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Photocontrolled therapeutic release holds great promise due to its versatile manipulability, superb spatiotemporal
precision and minimal tissue invasiveness in biomedical purposes. However, most of light-responsive platforms
thus far have relied on UV or visible light which substantially limit the potential applicability in living animals. In
recent decades, near-infrared (NIR) light-mediated theranostic upconversion nanocomposites (UCNCs) that in-
tegrate conventional UV/Vis-sensitive materials and classic lanthanide-doped upconversion nanoparticles (UCNPs)
have significantly promoted the development of deep-tissue photoreleasable therapeutics in vivo. Herein, we seek

to review current NIR upconversion triggered photorelease techniques and their diverse applications in the bio-
logical regulation, as well as diseases therapy. In addition, the future perspectives and challenges for advancing
UCNCs based NIR photoreleasable nanotherapeutics into clinical translations are proposed.

1. Introduction

Currently, targeted therapy in clinical trials shows great promise
against life threatening diseases, such as cancer, antibiotic-resistant
infections and neurodegenerative disorders [1-5]. The development of
drug delivery systems has opened doors to achieve more precise and
effective diseases management, mainly owing to their unique ther-
apeutic controllability over the dosage, location and timing [6,7]. In
this regard, various smart stimuli-responsive platforms by either en-
dogenous- (e.g. enzyme, pH, redox, hypoxia etc.) or external-factors
(e.g., electricity, ultrasound, magnetic field, ionizing irradiation, light
etc.) have been widely reported and utilized in site-specific targeting of
therapeutic agents [8-11]. Despite the enormous progress, the practical
applicability, efficacy and biosafety of these therapeutics rise increasing
concerns for further clinical translations. For example, the endogenous
stimuli-activated drug delivery systems face challenges of low specifi-
city for the accumulation of therapeutic molecules in the disease tis-
sues; while external stimuli-triggered therapeutic release is always
limited by unsatisfied precision, unpleasant tissue invasiveness and
potential complications [12,13].
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Comparatively, the light-mediated drug-uncaging approaches have
attracted considerable interest in the healthcare management, due to
the fact that light can be tightly focused and manipulated in highly
spatiotemporal accuracy [14-16]. The mechanisms of most photo-
triggered drug delivery systems are based on ultraviolet (UV) light-in-
duced chemical structures breaking or conformational switch, which
raise the concerns of potential phototoxicity and unsatisfied penetr-
ability in living conditions [17]. Gratifyingly, recent advances in near-
infrared (NIR, 650 - 1000 nm) light-controlled theranostic release have
greatly overcome the disadvantage of UV light, enabling the possibility
of noninvasive, biocompatible and precise diseases therapy in deep
tissues [14,18-20]. Among the methodologies of NIR photo-controlled
drug delivery, the utilization of biophotonic nanomaterials, especially
upconversion nanoparticles (UCNPs) as versatile NIR-to-UV/vis optical
transducers to generate in situ high intensity light source, achieving on-
demand therapeutics photorelease with less adverse effects and better
tissue penetration [21,22].

Despite the superb photonic feature of anti-stokes shift upconver-
sion luminescence (UCL), it should be noted that UCNPs for practical
therapeutic purposes usually require further functionalization to be
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Scheme 1. Upconversion nanocomposites for NIR photocontrolled therapeutic release.

biocompatible nanocarriers for drugs or bioactive molecules loading.
To achieve photo-responsive deliver capabilities, various upconversion
nanocomposites (UCNCs) through combining conventional UV-Vis-
sensitive chemical structures or supramolecular polymeric biomaterials
have been reported in the past decade [23-25]. These multifunctional
UCNC s enable simultaneous diseases (or bioindicators) sensing and NIR
photocontrolled therapeutics release. Additionally, recent studies have
demonstrated that UCNPs display promising photon-downconversion
properties, which allowed bioimaging and theranostic applications in
the second NIR window (NIR-II) with enhanced tissue penetration
depth and quantum efficacy [26-30].

Hence in this work, we will systematically review recent theranostic
UCNC:s facilitated NIR photorelease techniques (Scheme 1), including
photocleavage, photoisomerization, photosensitization and photo-
activation. In addition, their diverse biomedical applications in remote-
controlled diseases therapy as well as biofunctional regulations are
summarized in detail. Finally, to promote UCNCs-based NIR photo-re-
sponsive nanotherapeutics for clinical translations, future challenges
and perspectives are discussed as well.

2. Photon upconversion of upconversion nanocomposites (UCNCs)

So far, there have been comprehensive introduction about the pre-
paration, functionalization and theranostic applications of rare-earth
ions-doped UCNPs [31-34]. Generally, UCNPs structures compromise
three essential components including host matrix (e.g. Y**, Gd**),
sensitizer (e.g. Yb3*) and emitters (dopant lanthanide ions). In which,
the host materials play important roles in the upconversion lumines-
cence (UCL) processes. The typical excitation wavelength of Yb3*-
based UCNPs is 980 nm, and it is likely to be shifted to ~ 800 nm by
doping Nd** sensitizer as the energy transfer bridge (Scheme 2a-b)
[35]. In addition, the multicolor UCL from the UV-Vis to NIR range can
be manipulated through controlling the combination and concentration
of lanthanide dopants (Scheme 2c).

Despite the optical multiplicity of UCNPs, the relatively low up-
conversion quantum yields (@) are considerable challenges for practical
photo-regulation utilizations. The past decade witnessed the great ef-
forts to improve the photon upconversion efficiency, innovative stra-
tegies through rational energy-transfer manipulation, crystal-lattice
modification, fabrication of core-shell structures, as well as ingenious

integration of UCNPs with other plasmonic nanomaterials or organic
dyes have been developed [37-39]. These UCL-enhanced nanoplat-
forms further contribute to the biophotonic applications, in bioimaging,
biosensing and therapeutics.

