

With the rapid development of nanotechnology, the com-
bination of UCNPs with other nanomaterials to construct
multifunctional hybrid nanocomposites has aroused significant
interests for implementing multimodality bioapplications simul-
taneously. Comparing to core-shell structure, the hybrid structure
endows UCNPs-based theranostic with more functions in both
imaging and therapy. It is demonstrated that the linker-assisted
strategy is suitable to construct hybrid structured UCNPs-based
theranostic nanoagents. Such strategy not only introduces the new
functional nanomaterials, but also avoids the adverse influence on
the luminescence of UCNPs. The recent work on hybrid structured
UCNPs-based theranostic nanoagents are summarized in Table 1.In
this section, we describe two types of representative linker, and the
design and application of the generated hybrid structured UCNPs-
based theranostic nanoagents.

SiO5-assisted method

Si0,-assisted method is versatile to link UCNPs with other func-
tional components since the silica layer are easily functionalized
with various groups (e.g., —COOH, —NH,, —SH, etc.). With the
help of the surface functional group, the biological molecules and
functional nanoparticles can easily be combined with UCNPs. Tar-
geting agent (e.g., folic acid, urokinase plasminogen activator), as an
important part of theranostic agents, can be easily conjugated with
the amine functionalized UCNPs@SiO, nanocomposites to real-
ize the targeting theranostics [159]. Many inorganic nanoparticles
can be grown on the silica layer through coordination, electro-
static interactions or covalent grafting [134-158]. For example,
ultrasmall CuS nanoparticles were decorated onto the surface of
UCNPs with electrostatic adsorption technique between positively
charged UCNP@Si0,-NH, and negatively charged citrate-stabilized
CuS NPs for enhanced radiotherapy and PTT synergistic therapy
[146]. Au nanoparticles were also integrated with UCNPs with
the assistance of SiO, shells for CT imaging, PTT, gene therapy or
sensing [138-142]. Our group developed a novel ZnO functional-
ized UCNP@SiO, nanocomposite through covalent grafting method
[153]. The as-designed nanotheranostic platform has been demon-
strated the potentials for multi-modality bioimaging and specific
pH-triggered on-demand drug release.

Bio-/Organic molecules -assisted method

Owing to the coordination ability of rare earth with some func-
tional groups, such as -COOH, -POsH, and -NH,, the organic or
bio-molecules with two or more coordination sites are usually
used as the linker to connect UCNPs and other nanoparticles. Our

Table 1

A summary of recent work on hybrid structured UCNPs-based theranostic nanoagents.

Ref.

Application

Type of linker

SiO;
SiO;

Type of UCNPs

Nanomaterials

Imaging
Imaging

NaYF, : Yb,Er
NaYF4:Yb,Er/Tm
NaYF, :Yb, Er

Fe;04 nanoparticle

Proof of principle

Organic molecule

SiO;
SiO;
DNA

Trimodal imaging (UCL/CT/MRI)

3-NaY/GdF4:Yb,Er,Tm
NaYF4:Yb/Tm
NaYF4:Yb/Er

Au nanoparticle

Deep-tissue imaging guided controlled drug release.

DNA delivery and imaging

Sensor

Organic molecule
Organic molecule

SiO;
Si0;
DNA
SiO;
Si0;
SiO;
SiO;

NaYF4:Yb/Er

Luminescence enhancement

PDT

PTT

- NaYF4:Yb,Tm
NaYF4:Yb,Er

Au nanorod

NaYF4:Yb/Er

Theranostic (UCL/CT/MRI/PA imaging and PTT/PDT combination therapy)

NaGdF4:Yb/Er

Theranostic (UCL/CT/MRI imaging and radiation/photothermal synergistic therapy)
Theranostic (UCL/CT/MRI imaging and combined chemo-/photothermal therapy)

Theranostic (UCL imaging and chemo/photothermal synergistic therapy)

Imaging and PDT

PDT

NaYbF,: Er/Gd

CuS nanoparticle

NaGdF,;:Yb,Er@NaGdF,:Yb@NaNdF,

NaYF;:Yb,Er@NaYF,:Yb@NaNdF,:Yb@NaYF,

NaYF4:Yb,Tm

TiO, nanoparticle

Organic molecule
Organic molecule

Sioy
Sio,

NaYF4:Yb,Tm@NaGdF,:Yb

PDT

NaYF4:Yb/Tm@NaYF,:Yb@NaNdF,:Yb@NaYF,4

LiYF4:Ce

Synchronous radiotherapy and deep PDT

ZnO nanoparticle

Theranostic (UCL/CT/MRI imaging and on-demand chemotherapies)

Drug delivery

NaYF,4:Yb,Er/NaGdF,: Yb

Organic molecule
Organic molecule
Organic molecule

Si0;

NaYF4:Yb,Er and NaYF4: Mn, Yb, Er
NaYF4:Yb,Er,Tm/NaYF4
NaYF4:Yb/Tm@NaYF4
NaYF4:Yb/Er/Tm

NaYF4:Yb,Er

Graphene oxide

Theranostic (UCL imaging and PTT/PDT synergistic therapy)

Sensor
UCL

MnO, nanosheet

Imaging and Oxygen-Elevated Synergetic Therapy

Theranostic (UCL imaging and PTT/PDT synergistic therapy)

Organic molecule

MoS nanosheet
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group reported a multifunctional nanoplatform, which is devel-
oped by covalently grafting core-shell structured UCNPs with
nanographene oxide (NGO) via bifunctional PEG [155]. The rea-
son for selecting PEG as linker was twofold. On one hand, PEG
has good compatibility with biological system, which renders
NGO high aqueous solubility and stability in physiological solu-
tions including serum. On the other hand, bonding UCNPs at the
end of the long chain of PEG molecules can reduce the fluores-
cence quenching by NGO. Xu et al. constructed Au nanorods (NR)
and UCNPs core-satellite nanoassemblies with two complemen-
tary oligonucleotides (DNA) as linkers [145]. The NR dimer was
initially formed through binding two complementary thiolated-
oligonucleotides (DNA1 and DNA2), then an amphiphilic diblock
copolymer (PS-b-PAA) was used to encapsulate the dimer assem-
blies. After modifying by amino-terminated DNA (DNA3), NR dimer
was integrated with UCNPs-Ce6-DNA1 by DNA hybridization. The
DNA-driven assembly strategy is facile and general, which opens
up a new avenue to construct hybrid theranostic nanoagents.

UCNPs for diagnostic imaging

UCNPs have been gaining more and more attention in the last
few decades as the next generation fluorescent probes for diagnos-
tic imaging owing to their superior features compared to traditional
fluorescent probes, e.g. deep penetration, low autofluorescence
from biosamples, excellent photostability, and low phototoxic-
ity. Beyond that, incorporating multiple imaging moieties onto
the UCNPs to construct integrated imaging systems, such as MRI,
CT, PET, SPECT, and PAI has been widely developed since no sin-
gle modality is perfect and sufficient to obtain all the necessary
information for diagnosis. This section focuses on the recent devel-
opments in diagnostic imaging of UCNPs.

UCNPs for UCL imaging

UCL imaging, as an important branch of fluorescence imaging,
has been developed rapidly in recently years from cellular imaging
to small animal imaging [160-169]. For obtaining comprehensive
morphological, anatomical, and physiological details for diagno-
sis, small animal models have been employed for in vivo imaging,
which is the focus of this section.

Since Zhang et al. first demonstrated the deeper-tissue imaging
advantages of UCNPs over QDs for small animal, [168] numerous
works have been carried out to further increase the penetration
depth of UCL imaging [162,170-174]. Zhao et al. reported Mn-
doped NaYF,4:Yb/Er UCNPs with single-band red-emitting, which
could apply as imaging probes for in vivo UCL imaging and extend
the imaging depth to 15 mm [170]. Li and coworkers prepared sub-
10 nm hexagonal NaLuF4:Yb,Tm UCNPs, which is successfully used
for in vivo UCL imaging of Kunming mouse with fur and black
mouse with the penetrate depth up to~2 cm[162]. Moreover, high-
contrast UCL imaging of rabbit has been achieved. Very recently,
Chen et al. successfully developed UCNP-mediated transcranial NIR
optogenetic stimulation of specifically labeled neurons in deep
brain areas (Fig. 3) [175]. The tissue-penetrating NIR light can
locally converted to visible light for activating channelrhodopsin-
expressing neurons. Moreover, the power of transcranial NIR
irradiation can be tuned according to its depth for the stimula-
tion of a specific brain region. The in vivo utility of UCNP-mediated
NIR upconversion optogenetics was successfully demonstrated in
ventral tegmental area (VTA) of the mouse brain, which located
4.2 mm below the skull. After injection an adeno-associated virus
(AAV) encoding ChR2-EYFP into the VTA of tyrosine hydroxylase
(TH)-driven Cre recombinase (TH-Cre) transgenic mice for 4 weeks,
blue-emitting NaYF,:Yb/Tm@SiO, UCNPs was injected into the

VTA. Then the anesthetized mice were exposed to transcranial
pulsed NIR irradiation delivered from an optical fiber placed 2 mm
above the skull. The results shows that neuronal excitation was only
triggered by NIR light in ChR2-transfected mice in the presence of
UCNPs. Importantly, the application of in vivo upconversion opto-
genetics has been extended to multiple modes of neural control,
including inhibition, as well as to different brain regions. This is the
first work about exploring the application of UCNPs in deep tissue.

With the development of UCNPs in bioimaging, researchers are
keen onimproving not only the penetration depth but also the qual-
ity of UCLimaging, i.e., the high sensitivity and resolution. Hao et al.
achieved the highly sensitive tiny-tumor imaging through enhanc-
ing the UCL intensity [176]. Mg2* doped NaYF,:Yb/Er UCNPs were
synthesized with simultaneous control of the phase and size. Com-
pared with the Mg-free UCNPs, the overall UCL intensity of UCNPs
doped with 20% Mg2* is enhanced by ~27.5 times. The obtained
Mg-doped NaYF4:Yb/Er UCNPs with size of 35 nm have been used
as optical probes for highly sensitive tiny-tumor detection. In addi-
tion to doping other ions, Jin et al. significantly enhanced UCL
intensity by using much higher activator concentrations under rel-
atively high-irradiance excitation [177]. 8 mol% Tm3* ions were
doped into the NaYF,4 nanocrystals co-doped with 20 mol% Yb3*,
and the obtained significantly enhanced upconversion enabled the
remote detection of a single nanocrystal using a fiber dip sensor.
Such high brightness originates from a combination of high exci-
tation intensity, increased activator concentration, and accelerated
sensitizer-activator energy transfer rate arising from the decreased
average minimum distance between adjacent Ln3* ions. Recently,
Jin’s group harnessed these UCNPs doped with 8 % Tm3* as molec-
ular probes for low-power super-resolution stimulated emission
depletion (STED), and obtained high resolution (28 nanometres,
that is, 1/36th of the wavelength) by using synchronized 980 nm
and 808 nm pulses as excitation/depletion [178]. Moreover, UCNPs
offer saturation intensity two orders of magnitude lower than those
of fluorescent probes currently employed in STED. He et al. also
demonstrated two-color super-resolution imaging using UCNPs
(resolution 66 nm) with similar method [179]. In addition, the
super-resolution imaging of immunostained cytoskeleton struc-
tures of fixed cells (resolution 82 nm) using UCNPs was obtained
(Fig. 4). These achievements broaden the applications of UCNPs for
sub-diffraction microscopic imaging.

