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In this Review, recent advances of fluorescence resonance energy transfer-based drug delivery systems for

enhanced photodynamic therapy are described, and the current challenges and perspectives in this

emerging field are also discussed.
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Abstract Photodynamic therapy (PDT) has received an increasing attention in disease treatment due to its minimally-
DOI: 10.1039/x0xx00000 invasive, selective destruction with combination of a photosensitizer (PS), light, and oxygen. However, the limited cytotoxic
singlet oxygen (*0,) generation and thin tissue penetrability have been two major barriers in the conventional PDT, hindering
its further development and clinical use. Recently, fluorescence resonance energy transfer-based drug delivery systems
(FRET-DDSs), indirectly activating PS drugs by a donor fluorophore, have been successfully applied to alleviate these issues.
The transfer of excitation energy from donors to PS drugs can significantly boost its light harvesting and extend the field of
light source, which dramatically improves its production efficiency of singlet oxygen, thus leading to highly efficient and
deep-tissue-penetrable PDT for the treatment of bacteria, cancer and other diseases. In this Review, we give the first-known
overview of recent advances in FRET-DDSs for the enhanced PDT. In particular, dependent on the excitation energy
mechanism in the FRET process, six major types of FRET-DDSs, including one-photon, two-photon, upconversion, auto-
fluorescence, X-ray, and Cerenkov excited FRET-DDSs in PDT applications are summarized in detail. Furthermore, future

research directions and perspectives in this emerging field are also discussed.

superoxide anion, hydroxyl radical and hydrogen peroxide). In Type
Il PDT, a PS can interact directly with molecular oxygen, leading to
generation of abundant highly reactive and cytotoxic singlet oxygen,

1. Introduction

Published on 29 February 2020. Downloaded on 3/4/2020 2:49:08 AM.

Photodynamic therapy (PDT) has been considered as a potential
therapeutic intervention against diseases due to its minimally-
invasive nature, localized therapy with minimal or no damage to
healthy tissues, and fast healing process.> Three elements are
required simultaneously in PDT: a light-activatable photosensitizer
(PS) drug, a light source with an appropriate wavelength, and
surrounding oxygen.* When illuminated by light at a specific
wavelength, a PS absorbs the light energy and can be promoted into
an excited singlet state. The energy of the excited singlet state can
be dissipated by thermal decay, or the emission of fluorescence, or
moving to a lower energy excited triplet state via intersystem
crossing. At the excited triplet state, the PS can undergo a
photochemical reaction with the surrounding molecules to generate
reactive species through two PDT mechanisms, namely Type | and
Type Il PDT (Fig. 1a).>7 A PS in Type | PDT can transfer an electron to
various receptor biomolecules (e.g. proteins and nucleic acids),
leading to generation of reactive free radicals and radical ions (e.g.
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which is considered the principal mechanism responsible for the
destruction of target cells.”10

Although PDT has enormous potential, several main challenges
remain to be addressed: (1) most PS drugs have poor water solubility
and easily aggregate after administration due to their hydrophobic
nature; (2) PS drugs have poor selectivity to target cells; (3) small-
molecule PS drugs have short half-life, and are easy to be removed
by the body; (4) most PS drugs are usually activated by UV/visible
light, which holds a short light penetration depth, thus restricting
PDT to superficial diseases; (5) PDT is an oxygen-consuming modality,
however, the hypoxia microenvironment in some diseases, like solid
tumors, can severely hinder singlet oxygen generation.'"'” These
issues above can significantly decrease PDT efficacy.'820 Therefore,
in the past two decades, continuous efforts have been made to
develop some new PS drug systems with improved properties, but
there still exist some disadvantages, including difficulty in synthesis,
limited penetration depth and low singlet oxygen production.?-25
Recently, fluorescence resonance energy transfer-based drug
delivery systems (FRET-DDSs) have been developed for various
biological applications, including bio-imaging, bio-sensing, disease
diagnosis and therapy.263° These DDSs can improve water solubility
of hydrophobic drugs and protect them in the blood stream after
administration.31-33 Moreover, targeting ligands can be incorporated
onto these nanoscale DDSs to enhance drug accumulation at target
sites through both the enhanced permeability and retention (EPR)
effect and active targeting mechanisms.3* Thus, design of FRET-DDSs
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with high singlet oxygen generation in aqueous solution is much
desirable to enhance PDT.
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Fig. 1 (a) Schematic illustration of the PDT process through type | and
type Il mechanisms, respectively; (b) six different types of FRET-DDSs,
including one-photon, two-photon, upconversion, auto-fluorescence,
X-ray, and Cerenkov excited FRET-DDSs in PDT applications.

It has been well reported that the transfer of excitation energy
from donor materials with robust excitation to PS drugs can
significantly boost light harvesting, markedly red-shift excitation
wavelength, and dramatically improve production of singlet oxygen,
thus leading to highly efficient and deep-tissue-penetrable PDT.3>-40
Besides, FRET-DDSs can endow multifunctional features, including
simultaneous diagnostic imaging and therapy, and oxygen self-
sufficiency to overcome hypoxia.***> Therefore, FRET-DDSs have
attracted wide attention in PDT for disease treatment. 4647 Apart
from the mentioned FRET-DDSs, there are many other DDSs reported
for enhanced PDT. For example, the stimuli responsive DDSs with
controlled drug release performance (including pH-, redox-, enzyme-
, temperature-, and ultrasound-responsive mechanisms) are well
reported to enhance PDT.*851 Herein, we focus on using the FRET-
DDSs mechanisms for enhanced PDT. In this Review, dependent on
the excitation energy mechanism of donor materials in the FRET
process, we particularly highlight six different types of FRET-DDSs for
PDT, including one-photon, two-photon, upconversion, auto-
fluorescence, X-ray, and Cerenkov excited FRET-DDSs (Fig. 1b).
Besides, the mechanisms, advantages, shortages and applications of
each DDS for the enhanced PDT applications were summarized in
Table 1. As far as we know, this systematic Review would be the first-
known overview of recent advances in FRET-DDSs for the enhanced
PDT, which would offer some forward-looking perspectives on the
creation of effective PDT platforms for clinical translation.

Table 1. The mechanisms, advantages, shortages and applications of
different kinds of DDSs for enhanced PDT applications.

