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Photodynamic therapy (PDT) takes advantage of photosensitizers (PSs) to generate reactive
oxygen species (ROS) for cell killing when excited by light. It has been widely used in clinic for
therapy of multiple cancers. Currently, all the FDA-approved PSs, including porphyrin, are all
small organic molecules, suffering from aggregation-caused quenching (ACQ) issues in biological
environment and lacking tumor targeting capability. Nanoparticles (NPs) with size between
20nm and 200nm possess tumor targeting capability due to the enhanced permeability and
retention (EPR) effect. It is urgent to develop a new strategy to form clinical-approved-PSs-based
NPs with improved ROS generation capability. In this study, we report a strategy to overwhelm
the ACQ of porphyrin by doping it with a type of aggregation-induced emission (AIE) luminogen
to produce a binary NPs with high biocompatibility, and enhanced fluorescence and ROS
generation capability. Such NPs can be readily synthesized by mixing a porphyrin derivative, Ce6
with a typical AIE luminogen, TPE-Br. Here, our experimental results have demonstrated the
feasibility and effectiveness of this strategy, endowing it a great potential in clinical applications.
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1. Introduction

Cancer is the second leading cause of mortality
globally. In addition to radiotherapy, chemothera-
py, and surgery, various emerging treatment strat-
egies have been proposed.'® Photodynamic therapy
(PDT) has attracted much attention in recent
years, due to its high spatiotemporal precision, low
side-effect, noninvasive properties, etc.”® It relies on
photosensitizers (PSs) and light to generate reactive
oxygen species (ROS) to destroy the target cells or
tissue. In recent years, various PSs have been
designed and synthesized for cancer therapy.’-'’
Porphyrin and its derivatives are still the most
widely used PSs.!'"'* However, these PSs normally
possess hydrophobic and planar w-conjugated
structures and consequently suffer from aggrega-
tion-caused quenching (ACQ) issue in aqueous
media.'* According to the Jablonski diagram, after
the PS molecule absorbs the excitation light, there
are generally three energy dissipation pathways: the
excited singlet state to fluorescence emission path-
way, intersystem crossing (ISC) to a triplet excited
state for PDT, and thermal deactivation pathway
via nonradiative decay.!” As the three dissipation
pathways of absorbed excitation energy are always
competing, the optimized efficacy of the required
phototheranostic function can be realized by sup-
pression of the other pathways. Due to the hydro-
phobic and rigid planar structures, most PSs can
easily aggregate in aqueous media and result in the
excited state energy dissipation in nonradiative
decay pathway and consequently reduced PDT ef-
ficiency.'® Thus, it is thought that PDT has not
reached its full potential. It is essential to develop
high performance PSs for efficient PDT.

Nanoparticles (NPs) with unique properties that
only exhibit at nanoscales have been developed very
fast and widely used in biomedical researches and
applications.'”!'® The chemical and physical char-
acters of nanoscale materials are significantly dif-
ferent from those of macroscales materials, therefore
providing novel and powerful functions.!? Specifi-
cally, the surface of NPs can be coated with bio-
compatible molecules to combine with target cells
or tissue and tune the solubility.?>?! In this way,
the NPs are capable of being modified with multiple
predesigned functions.’??* The high surface-to-vol-
ume ratio further brings large contact area, high-
efficiency molecular reactions, and thus promising
potential in biomedical applications.?*?

Plenty of different types of NPs have been de-
veloped for tumor diagnostics and therapy.?®>® The
microvascular epithelial cells in most normal tissue
contact tightly with each other with little inter-
space. Molecules and lipid granules can hardly pass
through the vessel walls. In contrast, the blood
vessels in the tumor are usually lacking in integrity.
Molecules and other nanoscale materials can di-
rectly diffuse out from the blood and stay in the
tumor tissue, so-called the enhanced permeability
and retention (EPR) effect.?”*" Similarly, the NPs
injected into blood vessels, ranging from 20 nm to
200 nm, can also be enriched in tumors by such EPR
effect. In this regard, the NPs at the scale of 10 nm
are naturally targeted to tumor tissue, which can
further be combined with other technologies for
targeted photothermal therapy (PTT), PDT, and
immune therapy of cancer.?'™%?

However, due to the inherent ACQ issue, low
concentration of porphyrin and its derivatives are
integrated with drug carriers, including mesoporous
silica, two-dimensional nanomaterials, etc., to re-
lieve ACQ and realize tumor targeting. However,
the biosafety of inorganic nanomaterials is still
concerned.?* Thus, it is of great importance to de-
velop a new strategy to form clinically-approved-
PSs-based NPs with improved ROS generation ca-
pability and tumor-targeting capability.