In light with the superior feature of NIR to UV/Vis photon upcon-
version, UCNPs can act as promising deep-tissue phototheranostics with
a wide range of applications, such as precise photo-triggered drug de-
livery, photodynamic/photothermal therapy and optogenetic regula-
tion. UCNPs as the luminescent contrast agents can be directly used for
bioimaging, however, it is needed further functionalization to improve
the biocompatibility and introducing therapeutic roles. Accordingly, a
variety of upconversion nanocomposites (UCNCs) through combination
of UCNPs and bioactive materials are developed for biomedical studies
in recent years [23,24,40,41].

As shown in Scheme 3, the design of phototheranostic UCNCs also
covers three main components, (i) UCNP-based nanocore, which is used
as both optical transducers and nanocarriers; (ii) surface coatings,
compromising silicon or various polymers (e.g. polyethylenimine (PEI),
polyacrylic acid (PAA) and polyethylene glycol (PEG) etc.) that play the
role in improving the biocompatibility, and enabling biomolecules en-
capsulation, tissue-targeting/accumulation as well as light-senstitive
release; (iii) therapeutic agents, including clinical drugs, peptides, an-
tibodies, nucleic acids (DNA or RNA) and photosensitizers, these mo-
lecules can be precisely released or activated via UCL-triggered up-
conversion photochemistry under NIR laser irradiation.

3. NIR photocontrolled release techniques and therapeutic
applications

So far, UV/Vis light-mediated photochemistry and its applications
in photocontrolled drug delivery have been introduced extensively
[15,17,42]. There are also some recent works reviewed the funda-
mentals and typical utilizations of UCNPs-assisted photochemistry for
NIR phototherapy [43,44]. With the aim to provide a systematic re-
view, in this section we will specifically focus on UCNCs-based photo-
release techniques such as photocleavage, photoisomerization, photo-
sensitization and photoactivation, meanwhile the design strategies,
response mechanisms and properties are described. In addition, the
technical characteristics (e.g. formulation, coating, excitation/emission
wavelength of UCNPs, NIR laser power density and typical photo-
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Scheme 2. Typical design the properties of upconversion nanoparticles (UCNPs). (A) 980 nm- and 808 nm-excited UCNPs. (B) Proposed energy transfer mechanisms
of the upconversion process. (C) Upconversion luminescence (UCL) photographs. UCL photograph was reproduced with permission [36]. Copyright 2008, American
Chemical Society.
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Scheme 3. Preparation, functionalization and NIR upconversion photochemistry for photocontrolled therapeutics release with UCNCs.
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Fig. 1. Representative UCNCs for upconversion photocleavage-triggered biomolecules release. (A) NIR upconversion triggered photo-uncaging of plasmid DNA/
siRNA. Reprinted with permission [54]. Copyright 2012, National Academy of Sciences. (B) NIR-light-triggered degradation of a photosensitive hydrogel for bio-
macromolecules release. Reprinted with permission [47]. Copyright 2012, American Chemical Society. (C) NIR upconversion-assisted photolysis for PKA activation.

Reprinted with permission [57]. Copyright 2015, American Chemical Society.

responsive moieties) and theranostic applications (e.g. biomolecules
regulation, neuronal modulation, antibacterial and antitumor therapy)
have also been summarized in detail.

3.1. Upconversion photocleavage for biomolecules release and drug delivery

One typical approach used in upconversion photorelease is photo-
cleavage, in which molecular payloads are covalently caged or con-
jugated on the surface of functionalized UCNPs. Briefly, there are three
main design strategies: (1) NIR light illumination towards photo-
responsive linkers (e.g. O-nitrobenzyl derivatives, coumarins etc.) that

NIR Light

Upconverted
UV emission

3 o
Q ucnes YWY °JI:( Mot o
oA o Oy
s

@ Silica-UCNPs

C 980 nm excitation

N S

?_GN:LCO.H

UV (ca. 365 nm)

NO
@

can directly uncage linked biomolecules, such as nucleic acids, proteins
and drugs; (2) photocleavage induced degradation of the carrier layer
on UCNPs that can enable release of loaded molecules; (3) photo-
cleavage of bioactive donor molecules (e.g. gaseous donors). Relevant
advances employing upconversion photocleavage for various ther-
anostic release have been comprehensively summarized in Table 1 (the
part of photocleavage), and some representative applications will be
further synoptically reviewed below.

3.1.1. Biomolecules release
NIR photocontrolled release of biomolecules like nucleic acids and

B i) FAR targeting iii) Drug release

o OH 50 -
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Fig. 2. Representative UCNCs for upconversion photocleavage-mediated anticancer drugs delivery. (A) NIR photocontrolled doxorubicin delivery through photo-
caged mesoporous silica coated UCNPs. Reprinted with permission [52]. Copyright 2013, Wiley-VCH. (B) NIR-excited upconversion nanocrystal (UCN) covalently
linked with multivalent folate (FA)-conjugated dendrimer for folate receptor (FAR)-targeted cell imaging and light triggered release of DOX. Reprinted with per-
mission [53]. Copyright 2015, Wiley-VCH. (C) Upconversion photo-uncaging mediated D-luciferin release and subsequent bioluminescence imaging. Reprinted with

permission [51]. Copyright 2012, Wiley-VCH.
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American Chemical Society.

proteins has shown great promise in various biomedical applications. In
particular, upconversion-based nucleic acids photorelease was widely
applied in the research of gene therapy. To achieve effective gene de-
livery, UCNPs can be generally modified with positively charged ma-
terials, which enables both good gene-loading efficacy through elec-
trostatic attractions and increased binding efficacy to the anionic
plasma membranes [146]. Zhang et al. reported that photocaged nu-
cleic acids could also be loaded into mesoporous silica (mSiO5)-coated
UCNCs (Fig. 1A), and this method significantly increased the loading
efficiency of DNA/siRNA when compared to the chemical crosslinking
strategy [54]. Furthermore, this technique enabled photocontrolled and
specific GFP-gene expression/knockdown in vitro and in vivo. Besides,
Xing et al. developed different upconversion nanoplatforms that siRNA
was covalently and stably linked on the UCNCs surface by cationic
photocaged linkers [55]. After cellular internalization and followed by
980 nm laser exposure, the UV emission effectively triggered siRNA
release that was further confirmed by gene silencing tests. Fan et al.
introduced charge-variable cationic conjugated polyelectrolyte brushes
(CCPEB) functionalized UCNCs for NIR photocontrolled siRNA release
[141]. Upon 980 nm irradiation, the positive-charged CCPE polymer
with o-nitrobenzyl ester protection can be converted to zwitterionic
conjugated polyelectrolyte brushes (ZCPEB) thereby inducing siRNA
release via charge repulsion.