Mechanisms Advantages and shortages Applications
Advantages: large light
harvesting and high 10,
One-photon production.24:52-55 Antibacterial
excited FRET o PDT 3556 and
mechanism Shortages: limited laser antitumor

excitation wavelength and

pDT_57,58,64-66
thin tissue penetrability.?*

2| J. Name., 2012, 00, 1-3
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Two-photon
excited FRET
mechanism

Advantages: large laser View Article Online
excitation wavelength, DOI: 10.1039/D0TB00262C
high 10, production and
deep tissue
penetration.24/67-80,85,86

Antitumor
PDT.67-80,85,86

Shortages: small focal area
and expensive laser
source.?471

Upconversion
excited FRET
mechanism

Advantages: large laser
excitation wavelength,
high 10, production and
deep tissue

iap 24,49,90,98 .
penetration. Antitumor

Shortages: small focal PDT.90-105

area, expensive laser
source, potential toxicity
to normal cells by
upconversion material.244°

Auto-
fluorescence
excited FRET
mechanism

Advantages: high 10,
production and deep

tissue penetration.107-
114,115

Antibacterial
PDT,3>8and

antitumor
PDT.116,117,119-121

Shortages: auto-
fluorescence is highly
dependent on the catalytic
reaction.107.115

X-ray excited

Advantages: large laser
excitation wavelength and
deep tissue
penetration,122123-125

Antitumor
FRET
. . PDT.126'136
mechanism Shortages: potential
toxicity to normal cells by
X-ray, and expensive laser
source, 123125
Advantages: large laser
excitation wavelength and
deep tissue
Cerenkov penetration.137-148 Antitumor
excited FRET 149.153
mechanism Shortages: potential POT.

toxicity to normal cells by
Cerenkov, and expensive
laser source. 137139

This journal is © The Royal Society of Chemistry 20xx
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Advantages: multi-stimuli
responsive mechanisms
(including pH-, redox-,
enzyme-, temperature-,
and ultrasound-responsive
mechanisms) and
controlled drug release
performance. 10,11,24,48-51,174

Antitumor PDT.
Other DDSs 10,11,15,17,24,28,48-
51,104,176
Shortages: highly

dependent on the external

and internal stimuli,

limited laser excitation

wavelength and thin tissue

penetrability. 2448

2. One-photon excited FRET-DDSs for PDT

In the past few years, numerous fluorescent materials have been
developed as donors to convert energy to PSs for improving singlet
oxygen generation via a one-photon excited FRET process. The one-
photon excited FRET-DDSs hold a great promise for PDT applications.

Thanks to the excellent light-harvesting activity of conjugated
polymers, the transfer of excitation energy along their backbone to
an acceptor PS drug can result in a highly amplified signal to the PS.3>
5255 Based on this, Wang and co-workers reported a novel one-
photon excited FRET-DDS for antibacterial PDT via complexation of
an anionic conjugated polythiophene (PTP) and a cationic PS drug of
5,10,15,20-tetrakis[4-(6-N, N, N-trimethylammomiumhexyloxy)
phenyllporphyrin bromide (TPPN) (Fig. 2a).>® Under white light
irradiation, the energy transfer from PTP to TPPN took place and the
indirectly activated TPPN reacted with oxygen molecules to enhance
the efficiency of singlet oxygen production as compared to TPPN
alone. At a white light dose of 27 J - cm™2, an about 70 % reduction of
bacterial viability was observed after treatment with this PTP/TPPN
complex. Besides, Wu and co-workers reported another one-photon
excited FRET-DDS for antitumor PDT,>” whereby a PS drug of
tetraphenylporphyrin (TPP) was covalently incorporated into the n-
conjugated backbone of poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-
(1,4-benzo-2,1,3-thiadiazole)] (PFBT) to overcome the potential issue
of PS drug leakage (Fig. 2b). This PFBT-TPP system had excellent
stability and showed a high energy transfer efficiency from PFBT to
TPP, thus leading to a high-yield of singlet oxygen production (30 %)
to kill MCF-7 cancer cells efficiently. The in vivo anticancer study
showed that tumors were significantly inhibited or eradicated after
treatment with PFBT-TPP and light irradiation. Additionally, Huang
and co-workers linked Pt(ll) porphyrin (a PS drug that is highly
sensitive to molecular oxygen) into a water-soluble, hyperbranched,
conjugated polyelectrolyte (HCPE) to improve the singlet oxygen
production (Fig. 2¢, d).>8 This complex of HCPE-Pt(Il) porphyrin could
self-assemble into a nanoparticle due to its amphiphilic structure.
Under excitation at 532 nm, this nanoparticle exhibited an excellent
anticancer effect owing to its high singlet oxygen quantum vyield
(80%) via the FRET process from HCPE components to Pt(ll)
porphyrin.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Chemical structures of PTP and TPPN, reproduced from ref.
56 with permission from the American Chemical Society. (b)
Schematic illustration of the FRET process from PFBT to TPP for
singlet oxygen generation, reproduced from ref. 57 with permission
from the American Chemical Society. (c) Chemical structure, self-
assembly and TEM image of the complex of HCPE-Pt(Il) porphyrin
and (d) schematicillustration of its PDT application, reproduced from
ref. 58 with permission from John Wiley and Sons.

Fluorescent quantum dots (QDs) have a strong light absorbing
capacity due to the large transition dipole moment, and long-range
emission from the UV to the infrared region.>%-% These make QDs
ideal energy donors for indirect activation of PSs to enhance singlet
oxygen generation to kill target cells. In 2003, Samia and colleagues
reported the first QD-based FRET-DDS to facilitate excitation of a PS
for PDT application.®* The PS drug, silicon phthalocyanines Pc4, was
linked non-specifically to cadmium selenide (CdSe) QDs via the alkyl
amino groups. They found that the conjugation of QDs offered an
indirect excitation of Pc4 at 488 nm through an efficient FRET process
(with an efficiency of around 77 %), enabling the use of an excitation
wavelength where the PS alone does not absorb in a normal scenario.
Furthermore, Charron and co-workers covalently coupled Chlorin e6
(Ce6) to less toxic InP/ZnS QDs via NHS-EDC chemistry (Fig. 3a).%°
Under 350 nm laser illumination, the cytotoxic singlet oxygen was
produced through a FRET process from QDs to Ce6. In vitro
evaluation of this QD-Ce6 complex in MDA-MB-231 breast cancer
cells showed a decrease of 40 % in cell viability compared to the
controls (Fig. 3b). Unfortunately, these conjugates had a poor water-
solubility, which hindered their biological applications. To alleviate
this problem, Tsay and co-workers reported a water-soluble,
peptide-coated QD-PS conjugate for effective singlet oxygen
production.®® In this work, two PS drugs of Rose Bengal (RB) and Ce6
were covalently attached onto phytochelatin-related peptides, and
the resulting PS-peptide conjugates were subsequently employed to
overcoat QDs of CdSe/CdS/ZnS. The final QD-PS-peptide complex
could offer a high-yield singlet oxygen generation (31 %) for PDT
through a FRET mechanism from the QD to the PS upon an excitation
at 532 nm.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (a) Schematic illustration of a QD-Ce6 complex for singlet
oxygen production through the FRET process. (b) Cell viability after
treatment with QDs, Ce6, and the QD-Ce6 complex following UV
irradiation. Reproduced from ref. 65 with permission from the
American Chemical Society.