Despite significant achievements of UCNPs in UCL imaging
in vivo have been made in the past decade, there still exist some
daunting challenges that prevent their further bioapplications. The
conventional Yb3*-sensitized UCNPs are excited by 980 nm owing
to the absorption of Yb3*. However, this excitation band overlaps
with the maximum absorption peak of water molecules, resulting
in the significant attenuation while passing through biological sam-
ples. Moreover, continuous irradiation under 980 nm light would
induce overheating effect to destruct the normal cell and tissue,
which imposes challenges to the further applications of UCNPs
in vivo. It is thus necessary to develop of a new type of UCNPs
for in vivo imaging. Zhang et al. used 915nm laser instead of
980 nm to excite the UCNPs, whereas the weaker emission was
insufficient for further bioapplications [120]. Recently, Nd3* ions,
with a sharp absorption band at 808 nm, have been successfully
introduced into UCNPs as new sensitizer [180-187]. The water
absorption at 808 nm is about 20 times lower than that at 980 nm,
which can minimize the heating effect and improve tissue penetra-
bility. Yan et al. designed and synthesized Nd3*-sensitized UCNPs
(NaGdF,4:Er3* Yb3*@NaGdF,4:Yb3* Nd3*), and extend their excita-
tion band to shorter wavelengths (808 nm, Fig. 5a) [181]. Separating
spatially the Er3* and Nd3* in the core and shell could minimize
deleterious energy transfer between Er3* and Nd3*, and the Yb3*
ions in both core and shell act as bridging ions for the energy
transfer (Nd3*—Yb3*—Er3*). The efficient emission was used for
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Fig. 3. UCNP-mediated NIR upconversion optogenetics for deep brain stimulation. a) Schematic principle of UCNP-mediated NIR upconversion optogenetics, and b) In vivo
experimental scheme for transcranial NIR stimulation of the VTA in anesthetized mice. [Reference 175] printed with permission from Science.
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Fig.4. Dual-color super-resolution microscopy using UCNPs. a) NaYF;:18% Yb*, 10% Tm>3* (18.0 + 1.8 nm in diameter) imaged by the multiphoton laser scanning microscope
under 975-nm excitation solely. Scale bar: 2.5 wm. b) The corresponding super-resolution image of the same area under co-irradiation of a 975-nm Gaussian excitation beam
and an 810-nm donut-shaped depletion beam. c) Magnified areas selected from a and b (marked by white squares) and the corresponding line profiles of the images, fitted
with Gaussian functions. d) Intensity recording over the number of scans under 975-nm excitation solely and 975-nm and 810-nm co-irradiation. e-j) Dual-color imaging of
NaYF;:18% Yb3*, 10% Tm 3* mixed with NaGdF, :40%Yb3*, 10% Tm3* @NaGdF4:15% Tb3* (28.0 + 2.1 nm in diameter). [Reference 179] printed with permission from Nature.

in vivo UCL imaging. After subcutaneously injected with Nd3*-
sensitized UCNPs in nude mouse, nearly the same photon flux as
common UCNPs was detected with irradiation of 808 nm laser,
implying that 808 nm laser excitation is efficient for in vivo appli-
cations (Fig. 5b). Importantly, the use of an 808 nm light source
dramatically decreased the overheating effect (Fig. 5c), which
minimizes the harm to the normal cells and tissue. After that,
both Zhao’s [188] and Andersson-Engels’s [189] groups have fur-
ther proved the significant improvement of penetration depth of
Nd3*-sensitized UCNPs 808 nm-excited UCNPs, demonstrating the
potential of Nd3*-sensitized UCNPs as new generation of probes for
the effective bioimaging.

Very recently, several research groups made commendable
efforts to exploit the bioimaging application of Nd3*-sensitized
UCNPs [190-195]. Lin and coworkers constructed core-shell
structured Nd3*-sensitized NaYF4:Yb/Nd/Er@NaYF4:Nd@mSiO,
nanoparticles, and applied them as UCL imaging probes and anti-
cancer drug carrier [195]. After injecting Nd3*-sensitized UCNPs
into the tumor in situ, the bright green emission was observed
under irradiation with 808 nm laser. Short after, our group devel-
oped a core/satellite nanotheranostic agent (PDA@UCNPs) with
polydopamine (PDA) as the core and core-shell-shell structured
Nd3*-sensitized UCNPs (NaYF4:20%Yb3*, 2%Er3*/NaYF,:10%Yb3",
10%Nd3*/NaYF,4:20%Nd3*) as the satellites (Fig. 6) [192]. The core-

shell-shell structured design of Nd3*-sensitized UCNPs enabled
outstanding upconversion luminescence properties under the exci-
tation of 808 nm. The obtained bright UCL emission was used for
UCL imaging in vivo. The mouse bearing tumor was intratumorally
injected with PDA@UCNPs, then imaged by a modified in vivo Mae-
stro whole-body imaging system with an external 808 nm laser as
the excitation source. An obviously UCL emission is observed from
tumor on mouse after injection, and almost no auto-fluorescence is
detected elsewhere. Moreover, Nd3*-sensitized UCNPs could effec-
tively reduce the overheating effect, thereby minimizing the harm
to the tissue. Importantly, owing to the strong X-ray attenuation of
Nd3*, Nd3*-sensitized UCNPs exhibited good performances as CT
contrast both in vitro and in vivo, which is better than commer-
cial used CT contrast agent. The UCL/CT dual modal imaging could
be simultaneously performed with PDA@UCNPs in vivo, providing
comprehensive information for tumor diagnosis.

UCNPs for multi-modality imaging

Invivo imaging of tumor that can visualize the region of tumorin
a noninvasive manner makes diagnosis easier and provides more
accurate information for the treatment. Despite UCL imaging has
exhibited charming superiority as a tool for diagnosis of cancer,
the relatively low penetration depth still limited their sensitivity in
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for different time. [Reference 181] printed with permission from ACS.

Table 2
Comparison of clinical imaging modalities used in nanotheranostics.
Modality Advantages Disadvantages Detection Risk
MRI High spatial resolution Relative low sensitivity Magnetic field Harmless
Unlimited tissue penetration High cost
Long imaging time
CT High spatial resolution Non quantitative X-ray Radiation
Unlimited tissue penetration
PET High sensitivity High cost y-ray Radiation
Quantitative
Unlimited tissue penetration
SPECT High sensitivity Low spatial resolution y-ray Radiation
Quantitative
Unlimited tissue penetration
PAI High spatial resolution Low sensitivity Ultrasonic signal Harmless
Low tissue penetration
Fluorescence imaging High sensitivity Low tissue penetration Fluorescence Harmless

Multicolor imaging

Low spatial resolution

vivo. Other noninvasive imaging modalities, MRI, CT, PAI, PET, and
SPECT, are useful tools in the diagnosis of various diseases. How-
ever, each imaging modality is not perfect, and has its own unique
advantages along with intrinsic limitations (Table 2), e.g., MRI
have good spatial resolution but relatively low sensitivity, which
make single imaging modality unable to providing comprehensive

diagnosis information. Therefore, multi-modal imaging has been
developed rapidly and become a powerful tool for tumor diagno-
sis since it made use of the strengths of different imaging methods
to give more accuracy information on tumors with both high res-
olution and sensitivity. In past decade, the considerable attentions
have been paid to develop of UCNPs-based multi-modal imaging



48 Y. Wang et al. / Nano Today 25 (2019) 38-67

a) Bright Field

UCL

b)
>

Yband Nd 0 0.75

Overlay

-

UCL Intensity (a.u.)

Concentration (mg/ml.)

Fig. 6. a) In vivo upconversion luminescence imaging of a tumor-bearing Balb/c mouse after injection nanoparticles at the tumor site. Overlay of luminescence image and
bright field image were also shown. b) CT images of solutions of PDA@UCNPs with different concentrations. c) CT images of a tumor-bearing Balb/c mouse: preinjection c-f)

and after injection g-j) in situ. [Reference 192] printed with permission from Springer.

probes for tumor imaging. In this section, we describe some poten-
tially useful designs and applications of UCNPs as multi-modality
probes and their possible application for tumor imaging.

UCNPs for UCL/MRI imaging

MRI, as a routine diagnostic tool in clinical medicine, offers non-
invasively the anatomic and metabolic/functional information with
high spatial and temporal resolution. Several strategies have been

developed to introduce MRI modality into UCNPs, such as introduc-
ing functional lanthanide ions into UCNPs and integration of UCNPs
with paramagnetic materials, especially the stimuli-responsive
paramagnetic materials.

Gd3* ions have seven unpaired electrons in the ground state,
which gives it a large paramagnetic moment. Therefore, Gd-based
materials have been explored as the contrasts for MRI, such as
NaGdFg, [113,196-199] KGdF,, [200] BaGdFs, [201,202] and GAVO,4
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of UCSM-PEG. [Reference 215] printed with permission from Wiley.

[203]. Shi and coworkers synthesized ultrasmall NaGdF4@PLL nan-
odots (NDs) as a novel class of MR contrast agent, [196] which
offers a high longitude relaxivity (6.42 mM~1s~1) for T;-weighted
MRI. Further in vivo animal experiments show the feasibility
of NaGdF4@PLL NDs as contrast agents for efficient kidney and
brain tumor diagnosis. Besides, many paramagnetic lanthanide ions
exhibit relatively short electronic transverse relaxation time that
mainly affects T, weighted MRI, such as Dy3*, [204,205] Ho3*,
[206,207] and Yb3* [208,209]. For example, Hao et al. obtained
a series of NaYF4: Yb3*, Tm3* with different Yb3* concentration
[208]. When the Yb3* concentration increases to 98%, NIR emission
intensity is remarkably enhanced by 113 times. Simultaneously, the
relaxation rate r; is calculated to be 2.61 mM~! s~1, especially rp/r;
ratio reach up to 326, which is larger than those of the clinical used
T, contrast agents, such as Resovist, Feridex, and Combidex. More
significantly, a small tumor down to 4 mm is detected in vivo via
intravenous injection of these nanoprobes under both UC optical
and T,-weighted MRI modalities.

In addition to introduce the rare earth ion with magnetism
properties, the integration of UCNPs with superparamagnetic
nanoparticles can also impart the UCNPs nanocomposites with MRI
ability, such as iron oxide [132,133,210-214] and manganese oxide
(MnO3) [157,215,216]. Especially MnO,, it can degrade rapidly
within the tumor microenvironment (TME) and release Mn?2* ions,
endowing UCNPs with TME-responsive MRI capacity. Very recently,
Lin et al. have successfully grown mesoporous MnO, shell on the
surface of UCNPs coated with mesoporous silica via a facile ultra-
sonic way, and then modified with polyethylene glycol (UCSM-PEG)
[215]. In TME, the fast degradation of mesoporous MnO, shell
results in markedly enhanced T; -contrast MRI signals due to the
released paramagnetic Mn?* ions (Fig. 7), offering the nanosystem
with the tumor-enhanced UCL/CT/MRI imaging capability.

UCNPs for dual-modality UCL/CT imaging

CTis a common used imaging tool for tumor diagnosis in clinical
owing to its deep tissue penetration capability and high spatial res-
olution. An ideal CT contrast agent should contain electron dense
elements with high atomic number, such as iodine-based CT con-
trast agent currently used in clinic, Bi, and Au. Lanthanide ions

have higher atomic numbers than iodine and show excellent X-ray
attenuation ability, thus arousing significant interests as CT con-
trast agents [121,217-219]. Lu and coworker first designed and
synthesized Gd-doped NaYbF,4:Er nanoparticles with excellent X-
ray attenuation ability, [121] which is superior to a clinical iodinate
agent in present use and even more effective than currently avail-
able Au-, Pt-, Bi-, and Ta-based nanoparticles CT contrast agents
under normal operating conditions (120 kVp). Thanks to the high-
estatomic number of Lu3* ions among lanthanide elements, NaLuF,
UCNPs recently have been developed as more efficient CT contrast
agent [220,221]. Recently, our group reported Yb3*/Er3*-codoped
Bi; O3 UCNPs as dual modality probe for UCL and CT imaging [222].
The obtained UCNPs as CT contrast agents exhibited significant
enhancement of contrast efficacy than iodine-based contrast agent
at different voltage setting (80-140 kVp) owing to the existence
of both Bi3* and Yb3*. Integration UCNPs with other CT contrast
agent is another effective strategy to construct bimodal imaging
probes for UCL/CT imaging, such as Au and TaOx nanoparticles
[137,223,224].

UCNPs for other imaging

Nuclear imaging techniques, including PET and SPECT, have the
highest sensitivity at the picomolar level and tissue penetration,
which could make up the shortcomings of UCL and other imaging
modalities. Introducing radioactive isotopes into UCNPs endows
them nuclear imaging capacity, such as 8F and '>3Sm3* ions.
Li and coworkers successfully achieved UCL/PET dual-modality
lymphatic node imaging and dual-modal UCL/SPECT blood pool
imaging through this strategy [225,226].