In addition to DNA/RNA delivery, several upconversion nanosys-
tems have been employed for other macromolecules delivery. For ex-
ample, Zhao et al. developed photosensitive hybrid hydrogel that
UCNPs and proteins/enzymes were inactively entrapped, thus “on de-
mand” photorelease of these proteins can be realized via UCL triggered
gel —sol transition (Fig. 1B) [47]. In contrast to the carrier destruction
approach, Lee et al. reported a NIR photoactivatable enzyme platform
by immobilizing caged protein kinase A (PKA) on UCNPs surface
(Fig. 1C) [57]. The NIR stimulation allowed selectively activate PKA
and induced downstream cellular response in living cells with high
spatiotemporal resolution.

3.1.2. Drug delivery

Engineering UCNCs as molecular nanocarriers for NIR light-re-
sponsive drug delivery has attracted tremendous attention in the field
of precise tumor therapy. In 2013, Xing et al. encapsulated antitumor
drug doxorubicin (DOX) within the UCNPs mesoporous silica layer
capped by cross-linked photosensitive molecules (Fig. 2A) [52]. This

photocontrolled drug delivery system demonstrated good efficiency for
the real-time imaging and selective intracellular drug release with less
photo-damage. Choi et al. designed another type of UCNCs that were
modified through covalent attachment of photocaged DOX molecule
(Fig. 2B) [53]. Such a nanoplatform enabled selective tumor targeting
and effective NIR photo-uncaging of DOX. Besides, Yeh et al. further
introduced the formulation and application of UCNCs as NIR-triggered
drug delivery vehicles for remote-controlled tumor targeting, bioima-
ging and chemotherapy both in vitro and in vivo [56].

Other than upconversion photorelease of drugs, some studies have
utilized UCNCs for imaging molecules for remote controlled optical
bioanalysis in complex living systems. In this regard, Xing et al. re-
ported a system for upconversion photocontrolled uncaging of D-luci-
ferin and subsequent bioluminescence imaging in vitro and in vivo
(Fig. 2B) [51]. In other cases, Li et al. introduced a novel UCL-activated
DNA nanodevice for spatiotemporal controlled ATP [147], miRNAs
[148] sensing in living cells and mice.

3.1.3. Prodrug activation

In addition to photorelease of encapsulated drug molecules, up-
conversion nanoplatforms have also widely applied in the development
of NIR photoactivatable anticancer prodrugs (e.g. cisplatin derivatives).
Lin et al. designed a stable and multifunctional drug delivery system by
combing UCNPs with the nontoxic cisplatin (IV) prodrug [63]. After
NIR laser treatment, the imaging-guided remote photorelease of cyto-
toxic cisplatin (II) could not only effectively kill cancer cells but also
reduce the drawbacks of cisplatin including the limited cellular uptake,
poor pharmacology, fast blood clearance and severe kidney toxicity and
neurotoxicity. Besides, Xing et al. developed another upconversion
photoactivatable Pt(IV)-based prodrug (Fig. 3A), this nanosystem al-
lowed remote control of antitumor platinum (IV) prodrug activation
and simultaneously real-time imaging of activated Pt (II) drug-induced
cells apoptosis [61]. To validate the therapeutic action in vivo, Lin et al.
also applied such upconvertion photocontrolled trans-platinum(IV)
prodrugs for the inhibition of tumor growth in mice [62].

In addition to the design of UCNPs/platinum complex-based pro-
drugs, other commonly used cancer chemotherapeutic drugs have been
developed into NIR photoactivatable prodrugs. For instance, afore-
mentioned UCNPs/DOX covalently linked nanoconjugates were capable
of NIR laser-triggered release of free drug molecules [53]. Li et al. re-
ported UCNPs/chlorambucil based nanoplatforms that were
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successfully achieved NIR-regulated drug release in the living animals
(Fig. 3B) [60]. Krull et al. fabricated a UCNPs/5-fluorouracil (5-FU)
nano-prodrug system for targeted and NIR photocontrolled tumor
therapy (Fig. 3C) [58].

3.2. Upconversion photoisomerization for therapeutics release

Structural or conformational switching in the nanocarriers under-
goes a physical change upon light irradiation that is also feasible for
photocontrolled therapeutics release. In this line, Shi et al. reported an
azobenzene-modified upconversion nanocarrier for NIR light-triggered
anticancer drug release (Fig. 4A) [80]. Upon 980 nm laser excitation,
the photoresponsive azobenzene molecules in the pore network of the
mesoporous silica layer enabled reversible photoisomerization with a
continuous rotation-inversion movement, such back and forth wagging
motion acting as a molecular impeller that propelled the release of DOX
in tumor cells. Another upconversion photoisomerization-based lipo-
some system developed by Zhang et al. has allowed NIR photo-
controlled anticancer drug delivery in vitro and in living animals
(Fig. 4B) [83]. The hybrid azobenzene liposome vesicles encapsulated
with UCNPs and DOX demonstrated reversible isomerization capability
caused by simultaneous UV and visible light emitted from the UCNPs,
which subsequently induced liposomes dialysis and therefore realizing
the photocontrolled drug release. Compared with normal liposome-
based drug release through passive and random molecules leakage,
such photocontrolled liposome platforms achieved both enhanced
therapeutically effective drug accumulation, and reducing the side ef-
fects of drugs on normal tissues.