Conventionally, commercial porphyrin-based PSs have a strong
absorption band around 400 nm (Soret band) and a satellite band at
about 650 nm (Q band), these PSs could be used to produce reactive
oxygen species (ROS) directly via visible light irradiation.?* Thus, the
PDT based on one-photon excited FRET-DDSs with short wavelength
laser (e.g. UV light) illumination is limiting, due to its low penetration
ability and unwanted phototoxicity to the normal cells. In contrast,
the one-photon excited DDSs with drug triggered release activity is
highly desirable and novel through a synergy effect of chemotherapy
and PDT treatment. For example, our group reported the
construction of Ceb6-conjugated amphiphilic hyperbranched
polyphosphoester (HBPTK) with many thioketal units (HBPTK-Ce6),
which could wrap Camptothecin (CPT, a hypoxia-inducible factor-1a
(HIF-1a) inhibitor) to form nanoparticles in water (Fig. 4a).28 Upon
660 nm laser irradiation, HBPTK-Ce6 could generate singlet oxygen
to kill cancer cells in the presence of oxygen. Meanwhile, singlet
oxygen produced by energy transfer also could trigger the
degradation of the polyphosphoester containing thioketal units,
leading to an efficient CPT release and a fast diffusion of
nanoparticles into the tumor (Fig. 4b, c). Due to the synergy therapy,
this DDS of HBPTK-Ce6@CPT exhibited the higher tumor inhibition
rate both in vitro and in vivo, in comparison with other control
administrations (Fig. 4d). The hematoxylin and eosin (H&E) staining
of major organs and serum biochemistry study showed low side
toxicity of the HBPTK-Ce6@CPT nanoparticles in mouse.
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Fig. 4 (a) Schematic illustration of the HBPTK-Ce6@CPT for synergy
effect of chemotherapy and PDT via an energy transfer process. (b)
Fluorescent spectra of DPBF with HBPTK-Ce6 under the 660 nm laser
irradiation for different time; (c) CPT release curves of HBPTK-
Ce6@CPT under laser irradiation; (d) Photos of the size of tumors
with various treatments. Reproduced from ref. 28 with permission
from Elsevier.

3. Two-photon excited FRET-DDSs for PDT

In spite of the above-mentioned advantages of one-photon excited
FRET-DDSs for PDT, the short light penetration into tissues (< 3 mm)
has been a major issue limiting their use.>> Therefore, two-photon
excited FRET-DDSs have been developed to improve the tissue
penetration.?”7% In the two-photon excited FRET-DDSs, energy
donors with a large two-photon cross-section can absorb two low-
energy photons simultaneously, and in turn, emit higher-energy
photons to activate PS drugs for singlet oxygen production. Because
the two-photon absorbing donors can be excited by near Infrared
(NIR) light in this process, a much deeper tissue penetrability would
be achieved as compared to traditional PDT.”*

Recently, our group developed a PS-conjugated core-shell
unimolecular micelle (HCP@HPE-Ce6) with a large, two-photon
absorbing, hyperbranched conjugated polymer (HCP) as the inner
core and a thermo-responsive hyperbranched polyether (HPE) as the
outer shell (Fig. 5a).”2 Upon irradiation with NIR light at 800 nm, the
photothermal effect of the HCP core increased local temperature,
and then induce the collapse of the HPE shell, which readily
enhanced the efficiency of FRET by shortening the distance between
HCP and Ce6. It was found that the concentration of cytotoxic singlet

This journal is © The Royal Society of Chemistry 20xx
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oxygen produced by HCP@HPE-Ce6 micelles under irradiation at 800
nm via the two-photon excited FRET strategy was much higher than
that of free Ce6 treated with traditional 650 nm laser excitation.
Compared with free Ce6, animal fluorescence imaging showed that
the HCP@HPE-Ce6 micelles could provide a relatively long retention
time and a high tumor accumulation via the EPR effect. The in vivo
anticancer study showed that most cancer cells were effectively
killed at the tumor site after treatment with the HCP@HPE-Ce6
micelles under NIR light irradiation at 800 nm, but only part or a small
part of tumor was destructed in the free Ce6 groups, suggesting a
significant enhancement of antitumor PDT by this two-photon
excited FRET-DDS (Fig. 5b). Besides, H&E staining of major organs in
HCP@HPE-Ce6 micelles pre-treated group showed low side toxicity
of HCP@HPE-Ce6 nanoparticles in mouse after PDT treatment.

(a) Oxyanionic
proton-transfe
(@) L
NaBH, £ A
HCP@HPE
#Ces
“FRET ON” FRETOFF
m sno t )ﬁ far
NIR
Pnolotnermal
effect of NIR
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Photodynamic therapy

20 days cupuo-‘l TUNEL

Fig. 5 (a) Synthesis of thermo-responsive HCP@HPE unimolecular
micelles and illustration of the combination of two-photon excited
FRET and photothermal effect of NIR for PDT. (b) /In vivo study of the
PDT efficacy in HeLa tumor-bearing mice after various treatments via
intravenous injection of different agents, followed by laser
irradiation at 800 nm. Reproduced from ref. 72 with permission from
the American Chemical Society.

Some two-photon absorbing fluorescent dyes can also be utilized
to construct two-photon excited FRET-DDSs for enhanced PDT. Kim
and co-workers used the fluorescent dye of 9,10-bis(40-(400-amino-
styryl)styryl)anthracene (BDSA) as a two-photon absorbing donor
and the PS drug of 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide
(HPPH) as an acceptor, which were both encapsulated into an
organically modified silica (ORMOSIL) nanoparticle.”® Under NIR light
irradiation at 850 nm, a FRET efficiency of about 73 % was observed
and a high-yield singlet oxygen production was achieved for Hela cell

killing. Cheng and co-workers co-encapsulated the two-photon

This journal is © The Royal Society of Chemistry 20xx

absorbing fluorescein isothiocyanate (FITC) and the RS drugof Rds
meso-tetra(4-carboxyphenyl)porphyrin  (PEPPPY-1GAPOT@ffeYetit
topological domains of mesoporous silica nanoparticles (MSNs).7*
The well-ordered mesoporous structure of MSNs could facilitate the
rate of energy transfer (up to 93 %) from FITC to PdTPP, resulting in
high singlet oxygen production and efficient PDT efficacy both in vitro
and in vivo under NIR light illumination at 900 nm. In addition, due to
the large two-photon absorption cross-sections (103~10° Goeppert-
Mayer), some well-designed QDs were developed as two-photon
absorbing donors to activate PS drugs for PDT.7>77 In 2013, Chou and
co-workers reported a core-shell CdSe/CdS/znS QD for
electrostatically absorbing the PS of sulfonated aluminium
phthalocyanine (AlPcS) (Fig. 6a).7® Upon excitation at 800 nm, the
FRET efficiency between QDs and AlPcS reached around 90 %, and
thus singlet oxygen was efficiently generated. As a result, more than
90 % of Hela cells were killed by this two-photon excited FRET-DDS
after laser irradiation for 60 min (Fig. 6b). Fowley and co-workers
conjugated the PS drug of RB onto the surface of CdSe/ZnS QDs
through an amide linkage.”® With a two-photon laser irradiation at
800 nm, a FRET efficiency of as high as 99.5 % between the QDs and
RB and a consequent high-yield cytotoxic singlet oxygen production
caused considerable tumor cell death. The same research group
further reported a novel two-photon excited FRET-DDS based on
carbon quantum dots (CQDs) in combination with the PS of
protoporphyrin IX (PTIX) for anticancer PDT (Fig. 6¢).8° These CQDs
showed a maximum emission at 430 nm, which overlapped well with
the absorption of PTIX, ensuring an efficient FRET process under two-
photon excitation at 800 nm, leading to a large quantity of singlet
oxygen, and as a result inducing a reduction of 82 % in Hela cell
viability. Moreover, in the fibrosarcoma tumor-bearing mouse model
(Fig. 6d), the mice treated with CQDs-PTIX conjugates via an intra-
tumoral injection showed a tumor suppression of 60 % after laser
irradiation at 800 nm. By contrast, a significant increase of 65% in
tumor size was observed in the control mice that only pre-treated
with either CQDs-PTIX or laser alone.