PA imaging is a powerful tool for noninvasive visualization of
tissue structures with high contrast, good spatial resolution, and
deep imaging depth. Very recently, Paras N. Prasad et al. reported
a new hierarchical nanotheronostic platform (UCNP@mSiO,-ICG)
with UCNPs (NaYF4:18%Yb, 2%Er@NaYF4:30%Nd, 10%Yb) as core
and an additional mesoporous silica as shell containing sealed
high concentration of ICG molecules [227]. Under NIR excitation
at 800 nm, this nanoplatform can act as both UCL imaging and PA
imaging agents in vitro and in vivo. Importantly, PA imaging exper-
iments demonstrated that UCNP@mSiO,-ICG could be delivered to
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brain vessels with better angiography depth and longer circulation
time.

Recently, the applications of UCNPs for multimodal bioimag-
ing have aroused significant interests since the combination
of different imaging modalities can take advantage of their
respective merits to offset the limitation of single imaging modal-
ity, providing more reliable and accurate detection of tumor
[204,228-231]. Our group synthesized core-shell structured
LiLuF,@LiGdF4:Yb,Er/Tm@LiGdF, nanoparticles via a simple high
boiling solvent process, which exhibited good performances
as UCL/MRI/CT tri-modal imaging for tumor diagnosis [228].
Recently, Nie et al. fabricated UCNPs with multi-shell structure
of  NaYF4:Yb:Er@NaYF4:Yb@NaNdF4:Yb@NaYF;@NaGdF4(CS2),
and fuctionalized with exogenous PA imaging contrast agent
indocyanine green (ICG) [230]. The obtained CS2-ICG offered
a penetration depth up to 2.5cm in turbid biological tissue
under 800nm excitation, and PA imaging depth was signifi-
cantly improved from ~4.8 to ~10 mm. The animal experiments
further demonstrated CS2-ICG could use as deep UCL/MRI/PA
trimodal imaging probes for tumor. Very recently, Kuang et al.
constructed core-satellite nanoassemblies through complemen-
tary base pairing. They chose Au nanorods dimer as core, and
chlorin e6 (Ce6)-attached NaGdF4:Yb, Er as satellite (NR dimer-
UCNP-Ce6) [145]. Yb and Er, Gd, Yb, and Au nanorods dimer
were responsible for UCL, MRI, CT, and PA imaging, respec-
tively. After injection of NR dimer-UCNP-Ce6, the tumor can be
visualized by those four imaging modalities. Importantly, these
imaging modalities can provide detailed information of tumor
(Fig. 8).

UCNPs for stimuli-responsive theranostics

For constructing stimuli-responsive theranostics, several kinds
of stimuli-responsive cancer therapies have been integrated into
UCNPs, ranging from chemotherapy, PDT, PTT to chemodynamic
therapy (CDT), which are expect to further optimize the various
factors of treatment based on the imaging information to attain
personalized medicine. Except for providing diagnostic information
of tumor, UCNPs in stimuli-responsive theranostics nanoplat-
form also perform other functions for therapy based on their
wavelength-converting ability: (i) control the drug release by NIR
light-induced photochemistry processes; (ii) excite the photosen-
sitizer for PDT by NIR to avoid the harm of UV light and enhance
the penetration depth in tissue; (iii) assist Fenton reaction to
improve the efficiency of CDT; (iv) and monitor the distribution
and accumulation of drugs. This section highlights various types of
stimuli-responsive theranostics based on UCNPs, sorted according
to the mechanism of response to a given stimulus (Table 3).

NIR light-responsive theranostics based on UCNPs

Light, as a noninvasive stimulus, has attracted much more
attention and widely used for constructing responsive theranostics
owing to its captivating features, such as adjustable wavelength,
power, irradiation time, and spot size. Especially, phototriggered
theranostics possess highly spatial and temporal precision, result-
ing in improved therapeutic efficacy and minimized side effects.
However, the commonly used phototriggers are generally high
energy UV or visible light featured with serious phototoxicity
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Table 3
A summary of recent work on stimuli-responsive UCNPs theranostic nanoagents.

Trigger Responsive link/agent Imaging modality Therapeutic modality Ref.

NIR light o-nitrobenzyl (NB) UCL Chemotherapy [241]
NIR light blue-light-cleavable ruthenium UcCL Chemotherapy [242]
NIR light amino-coumarin derivative UCL Chemotherapy [244]
NIR light Pt (IV) pro-drugs UCL/MRI/CT Chemotherapy [246]
NIR light azobenzene groups — Chemotherapy [247]
NIR light azobenzene functionalized polymers Luminescence imaging Chemotherapy [248]
NIR light azobenzene molecules — Chemotherapy [249]
NIR light silicon phthalocyanine dihydroxide (SPCD) UCL/CT/PET Chemotherapy/PDT [251]
NIR light -carboxyphthalocya-nine zinc or Rose Bengal UCL/CT PDT [159]
NIR light Ce6 ucCL PDT [119]
NIR light/pH Ce6 UCL/MRI PDT [126]
NIR light Ce6 UCL PDT/Immuno- therapy [252]
NIR light Rose Bengal PAI PDT [253]
NIR light Zn(Il)-phthalocyanie UCL PDT [118]
NIR light Aminolevulinic acid UCL PDT [256]
NIR light Rose bengal UCL/MRI PDT [191]
NIR light Zr-based porphyrinic nanoscale MOFs (nMOFs) UCL Chemotherapy/PDT [257]
NIR light TiO, UCL/MRI/CT PDT [150]
NIR light TiO; UCL/MRI/CT PDT [190]
NIR light TiO, ucCL PDT [149]
NIR light g-C3N, UCL/MRI/CT PDT/PTT [260]
NIR light g-C3N4 quantum dots — PDT [261]
NIR light black phosphorus sheets — PDT [262]
NIR light Ce6 and MC540 UCL PDT [264]
NIR light Ce6 and MC540 UCL/MRI/CT PDT [265]
NIR light ZnPC and MC540 ucCL PDT [266]
NIR light carbon dots and ZnPC CT/MRI/UCL PTT/PDT/Chemotherapy [272]
NIR light Au nanorods UCL PTT/PDT [275]
NIR light Au nanoclusters PAI/MRI/CT/UCL PTT/PDT [276]
NIR light CuS NP UCL/MRI/CT radiotherapy /PTT [146]
NIR light MoS; nanosheet UCL/MRI/CT PTT/PDT [277]
NIR light polydopamine (PDA) UCL/CT PTT [192]
NIR light ICG ucCL PDT/PTT [281]
NIR light ZnFe;04 UCL/MRI/CT/PAI PDT/Chemotherapy [284]
pH PAA shell UCL Chemotherapy [292]
pH hydrazone bonds UCL/MRI/CT Chemotherapy [201]
pH ZnO UCL/MRI/CT Chemotherapy [293]
pH DNA and Ce6 UCL PDT [294]
pH Peptide and Pyropheophorbide a UCL PDT [295]
GSH disulfide bonds UCL/MRI/PAI PTT/Chemotherapy [297]
GSH disulfide bonds — PDT/Chemotherapy [298]
GSH Mn-doped silica UCL/MRI/CT Chemotherapy [216]
ROS thioketal linker UCL PDT/Chemotherapy [301]
ROS thioketal linker UCL PDT/Chemotherapy [302]
ROS MnO, nanosheets ucCL PDT/radiotherapy [157]
cathepsin B Succinicacid-glycine —-phenylalanine-leucine-glycine (SGFLG) UCL PDT/Chemotherapy [304]
cathepsin B cysteine and 2-cyanobenzothiazole PAI/UCL PDT/Chemotherapy [305]
caspases-3 DEVD-DOX prodrug UCL PDT [306]
Temperature poly(N-isopropylacrylamide-co-methacrylic acid) UCL Chemotherapy [308]
Temperature P(NIPAm-co-MAA) UCL/CT PDT/PTT/Chemotherapy [309]
Temperature 1,2-dipalmitoyl-sn-glycero-3-phosphocholine UCL PTT/Chemotherapy [311]

and low tissue penetration depth because most of photosensitive
materials are sensitive to the irradiation within this wavelength
range. Spurred by these challenges, NIR light-responsive theranos-
tics based on UCNPs have been fabricated and open the door for
realizing NIR-controlled imaging and therapy since their unique
upconversion luminescence properties enable UCNPs to trigger
photoreactions of the photosensitive materials, excited the PS, and
assist the Fenton reaction by NIR, thus offering enhanced pen-
etration depth in biological tissues and negligible phototoxicity.
According to the therapeutic function, NIR light-responsive thera-
nostics based on UCNPs mainly include drug delivery system, PDT
and photo-assisted CDT.

NIR light-responsive drug delivery system

To date, NIR light-responsive drug delivery system based on
UCNPs deploy two main strategies to achieve NIR control over the
delivery process, involving (i) NIR light-induced photolysis, and (ii)
NIR light-induced photoisomerization.

(i) NIR light-induced photolysis. Based on photolysis strategy,
bioactive molecules must be boned with photolytic materials via
photolabile groups, and then loaded onto the UCNPs based nanocar-
riers. UCNPs convert NIR light to specific wavelength light (UV
or visible light), which can trigger photolysis of photolytic mate-
rials, thereby releasing and activating bioactive molecules at the
targeted site. In recently year, several photolysis reactions have
been harnessed to control various bioactive molecules release from
drug delivery system based on UCNPs, such as D-luciferin, [232]
carboxylic acid, [233] nitric oxide (NO), [234,235] DOX, [138,236]
siRNA [237], Pt complex [238,239] and cell adhesion molecules
[240]. Here, we focus the molecules that can inhibit tumor growth.

DOX, as a widely used anti-cancer drug, has been successfully
demonstrated the feasibility of the on-demanded release from
UCNPs based nanocarriers triggered by NIR light. A representa-
tive work has been done by Liu’s group [241]. They constructed the
crosslinked mSiO, coated NaYF4:Yb,Tm@NaYF, UCNPs drug deliv-
ery systems, in which photolabile molecule o-nitrobenzyl (NB) as
the linker capped the pores of mSiO, for controlling DOX release.
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Because the absorption profile of NB matches well with the emis-
sion bands of NaYF4:Yb, Tm UCNPs, the photolysis of NB can
be triggered by NIR light, thereby inducing the photo-controlled
DOX release into the living cells. Very recently, Tan et al. fur-
ther explored the applications of photoregulated drug delivery
in vivo [242]. They first fabricated ultrasmall-superbright Nd3+*-
sensitized NaGdF4:Yb,Tm,Ca@NaYbF,4:Ca@NaNdF4:Gd,Ca UCNPs
through doping Ca2* ions. After coating mSiO, on the surface of
UCNPs, the blue-light-cleavable ruthenium (Ru), as the molecu-
lar valve, is grafted on the surface of UCNPs to prevent leakage
of DOX before reaching the tumor. Upon 808 nm light irradiation,
the upconverted blue light triggers the cleavage of Ru and uncaps
the pores to release DOX, killing the cancer cells. The inhibition of
tumor growth further demonstrates the therapeutic efficacy of light
controllable release of DOX. Except for loading DOX into mSiO,,
DOX also boned with NB, and then attached onto the surface of
UCNPs. Under irradiation with 980 nm light, the UV emission of the
UCNPs induced photocleavage of NB, thus resealing the DOX from
UCNPs based nanocarriers [243].

Another striking example was reported by Li and cowork-
ers [244]. They developed a yolk-shell upconversion nanoparticle
(YSUCNP) with NaYF4:Yb,Tm@NaLuF, as inner yolks, which dis-
played intense NIR-to-UV emission and large pore volume (Fig. 91).
The anticancer drug chlorambucil, which was linked to the
hydrophobized phototrigger of amino-coumarin derivative, could
be loaded into the YSUCNP, exhibiting no premature release of
drug under physiological conditions. The drug release could be trig-
gered by continuous-wave 980 nm light in a controlled pattern.
Furthermore, phototriggered drug release in animal models has
been successfully performed for the first time. This work points
out the direction for phototriggered drug delivery system in future
practical application.