Additionally, upconversion photoisomerization nanoplatforms have
also widely used in various biomolecules photorelease. For example,
Gong et al. developed UCNP-based siRNA nanocarriers for NIR-con-
trolled gene silencing [82]. In which, siRNA was capped onto UCNPs
surface through the azobenzene (Azo)-cyclodextrin (CD) host-guest
interaction. The NIR-to-UV emission effectively triggered the trans-to-
cis photoisomerization of azobenzene, leading to the photorelease of
siRNA through unmatched host—guest pairs. Qu et al. constructed
DNA-mediated and spiropyran (SP)-modified hollow UCNCs for protein
harvesting and cellular release [84]. In this system, the negatively

charged proteins harvesting could be achieved through the electrostatic
interactions via the positively charged merocyanine (MC)-functiona-
lized UCNCs. After NIR light exposure, the MC structure converted to
the neutral SP and thereby releasing of the trapped proteins. Overall,
upconversion-triggered photorelease techniques significantly overcome
the disadvantages (e.g. phototoxicity and low tissue penetration) en-
countered in conventional UV/Vis light-mediated delivery systems,
providing opportunities for further biomedical translation research.

3.3. Upconversion photoactivation for optogenetics

In recent years, the utilization of UCNPs for classical optogenetic
activation has provided great opportunities for NIR manipulation of
neuronal or non-neuronal functions [149,150]. Moreover, upconver-
sion optogenetics allow highly spatial and temporal control of biolo-
gical signaling pathways both in vitro and in deep tissues. So far, various
optogenetic tools with different chromophores-based photo-actuators
are developed (Scheme 4). These light-sensitive systems including mi-
crobial light-gated ion channels (channelrhodopsins, ChRs) and other
soluble photoreceptor proteins that have enabled specific regulation of
biomolecular reactions localized in the cell membrane, cytoplasm and
nucleoplasm [151]. In light with the large anti-stokes shift and multi-
color-turning capabilities of UCL, current progresses of UCNPs-medi-
ated optogenetics have achieved precise photocontrol of neuronal ex-
citability, behaviors, immunomodulation and tumor phototherapy.
Some reviews have discussed the basic design principle and recent
applications of upconversion optogenetics [152-154]. Therefore, in this
section we mainly highlight the technical improvements of UCNPs
functionalization and representative NIR optogenetic manipulations in
vivo.

The recent advances of upconvertion optogenetic studies have been
briefly summarized in Table 1 (the part of photoactivation). Other than
some initial photoactivations of ChRs in cells, the first proof-of-concept
utilization of UCNPs for optogenetic regulation in living animals was
reported by Zhou and Han et al. in 2015 [85]. Blue emissive core-shell
UCNPs were subsequently modified with PAA and streptavidin anti-
body, such Stv-UCNPs specifically bounds to engineered ORAI1 chan-
nels in the plasma membrane. Upon 980 nm light irradiation, the
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optogenetic system (termed “Opto-CRAC”) can be selectively activated,
subsequent Ca®* influx enabled downstream signaling effectors ex-
pression, further affecting the immune-inflammatory responses. Ad-
ditionally, such a NIR optogenetic platform was used for in vivo im-
munomodulation and photoactivated cancer immunotherapies. This
study not only demonstrated the feasibility of guiding NIR light for
confining localized and deep-tissue optogenetic modulation, but also
showed the possibility to activate other optogenetic tools (e.g., ChR2
and CRY2). In another pioneer study, Xing et al. achieved membrane
localized optogenetic activation of ChR2 via glycan metabolic covalent-
labeling strategy, in which Nd-sensitized core-shell UCNPs were coated
with PAA polymer and conjugated with DBCO moiety for Cu-free click
chemistry [91]. With 808 nm laser excitation, Ca?™" influx effectively
triggered apoptosis occurrence in Hela cells. Furthermore, such a
system demonstrated the applicability for Ca®* signaling pathway ac-
tivation in zebrafish.

Besides, some representative UCNPs-ChRs based studies have rea-
lized NIR-mediated behaviors manipulation. For example, Zhang et al.
developed quasi-continuous wave 980 nm laser excitation approach to
improve the efficacy of optogenetic neuromodulation in ChR2-ex-
pressed C. elegans [87]. This work further achieved remote photocontrol
of touch-akin reversal behavior of C. elegans. Recently, Gao et al. en-
gineered 808 nm excited and green-emissive UCNPs for the optogenetic
manipulation of the motor behaviors in C. elegans with Chrimson-ex-
pressing [98]. Furthermore, NIR optogenetic control of behaviors has
also been realized in living animals. Shi et al. reported UCNPs-based
implantable micro-devices that can multiplexed optogenetic control of
neurons expressing opsin proteins (ChR2 or C1V1) in rat brain [93,94].
The NIR illumination was capable of reaching specific brain stimulation
in different regions, which allowed complex activation or silencing
brain functions and even behaviors modulation.

To further improve the efficacy of optogenetic neuronal inhibition,
core-shell-shell UCNPs-based fully implantable upconversion devices
with almost three-fold enhancement of UCL intensity were designed
and used for the excitation of halorhodopsin (eNpHR, a photosensitive
CI" channel) in vitro and in mice [96]. To minimize the invasiveness and
diversify the applicability, McHugh and Liu et al. injected UCNPs in

113

mice brain and realized NIR deep-neurons regulation for remote
therapy of neurological diseases, the optogenetic-mediated seizure si-
lence through inhibition of hippocampal excitatory cells enabled
memory recall [97].