PSchlorin e6 (Ce6), an FDA-approved second-
generation PS, which can effectively generate sin-
glet oxygen ('O,) under light irradiation, is exten-
sively used in PDT.?> Despite these upsides, Ce6 has
shortcomings including poor water solubility and
being easy to aggregate, which largely compromise
its therapeutic efficacy. Strategies of combination
with nanomaterials for improving the dispersion of
Ce6, like encapsulating Ce6 with metal organic
framework, carrying Ce6 with two-dimensional
carrier, loading Ce6 by supramolecular hydrogels,
and anchoring with gold nanostructures for PDT,
have been reported.’ While these methods achieved
effective anticancer performance, these nanoagents
still suffered from tedious preparation process, poor
degradation, and potential toxicity.

The recently discovered aggregation-induced
emission (AIE) fluorogenic (AIEgens) molecules,
which are observed in molecules with rotating units
such as phenyl rings, have non-coplanar benzene
rings with steric hindrance, making them promising
blockers for overcoming ACQ. AlEgens have also
been designed to serve as phototherapy reagents by
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facilitating the ISC process.’” By incorporating
electron donors and acceptors into m-conjugated
systems to optimize the ISC process, the ROS
quantum yield of ATEgens could reach 0.89. In ad-
dition, AIEgens are used as core component for
enhancing fluorescence quantum yield for promising
cellular and vascular imaging.”® The clinical appli-
cation barrier is the biosafety of AlEgens, which is
under investigations. Currently, there are no
reports on using AIEgens as building blocks to si-
multaneously enhance ROS generation capacity
and fluorescence quantum yield.

In this study, binary organic NPs (BONPs)
composed of two components (TPE-Br and Ce6)
are synthesized for efficient PDT. The two compo-
nents are encapsulation with amphiphilic 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-
amino (polyethylene glycol)-2000 (DSPE-mPEG)
to obtain NPs with excellent dispersion. By in-
creasing the molar ratio of TPE-Br/Ce6, the ROS
generation capacity and fluorescence quantum yield
of Ce6 are improved. The enhancement of ROS
generation yield ensures efficient PDT in Hela cells.
Without changing the molecular structures, there
are no required tedious synthesis and postprocessing.
This strategy of obtaining BONPs has provided a
simple method for elevating the performance of
therapeutic agents.

2. Methods and Results

2.1. The synthesis and characterization
of Ce6+TPE-Br@DSPE-mPEG
NPs

In this study, to design a biocompatible tumor-
targeting PDT PS, the porphyrin derivative, Ce6,
needs to be coated with DSPE-mPEG to produce
NPs with EPR effect. To decrease ACQ of Ce6 and
enhance the ROS generation, the AlEgen, TPE-Br
is doped inside to prevent the 7-7 stack of molecules
while its fluorescence spectrum is far from that of
Ce6. In this regard, three types of NPs were
designed and synthesized (all coated with DSPE-
mPEG) as follows: (1) Ce6 NPs (solely Ce6); (2)
BONPs with both Ce6 and TPE-Br (doping ratio of
Ce6: TPE-Br ~ 1:12); and (3) BONPs (Ce6: TPE-
Br ~ 1:24). The Ce6 concentration in all those three
NPs was consistently 2 uM. Generally, the synthesis
of those NPs followed the protocol. DSPE-mPEG
was added directly into the mixture of 200 L. Ce6

BONPs with enhanced ROS generation capability for PDT

(200 uM) and 0, 200, or 400 uL. TPE-Br (2400 uM),
and then tetrahydrofuran (THF') solution to 2mL.
The mixture was then injected into 20 mL ultrapure
water, shaken by ultrasonic wave for 2min, and
stirred for evaporation of THF. The NPs could be
harvested after overnight stewing. The protocol was
briefly introduced in Fig. 1(a). The NP size was
measured by dynamic light scattering (DLS)
method (Fig. 1(b)). The diameter of Ce6 NPs
and BONPs were 36 nm and 43 nm, respectively.
The obtained size guaranteed the in vivo tumor
targeting via EPR effect.

The planar m-conjugated PS molecules are al-
ways resulting in quenched fluorescence in the ag-
gregation state due to the hydrophobic and rigid
planar structures. In order to alleviate the ACQ
effect of NPs composed of organic PSs, AlEgens of
TPE-Br was selected to co-dope with PSs to form
the binary NPs. The non-coplanar structure of
AlEgens were expected to separate the PSs in the
NPs, efficiently lowering the ACQ effect. Thus, the
organic PSs and AlEgens were carefully selected in
consideration of the spectral characteristics. Ce6
and TPE-Br were chosen because there was no
significant spectral overlap between the emission of
TPE-Br and absorption of Ce6. The measured
spectra of Ce6 and TPE-Br NPs were shown in
Fig. 1(c). It should be noted that the excitation
peak of Ce6 and TPE-Br was 405nm and 320 nm
respectively, which could guarantee the excitation
of Ce6 but prevent TPE-Br from being excited
when exciting those NPs at 400700 nm. The orig-
inal fluorescence peak of Ce6 NPs was at around
460 nm. The peak moved to 680 nm in the presence
of TPE-Br. If the TPE-Br concentration was in-
creased during the synthesis of BONPs, fluorescence
emission at 680nm was significantly enhanced
(Fig. 1(d)).