As other kinds of antitumor drugs, Pt (II) complexes includ-
ing cisplatin, carboplatin, and oxaliplatin have been successfully
applied to treat various types of cancer. Unfortunately, the serious
toxic side-effects and drug resistance hinder their further appli-
cations in clinical practice. To surmount these problems, Pt (IV)
complexes as promising pro-drugs of Pt (II) have aroused con-
siderable interests owing to their good chemical inertness, low
cytotoxicity for normal tissues, and redox properties. Importantly,
UV light can effectively induce photoactivate Pt (IV) complexes
to release cytotoxic Pt (II) components. Recently, in light of the
harm of UV light, many efforts have aimed at constructing UCNPs
nanocarriers for Pt (IV) prodrug delivery and releasing cytotoxic Pt
(II) mediate by NIR. For instance, Xing et al. reported a NIR light-
activated nanoplatform based on silica-coated NaYF4:Yb,Tm UCNPs
conjugated with a photoactivatable Pt (IV) prodrug and an apopto-
sis sensing peptide with a flanking activatable FRET pair consisting
of a far-red fluorescence donor Cy5 and a NIR quencher Qsy21 for
the remote control of antitumor platinum prodrug activation and
simultaneously for real-time imaging of apoptosis induced by acti-
vated cytotoxicity [245]. Upon NIR light irradiation, the converted
emission from UCNPs@SiO, could locally activate the Pt (IV) pro-
drug and thus efficiently induced potent antitumor cytotoxcity in
both cisplatin-sensitive and resistant tumor cells. Moreover, such
NIR light-controlled tumor inactivation triggers the cellular apo-
ptosis, which can be imaging in real time by the restoring NIR
fluorescence owing to the cleaving of the NIR imaging peptide
probe from the nanoparticle surface by highly activated caspase.
This work not only provide a promising strategy to remotely con-
trol the localized activation of the Pt (IV) prodrug at the target
tumor sites, but more importantly, the developed a tumor mark-
ers to image in real time and evaluate the antitumor therapy at
the cellular level. Lin and coworkers further investigated the ther-
anostic applications of photoregulated Pt (IV) prodrug in vivo (Fig.
9II) [246]. Core-shell structured NaYF4:Yb3*/Tm3*@NaGdF4:Yb3*

UCNPs were used as nanocarriers, and conjugated with Pt (IV) pro-
drugs on their surface. The UCNPs can activate the pro-drug to high
toxicity Pt (II) drug under irradiation with NIR light, which not only
can kill cancer cells but also suppress tumor growth in the animal
model. Meanwhile, this system can realize UCL/MR/CT trimodal-
ity imaging, which could provide complete information. This work
provides the strategy of harness NIR-to-UV UCNPs to active Pt (IV)
prodrug in vivo for the first time, which paves the way for practical
applications of photoactivated Pt (IV) prodrug.

(ii) NIR light-induced photoisomerization. Apart from photolysis
process, photochromism phenomenon also has been harnessed to
design of the UCNPs-based light-initiated drug delivery systems
because the molecular structure or conformation of photochromic
compounds can change reversibly along with a change of absorp-
tion spectrum upon exposure to certain wavelengths of light,
especially UV light. As mentioned above, in view of the weaknesses
of using direct UV or visible light to induce the photoreaction, NIR
has emerged as an appealing alternative to trigger photochemi-
cal isomerization through upconversion process. To date, various
photochromic compounds have been demonstrated to achieve the
reversible transformation in the molecular structure with the assis-
tant of UCNPs, such as dithienylethene derivatives, azobenzene
derivatives, and spiropyran derivatives. Based on these investiga-
tions, phototrigerred UCNPs-based drug delivery systems through
photochromism process have been successfully developed. Shi and
coworkers reported a NIR light-triggered anticancer drug delivery
system based on mSiO,-coated NaYF4:TmYb@NaYF, UCNPs [247].
The azobenzene groups (azo) as “stirrer” were first installed into
the channel of mSiO, shell. Upon 980 nm irradiation, simultaneous
UV and visible light emitted by the UCNPs induced the reversible
transformation of azo between trans- and cis-isomer, leading to
a continuous rotation-inversion movement to propels the release
of DOX. Very recently, Zhao et al. constructed nanocapsules based
on azobenzene functionalized polymers and up/downconversion
nanoparticles (U/DCNPs) by layer-by-layer co-assembly strategy
(Fig. 91III) [248]. The nanocapsules (ca. 180 nm) could decompose
to small U/DCNPs (ca. 20nm) and release the drug under irra-
diation with 980 nm NIR since the converted UV/visible light by
U/DCNPs can trigger the photoisomerization of azobenzene groups
in the framework, resulting in high tumor accumulation and treat-
ment outcome as well as fast elimination. Such strategy lays solid
foundations towards a novel platform for next generation nano-
therapeutics with both spatial and temporal external control.

Another striking example was reported by Zhao and cowork-
ers, who first synthesized dual-compartment Janus mesoporous
silica nanocomposites (UCNP@SiO,@mSiO,&PMO) [249]. The Janus
nanocomposites possess the unique dual independent mesopores
with capacity of loading hydrophobicity/hydrophilicity drugs. After
modifying with light-sensitive azo molecules and heat-sensitive
1-tetradecanol molecules, the Janus mesoporous silica nanocom-
posites can be realized heat and NIR light bimodal triggered
dual-drugs release, and the achieved cancer cell killing efficiency is
significantly higher than that for the single triggered drugs delivery
system. This work provides a new concepts and architecture for the
design of upconverting nanocarriers for multiple drug delivery and
combined therapy.

NIR light-triggered photodynamic therapy based UCNPs

PDT that employs a PS to generate the singlet oxygen (10,)
or other reactive oxygen species (ROS) by irradiating with an
appropriate excitation light has been clinically approved for the
treatment of several types of solid cancer, and aroused signifi-
cant research interests in the past decade. However, conventional
PDT mainly utilizes the visible or even UV light to excite the PS,
which exhibits poor penetration depth due to the light absorption
and scattering in biological tissues, confining to treat the tumors
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Fig. 9. (I) a) Schematic illustration of the NIR-regulated upconversion-based PDD, b) the photolysis of the prodrug under upconversion emission from the YSUCNPs, c) the
photo-regulated release of chlorambucil (drug) from YSUCNP-ACCh controlled by a 980 nm laser, (“ON” and “OFF” indicate the initiation and termination of laser irradiation,
respectively, and d) The release profiles of chlorambucil from YSUCNP-ACCh and YSLnNP-ACCh (control material) in PBS solution (pH=7.5) under CW 980 nm irradiation.
[Reference 244] printed with permission from Wiley. (II) a) Schematic illustration of the characterization of UCNP-DPP-PEG nanopatrticles, b) Release profile of UCNP-DPP-
PEG nanoparticles under different pH values (7.4 and 5.0) alternately changing the illumination conditions between 980 nm NIR irradiation (or 365 nm UV) and in the dark
conditions, and c) In vivo tumor volume changes of Balb/c mice on different groups after various treatments, 980 nm laser irradiation for 30 min, UV (365 nm) irradiation for
30 min, or without any irradiation. [Reference 246] printed with permission from ACS. (III) Illustration of the fabrication of the up/downconversion nanoparticle (U/DCNP)
functionalized hollow polymer nanocapsules and the near-infrared light induced decomposing process from 180 nm nanocapsules to scattered polymers and 20 nm U/DCNPs.

[Reference 248] printed with permission from Wiley.

under the skin and leading to less efficacious to internal or large
tumors. NIR light, within the “window of optical transparency”
(750-1100 nm) of tissue, not only can afford significantly deeper
penetration depths than the visible light, but also exhibit a low
phototoxicity to normal tissues. Motivated by the unique capabil-
ity of converting NIR light into UV-visible light, UCNPs-based PDT
have gained a great deal of attention in recent years. Since Zhang
first reported mSiO, coated UCNPs for NIR triggered cancer PDT,
a lot of researches have been demonstrated the success of UCNPs-
based PDT for cancer therapy at cellular level [250]. In this section,
we focus on the recent advance of UCNPs-based PDT triggered by
NIR for cancer therapy in vivo. Except for light, PS molecules and
oxygen within the tissue at tumor site are the other key compo-
nents in PDT process. The development of UCNPs-based PDT will
be reviewed from these two directions below.

Photosensitizers. In UCNPs-based PDT process, the selection and
attachment of PS to the UCNPs is of prime importance for the
success of the treatment. The PS molecules can be excited from
a ground state to a high-energy state, and then transfer the energy
to neighboring oxygen to generate !0, or ROS. Therefore, it is
necessary that the UCNPs emission should match well with the
absorption of PS for efficient energy transfer. Meanwhile, suffi-
cient amount of PS in close proximity to the UCNPs is required
for sufficient ROS generation. The widely used photosensitiz-
ers involve mainly two categories: (i) organic photosensitizers
including zinc(II) phthalocyanine (ZnPc), merocyanine 540, meso-
tetraphenyl porphine (TPP), methylene blue (MB), rose bengal (RB),
Chlorine6 (Ce6), tris(bipyridine)ruthenium(Il), aluminum phthalo-
cyanine (AlC4Pc), silicon phthalocyanine dihydroxide (SPCD),
porphyrin, etc. (ii) semiconductors and photocatalys, such as tita-
nium dioxide (TiO,), graphitic carbon nitride (g-C3Ny4), ZnO, black
phosphorus and fullerene.

Organic photosensitizers. As for organic photosensitizers, the
appropriate strategy for loading of PS molecules on to UCNPs is vital
to efficient energy transfer from UCNPs to PS. Silica encapsulation is
the most popular approach to construct UCNPs-based PDT system.
Recently, Shi and coworkers fabricated a UCNPs-based PDT system
composed of NaYF, :Yb3*/Er3*/Gd3* UCNPs core and double sil-
ica shells, that is, middle dense and outer mesoporous silica layers
for loading PS (SPCD) and pro-drug (TPZ) that toxic under hypoxic

conditions [251]. Upon irradiation with NIR light, the upconverted
red light matched with the absorption spectrum of SPCD, result-
ing in efficient energy transfer from UCNPs to PS. The generated
large amount of ROS can suppress tumor growth. In the meanwhile,
the creation of hypoxic microenvironment induced the activation
of TPZ, achieving a high-effective synergistic tumor therapy. In
order to further increase the loading capacity, rattle-structured
UCNP-silica nanocomposites have been synthesized with the core
of 3-NaLuF,:Gd/Yb/Er and the shell of benzene-bridged organosil-
ica (Fig. 10a) [159]. Rattle structure and aromatic bridging groups
increase the storage of PS, avoid their aggregation, and promote
energy transfer owing to the shortening distance between UCNPs
and PS, which are critical for improving PDT efficacy. Moreover, the
UCNPs core can act as bimodal contrast for UC/CT imaging, making
the nanocomposites highly promising for theranostic.
Non-covalent physical adsorption is another very simple strat-
egy to load PS molecules on UCNPs, which is proposed by Liu’s
group. Ce6 molecules were loaded into the hydrophobic region
of PEG functionalized NaYF4:Yb, Er UCNPs for PDT [119]. Com-
pared to the traditional PDT relying on visible light excitation,
the obtained UCNPs-based PDT system exhibited much deeper tis-
sue penetration depth, and thus the excellent tumor destruction
was achieved. Based on this strategy, they constructed a UCNPs-
based PDT system (UCNP@2xCe6-DMMA-PEG) by layer-by-layer
self-assembly process, which is highly sensitive to the environ-
mental pH [126]. More nanocomposites were uptake by cancer
cell at pH 6.8, and accumulated in the tumor after either intratu-
mor injection or intravenous administration owing to the slightly
acidic tumor microenvironment, resulting in enhanced PDT cancer-
killing efficacy both in vitro and in vivo. Recently, Liu et al. used
the same UCNPs-PEG nanocoposites for delivering both PS Ce6
and immune adjuvant imiquimod (R837). Under NIR irradiation,
the effective photodynamic destruction of tumors generated a
pool of tumor-associated antigens, which are able to promote
strong antitumor immune responses in the presence of those R837-
containing nanoparticles as the adjuvant (Fig. 10b)[252]. Moreover,
the PDT with UCNP-Ce6-R837 in combination with the cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) checkpoint blockade
not only shows excellent efficacy in eliminating tumors exposed
to the NIR laser but also results in strong antitumor immuni-
ties to inhibit the growth of distant tumors left behind after PDT
treatment. This work demonstrated the great potency of inte-



54 Y. Wang et al. / Nano Today 25 (2019) 38-67

Sll:calorganos:ll

ca ATF
. ooanng E(chlng oonjugahon

UCNP UCNP@OS UCNP@ROS UCNP@ROS-ATF

Photodynamic Therapy
CT/UC bioimaging
@ neLur Gobiee —O—s. oo —@—s; § (§ Photosensitzer
N sio,
(- H,N/\/—S‘ o. 9 ATF Y uPAR

b)