UCNPs were also utilized in other non-ion-channel based optoge-
netic modulation. Among them, Chang et al. constructed versatile up-
conversion nanosystems for optogenetic modulation of a hetero-
dimerization module (Cry2-FADD/Cib-Fas) [100]. This study indicated
that deeply penetrating NIR light could be used to activate the apop-
totic signaling in vitro and in vivo, providing great potential for tumor
phototherapy.

3.4. Upconversion photosensitization for photodynamic therapy

3.4.1. UCNC:s for antitumor PDT

Photosensitization mediated cytotoxic singlet-state 'O, or other
reactive oxygen species (ROS) generation has been used as a clinical
treatment modality against tumor and microbial infections, which is
also termed photodynamic therapy (PDT) [155]. In PDT, light, oxygen
and photosensitizer (PS) are three major components, where light-
triggered PS molecules excitation leads to energy transfer to neigh-
boring O, or other substrates, generating ROS and subsequently indu-
cing cells damage [156,157]. Such a paradigm has high therapeutic
precision and efficiency, but less invasiveness and side effects in the
comparison with that of commonly used chemo- and radio-therapy.
However, owing to most PS molecules can only be sensitized by visible
or even UV light, traditional PDT has difficulty in the practical treat-
ment of tumors and other diseases in deep tissues. Recently, UCNPs
have received considerable attention for bioimaging and biosensing
owing their unique NIR photon-upconverting features, which also
provide unprecedented opportunities for the realization of tissue-pe-
netrable NIR light-triggered PDT [158,159].

To build UCNPs-based PDT platforms, those widely used organic or
inorganic PS molecules need to be loaded onto UCNCs thereby allowing
effective photosensitization. Generally, there are several common ap-
proaches to functionalize UCNCs as nanocarriers compromising silica
encapsulation, polymers (PEG, PAA, PEI, PVP, chitosan and dextran
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etc.) encapsulation and covalent conjugation. To improve the efficacy
of upconversion PDT, core-shell or core-shell-shell nanostructured
UCNCs with enhanced UCL were also developed.

As summarized in Table 1 (the part of photosensitization), with the
integration of multicolor emissive UCNPs and appropriate PS mole-
cules, various flexible upconversion PDT studies have been reported
and applied for antitumor treatment in vitro and in vivo. Conventional
UV or visible light-sensitive PS molecules like phthalocyanines (Pc),
porphyrins, transition metal complexes, metal oxide nanoparticles (MO
NPs, e.g. TiO,, CeO,) and so on have been fabricated with UCNCs
(Scheme 5), which can be excited by either 980 nm or 808 nm laser. For
example, Zhang et al. developed mesoporous-silica (mSiO,) coated
UCNCs with zinc (II) phthalocyanine (ZnPc) loading for NIR PDT study
[101]. Moreover, such a nanoplatform was further engineered with
targeting ligand folic acid (FA) and dual PS molecules (MC540 and
ZnPc) to fit both UCLs40 and UCLggo spectra, achieving high precise,
effective and noninvasive deep-melanoma-cancer therapy in living an-
imals [102].

In addition, the representative porphyrin-based PS molecule chlorin
e6 (Ceb) has also been widely conjugated with polymer modified UCNCs
for PDT applications. Among them, Liu et al. loaded Ce6 in PEGylated
UCNCs via hydrophobic interactions, the PDT study in vivo achieved
enhanced treatment efficacy for tumors blocked by thick biological tis-
sues [113]. Another similar work reported by Hyeon et al. also developed
the UCNC-Ce6 system for simultaneous tumor imaging and PDT in mice
[110]. Furthermore, metal-organic framework (MOF) as an emerging
nanosystem has received intensive attention for upconversion PDT re-
search. MOFs can keep the PS molecule as a monomer and prevent from
self-quenching, which possess a remarkable feature to solve solubility
and aggregation issues in the PDT process. Some UCNP-porphyrin-based
MOFs have been reported in recent years, for example, Yan et al. in-
troduced heterodimers composed of porphyrinic nanoscale MOF and
UCNPs for NIR-induced PDT [120]; Very recently, Zhao et al. constructed
a similar Janus MOF nanostructure with porphyrin and 808 nm-excited
UCNPs for amplified PDT against cancer [112].

Rose bengal (RB) derivatives were also widely used as PS molecules
that can be covalently conjugated on polymer-modified UCNCs, such a
covalent conjugating strategy achieved high PS loading efficacy and
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luminescence resonance energy transfer (LRET) yields. Zhang et al.
introduced this highly efficient 980 nm laser photosensitizing nano-
conjugates for simultaneous PDT and tumor imaging in vitro [122].
Then Yan et al. constructed Nd-sensitized UCNPs with convenient RB
conjugation for effective photodynamic inhibition of tumor growth and
metastasis in mice models through 808 nm laser irradiation [115].

Besides, some transition metal complexes and metal oxide NPs have
also been fabricated with UCNPs for NIR PDT applications. Different
from the loading strategies as mentioned above, Zhang et al. reported
an approach by uniformly coating photocatalyst TiO, on UCNPs sur-
face, this thin and continuous TiO, layer showed good stability in the
process of PDT both in vitro and in vivo [132]. At the same time, Lin
et al. introduced an efficient UCNPs@TiO, based core/shell nanoplat-
form for NIR light mediated PDT [131]. Similar to TiO,, cerium oxide
(CeO,) NPs have also been recently utilized as novel PS structures in
upconversion PDT [30,138,139]. In which, CeO, nanostructures were
either directly coated or loaded on the surface of UCNPs, serving as NIR
light-sensitive photocatalyst. In particular, CeO, can act as a catalase
with the ability of reversibly switching from Ce** to Ce®* thereby
converting H,O5 to H,O and O, [160], which enabled O,-evolution
with enhanced efficiency of PDT.