(a) 800 nm (b) 1.0

o
o

\ 2
3

Q . .
p o N s >

N NN D 04
]

FRET p o

02

.0
Control AIPcS QDs QD-AlPcS
1h 3.5h 1h 1h
60
a0
o

-80 - Drugonly Lightonly Drug + Light

Tumor growth (%) =
3

Fig. 6 (a) Schematic illustration of the QD-AIPcS conjugate for
anticancer PDT under two-photon excitation at 800 nm. (b) HelLa cell
viability after treatment under different conditions to evaluate the
PDT efficacy. Reproduced from ref. 78 with permission from Royal
Society of Chemistry. (c) Schematic illustration of the CQD-PTIX
conjugate for anticancer PDT under two-photon excitation at 800

m. (d) PDT efficacy in tumor-bearing mice after treatment with
CQD-PTIX alone (drug only), 800 nm laser alone (light only), and CQD-
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PTIX together with 800 nm laser (drug + light). Reproduced from ref.
80 with permission from Royal Society of Chemistry.

Gold nanorods (AuNRs) are well known for the large two-photon
absorption cross-section and the tunable longitudinal plasmon
band.2481:84 |n view of these advantages, Zhao and co-workers
developed a core-shell composite, AUNR/SiO,-T790, which consists
of AuNR as a core and the silica shell covalently bound with the PS of
porphyrin (T790) (Fig. 7a).85> Under irradiation with a two-photon
laser at 800 nm, the fluorescence of T790 was enhanced significantly
through the energy transfer from AuNR, resulting in a highly efficient
singlet oxygen production. A silica shell thickness of 20 nm was
determined to be the ideal distance between AuNR and T790
molecules to generate optimum two-photon excited fluorescence.
The in vitro PDT study showed that this AUNR-T790 composite could
induce 50 % HepG2 cell death upon laser irradiation for 8 min (Fig.
7b). To evaluate the in vivo anticancer PDT efficacy of the AuNR-
based two-photon exited FRET-DDS, Chen and co-workers developed
a mesoporous silica-coated AuNR (MS-AuNR) encapsulated with the
PS drug of PATPP (Fig. 7c).%¢ They found that the silica shell could
enhance the two-photon fluorescence of AuNR and the mesoporous
structure of silica could afford high PdTPP loading. Under two-
photon excitation at 800 nm, activation of PdTPP via an intra-particle
energy transfer from AuNR led to generation of cytotoxic singlet
oxygen. In a breast cancer mouse model, the mice treated with MS-
AuNR-PdTPP and 800 nm laser irradiation showed a remarkable
enhancement of tumor inhibition as compared with the control mice,
suggesting an effective in vivo anticancer PDT by using the two-
photon exited FRET approach (Fig. 7d).
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Fig. 7 (a) Schematic preparation of AuNR/SiO,-T790. (b) Time-
dependent viability of HepG2 cancer cells after incubation with
AuNR/SiO,-T790 and SiO,-T790 nanoparticles, respectively under
femtosecond (fs) laser illumination at 800 nm. Reproduced from ref.
85 with permission from the American Chemical Society. (c)
Schematic illustration of MS-AuNR encapsulated with PdTPP for
anticancer PDT. (d) Evaluation of in vivo PDT efficacy in breast tumor-
bearing mice through intra-tumoral injection of different agents,
followed by irradiation using an 800 nm fs pulsed laser. Reproduced
from ref. 86 with permission from Ivyspring International Publisher
Theranostics.
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4. Upconversion excited FRET-DDSs for PDT.:cic oniine
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Upconversion fluorescence is a process whereby upconversion

nanoparticles (UCNPs) absorb low-energy light and emit high-energy
light through sequential excitation with multiple photons.?* 87-8
Typically, the upconversion emission needs sequential absorption of
multiple photons using a real metastable state with a microsecond
laser, while two-photon fluorescence demands simultaneous
absorption of two photons using a virtual state with a femtosecond
laser. Furthermore, the laser power density required in upconversion
is usually lower than that in the two-photon process.?* Thus, the
emission efficiency of upconversion is higher than that in the two-
photon process when the same power density is used.?® This is why
UCNPs are useful energy donors to activate PS drugs for enhanced
PDT through an upconversion excited FRET process.*” 9098

Zhang and co-workers first reported the utilization of UCNPs for
PDT application. In their work, NaYF4:Yb/Er UCNPs were coated by a
mesoporous silica shell, which acted as a drug carrier for efficient
encapsulation of PS, Zinc(ll)-phtalocyanine (ZnPc).?® They found that
these ZnPc could be activated through the FRET process from UCNPs,
and then singlet oxygen could be continuously produced for cancer
cell killing under NIR laser excitation at 980 nm. Liu and coworkers
non-covalently incorporated Ce6 onto PEGylated UCNPs to construct
a nanocomplex of UCNP-Ce6 for enhanced PDT (Fig. 8a).1%° Upon
irradiation with NIR laser at 980 nm, Ce6 could be activated
efficiently via the energy transfer from UCNPs to generate cytotoxic
singlet oxygen. It was found that 70 % of tumors were completely
eliminated after UCNP-based PDT treatment. Importantly, the NIR
light-triggered PDT using UCNP-Ce6 showed a much deeper tissue
penetration depth than that of direct excitation by visible light, which
was evidenced by the PDT treatment to the tumor blocked with a 8
mm pork tissue (Fig. 8b,c). Besides, Cui and co-workers developed
NaYF4:Yb/Er UCPNs which were coated with FA-modified chitosan
for a high encapsulation of ZnPc (10 wt%), denoted as FASOC-UCNP-
ZnPc (Fig. 8d).191 In the S180 sarcoma-bearing mice model, it was
found that the tumor was inhibited efficiently in the mice after
simultaneous pretreatment with the ZnPc-loaded UCNPs and 980 nm
laser exposure for 30 min. Interestingly, this work was further
extended to investigate the depth of tissue penetration during PDT
by using this the UCNPs-based FRET-DDS (Fig. 8e). A 1 cm pork tissue
was placed over the tumor during PDT treatment, and a higher
inhibition of tumor growth was demonstrated in mice irradiated with
a 980 nm laser as compared to those treated with a 660 nm laser,
suggesting that the deep tissue penetration could be achieved by this
upconversion excited FRET-DDS. They also found that the survival
rates of mice in the deep penetrating PDT group induced by 980 nm
light irradiation reach to 88 %, which was much higher than the
control mice group. These results indicated that the nanoparticles of
FASOC-UCNP-ZnPc had low side effect in mice and the PDT treatment
based on FASOC-UCNP-ZnPc could effectively improve the survival
quality of mice and prolong their lifetime.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 (a) Schematic illustration of the UCNP-Ce6 nanocomplex
containing Ce6 and PEGylated UCNPs for PDT under excitation by NIR
laser at 980 nm. (b) Schematic of experiment design in vivo
experiment. Tumors were hided below a pork slice (8 mm) during
light treatment. (c) The growth of tumors on different groups of mice
after various treatments. The relative tumor volumes were
normalized to their initial sizes. Reproduced from ref. 100 with
permission from Elsevier. (d) Schematic illustration of the synthesis
of FASOC-UCNP-ZnPc nanoconstruct and FA-mediated binding of
tumor cells with FA receptor expression. (e) Comparison of the
therapeutic efficacy of deep-tissue PDT triggered by 980 and 660 nm
light after placed a 1 cm pork tissue over the tumor. Reproduced
from ref. 101 with permission from the American Chemical Society.