PDT treatm i
80 nm laser
;‘3
\a %

30, Tumor-assoclaled
antigens iDC

Lymph node

‘@
% S

Migration

\ o nti-CTLA4
? e ¥ a5 antibody
mDC

UCNP-Ce6-R837

('inﬁllrr:‘l)i:m Qe "}
SO

CD8* T cells CD4* T cells
CTLA4 blockade

Treg cells

Distant tumor

* <
Re-challenged

Memory T cells
tumor il

o

g
c) -
A

rn-rf)
@

L
i 50N Imaging

L x D g

Photothermal

foXes
\
CER— ©:
uvEp>
vB >
— ,/( H,0
OH, H*

Generation of ROS i':ltra

NIR Mediated PDT

808 NIR light-induced

Fig. 10. a) [llustration of multifunctional nano-bioprobes based on rattle-structured organosilica-shelled UCNPs. [Reference 159] printed with permission from Wiley. b)
Scheme summarizing the mechanisms of combining NIR-mediated PDT with CTLA-4 checkpoint blockade for cancer immunotherapy. UCNP-Ce6-R837 nanoparticles under
NIR light would enable eff ;ective photodynamic destruction of tumors. The generated tumor-associated antigens in the presence of those nanoparticles as the adjuvant are
able to promote strong antitumor immune responses, which with the help of a CTLA-4 checkpoint blockade would eliminate primary tumors under direct NIR exposure,
inhibit the growth of distant tumors left behind after PDT, and further yield a long-term immune memory to prevent tumor reoccurrence. [Reference 252] printed with
permission from ACS. c) Schematic of the dual-band luminescent LNPs in application for PDT, together with NIR imaging and MRI. [Reference 191] printed with permission
from ACS. d) Schematic illustration of potential mechanism of UCNPs@TiO,-based NIR light mediated PDT treatment. [Reference 150] printed with permission from ACS.
e) The mechanism of the charge tansfer and the ROS generation of UCNPs@g-C3;N4-PEG nanocomposite upon 808 nm NIR light irradiation. [Reference 260] printed with
permission from ACS. f) UCNPs-BPS composite for 808 nm excited photodynamic therapy. [Reference 262] printed with permission from ACS.

grating UCNPs-based PDT with cancer immunotherapy. Generally,
UCNPs-based PDT needs to exposure to NIR for long time dur-
ing the therapy. Very recently, Zhang et al. constructed a NIR
rechargeable “optical battery” for irradiation-free PDT by embed-
ding upconversion materials, persistent luminescence materials,
PS into biocompatible polydimethylsiloxane [253]. As long as the
PDT “optical battery” is charged by 980-nm NIR laser for 5s, it
can produced green persistent luminescence to excite the pho-
tosensitizer and generate cytotoxic singlet oxygen for continuous
irradiation-free PDT (30 min) without external irradiation. Such NIR
rechargeable “optical battery” may give rise to next generation
of intelligent stimuli-responsive nanomedicine and noninvasive
photo bio-stimulation research for future clinical applications.
However, the PS molecules physically entrapped or encapsu-
lated inside the silica network or the hydrophobic layer suffered
from prematurely release during the circulation in the blood, result-
ing in reduced PDT efficiency and unwanted side effects. Covalent
bonding of PS molecules on the surface of UCNPs is a promis-
ing strategy to ameliorate these hurdles [191,254,255]. Zhang and
coworkers covalently bonded ZnPc on the surface of NaYF4:Yb3*,
Er3* UCNPs for PDT, which significantly shortened the distance and
enhanced the energy transfer between UCNPs and ZnPc [118]. The

high tumor inhibitory ratio of approximately 80.1% was obtained in
animal model. Han et al. developed a UCNP-PDT system with high
Yb doped UCNPs as core, CaF, as shell, and conjugated the pro-
drug 5-ALA (ALA-r-NaYF,4:Yb,Er@CaF, UCNPs) for deep-set tumors
treatment [256]. The obtained UCNPs shows a high absolute upcon-
version quantum yield of 3.2% in red-emission, which is 15-fold
stronger than the known optimal (3-phase core/shell UCNPs. Such
strong emission caused high singlet oxygen generation, resulting
in significant PDT effect in deep-set tumor (>1.2 cm). This work
marks a major step forward in photodynamic therapy utilizing
UCNPs to effectively access deep-set tumors. However, owing to the
absorption of UC emissions by photosensitizers to generate singlet
oxygen for PDT, the imaging signals from UCNPs are significantly
weakened. Yan et al. reported Nd3* sensitized UCNPs with dual-
band visible and NIR emissions for PDT and imaging under a single
808 nm excitation (Fig. 10c) [191]. Such theranostics nanoplat-
forms not only effectively inhibited the growth and metastase of
pulmonary and hepatic tumor, but also avoided the overheating
effect induced by the laser irradiation. Importantly, NIR emissions
deriving from Yb3* could realize the imaging of tumor, guiding
the PDT. Very recently, the PS molecules (Zr-based porphyrinic
nanoscale metal — organic frameworks, nMOFs) have been success-



Y. Wang et al. / Nano Today 25 (2019) 38-67 55

fully grown on the surface of UCNPs through selective anisotropic
growth [257]. Such heterostructure endows UCMOF with high pro-
duction of singlet oxygen under NIR light irradiation owing to the
direct resonance energy transfer from the UCNPs to nMOFs. More-
over, the porous channels of the nMOF enable an efficient cancer
treatment strategy by combining chemotherapy and NIR-induced
PDT.

Inorganic photosensitizers. In recent years, some inorganic
nanoparticles, including TiO,, g-C3N4, ZnO, graphene quantum
dots and black phosphorus, have been explored as PS for construct-
ing UCNPs based-PDT systems owing to their unique advantages,
such as more stable and a longer duration of action in an organism
comparing to the organic PS. For instants, TiO, featured with mini-
mal dark cytotoxicity but serious cytotoxicity triggered by UV light
has been used as a potential photosensitizer in UCNPs based-PDT
systems [258,259]. Lin and coworkers fabricated core-shell struc-
tured composites with NaYF4:Yb3* Tm3*@NaGdF,:Yb3* UCNPs
core and TiO, crystallized shells (UCNPs@TiO, NCs, Fig. 10d) [150].
UCNPs@TiO, NCs can efficiently generate intracellular ROS under
980 nm NIR laser excitation, inducing apoptotic cancer cell death
in vitro and effective tumor inhibition. Compared to previous
UCNP-based organic PS PDT systems, the novelty of this work
involves: (i) the covalent linking of TiO, as a PS by themselves with
high loading can effectively prevent PS molecules from leaking
and self-aggregating, and (ii) TiO, shells were coated directly on
the surfaces of UCNPs, ensuring maximum energy transfer from
UCNPs to TiO; so as to facilitate the generation and release of ROS.
To solve the issue of limited penetration depth and overheating of
the excited 980 nm NIR light, the same group developed a multi-
functional TiO, nanoparticles decorated Nd3*-sensitized UCNPs for
808 nm NIR light mediated PDT [190]. The core-multishell struc-
tured NaGdF4:Yb/Tm@NaGdF,:Yb@NaNdF,:Yb@NaGdF,; UCNPs
completely eliminate the deleterious cross-relaxation between the
activated Tm3* and sensitized Nd3* by adding an inner quenching
shield layer, thus proving strong UCL emission for PDT upon the
808 nm laser excitation. The existence of mSiO, shell offer large
surface area for loading a large amount of TiO, PS, producing a
significant amount of ROS to effectively kill tumor cells. Compared
with 980 nm and UV irradiations, 808 nm NIR light-mediated PDT
shows much higher antitumor efficacy due to the higher tissue
penetration depth. For controlling the amount of TiO, PS loaded in
UCNPs, Zhang et al. designed core-shell structured nanocomposite
in which a single monodisperse NaYF4:Yb,Tm UCNPs core is
surrounded by a thin layer of TiO,, the amount of which can be
precisely controlled constructs and achieving stable loading of
sufficient amount of PS [149].

Owing to the relatively narrow band gap (2.7 eV), g-C3N4 can
be responsive to UV-vis region light and activate molecular oxy-
gen to produce more active radicals for PDT. In recent years,
g-C3N4 has been wide used as PS in UCNPs-based PDT systems.
A novel UCNPs@g-C3N4-PEG nanocomposite was first fabricated
via a template etching process for the 808 nm mediated PDT
(Fig. 10e) [260]. The upconverted UV and visible lights from the
NaGdF4:Yb/Tm@NaGdF,:Yb@NaNdF4:Yb upconversion core upon
808 nm NIR light irradiation excite the electrons of g-C3N4 to pro-
duce alarge amount of ROS for PDT. The PDT combined with the PTT
effect derived from Nd3* in UCNPs cause remarkable tumor inhibit-
ing effect in vitro and in vivo. Very recently, g-C3N4 quantum dots
(QDs) have combined with NaYF,4:Yb3*/Tm3* UCNPs via the posi-
tive ligand poly(L-lysine) for PDT [261]. g-C3N4 QDs not only acted
as PS for NIR light-mediated PDT, but also realized blue-to-green
visible light for imaging.

Apart from the above motioned PS, black phosphorus sheets
(BPS) as PS have been exploited for PDT [262]. After modi-
fying with PEG-NH;, ultrathin BPS were integrated with the

small NaGdF,4:Yb,Er@Yb@Nd@Yb UCNPs by electrostatic interac-
tion (Fig. 10f). Upon 808 nm NIR light irradiation, the UCNPs-BPS
composite show the strongest tumor inhibition effect owing to
their greater generation capability than those of 650 and 980 nm
irradiations.

Two types of photosensitizers. More recently, for improving the
treatment effect of PDT, two types of PS molecules have been
incorporated into a single nanoplatform [263]. Zhang et al.
first incorporated ZnPc and MC540 into a single nanoplat-
form, and excited by two UC emission peaks of NaYF4:Yb/Er
under 980nm NIR irradiation, which exhibited a greater PDT
efficacy due to fully utilizing the upconverted energy to gen-
erate of 10, comparing to the single-PS loaded PDT system
[264]. The significant tumor regression of melanoma tumors
was observed in the animal model. After that, Lin et al. fabri-
cated IR-808-sensitized NaGdF4:Yb,Er@NaGdF4:Nd,Yb UCNPs, and
coated with mSiO, for loading two PS Ce6 and MC540 through
covalent bond and electrostatic interaction, respectively [265].
The ultrabright red and green UCL under low 808 nm excita-
tion can be activate the two PS to generate cytotoxic ROS for
antitumor therapy. Importantly, dual-photosensitizer UCNPs nano-
structure exhibits higher PDT efficacy than those of the single-load
nanosystem. Very recently, a mesenchymal stem-cell-membrane-
camouflaged mesoporous silica-encapsulated B-NaYF4:Yb3* Er3*
UCNPs (SUCNPs@SiO,) have been developed as an intravenous
injectable photodynamic antitumor platform [266]. Two PSs (ZnPC
and MC540) are highly loaded and simultaneously activated by a
single 980 nm laser. The obtained SUCNPs@SiO, not only possesses
good stability and biocompatibility but also displays intravenous
injectability, immune escape capabilities, prolonged blood circu-
lation time, and the tumor targeting functionalities of stem cells.
More importantly, tumor growth was effectively inhibited owing to
the high PS loading capacity and effective accumulation in tumors.
This work paves the way for the development of bioactive cellular
components as a platform for targeted PDT.