There are also some studies engineered different types of photo-
sensitizing UCNCs for tumor PDT. For example, Liu et al. prepared
conjugated polyelectrolyte (CPE) encapsulated UCNCs for both antic-
ancer drug loading and PDT applications [140]; Khaydukov et al. re-
ported an endogenous photosensitizer Riboflavin (Rf, a vitamin) based
upconversion nanosystem [143]; Zvyagin et al. developed KillerRed
fluorescent protein conjugated UCNC for deep-penetrating PDT treat-
ment [145].

3.4.2. UCNC:s for antimicrobial PDT

Other than the application in tumor phototherapy, UCNCs have also
been widely applied for antimicrobial therapeutics as summarized in
Table 2. Similar to the antitumor UCNCs, various antimicrobial PDT
platforms were constructed by attaching appropriate photosensitizers
on the surface of functionalized UCNPs. Besides, some earlier reported
that UVC-emissive upconversion systems have also achieved effective
antibacterial actions [161,162]. These studies demonstrated that the
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NIR photocatalytic UCNCs not only exhibited good therapeutic effects
against both gram-positive and gram-negative bacteria, but also showed
good promise for the treatment of infectious disease caused by anti-
biotic-resistant (or multidrug resistant, MDR) bacteria.

Ref

[163]
[164]
[165]
[166]
[167]
[168]
[169]
[170]
[171]

4. Synergistic upconversion photocontrolled therapy

Owing to the remarkable superadditive therapeutic effects, the
modern nanotechnology-assisted multimodal synergistic therapy that
simultaneously blocks multiple pathological mediators, providing new
opportunities for the treatment of complex diseases [172]. With the
unique optical properties, UCNPs have been theoretically designed as
multifunctional phototherapeutics for realizing bimodal and even tri-
modal synergistic therapy. In particular, some representative upcon-
version multimodal therapeutics have shown great potential in im-
proving antitumor effects and overcoming multidrug resistance. In this
section, featured design strategies and applications of UCNCs-based
synergistic therapeutic nanoplatforms will be discussed in detail.

4.1. Chemotherapy/gene therapy

Combination of chemotherapy and siRNA-based gene therapy has
gained researcher’s attention to overcome chemoresistance in the tumor
treatment. Lin et al. reported an effective UCNC-carrier system loaded
with both eukaryotic translation initiation factor 4E (eIF4E) siRNA and
Pt (IV) prodrug [173]. After cancer cells uptake, siRNA can be released
selectively in the low pH tumor microenvironment, which can silence the
target gene, protein expression thereby conferring cisplatin resistance.
Meanwhile, Pt (IV) prodrug can be reduced effectively to cisplatin
through reducing agents such as ascorbic acid and glutathione in the
tumor cells, enabling specific DNA damage. In this way, the eIF4E siRNA
has sensitized and enhanced the platinum based tumor chemotherapy.

Anti-infectious against MRSA and MDR Escherichia coli; antifungal effect against Candida albicans

Antimicrobial photodynamic therapy against E coli and S. aureus

Anti-MRSA in vitro and in periprosthetic joint infection mice
PDT against periodontitis-related pathogens, S. sanguinis, P. gingivalis and F.nucleatum

Photocatalytic antibacterial therapy against B. subtilis and E coli

Antimicrobial PDT against P. gingivalis, P. intermedia and F. nucleatum
Photocatalytic inactivation of E coli and MRSA in vitro

Anti-MRSA and ESBL-producing E. coli strains in vitro
PDT against MRSA in vitro

Applications®

4.2. PDT/chemotherapy

Another synergistic antitumor phototherapy approach has been
developed by the combination of NIR upconversion-mediated PDT and
chemotherapy. In this case, Liu et al. fabricated upcoversion nano-
platforms with conjugated polyelectrolyte (CPE) as the photosensitizer,
as well as a nanocarrier for chemotherapeutic drug DOX loading
through an UV-cleavable ortho-nitrobenzyl (NB) linker (Fig. 5A) [140].
Upon 980 nm laser irradiation, the up-converted UV emission enabled
photo-regulated DOX release, while the up-converted visible light in-
itiated the polymer photosensitizer to produce ROS for PDT. Such a
synergistic PDT and photochemotherapy platform not only achieved
simultaneously spatial/temporal controlled and on-demand therapeutic
photorelease, but also showed enhanced anticancer effects.

In addition, Shi et al. designed double silica-shelled UCNCs that
were capable of co-delivering the photosensitizer molecules and a
bioreductive pro-drug (tirapazamine, TPZ) for treating hypoxia tumors
both in vitro and in mice model [106]. Qu et al. prepared Ce6 and DOX
co-loaded UCNCs that also showed effective NIR-triggered synergistic
anti-tumor performances (Fig. 5B) [114].

Power density”
1 W/em?

0.5 W/cm?

0.4 W/cm?

0.5 W/cm?

2 W/em?

2.5 W/cm?
0.68 W/cm?

980 nm / 540, 650 nm
980 nm / 540, 650 nm
976 nm / 540, 650 nm
980 nm / 480 nm

980 nm / 540, 650 nm
980 nm / 540, 650 nm
980 nm / 365, 480 nm
808 nm / 540, 650 nm
980 nm / 540, 650 nm

Ex. / Em"

4.3. PDT/gene therapy

Compare with traditional chemotherapy-based multimodal ther-
apeutic systems, the combination of PDT with siRNA therapy has be-
come an alternative strategy in cancer treatment with enhanced an-
ticancer efficacy and relatively low side effects. In this regard, Liu et al.
synthesized multilayer polymer coated UCNCs, and then loaded si-
multaneously with Ce6 and Plkl oncogene-targeted siRNA (Fig. 6A)
[112]. The NIR laser-mediated PDT and siRNA delivery induced sig-
nificant cancer cell apoptosis. Such combined PDT and gene therapy
remarkably enhanced cancer cell killing effects.

Fan et al. reported the photo-induced charge-variable cationic

¢ MRSA, methicillin-resistant Staphylococcus aureus, MDR, multidrug resistance; ESBL, extended spectrum S-lactamase.