Upconversion excited FRET-DDSs have also been used for
enhanced photo-chemo therapy. It is noted that solid tumors have a
hypoxic microenvironment, which is remarkably resistant to PDT.10>
104 To address this problem, our group developed a novel, NIR light-
triggered and oxygen/Pt(Il) self-generating nano-prodrug (UCPP)
based on UCNPs for cancer therapy (Fig. 9a).1% In this system, an
anticancer complex cis,trans,cis-[Pt(Ns),(OH),(NHz),] (denoted as
Pt(IV)) acted as an oxygen self-generating drug and was linked to the
terminal of oligomer Ce6-PEG. The resulting amphiphilic oligomer
Ce6-PEG-Pt(IV) (denoted as CPP) could be self-assembled on the
UCNPs surface of NaYbF,;:Tm@CaF, (denoted as UCPP) to form a
nano-prodrug. At the meantime, the UCNPs-embedded PEG-Ce6
nanoparticles (denoted as UPC) and UCNPs-loaded PEG-Pt(IV)
nanoparticles (denoted as UPP) were used as control. Toxicity study
showed a negligible toxicity to normal cells after treated with UCPP
at a high concentration of 20 uM in dark. Upon NIR laser irradiation
at 980 nm, the UCNPs could convert the NIR light into visible light,
and then transfer energy for triggering the decomposition of Pt(IV)
to release the active Pt(ll) for chemotherapy, and activating the Ce6
for PDT. Through this upconversion excited FRET-DDS of UCPP,
sustained generation of molecular oxygen could compensate the
oxygen consumption during PDT and overcome the hypoxia-induced
PDT resistance, resulting in the significant improvement of
anticancer efficacy in the HeLa-tumor bearing mouse model (Fig. 9b,
c).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9 (a) Schematic illustration of the UCPP for PDT. (b) Tumor
volume of Hela tumor-bearing mice after treatment under various
conditions. (c) Representative images of striped Hela tumors after
treatment under various conditions. Reproduced from ref. 105 with
permission from Nature Publishing Group.

5. Auto-fluorescence excited FRET-DDSs for PDT

The NIR light offering deep tissue penetration has been well
developed for improving PDT via two-photon and upconversion
excited FRET strategies. However, the penetration depth of NIR
light could only reach several centimeters, which still limits the
PDT applications of two-photon and upconversion excited FRET-
DDSs in superficial disease therapies.'% To enable treatment of
intraperitoneal metastasis-tumor, a novel auto-fluorescence
excited DDS without outer light source is highly desirable.10”
Inspired by the light-generating reactions used by fireflies and
jellyfish, many auto-fluorescent, FRET-based nanomaterials
have been constructed for various bioapplications, including
immunoassay analysis,'%® inflammation detection,10%110 drug
delivery,’! tumor imaging,''2 DNA detection,'3 and clinical
disease diagnostics.14

Bioluminescence is an important auto-fluorescence
generated from a chromophore substrate catalysed by an
enzyme.'’® This bioluminescence can be used to excite PSs to
efficiently produce ROS via a bioluminescence resonance
energy transfer (BRET) approach. Lai and colleagues reported a
luciferase-immobilized QD system (QD-RLuc8), which exhibited
the red emission at 655 nm after addition of coelenterazine (Fig.
10a, b).116 Such bioluminescence could activate porphyrin to
generate ROS in the presence of oxygen in vitro. After 20-day
treatment of QD-RLuc8 and coelenterazine via intravenous
injection, the tumor growth profile was significantly inhibited
compared to the other groups (Fig. 10c, d). The
immunohistochemical analysis also confirmed the obvious cell
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proliferation in tumor via treatment with BRET-mediated PDT.
Furthermore, no significant body weight loss in all of pre-
treated groups in the in vivo study demonstrated the safety
treatment of this BRET-mediated PDT. Besides, Li and co-
workers reported the production of ROS from the carbon dot-
protoporphyrin IX conjugate (CDs-PIX) by D-luciferin catalysis in
the presence of magnesium ion and adenosine triphosphate
(ATP) vig BRET.117

a
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s B: RLuc8 emission (390-600 nm),
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Fig. 10 (a) Schematic representation of QD-RLuc8 for BRET-based
PDT. (b) Luminescence emission spectrum of QD-RLuc8 with addition
of coelenterazine. (c) A549 tumor volume as a function of treatment
time. (d) Photo of tumors after 20-day treatment with QD-RLuc8 and
coelenterazine. Reproduced from ref. 116 with permission from
Elsevier.

Compared with traditional PDT, luciferase-based BRET-DDSs
show the low selectivity due to the lack of active targeting effect.
Usually, hydrogen peroxide (H,0,), a fundamental mediator in
various cell signalling pathways, is overproduced abnormally in
inflammation. Thus, H,0,-responsive luminescent materials
have been proved highly selective systems for early diagnosis of
many bacteria and cancers.?® In 2012, Wang and co-workers
reported a H,0,-triggered BRET system containing luminol as a
substrate, horseradish peroxidase (HRP) as an enzyme and
cationic oligo (p-phenylene vinylene) (OPV) as an energy
acceptor (Fig. 11a, b).118 Upon addition of H,0,, luminol emitted
blue luminescence, well overlapped with the absorption of OPV
for BRET. When oxygen was in the surrounding of OPV, ROS was
produced from the excited OPV. With increasing the OPV
concentration, the luminescence intensity of OPV was increased,
leading to the enhanced ROS generation. The in vivo experiment
indicated that the luminol-based BRET-DDS exhibited a good
inhibition of Hela tumor growth after 20-day treatment, in
comparison with other control groups (Fig. 11c). Moreover,
BRET-based PDT treatment showed the low toxic side effect,
because growth trends of body-weight in all of mice were
similar. This BRET system also had the excellent antimicrobial
activity toward Candida albicans, reaching a high killing
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efficiency of 98 % (Fig. 11d). It has been reported thatchlorinis
a good photosensitizer for highly effidieént!(ROSY/génBration:
However, the emission of luminol cannot meet the requirement
for excitation of chlorin. Thus, Wang and co-workers reported
the FA and HRP-bifunctionalized, conjugated polymer dots (FH-
Pdots) by self-assembly with amphiphilic Janus dendrimers (Fig.
11e, f).11° After treatment with H,0,, the red emission of chlorin
at 590 nm could be obtained to generate enhanced ROS with
existence of Pdots via the BRET-FRET approach. Because the
higher concentration of H,0; in tumor cells than that of normal
cells, the FH-Pdot system can be used for selective PDT against
tumor. Imaging results confirmed that red fluorescence from
FH-Pdots was observed in the cytoplasm of MCF-7 cells, while
the low emission was shown in NIH 3T3 cells (Fig. 11g).
Correspondingly, the cell viability of MCF-7 cells (17 %) was
much lower than that of NIH 3T3 cells (72 %) after PDT
treatment. These results suggest this that BRET-DDS hold great
promise in the tumor-selective PDT.
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Fig. 11 (a) Schematic illustration of the H,0,-triggered BRET system
containing luminol as a substrate, HRP as an enzyme and OPV as an
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energy acceptor for PDT. (b) Luminescence spectra of luminol in the
presence of various concentrations of OPV. (c) The change of tumors
volume during 19-day treatment with the H,0,-triggered BRET
system. (d) Photographs of Candida albicans plates treated with the
luminol-based DDS with and without OPV. Reproduced from ref. 118
with permission from the American Chemical Society. (e) Schematic
illustration of FH-Pdots and their ROS generation mechanism. (f) ROS
generation with or without m-THPC doped as a function of irradiation
time. (g) CLSM images of MCF-7 and NIH 3T3 cells incubated with
FH-Pdots. Reproduced from ref. 119 with permission from the
American Chemical Society.