Oxygen environment at tumor site. As we have mentioned above,
PDT employs PS to activate the transformation of surrounding
0, at tumor site into cytotoxic '0,, causing the destruction of
cancer cells. This process involves significant O, consumption,
leading to drastically decreased therapeutic efficacy of PDT
during continuing treatment. Therefore, it is critical desired to
develop specific O, delivery system for overcoming the tumor
hypoxia and improving the treatment effect. Very recently,
Zhang et al. fabricated core-multi shell structured NaGdF4:Yb,
Er@NaYF4:Yb@NaGdF,:Yb,Nd@NaYF,;@NaGdF,4:Yb,Tm@NaYF,4

UCNPs functionalized with a novel ultrasensitive site-specific
hypoxia probe (HP) and PS RB, and subsequently installed on
the red blood cell (RBC) surfaces to obtain the RBC microcarriers
(Fig. 11a) [267]. Upon 980 nm NIR excitation, the inactive HP can be
transformed into active state specifically to trigger the O, release
from oxygenated hemoglobin in a hypoxic condition. Owing to
the increasing of O, amount, the PDT efficiency can be enhanced
greatly under 808 nm NIR irradiation, which is further demon-
strated by remarkably regressed the solid tumor volumes. Very
recently, some catalysts have been used to catalyze and decompose
H,0, to generate O, for enhanced PDT effects on hypoxia solid
tumors, such as manganese dioxide (MnO, ) nanosheets, [268,269]
catalase, [270] and cerium oxide [271]. Zhang et al. constructed
multifunctional UCNPs@TiO,@MnO, nanocomposites (UTMs) for
0, self-supplemented and ROS circulating amplified PDT (Fig. 11b)
[268]. MnO, nanosheets can generate O, in tumor microenviron-
ment (mild acid and excessive H,0,) to overcome tumor hypoxia
for superior PDT efficacy, and obtained Mn2* ions by decomposi-
tion can realize stimuli-enhanced Tq-weighted MRI. Meanwhile,
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the quenched upconversion luminescence of UCNPs by MnO,
nanosheets recovered for UCL imaging in tumor and activated TiO,
nanoshells to produce cytotoxic 10, and -OH for PDT. Importantly,
H,0, and O, were regenerated by catalyzing intracellular super-
oxide dismutase, resulting in the circulate amplifying the ROS
generation with a significantly enhanced PDT outcome. Owing to
the catalase-like activities and photocatalyst features of cerium
oxide nanoparticle, it also could realize O,-evolving to improve
the efficiency of PDT. Zhang et al. reported lanthanide ion-doped
mesoporous hollow cerium oxide upconversion nanoparticles
(Ce-UCNPs), which can not only realize in situ oxygen-producing
through catalyzing the decomposition of the endogenous H,0,
of tumor but also convert NIR light to UV emission to trigger
the triggered PDT simultaneously [271]. These works open up an
exciting new area in oxygen-producing O, in situ to overcome
hypoxic tumor.

NIR light-triggered photothermal therapy based UCNPs

PTT has attracted considerable attention over the years as one
of the most promising alternative to current clinical cancer treat-
ments (including surgery, radiotherapy, and chemotherapy) owing
to its high efficiency and selectivity, minimal invasiveness, and
favorable biosafety to normal tissues. Under NIR laser irradiation,
photothermal agents absorbed the light to generate heat, resulting
in the thermal ablation of tumor. Currently numerous nanomateri-
als with strong NIR absorption and high photothermal conversion
efficiency have been successfully employed as photothermal agents
for PTT, such as various of gold nanostructures, metal chalcogenides
nanoparticles, carbon nanomaterials, and organic polymers. For
UCNPs based PTT studies, UCNPs are combined with these men-
tioned photothermal agents to offer imaging guided PTT, which
is regarded as an effective theranostic strategy. However, two
different wavelengths NIR lights are usually required to imple-
ment imaging and therapy, respectively, which makes real-time
monitoring and evaluation of treatment efficiency difficult. In this
section, we will survey on the recent advance of UCNPs-based PTT
nanoplatforms triggered by a single NIR light according to the dif-
ferent PTT agents.

Carbon nanomaterials. Recently, carbon nanomaterials emerged
as promising agents for PTT owing to their intrinsic high NIR

absorbance, such as graphene, [155] carbon dots [272] and carbon
shells [273]. Lin’s group designed and constructed the multifunc-
tional GAOF:Ln@SiO, mesoporous capsules with DOX and ZnPc into
the SiO, shell for PDT and chemotherapy, and then attached carbon
dots on the surface of SiO, shell, which not only serve as the pho-
tothermal agents for PTT, but also prevent the DOX release during
the delivery process (Fig. 12a) [272]. The smart design of the struc-
ture make the nanocomposites applied as both multiple imaging
(CT, MRI, UCL, photothermal) agent and drug carriers for multi-
ple anticancer therapy (PDT, PTT, and chemotherapy). The animal
experiment indicated the cancer can be markedly inhibited with
organs undamaged.

Au nanostructure. Different structured Au nanomatierls have been
widely used as photothermal agents thanks to their capacity of
inducing surface plasmon resonance (SPR), including nanoshells,
[132] nanorods, [274,275] and nanoclusters [276]. For instance,
Liu et al. prepared a hybrid plasmonic upconversion nanostruc-
ture (AUNR@UCNPs) by assembling UCNPs onto the surface of gold
nanorods through electrostatic adsorption method [275]. Under
808 nm NIR light irradiation, the upconversion emissions could
not only trigger AuNRs to generate heat for PTT through control-
ling the aspect ratio of AuNRs due to the match of the surface
plasmon resonance peaks of with emissions of UCNPs, but also
excite the photosensitizer capsulated in the mesoporous silica layer
to generate ROS for PDT. This nanocomposite is a new genera-
tion of theranostic platform, which can be applied to imaging and
combined PTT with PDT under single 808 nm NIR laser irradia-
tion. Recently, captopril-stabilized Au nanoclusters (Au25) acted
as both photothermal agents and new photothermal agents have
been modified on the surface of mesoporous silica coated B-
NaGdF,4:Yb/Er@B-NaGdF,:Yb@B-NaNdF,4:Yb UCNPs [276]. Under
the irradiation of 808 nm light, the newly formed Au25 shell exhib-
ited a considerable photothermal effect and the production of 105,
leading to excellent tumor growth inhibition efficacy. Importantly,
the 808 nm NIR light not only effectively triggered simultaneous
PDT/PTT, but also conquered overheating effect of the conventional
980 nm laser.

Metal chalcogenides. Metal chalcogenides featured with high
photothermal conversion efficiency and good thermal stabil-
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ity have been regarded as prospective photothermal agents for
PTT. CuS and djurleite Cu,4S are the representatives among
them [146-148]. Shi and coworkers developed a new type
of multifunctional nanotheranostic with silica-coated UCNPs
(NaYbF4:2%Er3*/20%Gd3* @Si0,-NH,) as the core and ultrasmall
CuS NPs as the satellites for synergistic radiotherapy and PTT (CSNT,
Fig. 12b) [146]. Upon irradiation with 980 nm NIR, the tempera-
ture of CSNT solution increased remarkably, suggesting that the NIR
laser had been transformed into heat by the CSNTs. Furthermore,
the presence of high Z elements (Yb, Gd, and Er) in CSNTs could
cause a large local radiation dose-enhancement around the NPs,
demonstrating that CSNTs could also be used as radiosensitizers.
The excellent tumor inhibitory has been confirmed in the animal
model. The other striking example is MoS; nanosheets [277]. After
functionalized with IR-808 dye and Ce6, UCNPs were grafted on
the MoS; nanosheet with PTT and PDT combined in one nanosys-
tem triggered by 808 nm NIR laser. Owing to the higher absorption
coeffcients of NIR dye, core-shell structured UCNPs-IR808 exhib-
ited superbright visible emission under low 808 nm light excitation,
which could excite Ce6 to produce ROS for efficient PDT. Simultane-
ously, upon 808 nm laser irradiation, the MoS, nanosheet can not
only generate local hyperthermia to inhibit the tumor growth, but
also synergistically improve the PDT.

Organic polymer. Although the above mentioned inorganic PTT
agents have exhibited good photothermal performance, the long-
term safety concern of these agents seriously hampers their further
clinical implementation because they are not biodegradable. To
overcome this problem, some organic PTT agents with strong NIR
light absorbance have aroused significant interests, such as poly-
dopamine (PDA), [123,192,278,279] polymer polypyrrole (PPy),
[280] and indocyanine green (ICG) [281,282]. Among them, PDA,
as the main composition of melanin, not only exhibits good
biodegradability and no long-term toxicity, but also provides a
higher photothermal conversion efficiency of 40% than those of

previously reported PTT agents. Our group developed a novel mul-
tifunctional core/satellite nanotheranostic (PDA@UCNPs) with PDA
as core and core-shell-shell structured Nd3*-sensitized UCNPs as
satellite for in vivo imaging guidance photothermal therapy using
single 808 nm laser irradiation (Fig. 12c)[192]. The core-shell-shell
structured design endowed UCNPs with outstanding upconversion
luminescence properties and strong X-ray attenuation, thereby
making the nanotheranostics potential candidates for excellent
UCL/CT dual modal imaging. Apart from PDA, ICG is another star
Food and Drug Administration (FDA)-approved drug, which can be
triggered by 808-nm irradiation to produce both a photothermal
effect and cytotoxic ROS [281]. Lin and coworkers prepared PDA
coated NaYF,4:Yb,Er@NaYF4:Yb UCNPs, and loaded ICG on the sur-
face of PDA via electrostatic adsorption, hydrophobic interaction
and -7 stacking. Such nanocomposites (UPI) can ablate can-
cer cells effectively with 808 nm irradiation, revealing their great
potential as a NIR-mediated imaging and dual-modal therapeutic
platform.

NIR light-assisted chemodynamic therapy based UCNPs

As another important ROS-based cancer treatment strategy, CDT
has been aroused significant interests, which utilizes Fenton reac-
tion to convert intracellular H,0; into harmful -OH. Unfortunately,
the Fenton reaction requires strict reaction condition, e.g. low pH
value (pH =3 —4), resulting in its low efficiency in tumor microen-
vironment (pH~6.5). It is well recognized that irradiation with UV
light can improve the Fenton reaction. However, low penetration
depth and potential tissue damage of UV light restrict its further
application in tumor therapy. UCNPs can convert NIR with deeper
tissue penetration into UV light, which could act as UV source to
assist Fenton reaction, thereby improving the generation of -OH. Shi
and coworkers reported a photochemotherapy agent (UCSRF) for
cancer therapy using NIR-assisted tumor-specific Fenton reactions,
consisting of UCNP cores for converting NIR light to UV or visible
photons to assist photo-Fenton reaction, mesoporous silica shell
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as Fenton reagent (Fe?*) carrier, and Ru?* complex co-conjugated
on the surface of mesoporous silica shell to bind mitochondrial
DNA (Fig. 13I) [283]. Under NIR irradiation, UCSRF accumulated
in intratumoral mitochondrion, and reacted with H,0, to effi-
ciently generate localized -OH radicals that caused mitochondrial
DNA damage. Such strategy showed much enhanced and tumor-
specific therapeutic efficacy due to the capacity of ROS targeting
with mitochondrial DNA (Fig. 13II).

Lately, Yang et al. constructed a multifunctional nanoplatform
based on ZnFe, 0,4 functionalized UCNPs (UCPZ) that combined PDT
and CDT triggered by NIR [284]. ZnFe, 0,4 nanoparticles not only act
as photosensitizers for PDT, but also can react with excess H,0, in
cancer cells to generate -OH for CDT. Furthermore, the linker Pt(IV)
prodrugs can be reduced to high virulent Pt(II) by glutathione in
the cancer cells, which further improved the outcome of the col-
laborative cancer treatment.

pH-responsive theranostics based on UCNPs

Thanks to the high rate of glycolysis in cancer cells, the pH in
tumors is lower than in normal tissues. It is demonstrated that the
pH of normal tissues and blood is approximately 7.4, whereas that
in a tumor microenvironment is between 6.0 and 7.0. At the subcel-
lular level, late endosomes and lysosomes exhibit much lower pH
ranging from 4.5 to 5.5. Such pH gradient makes pH-responsive
theranostics feasible to achieve “turn on” imaging and therapy
in tumor site, improving the outcome of therapy and alleviating
the side effect. A number of pH-responsive theranostics based on
UCNPs have been explored inrecent years, including pH-responsive
drug delivery system and pH-driven tumor-targeting for PDT.

pH-responsive drug delivery system based UCNPs

Recent years have witnessed the rapid pace of research and
development of pH-responsive drug delivery system based on
UCNPs for gaining drug controllable release. Several design and
constructing of pH-responsive drug release strategies have been
investigated. One important design strategy is to introduce charge-
conversional polymer on the surface of UCNPs, which contains neg-

ative charge under neutral and weakly basic conditions but switch
to being positively charged in a slightly acidic environment, such
as PAA [203,285-287], 2, 3-dimethylmaleic anhydride (DMMA)
[288], naturally modified nonionic alginate-based polymers, [289]
carboxylatebased pillar [5] arene (WP5), [290] and poly(DL-lactic-
co-glycolic acid)(PLGA) [291]. For instance, Lin and coworkers
have successfully prepared a series of PAA fictionalized UCNPs as
pH-responsive drug delivery systems, including PAA@GdVO,4:Ln3",
NaYF4:Yb,Er@NaYF,:Yb@NaNdF,:Yb@NaYF4:Yb@PAA, and
NaYF4:Yb, Er@NaYF4:Yb@NaNdF4:Yb@NaYF,:Yb-CuS@PAA.
Taking the Nd3*-sensitized UCNPs as an example, core-shell
structured NaYF4:Yb,Er@NaYF,:Yb@NaNdF,:Yb@NaYF,4:Yb UCNPs
have been developed by varying the shell number, core size, and
host lattices, which exhibits significantly improved UCL intensity
(Fig. 14I) [292]. After functionalized by PAA, a pH-responsive
nanocarrier has been obtained, and their loading and control drug
release capacities were superior to that of UCNP@mSiO,. Ultrahigh
drug storage capacity and sensitive pH-responsive drug release
properties make UCNPs@PAA as promising pH-dependent drug
delivery systems for chemotherapy.