@ Excitation wavelength and major upconversion luminescence (UCL) wavelengths.

NaYF,:Yb/Er@NaGdF,:Nd@mSiO,/Rose Bengal/AgNPs
> NIR excitation power density.

LiYF,:Yb/Er@p-carboxyphthalocyanine zinc@PVP
NaYF4:Yb/Tm@PVP@TiO,

NaYF,:Yb/Er@NaGdF,@SiO,@Rose bengal
NaYF,:Yb/Er@mSiO,/SiPc
NaYF,:Yb/Tm@PEI@ Curcumin
NaYF,:Yb/Er@msSiO,/Ce6
NaYF,:Yb/Er/Nd@NaYF 4 Nd@TiO,:Mn
NaYF,:Yb/Er@AuNP@SiO2@D-TiO,

UCNCs

Representative UCNCs for photodynamic antibacterial therapy.

Table 2
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Fig. 5. Representative UCNCs for synergetic tumor PDT and photochemotherapy. (A) NIR laser regulated initiation of the photosensitizer to generate ROS for PDT and
on-demand photorelease of covalently linked DOX for tumor chemotherapy. Reprinted with permission [140]. Copyright 2014, The Royal Society of Chemistry. (B) NIR
light triggered PDT and photo-responsive release of encapsulated DOX for tumor chemotherapy. Reprinted with permission [114]. Copyright 2016, Wiley-VCH.

A

Fig. 6. Representative UCNCs for synergetic tumor PDT and gene therapy. (A) Polymers functionalized UCNPs for co-loading of Ce6 and siRNA, and then applied for the
combined tumor PDT and gene therapy. Reprinted with permission [112]. Copyright 2014, The Royal Society of Chemistry. (B) NIR light triggered PDT and photo-
responsive release of encapsulated DOX for tumor chemotherapy. Reprinted with permission [141]. Copyright 2017, Wiley-VCH. (C) Orthogonally excited and Azo-
mSiO,-modified UCNCs for programmable photoactivated tumor PDT and gene therapy. Reprinted with permission [108]. Copyright 2019, Nature Publishing Group.

conjugated polyelectrolyte brushes (CCPEB) encapsulated UCNCs for
promoted siRNA release and collaborative PDT under NIR light irra-
diation (Fig. 6B) [141]. Consequently, this synergistic PDT and gene
therapy towards tumor showed good therapeutic effect in living mice.
Very recently, Zhang et al. prepared orthogonal (980/808 nm) photo-
activable UCNPs and used for programmed photoactivation of multiple
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therapeutic processes (e.g. PDT and gene delivery) with improved ef-
ficacy (Fig. 6C) [108]. After precise photocontrolled endosomal escape
through photochemical-internalization, followed by photoregulated
gene knockdown of superoxide dismutase-1 to increase ROS sensitivity,
such sequential activated PDT demonstrated significantly higher ther-
apeutic efficacy in vitro and in vivo in comparison to conventional, non-
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programmed PDT/gene therapy systems.
4.4. PDT/immunotherapy

It has been recognized that PDT shows the ability to potentiate
checkpoint blockade and trigger antitumor immune responses by pro-
ducing tumor-associated antigens [174]. In this aspect, Liu et al. reported
a strategy with UCNP-based PDT in combination with immunotherapy,
in which the photosensitizer Ce6, and imiquimod (R837), a Toll-like-
receptor-7 agonist were simultaneously loaded (Fig. 7A) [115]. Such a
multitasking nanoplatform enabled NIR-triggered effective photo-
dynamic destruction of tumors, and generating a pool of tumor-asso-
ciated antigens in the presence of R837, which were able to promote
strong antitumor immune responses. Consequently, PDT in combination
with the cytotoxic tlymphocyte-associated protein 4 (CTLA-4) checkpoint
blockade not only showed enhanced efficacy in tumors elimination ex-
posed to the NIR laser, it but also induced strong antitumor immunities
to suppress the growth of distant tumors left behind after PDT treatment.

Lin et al. also reported another strategy using the photosensitizer
MC540, model proteins (chicken ovalbumin (OVA)), and tumor anti-
gens (tumor cell fragment (TF)) encapsulated upconversion nano-
vaccines for PDT-enhanced tumor immunotherapy (Fig. 7B) [144].
Under 980 nm light irradiation, the strongest Thl and Th2 immune
responses and the highest frequency of CD4%, CD8*, and effector-
memory T cells validated the best synergistic immunopotentiation ac-
tion. Additionally, this nanosystem showed more effective inhibition of
tumor growth and increasing the survival of colon cancer (CT26)-

tumor-bearing BALB/c mice compared with either PDT or im-
munological therapy alone, suggesting the potential of such nano-
vaccines as immunoadjuvants for clinical cancer immunotherapy.

4.5. PDT/PTT/chemotherapy

Besides, Yang et al. deigned a tri-modal photodynamic-/photo-
thermal-/chemo-therapy derived synergistic antitumor nanoplatform
[107]. The photosensitizer ZnPc, photothermal agent conjugated CDs- P
(NIPAm-MAA) and chemotherapy drug DOX were co-encapsulated in
mesoporous silica coated UCNCs, achieving an efficacious tumor in-
hibition effect both in vitro and in vivo.

5. Bioimaging-guided precise upconversion phototherapy

Based on the intrinsic luminescent properties of UCNPs, upconver-
sion-based nanotheranostics not only allows photocontrolled multi-
modal therapy mentioned above, but also provides great promise for
disease sensing and imaging-guided remote intervention. Some re-
presentative upconversion bioimaging and combined tumor photo-
therapy studies have been reported in recent years.

5.1. UCL-guided therapy
Yeh et al. applied UCNCs as the NIR-triggered targeting and drug

delivery vehicles that could be used for deep-tissue photocontrolled
targeting, bioimaging, and chemotherapy (Fig. 8) [56]. Briefly, the
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upconverting UV emission (360 nm) mediated photocleavage of the
protecting group (ONB) enabled selective release of DOX through
breaking disulfide bond in lysosomes. Moreover, UCL imaging in vitro
and in vivo validated the effective tumor accumulation and precise
chemotherapeutic efficacy.