To date, chemiluminescence (non-enzymatic

autofluorescence) systems have been reported for various

many

bioapplications, including tumor and tissues imaging, drug
delivery, etc.10711L112 Among these, the H,0,-triggered,
peroxalate-based chemiluminescence system is a powerful
diagnostic tool for biosensing and bioimaging.''2 Kim and co-
workers prepared a chemiluminescence nanoscale system
containing  bis[3,4,6-trichloro-2(pentyloxycarbonyl) phenyl]
(CPPO), BODIPY and diphenylamino-substituted
poly(cyano-phenylenevinylene) (DPA-CN-PPV), which could
emit NIR luminescence via chemiluminescence resonance energy

oxalate

transfer (CRET) upon addition of H,0,.12° The tissue penetration
depth of this CRET system was deeper than that of the NIR
emission. This enabled the peritonitic inflammation to be real-
time detected in a hair-covered mouse model. Liu and co-
workers reported another novel CPPO-based CRET-DDS for PDT
(Fig. 12a-c).121 They synthesized a new NIR photosensitizer TBD
with aggregation-induced emission (AIE) property, which was
co-encapsulated with CPPO by soybean oil and Pluronic F127 to
form C-TBD nanoparticles (C-TBD NPs). C-TBD NPs produced
effective singlet oxygen when exposed to H,0, via the CRET
approach. Here, the soybean oil used as a retarder could slow
down the consumption of CPPO and lengthen the time of
chemiluminescence, favorable for in vivo applications of C-TBD
NPs. The in vivo study revealed that C-TBD NPs exhibited the
luminescence with a high signal-to-background ratio, where the
metastasis tumor in the intraperitoneal region was specifically
observed after 1.5 h post-intravenous injection. Combination
with a H,0, enhancer agent of B-phenylethyl isothiocyanate
(FEITC), the growth of tumor volume was tremendously
inhibited after 15-day treatment in comparison with other
administration groups (Fig. 12d). Histological analysis,
immunofluorescence staining and Western blot analysis further
confirmed the effectiveness of the CRET-mediated PDT with C-
TBD NPs (Fig. 12e). There was less weight loss after C-TBD NPs
administration in comparison of normal mice. In addition, no
obvious damages were found in the H&E stained images of
kidney, spleen, and liver slices from mice pre-treated with C-
TBD NP administration, indicating negligible toxicity of C-TBD
NPs.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 12 (a) Schematic illustration of C-TBD NPs for 'O, production via
the CRET strategy. (b) Size of C-TBD NPs; (c) In vivo fluorescence (left)
and chemiluminescence (right) images of breast tumor in the
abdomen of mouse after 1.5 h post-intravenous injection of C-TBD
NPs. (d) Tumor growth curves under different conditions. (e)
Western blot analysis of the cytosolic level of caspase-3, bax, and
cytochrome c (Cyto C) of tumor cells with different treatments.
Reproduced from ref. 121 with permission from Cell Press.

6. X-ray excited FRET-DDSs for PDT

Currently, X-ray technology has been widely used in clinical
disease diagnosis, which is capable of deeper penetration into
tissues than visible and NIR light. When a proper scintillator is
irradiated by X-ray, the luminescence can be emitted via
recombination of electron-hole pairs at the activated centre of
scintillator. Foulger and co-workers reported that lutetium
oxyorthosilicate doped with cerium phosphors (LSO:Ce) could
be coated with organic fluorophores, and luminescent
properties of the resulting system could be tuned from blue to
green and red through a FRET process under X-ray excitation,
which could be used as drug delivery system with the
concentration of around 0.3 mg mL2.122 Thus, these scintillators
have been used as luminescent probes in various biological
applications including bioimaging and biosensor.123 X-ray, as the
external light source, excited PDT can not only have deep tissue
penetration for intraperitoneal tumor therapy, but also show
the high selective treatment.12412>
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Fig. 13 (a) Schematic illustration of the synthesis route of the
NaGdF,:Tb3*-RB nanoparticle and its X-PDT mechanism. (b) The
absorption spectrum of RB and the luminescence spectrum of
NaGdF,:Tb3*. (c) Size of tumors from HepG2 cell-bearing nude mice
pre-treated with different treatments. Reproduced from ref. 127
with permission from Elsevier.

Lanthanide-doped fluoride/oxide nanoparticles have been
confirmed as an important kind of scintillating nanoparticles.
Dujardin and colleagues reported the synthesis of polysiloxane-
coated Tbh,03 conjugated with porphyrin as a PS (Tb,0;@SiO,-
porphyrin).’26 The radioluminescence spectrum of Th,O3; was
overlapped with the absorption spectrum of porphyrin,
showing an efficient X-ray-excited resonance energy transfer
(XeRET). The singlet oxygen was generated from X-ray
irradiation of Tb,0;@SiO,-porphyrin  under an aerobic
environment. In 2018, Lu and co-workers prepared novel f-
NaGdF,:Tb3* nanoparticles. RB as a PS was covalently grafted on
the surface of scintillating NaGdF,:Th3*@SiO,-RB nanoparticles
(Fig. 13a, b).127 The efficient singlet oxygen generation was
attributed to their ultra-high XeRET efficiency of 99.63%,
resulting from their overlapped spectra of f-NaGdF,:Tb3* with
RB and the singlet oxygen quantum vyield of RB (75%).
Th,0;@Si0, nanoparticles showed low cytotoxicity under X-ray
irradiation in the in vitro study (Fig. 13c). However, the HepG2
cell viability was lower than 20% after pre-treatment of
NaGdF,:Tb3*@SiO,-RB at a concentration of 1 mg mL™! and X-
ray irradiation for 90 min. The antitumor efficacy of
NaGdF,:Tb3*@SiO,-RB was also evaluated in the HepG2-bearing
xenograft mouse model (Fig. 13d, e). After intratumoral
injection, a significant inhibition of tumor growth was achieved
for NaGdF,:Th3*@SiO,-RB with X-ray radiation (1.17 Gy h1), as
compared to the other pre-treated groups. These results
demonstrated the effective PDT with singlet oxygen production
triggered via XeRET. They also found that mice weight was
slightly decrease under the irradiation of X-ray compared with
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other groups without irradiation, due to the systemictexigity
from the X-ray. H&E staining of major org@hsGnGiv/pratreated
groups showed the similar damage to that of X-ray only groups,
demonstrating that low toxicity of NaGdF,;:Tb3*@SiO,-RB
nanoparticles. To date, many other lanthanide elements (La, Lu)
coupled with Methylene Blue (MB) and protoporphyrin IX, as
well as the core-shell-shell structure have been explored for
potential X-ray excited PDT applications.128-132
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Fig. 14 (a) Schematic illustration of the synthesis route of
monodisperse Ce'-doped LiYF,@SiO,@ZnO and the mechanism of
ionizing radiation-induced PDT. (b) Relative intensities of ROS-
induced DCF fluorescence after incubation of Hela cells with
LiYF,@SiO,@Zn0O in a hypoxic environment; the control group
denotes to the cells not exposed to radiation. (c) Viabilities of hypoxic
Hela cells incubated with LiYF,@SiO,@ZnO under various doses of
X-ray radiation. (d) The change in relative tumor volume with time
after exposure of the tissues to different administrations. (e) H&E
staining of tumor tissue sections from mice 48 hours after treatment
with LiYF,@SiO,@ZnO and 8 Gy X-ray radiation, Scale bar = 20 pm.
Reproduced from ref. 133 with permission from John Wiley and Sons.