The pH-sensitive linkers that can be cleaved with decreasing
pH value, such as acetal bond, hydrazine bond, hydrazone bond,
and ester bond, have provided opportunities for constructing pH-
responsive drug delivery systems based on UCNPs. Recently, a
new pH-responsive drug delivery system based on ultra-small
BaGdF5:Yb/Tm@BaGdFs:Yb (sub-10nm) was reported, in which
DOX were conjugated to the surface of UCNPs by hydrazone bonds
[201]. At neutral pH, the linkers remain intact and inhibit DOX
release, resulting in low side-effect of chemotherapeutics to normal
tissues, while the cleavage of hydrazone bonds in acidic environ-
ment allows the release of DOX, realizing pH-triggered drug release.

Apart from these strategies, some acidic-decomposable inor-
ganic materials have recently been reported as gatekeepers to
control drug release, offering opportunities to design promising
specific carriers for therapeutic agents. Our group have con-
structed a multifunctional nanotheranostic agent with UCNPs
(NaYF,4:20%Yb3*, 2%Er3* /NaGdF,:2%Yb3") as the core, and a meso-
porous silica layer as the outer shell with ZnO as “gatekeeper”
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for pH-triggered drug delivery (UCNPs@mSiO,-ZnO, Fig. 14II)
[293]. After internalization into HeLa cells, ZnO can be efficiently
dissolved rapidly in the acidic intracellular compartments, fol-
lowed by loaded DOX release from mSiO, shell. Importantly,
ZnO is non-toxic towards normal tissues but cytotoxic towards
tumors after dissolution, enhancing the anti-cancer effect. The
pH-triggered on-demand drug release not only improves the thera-
peutic effectiveness but also effectually reduces adverse side effects
of drugs. Combining UCL/MR/CT multimodal imaging with spe-
cific pH-triggered on-demand drug release has a great potential
for simultaneous diagnosis and therapy of cancer.

pH-driven tumor-targeting for PDT

Targeting is critical for tumor diagnosis and therapy, and gen-
erally divided two types: passive targeting and active targeting.
Recently, more attention has been paid to active targeting through
modifying UCNPs with tumor-selective agents that can recog-
nize the unique receptors overexpressed or present on tumor
cells owing to the limited target capacity of passive targeting.
Folic acid (FA) is a widely used targeting agent due to its high
stability, non-immunogenic character, and feasibility to conju-
gate with functional groups. However, the expression of folate
receptors (FRs) in normal tissues will lead to unexpected target-
ing and unsatisfactory therapeutic effect. Tang et al. developed
a pre-protective strategy for precise tumor targeting and effi-
cient PDT [294]. A switchable DNA/upconversion nanocomposite
(UCNPs@PAA-DNA) was constructed by modifying two kinds of
DNA sequences with different lengths on the surface of UCNPs. FA
groups on the shorter DNA sequences are protected by the longer
DNA sequences in normal tissues, avoiding unexpected uptake.
Whereas, UCNPs@PAA-DNA reached the tumor region, the longer
DNA would fold in the acidic tumor microenvironment, and FA
groups were exposed to achieve the targeting with cancer cell. At

the same time, the photosensitizer Ce6 on the longer DNA gets
close to the surface of UCNPs, improving the treatment outcome of
PDT. This pre-protective strategy provides new insights for precise
targeting and highly efficient cancer therapy.

Other pH-responsive targeting molecules are also employed
to construct upconversion nanotheranostics for pH-driven tumor-
targeted PDT. Wang et al. used the pH low insertion peptide (pHLIP)
to functionalize an Nd3* sensitized UCNP for precise targeting and
efficient PDT [295]. pHLIP can bring cargo specifically into cancer
cells under an acidic environment, realizing the effective active-
targeting and efficient PDT.

Glutathione-responsive theranostics based on UCNPs

Owing to the difference of the concentration of tripep-
tide glutathione (GSH) in the extracellular fluids (20 —40 wM)
and intracellular microenvironment (0.5-10 mM), GSH has been
recognized as a specific pathological trigger for constructing
stimuli-responsive theranostics. To date, a variety of GSH-
responsive theranostics based on UCNPs have been developed,
which mainly rely on the strategies of cleavage of disulfide bonds,
thiol exchange reaction, and so on.

Among them, the disulfide-based processes is the most
employed strategy, which operated by cleavage of disul-
fide bonds with GSH and subsequent release of the drug.
Wu et al. reported a novel amphiphilic fluorinated block
copolymer (poly(oligo ethylene glycol methyl ether methacry-
late (OEGMA)-co-2-(N,N-dimethylamino)ethyl = methacrylate
(DMAEMA))-b-2-((2-methacryloyloxy ethyl) disulfanyl)ethyl
3,5-bis(trifluoromethyl) benzoate (MESEF)) through reversible
addition-fragmentation chain transfer polymerization (RAFT)
polymerization, and constructed hybrid colloidal nanoclusters by
self-assemble with hydrophobic UCNPs and DOX, which exhibited
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good pH-/redox-dual-responsive controllable drug release behav-
ior via both the cleavage of disulfide by GSH and the protonation
of amino groups by acidic environment [296]. By taking advan-
tage of the cleavage of disulfide bonds by GSH, Du et al. grafted
the gatekeeper CuS on the surface of mesoporous upconversion
nanoparticles (mUCNPs) through disulfide bond as a cleavable
linker, and functionalized with targeted molecule HA (mUC-
NPs@DOX/CuS/HA) for UCL/MR/PA guided chemotherapy and PTT
[297]. Compared to without HA, more mUCNPs@DOX/CuS/HA
nanoparticles (nealy 98%) were uptaken by cells after incubation
4h, predicting better treatment efficiency. In tumor microenvi-
ronment, 71% of DOX were released from mUCNPs@DOX/CuS/HA
nanoparticles, whereas 21% of DOX were released without GSH.
Moreover, CuS nanoparticle can act as photothermal agent for
PTT, leading to the synergistic effect of chemotherapy and thermal
therapy.

GSH-mediated thiol exchange reaction of disulfide bonds is
another strategy to develop the GSH-responsive nanotheranos-
tics. The pivotal factor of successfully constructing GSH-responsive
nanotheranostics is making them enter into the cytoplasm
where abundant GSH could take effect to trigger the thera-
nostics rather than trapping within endolysosomes. Liu et al.
reported a GSH-responsive polyprodrug vesicles that could escape
from endosomal and enter into the cytoplasm through NIR-
activated photochemical internalization [298]. The amphiphilic
polyprodrugs of poly(N,N-dimethylacrylamide-co-EoS)-b-PCPTM
were synthesized via sequential reversible addition-fragmentation
chain transfer polymerization, and then self-assembled into hybrid
vesicles in the presence of hydrophobic oleic acid (OA)-stabilized
UCNPs (NaYF4:Yb/Er), leading to the generation of '0, through
the energy transfer between UCNPs and PS EoS moieties. The 10,
molecules could not only kill the cancer cell by PDT, but also disrupt
the membranes of endolysosomes and thus facilitate the nanovesi-
cles to escape from endolysosomes and enter into the cytosol,
leading to the GSH-triggered camptothecin release in the cytosol.
The integration of PDT module improved the therapeutic perfor-
mance not only by the synergistic effect of PDT and chemotherapy
but also through the photochemical internalization effect. There-
fore, it is a feasible strategy to elevate the treatment effect by
introducing PDT module into the design of GSH-responsive nan-
otheranostics.

GSH in tumor microenvironments can also make Mn ions doped
silica nanoshell biodegradation, leading to GSH-responsive nanoth-
eranostics [216]. Lin and coworkers synthesized yolk-structured
Mn-doped upconversion nanocapsules (Mn-UCNCs) with UCNPs
as core and Mn-doped silica as shell, which is responsive to mild
reductive and acidic tumor condition. This tumor-sensitive degra-
dation of the shell not only facilitates DOX release in the tumor
location but also allows faster nanoparticle diffusion and deeper
tumor penetration, thus realizing efficient particle distribution and
improved chemotherapy. At the same time, the released Mn?2*
improved the MRI effect derived from the UCNPs, endow Mn-
UCNCs with superior multiple imaging functions.

ROS-responsive theranostics based on UCNPs

In addition to common '0,, H,0,, and -OH, ROS in biologi-
cal system include superoxide (0,-~), hypochlorous acid (HOCI),
and peroxynitrite (ONOO™), which have an important impact on a
variety of biological events including cell signaling, homeostasis,
proliferation and aging [299]. Owing to the higher concentrations
of ROS in cancer cells than that in normal cells, ROS have been
employed as a promising stimulus to explore stimuli-responsive
theranostics.

Especially 0, molecules, they not only can kill the cancer cell
by PDT, but also can cleave the thioketal linker to construct ROS-

responsive theranostics. UCNPs are able to excite photosensitizers
to generate 10, molecules by NIR, with potent applications in PDT.
Therefore, more attention has been focused on the development of
ROS-responsive theranostics based on UCNPs in the recent years
[300-302]. Cui et al. constructed a new multifunctional UCNPs
theranostic system through loading mPEG-COOH, PS Ce6, and ROS-
cleavable thioketal-conjugated camptothecin on the surface of
UCNPs (Fig. 15I) [301]. Under 980 nm laser irradiation, Ce6 could
be activated by UCL and produced 10, molecules that can be used
for PDT and to cleave the thioketal linker in thioketal-conjugated
camptothecin to release camptothecin for chemotherapy. More-
over, the emission of Ce6 between 650-750 nm was employed for
near-infrared fluorescence imaging. Such ROS-responsive thera-
nostic owns great potential in applications on simultaneous lung
cancer fluorescent imaging, ROS-activated chemotherapy and PDT
in the near future. Qu and coworker also take advantage of the fea-
ture of ROS that can break down the thioketal linker to control
drug release to construct a ROS-responsive theranostic (Fig. 15II)
[302]. After coating mSiO, on the surface of the core-shell nanos-
tructured NaYF,4:Yb,Er@NaYF, nanoparticles, the PS Ce6 and DOX
were loaded, and then the thioketal linkers were capped on the
outside of the nanocomposites by a simple silane coupling reac-
tion, preventing the drug premature release. Upon NIR irradiation,
the generated ROS through exciting Ce6 by visible light emission
(derived from UCNP) not only brought about irreversible damage
to the cancer tissue to achieve PDT, but also broken down the “gate”
thioketal linker to control drug release. Therefore, introducing PDT
model into ROS-responsive theranostics based on UCNPs, control-
lable chemotherapy and PDT can be achieved at the same time,
which enhanced the curative effect owing to the synergistic effect.