Besides, UCL imaging-guided simultaneous PDT under the same NIR
light irradiation has also widely applied in tumor phototherapy. For
example, Zhang et al. introduced a multifunctional and FA-modified
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upconversion nanoplatform with the photosensitizer RB conjugation for
effective image-guided cancer cells killing [175]. Gu et al. developed
tumor targeted FASOC-UCNP-ZnPc nanoconstructs that demonstrated
remarkable photocontrolled therapeutic efficacy against deep-seated
tumors in vivo [176]. Very recently, Zhang et al. reported NIR excited
orthogonal emissive UCNCs with the photosensitizer ZnPc encapsula-
tion that were capable of NIR light-triggered and targeted tumor photo-
ablation under spatiotemporal control [109].
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Fig. 10. UCL/MRI imaging-guided tumor therapy. Reprinted with permission [124]. Copyright 2016, American Chemical Society.

5.2. UCL/PA-guided therapy UCL/photoacoustic (PA) imaging, and meanwhile achieving effective
PDT (Fig. 9) [116]. Typically, the peptide-modified and Ce6-conjugated

Additionally, Xing et al. developed a microenvironment-sensitive upconversion nanosystem could be selectively cleaved by tumour-spe-
phototheranostics for remotely monitoring tumor localization through cific cathepsin protease, this reaction induced covalent cross-linking
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Fig. 11. UCL, MRI and CT imaging-guided tumor photochemotherapy [62]. Reprinted with permission. Copyright 2016, Wiley-VCH.
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between the exposed cysteine and 2-cyanobenzothiazole on neigh-
bouring nanoparticles, thus triggering the accumulation of theranostic
agents within the tumor area. Upon 808 nm laser irradiation, the cross-
linked nanoplatorm showed enhanced UCL and PA intensities which
further enabled the amplification of ROS generation for tumor PDT in
vitro and in mice.

5.3. UCL/MRI-guided therapy

Besides serving as luminescent imaging agents and therapeutic
carriers, some UCNCs with Gd** or Mn®" ions also exhibit the cap-
ability of magnetic resonance imaging (MRI). Yan et al. developed an
effective upconversion nanotheranostic system (NaGdF,:Yb/Er@
NaGdF,:Yb/Nd@RB) triggered by a single 808 nm laser for dual modal
UCL and MRI imaging-guided tumor PDT (Fig. 10) [124]. This imaging-
guided treatment strategy could not only evaluate the dose and reten-
tion of therapeutics tumor deliver, but also achieved efficient inhibition
of tumor growth and metastasis with minimized laser heating effect.

In another study, Lin et al. constructed NaYF,:Yb/Er@NaGdF,:Yb@
mSiO,-PEG@DOX based nanoplatforms that also provided the dual
modality of UCL and MRI [177], meanwhile, such multifunctional
UCNCs have been successfully applied for bioimaging and used as an
anticancer drug delivery nanocarrier in vitro and in vivo.

5.4. UCL/MRI/CT-guided therapy

In addition to that UCNPs can act as MRI contrast agents, Yb-doped
UCNPs have been applied for computed tomography (CT) bioimaging
because of their high atomic and strong X-ray attenuation [178]. In this
aspect, Lin et al. developed a multifunctional drug delivery system
combining UCL/MRI/CT trimodality imaging and NIR-activated pla-
tinum prodrug delivery (Fig. 11), this study provided complete in-
formation to guide the cancer treatment [62]. Besides, Hu et al. in-
troduced another type of tri-modal UCL/MRI/CT based upconversion
nanoplatforms composed of UCNPs, CeOx, graphite-C3N, (g-C3Ny4) NPs,
and metformin (Met) for tumor imaging and combined phototherapy in
vitro and in vivo [179].

6. Perspective and conclusion

Over the past decade, upconversion photocontrolled therapeutic
studies have achieved remarkable success in the treatment of critical
diseases. Such NIR phototherapy paradigms greatly promote the
modern precision medicine in living systems, owing to its enhanced
therapy efficacy, high spatiotemporal controllability, deep-tissue pe-
netrability and minimal invasiveness. However, despite the significant
achievements, there are still some questions remain in the upconver-
sion-mediated phototherapeutics for future clinical translations.

For instance, (1) How to unify the technical standards of upcon-
version nanomedicine? Although the preparation of UCNPs-based
therapeutic nanoplatforms, the practical photo-manipulation as well as
the animal experimental operations have been reported with standar-
dized protocols, it is still difficult to obtain the comparative results with
satisfied reproducibility and robustness varying from different research
groups. Moreover, the technical standards for practically enhancing the
upconversion quantum yields need to be clearly formulated. (2) How to
minimize the nanotoxicity of UCNCs? Extensive studies disclosed that
the rational optimization of the chemical composition, size distribution
and surface modifications could significantly improve the biocompat-
ibility of UCNCs for biomedical applications, but there are lack of tests
to evaluate the long term toxicity, such as the potential immune re-
sponse and mutagenic effects; (3) How to bridge the technical gap for
the clinical translation? To date, no UCNC-based phototherapeutics has
been applied in human beings, it is mainly due to either the biosafety
issues or the treatment effects. There is a long way to update the
technical standards from experimental animals to the human level, such
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as the dose-effect relationship, pharmacokinetics, administration
modes, laser treatment and monitoring protocols.

In summary, the multifunctional upconversion-mediated ther-
apeutics photorelease provides great opportunities for realizing the
precision medicine in practice. In line with the effective efforts to im-
prove the efficacy, minimizing the toxicity and standardizing the pro-
tocols, we envision that the NIR phototherapy via UCNCs will be getting
closer to clinical applications against life-threatening diseases.
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