Conventional PDT involving O, consumption usually shows
low therapeutic efficacy against hypoxic tumor. Shi and co-
workers constructed core-shell Ce''-doped LiYF,@SiO,@ZnO, in
which luminescence generated from Ce"-doped LiYF, (denoted
as SZNP) under X-ray irradiation could produce electron-hole
pairs in ZnO via FRET, leading to formation of highly reactive
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hydroxyl radicals (-OH) from the reaction of electron-hole pairs
with water (Fig. 14).133 Such toxic -:OH exhibited an efficient
tumor inhibition both in vitro and in vivo. The staining of H&E
from major organs showed the slight damage for 30 days after
the intravenous injection. However, tumors pre-treated with
Ce'"-doped LiYF;@SiO,@ZnO under irradiation exhibited the
shrinkage and fragmentation of nucleus in Hela cells, indicative
of the enhanced antitumor therapeutic efficacy of this X-ray
excited FRET-DDS.
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Fig. 15 (a) Structure of silica-coated SrAl,04:Eu?* and the mechanism
of 10, generation via X-ray excited resonance energy transfer. (b)
Luminescence image of the SAO wire by X-ray. (c) 10, production
from M-SAO@SiO, and the other comparison groups by using singlet
oxygen sensor green (SOSG) as an indicator. (d) U87MG cell viability
after pre-treatment with M-SAO@SiO, and the other comparison
groups with and without X-ray radiation. (e) Relative tumor volume
and (f) relative body weight with time after exposure of the tissues
to different administrations. Reproduced from ref. 134 with
permission from the American Chemical Society.

IIIA elements in the periodic table are another important
resource for preparation of scintillating nanoparticles. Xie and
co-workers reported the synthesis of silica-coated SrAl,04:Eu?*
(SAO@Si0;), which exhibited the strong green luminescence
under X-ray irradiation (Fig. 15a, b).134 After loading MC540 as a
PS into the SAO@SiO, to form MC540-SAO@SiO, (M-
SAO@Si0,), the singlet oxygen was efficiently generated by the
XeRET approach. The significant damage to U87MG cells was
observed both in vitro and in vivo by using a low X-ray dose of
0.5 Gy (Fig. 15c-e). Simultaneously, the organs and body weight
of xenograft mice showed few changes during 16-day treatment

This journal is © The Royal Society of Chemistry 20xx

with M-SAO@SiO, (Fig. 15f). Later, they confirmegd thatthe
efficient tumor inhibition with this XOEDTOWSS/ A UKL OBy
effective combination of PDT and radiotherapy.'3> Shen and co-
workers prepared novel LiGasOg:Cr scintillating nanoparticles
which could emit the NIR Iluminescence under X-ray
irradiation.13¢  After encapsulating LiGasOg:Cr and 2,3-
naphthalocyanine as PS drugs into mesoporous silica, the
nanoparticles suppressed the growth of H1299 orthotopic
tumor efficiently via the XeRET-mediated PDT.

7. Cerenkov excited FRET-DDSs for PDT

Cerenkov luminescence (CL) has received increasing attention on
biological applications, due to its high signal-to-noise, deep tissue
penetration, no excitation light and low dose of radionuclide, which
combines the advantages of both chemiluminescence and X-ray
excited luminescence.’®” To date, many radioisotope-containing
nanoparticles have been developed to emit luminescence in the UV
region.'3%13% Moreover, the NIR light could be achieved from these
nanomaterials via Cerenkov luminescence resonance energy transfer
(CLRET).29 Such unique optical properties has emerged as a new
optical technology for wide biological applications including imaging
of tumor,#14 sentinel lymph nodes,*> AB plaques,’*® and
glioma,'*’ as well as phototherapy.14®

Recently, Ngwa and co-workers investigated the Cerenkov-excited
PDT (CePDT) on the HT1080 tumor model by using an 18F-
fludeoxyglucose ('8F-FDG) with titanium dioxide (TiO,), which
generated cytotoxic hydroxyl radicals from the reaction between
electron-hole pairs and water through CLRET.}*° The in vitro
experiment proved that the significantly higher activity of 8F-FDG (>
15 MBq) was required for inhibition of tumor growth with TiO,.
However, Cerenkov photons of 18F as a source was much lower than
other radionuclides. In addition, Liu and co-workers reported the use
of ®8Gallium (°%8Ga) as the CL source for CePDT (Fig. 16a, b).1°
Compared with 8F-FDG, %8Ga-labeled bovine serum albumin (%3Ga-
BSA) showed a higher inhibition of 4T1 cell growth with the existence
of dextran-modified TiO, nanoparticles (D-TiO,), which was in
agreement with luminescent intensity of Cerenkov accumulation in
tumor tissues (Fig. 16c-e). In vivo results also revealed that the
mixture of 58Ga-BSA and D-TiO, displayed significantly better tumor
suppression than other administrations (Fig. 16f). At the same time,
no significant body weight loss and no obvious morphology change
of major organs were observed in all groups, suggesting the minimal
side effect of CePDT. Taking the advantage of %8Ga radionuclide, this
is a new PET-guided CePDT for precision treatment of cancer.
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Fig. 16 (a) Schematic illustration of Cerenkov-excited PDT via
Cerenkov luminescence resonance energy transfer by combining the
18F radionuclide and TiO,. (b) Cerenkov photon accumulation from
intracellular ®8Ga-BSA and 8F-FDG. (c) 4T1 cell viability after
treatment with D-TiO, and %Ga-BSA. (d) Time-dependent Cerenkov
photon accumulation of %Ga-BSA and !8F-FDG. (e) Dynamic PET
images of 4T1 tumor-bearing mice pre-treated with 58Ga-BSA for 30
min, 1 h, 2 h and 3 h. (f) Time-dependent relative tumor volume after
pre-treatment with different administrations. Reproduced from ref.
150 with permission from the American Chemical Society.