H,0, is another common stimulus for developing ROS-
responsive theranostics, whose level is higher in the tumor
microenvironment than in the normal tissue. In tumor microen-
vironment, acidic H,0, can reduce MnO, nanosheets into Mn2*
and O,, which enhances the diagnostic accuracy and treat-
ment effect of oxygen-dependent therapy, such as PDT. Taking
advantage of this information, multifunctional UCNPs have been
introduced on the surface of MnO; nanosheets to construct-
ing intelligent theranostic nanosystems for H,O,-responsive UCL
imaging and oxygen-elevated synergetic radio/photodynamic ther-
apy (Fig. 15III) [157]. UCNPs (NaYF4:Yb/Er/Tm) were coated by
photosensitizer (SPCD)-incorporated dSiO, (UCSs), preventing the
leakage of SPCD molecules and facilitating the generation of 10,
through the red luminescence energy transfer from UCNPs to SPCD.
Then MnO, nanosheets were wrapped out onto the surface of all
UCSs, resulting in the quenching of UCL of UCSs. In the normal tis-
sues, the UCL of UCSs kept quenching by MnO, nanosheets, whereas
the UCL recovered in the tumor microenvironment owing to acidic
H,0,-induced reduction of MnO,, achieving concurrent pH-/H,05-
responsive UCL imaging for diagnosis. On the other hand, the
generated O, by MnO,-H;0, redox reaction improved the ther-
apeutic effect of synergetic radio/photodynamic therapy.

Enzyme-responsive theranostics based on UCNPs

Enzymes are a kind of important biocatalysts, taking part in
almost all biological and metabolic processes in the cells. Due
to their high specific and selectivity, enzymes have recently
acted as promising triggers to design and construct responsive
theranostics. Below, we focused on recent progress concern-
ing enzyme-responsive theranostics based on UCNPs, including
cathepsin B- and caspases-activated strategies.

Cathepsin B, as a member of lysosomal proteases family, is
regarded as a potential biomarker because it overexpressed in vari-
eties of cancer, such as breast cancer and pancreatic cancer [303].
Moreover, cathepsin B has been widely used as the trigger for imag-
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ing and drugrelease at tumor site owing to its capacity of selectively
cleave the peptide with specific unit, i.e. Gly-Phe-Leu-Gly or Arg-
Arg-Lys. Qu and coworkers developed a cathepsin B responsive
UCNPs nanostructure for drug release and PDT [304]. In 2016, Xing
et al. reported a cathepsin B triggered cross-linking of UCNPs sys-
tem for effective tumor localization and theranostics (Fig. 16) [305].
Nd3*-doped UCNPs have been synthesized and exhibited good
upconverted luminescences properties upon excitation at 808 nm.
An enzyme-responsive peptide, Ac-FKC(StBu)AC(SH)-CBT contain-
ing a side-protected cysteine and 2-cyanobenzothiazole (CBT) was
designed for specific reaction with cathepsin B, and connected
on the surface of Ce6-modified UCNPs (CRUN). Cathepsin B could
cleave the peptides and induce covalent cross-linking between the
exposed cysteine and CBT on neighbouring particles, which not
only triggered the accumulation of UCNPs into tumour site, but
also enhanced light upconverting emission. Improved upconverted

luminescences properties further amplifies the singlet oxygen gen-
eration from Ce6, thus increasing the PDT efficacy. Both in vitro and
in vivo theranostic studies demonstrated that enzyme-responsive
localization of light-converted rare-earth nanostructures could sig-
nificantly inhibit the tumour growth in process of PDT treatment.
This strategy provide a promising solution for effective site-specific
tumour imaging and treatment.

Caspases have been proven to be associated with cell apopto-
sis, therefore many efforts have been devoted to develop caspase
responsive nanoparticles for monitoring the therapeutic process.
Very recently, Hu et al. constructed caspase-3 responsive func-
tionalized UCNPs (CFUNs) through self-assembly of caspase-3
responsive DOX prodrug tethered with DEVD peptide (DEVD-
DOX), UCNPs, a PS (pyropheophorbide-a methyl ester, MPPa), and
tumor-targeting cRGD-PEG-DSPE [306]. This system integrated
three-in-one function: NIR triggered photosensitizer to generate



62

808 nm
light

En

Q Chlorin e6 (Ce6)

®’
me-triggered
localization

Y. Wang et al. / Nano Today 25 (2019) 38-67

J

—\ Covalent particle crdss-linkiﬁg

.“ 10

2 Enhanced light converting
to amplify 'O, production

1))

= 1.2
I g
o2 =
e <
= a
1.0
®
&z 5 12
.5 2
<
w &
1.0

N’

= Saline

® PEG@CRUN 808 nm

A FA-PEG@CRUN 808nm

v FA-PEG@CRUN 660nm

¢ FA-PEG@CRUN 808 nm+tissue
< FA-PEG@CRUN 660 nm+tissue

-0
— g

ok

»

»H

-0
— p— g
N

2 + 6 t 10
Time after treatment (day)

Relative tumour volume (V/V,) £

t

S

Fig. 16. 1) Illustration of the microenvironment-sensitive strategy for covalent cross-linking of peptide-premodified UCNs in tumor areas. II) a) Fluorescence imaging of
tumors (blue circle) in living mice at different time intervals after injection. b) PA imaging signals in the tumor region at different time intervals after intravenous injection. c)
Tumor volumes change as a function of time in treated groups to evaluate the effectiveness of PDT treatment in vivo. [Reference 305] printed with permission from Nature.

ROS causing photo-dynamic damage along with caspase-3 activa-
tion, subsequent caspase-3 responsive drug release, and cascade
chemotherapeutic activation. Such sequential and repetitive pro-
cesses could enhance and amplify the therapeutic efficiency by
apoptotic activation to neighboring tumor tissues. This strategy
may pave the way for novel cascade tumor therapy that is favorable
to overcome drug resistance and heterogeneity in tumor therapy.

Temperature-responsive theranostics based on UCNPs

The temperature in tumor is higher than that of normal tissues
owing to the high rates of aerobic glycolysis and fast prolifera-
tion [307]. Based on the temperature difference, developing the
temperature-responsive theranostics has attracted more and more
attentions. Among them, temperature-sensitive polymers have
been widely used to control the antitumor drugs release through
their structure change in response to the temperature in the tumor
[308-310]. Lin et al. described a thermo/pH dual-responsive drug
delivery system based on UCNPs [308]. Mesoporous silica coated
UCNPs were acted as DOX carriers, and temperature sensitive
poly(N-isopropylacrylamide-co-methacrylic acid) [P(NIPAm-co-
MAA)] polymer brushes were grafted onto the channel and outer

shell of the mesoporous silica scafford. The obtained hybrid
nanocarriers were capable to respond to the slight difference
of temperature/pH between tumor tissue and healthy tissue in
the simulated physiological conditions, and control the drug
release on-demand. Furthermore, photothermal effects caused by
NIR irradation also promoted the release of DOX molecules. In
2015, Yang and coworkers utilized the same sensitive polymer
[P(NIPAm-co-MAA)] developed a nano-theranostic by conjugat-
ing photosensitive Auys(SR)13-(SR refers to thiolate) clusters, and
anti-cancer drug DOX onto the surface of mesoporous silica coated
core-shell UCNPs [309]. Auy5(SR);g clusters have contributed to
temperature-responsive drug delivery owing to their good pho-
tothermal effect under NIR irradiation. The in vitro and in vivo
results reveal the excellent anti-cancer therapeutic effect of syn-
ergistic PTT and chemotherapy.

Although combination of chemotherapy and PTT can enhance
the treatment effect, these two treatment modes are initiated at the
same time in most reported works due to the fact that drug release
is activated by photothermal effect. However, as evidenced by a
number of studies, giving chemodrug (doxorubicin) prior to ther-
mal therapy results in better antitumor effect than simultaneous
intake. Very recently, Li et al. developed a temperature sensi-
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tive upconversion nanocomposite for programming chemotherapy
and PTT combination therapy [311]. The temperature respon-
sive upconversion nanosystem contains photothermal agent and
thermal responsive drug release unit (1,2-dipalmitoyl-sn-glycero-
3-phosphocholine, abbreviated as DPPC). Eigen temperature during
photothermal process is monitoring by sensitive upconversion
luminescence of Er3* with the excitation of 980 nm laser. Power
density of 730 nm laser, corresponding to photothermal effect, is
tuned in light of UCL feedback to schedule chemotherapy and PTT
sequentially. This work provides a non-invasive method to pre-
cisely modulate the process of combination therapy and a new
strategy for designing next generation of cancer therapy.

Conclusions and perspectives

UCNPs have been widely developed in theranostics applica-
tions thus far thanks to their intriguing properties. However, most
of UCNPs nanotheranostics are lack of the capacity to carry on
their therapeutic function in response to targeted tumor instead
of healthy tissues. In this review, we summarized the advance-
ments of stimuli-driven turn on nanotheranostics based on UCNPs
for tumor-specific imaging and therapy, covering internal stim-
uli (e.g., pH, GSH, ROS, enzyme, and temperature) and external
stimuli (e.g., NIR). Rational engineering of UCNPs nanotheranos-
tics plays a crucial role to achieve precision imaging and therapy of
tumor through responding to a variety of stimuli, especially cancer-
associated triggers. Although many efforts have been devoted to
explore the stimuli-responsive UCNPs nanotheranostics, there are
still many challenges that need to be addressed for promoting the
future translational clinical applications.

Firstly, the UCL efficiency is still unsatisfactory for further
application in vivo. The relative low UCL efficiency (usually less
than 1%) is mainly ascribed to the low absorption cross sections
of lanthanide ions and the energy losses through nonradiative
transitions. Although many strategies have been used to address
this challenge, such as constructing core-shell structure, regional
doping, surface plasmon resonance-enhanced effects, etc. The
preparation of UCNPs with high efficient still remains as a grand
challenge. Exploiting NIR antenna that can transfer energy to Ln3*
luminescent centers might be of great help to improve the upcon-
version efficiency of UCNPs.

Second, the limited light penetration depth of UCNPs in tissues
is another concern for either imaging or phototriggered therapy.
Although Nd3*-Yb3* combined sensitized UCNPs have been devel-
oped, which can be excited by 808 nm NIR, resolving the problem of
980 nm NIR strongly absorbed by water, the effective penetration
depth is still limited to a few centimeters, restricting their applica-
tions in the superficial tumors. Fluorescent imaging in the second
near-infrared window (NIR-II) has been considered to probe deep
tissue owing to the minimum auto-fluorescence and tissue scat-
tering. Recently, the novel Er3* sensitized UCNPs are reported with
both excitation (1530 nm) and emission (1180 nm) located in the
NIR-II window, which is promising for the theranostic of deep-
set tumor [312]. In addition, developing some medical devices is
greatly demanded, such as introducing the optical fibers to delivery
NIR light into deep lesions.

Thirdly, the biosafety concern of UCNPs nanotheranostic is
crucial importance for their future clinical applications. Despite
numerous investigations have been demonstrated that UCNPs
based nanotheranostic agents exhibited good biocompatibility
with no obvious toxicity in animal model, the systematic and rig-
orous evaluations of the potential long-term toxicity including
biodistribution, transformation, and excretion should be investi-
gated in the future. Importantly, in light of the dose depend toxicity
of UCNPs, the safe dose also needs further investigation, guiding the
future clinical applications.

Fourth, NIR exhibits several advantages as a external stimulus
in design and constructing theranostic systems, but it is neces-
sary to precisely irradiate the laser at the tumor site. Therefore,
it is required that the tumors must be accurately localized firstly
and monitored in real time, which could reduce the damage to
surrounding tissues. In contrast, the utilization of the cancer-
associated stimuli that based on the differences between cancer
cells and normal cells to construct theranostic indicates more mild,
stable and precise. In fact, most reported pH triggered theranos-
tics that responds to acidic conditions (pH<6.5), which do not
match with the pH value in the tumor microenvironments (pH 6.5
to 6.9). Therefore, it is urgent and significant to explore new cancer-
associated stimuli to construct UCNPs nanotheranostic for precise
cancer imaging and therapy in the coming years, i.e. over-expressed
proteins or specific metal ions.

Finally, although constructing of stimuli-responsive UCNPs nan-
otheranostic agents by integrating with multimodal imaging and
therapy functions into a single nanoplatform exhibited potent
potential application for the accurate early diagnosis and efficient
in situ therapy of cancer, the engineering and investigation of
UCNPs based nanotheranostic agents is still in the infant stage. We
believe that elaborately design and synthesis the smart stimuli-
responsive UCNPs nanotheranostic will make significant contribute
to the development of precise cancer theranostics in the future.
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