Other radionuclides (e.g. °°Y, 8Zr) have been explored for PDT
applications through CLRET.}>153 Cai and co-workers prepared
hollow mesoporous silica nanoparticles (HMSNs) followed by loading
Ceb and #9Zr oxalate ([8°Zr]HMSN-Ce6) (Fig. 17a, b).1>2 Owing to its
high-energy 8 emitters and long half-life, the 89Zr oxalate served as
good Cerenkov luminescence for excitation of Ce6 to generate
singlet oxygen. The luminescence of Ce6 was observed clearly in the
[8Zr]HMSN-Ce6 via CLRET. This emission was retained and detected
for 14 days, leading to continuous generation of singlet oxygen (Fig.
16¢) and effective damage to tumor in vitro and in vivo (Fig. 17d, e).
H&E staining was used to evaluate the morphologies of tumor and
tissues with 7 days post-treatment. The results demonstrated that
most of the tumor tissue with [9Zr]HMSN-Ce6 was destroyed, while
the tissues in the other control groups retained their normal
morphology, suggesting the low toxicity of[2°Zr]HMSN-Ce6.
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Fig. 17 (a) Schematic illustration of [8°Zr]HMSN-Ce6 and its
mechanism for CePDT via CLRET. (b) Luminescence imaging of the
PBS solution containing 89Zr, HMSN-Ce6 and [®°Zr]HMSN-Ce6,
respectively (emission filter of 690-710 nm). (c) In vivo PET imaging
of [89Zr]HMSN-Ce6 at different time points. (d) 4T1 cell viability after
pre-treatment with different administrations. (e) Time-dependent
tumor growth after different administrations in mice. Reproduced
from ref. 152 with permission from the American Chemical Society.

Recently, Cai’s group reported magnetic targeting of %Zr-
MNP/TCPP for CePDT (Fig. 18a).'®® In this work, magnetic
(Zng.4Mng g)Fe,04 nanoparticles (MNPs) as a drug carrier showed the
higher active targeting ability than HMSNs. After surface conjugation
of meso-tetrakis(4-carboxyphenyl) porphyrin (TCPP) and chelator-
free labelling of 89Zr, 89Zr-MNP/TCPP exhibited not only highly
selective accumulation in tumor tissues, but also efficient Ce6
luminescence through CLRET (Fig. 18b-e). Thus, &Zr-MNP/TCPP
represents an ideal DDS for CePDT. The volume of 4T1 tumor growth
was inhibited remarkably by 8Zr-MNP/TCPP with magnetic targeting
(Fig. 18f, g), while no significant weight loss was observed in all
therapeutic groups, implying the low side effect of the treatment.
Moreover, no noticeable organ damage was found over 60 days
except liver, which was damaged at 7 days, but self-recovered within
two months.
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Fig. 18 (a) Schematic illustration of magnetism-guided CePDT via
CLRET. (b) PET imaging of 4T1 tumor-bearing mice with an external
magnetic field attached onto the right tumor side. (c) Photograph
and (d) PET imaging of main organs after pre-treatment with 8Zr-
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MNP/TCPP. (e) CLRET imaging of different solution samples. (f)
Determination of singlet oxygen generation by measuring the
fluorescence intensity changes of SOSG from different samples. (g)

Photographs of mice and dissected tumors on Day 14 post-treatment.

Red arrows: nonmagnetic targeting tumors, Green arrows: magnetic
targeting tumors. Reproduced from ref. 153 with permission from
the American Chemical Society.

8. Conclusions and perspectives

Significant breakthroughs have been made in the design of
novel DDSs to overcome major limitations in traditional PDT
including poor water-solubility, off-targeting and short half-
life.154155 |ntegration of the FRET technology in DDSs has
opened up a highly promising avenue to enhance PDT through
one-photon, two-photon, upconversion, auto-fluorescence, X-
ray and Cerenkov excitation. The FRET-DDSs have several
advantages in PDT applications: (i) the classic hydrophobic PS is
used as a guest molecule by encapsulation or conjugation in this
DDS, which can improve its water solubility; (ii) attaching
targeting ligands onto the FRET-DDSs or using an enhanced
permeability and retention (EPR) effect of nanotechnology can
enhance the accumulation of PS to targeted site; (iii) FRET-DDSs
can protect PS in the blood stream after administration; (iv)
molecules as the energy donors with robust excitation by two-
photon, upconversion, auto-fluorescence, X-ray and Cerenkov
can enhance the depth of tissues penetration during PDT
process; (v) FRET-DDSs can endow multifunctional features,
including simultaneous diagnostic imaging and therapy, oxygen
self-sufficiency property to overcome hypoxia and so on. These
advantages pave the way for highly efficient and deep-tissue-
penetrable PDT for the treatment of bacteria, cancer and other
diseases by using the FRET-DDSs. However, it should also be
mentioned that PDT using FRET-DDSs is still in its infancy with
many challenges awaiting solutions. The following directions
and perspectives deserve attention in future studies.

Firstly, avoiding or minimizing undesired toxicity to normal
tissues is a critical for the use of FRET-DDSs for PDT. It has been
reported that some nanoscale FRET-DDSs, such as AuNRs and
silica nanoparticles, have high redox reactivity on their surface,
which could generate unwanted ROS and oxidative stress to the
normal cells.’>® Some QDs and UCNPs containing heavy metal
ions (e.g. Cd?*, Hg?*, etc.) have been found toxic to normal cells
owing to ROS production and DNA damage.'57-15° Furthermore,
these nanoparticles can be captured by the reticuloendothelial
system after intravenous administration, leading to a quick
removal from the blood circulation and lower cellular uptake at
target sites.169-162 Besjdes, the off-targeted nanoparticles mainly
reach the liver and spleen, which can cause liver and spleen
toxicity and generate inflammatory responses.163-165 Hence, it is
important to construct FRET-DDSs with biocompatible materials
for PDT to avoid unwanted side effects on healthy tissues.

Secondly, use of a suitable, inexpensive and safe laser is
desired for applications of FRET-DDSs in PDT. In spite of
significant red-shifting of excitation wavelength via two-photon
and unconversion excited FRET technology during PDT, the focal

This journal is © The Royal Society of Chemistry 20xx

area of the laser beam is generally small.8* The smal|, focal area
is not suitable for treatment of bulky tufeld. 260 3560 tHEOhight
source is usually costly. Furthermore, X-ray and Cerenkov
excited FRET-DDSs can increase the tissue penetration depth
from several millimetres to several centimeters, but the
irradiation of X-ray and Cerenkov will cause unnecessary
phototoxicity to normal cells.3® Therefore, it is crucial to enlarge
the laser beam diameter, reduce costs and improve treatment
safety for translating FRET-DDSs to clinical PDT practice.

The last, but not the least, the challenge of tumor hypoxia
remains to be addressed in future anticancer PDT since PDT is
an oxygen-consuming treatment modality.102105 The hypoxic
microenvironment in solid tumors is caused by the presence of
pre-existing hypoxic cells due to the exhaustion of blood supply
during the rapid tumor growth; and also associated with the
PDT process through rapid shutdown of tumor vasculature and
fast consumption of local oxygen.?*167.168 To date, some
interesting solutions have been proposed to overcome the PDT-
induced hypoxia, for example through the use of a hyperbaric
oxygen therapy which offers a pure oxygen environment to
patients in a pressurized sealed chamber for promoting oxygen
transportation to hypoxic tumors.1%> However, the side effects,
including barotrauma and hyperoxic seizures, may seriously
hinder its clinical applications.162-171 Recently, some oxygen-
generating materials including MnO, and catalase have been
reported to overcome hypoxia.l’>176 However, these materials
are highly dependent on the catalytic reaction by endogenous
enzymes. Therefore, new strategies that can facilitate the PDT
independence of the oxygen concentration at a tumor site will
be favorable.

In conclusion, recent years have witnessed growing research
interest on development of novel FRET-DDSs for enhanced PDT
applications. Although increasing efforts need to be made in the
clinical translation of PDT technologies, it is believed that more
novel and safer FRET-DDSs will be developed in the future
thanks to the rapid development of both optical technology and
nanotechnology.
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