To measure the ROS generation of those NPs,
ROS indicator of 9,10-anthracenediyl-bis (methy-
lene) dimalonic acid (ABDA, final concentration:
50 uM) was added into the NP solutions. The ab-
sorption spectra of the mixture of TPE-Br@DSPE-
mPEG (48 uM) and ABDA under the irradiation
by white light (400-700nm at 100 mW /cm?®) were
measured as shown in Fig. 2(a). The absorption
peak located at 400nm almost kept constant,
eliminating any interference from TPE-Br. While
for the pure Ce6 NPs as shown in Fig. 2(b), the
absorption peak located at 400 nm decreased
slightly since ACQ issue remarkably decreased the
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Fig. 1. The size and fluorescence spectrum of BONPs. (a) The brief protocol to synthesis the BONPs for PDT. (b) The size
distribution of Ce6 NPs (left) and BONPs (right) NPs. (c) The optical spectral characteristics of TPE-Br NPs (left) and BONPs
(right). (d) The fluorescence spectrum of BONPs NPs with different doping ratio of TPE-Br.

ROS generation capability. Once the Ce6 molecule  were apparently lowered with the 1:12 and 1:24
was separated by doped TPE-Br, the ACQ was  doping ratio of TPE-Br. The quantum yield of Ce6
efficiently alleviated. As shown in Figs. 2(c) +TPE-Br NPs at 1:24 doping ratio was measured
and 2(d), the absorption peak located at 400nm  as in Fig. 2(e), which remained stable in 24h.
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Fig. 2. The fluorescence enhancement and ROS production by BONPs. The fluorescence spectrum of TPE-Br NPs (a), Ce6 NPs

(b), Ce6+TPE-Br (1:12) NPs (c), and Ce6+TPE-Br (1:24) NPs (d) indicate the enhancement of fluorescence emission. (e) The
quantum yield of Ce6+TPE-Br at 1:24 in 24 h. (f) The ABDA degradation by Ce6 NPs, Ce6+TPE-Br (1:12) NPs, and Ce6+TPE-
Br (1:24) NPs under white light excitation. The slopes of time-lapse degradation of those NPs were acquired by linear fitting.

*p < 0.05 by students’ t-test.

The ROS generation capability of this binary NPs
was enhanced 3-fold as compared with the pure Ce6
NPs, and could be further improved by increasing
the doping ratio (Fig. 2(f)). Thus the formed binary
NPs have improved ROS generation and tumor-
targeting capability, making binary NPs promising
for clinical applications.

2.2. PDT effect by BONPs

HeLa cells are cervical cancer cell lines, while cer-
vical cancer is one of the major diseases threatening
human health worldwide. Thus, this work chooses
HeLa cells for evaluating the biocompatibility and
PDT efficacy of BONPs. Before performing the in
vitro cancer cell study, the biocompatibility of bi-
nary NPs was investigated. HeLa cells were incu-
bated with NPs of different concentrations for 48 h
when viability test was performed. The cells were
seeded into 96-well plates, around 5000 cells in each
well. After cells were adhered on the bottom, the
cell buffer was replaced with culture medium with
different concentrations of BONPs (0.5, 1.0, 1.5,

2.0, 2.5, and 3.0 uM). The cells were then cultured
for 24 h and 48 h, and washed by PBS before incu-
bation with 100 uL. CCK-8 at 37°C for 2h. The
absorption of the cell solutions at 450 nm was finally
measured by a Microplate Reader (Bio-Tek Synergy
HT). As shown in Fig. 3(a), the cell viability incu-
bated with each concentration of BONPs was not
totally influenced in 48h, implying an excellent
biocompatibility.

Next, HeLa cells incubated with BONPs for 12h
were irradiated by white light (400-700nm,
100 mW /cm?) for 15 min. After the treatment, cells
were incubated with fresh medium for another 5h
and stained with Calcein-AM and PI for live/dead
cell staining. As shown in Fig. 3(b), cells treated
with only white light irradiation or only NPs
showed green fluorescence of Calcein-AM, elimi-
nating the light irradiation interference and dem-
onstrating the excellent biocompatibility of NPs.
Meanwhile, in the PDT group, not any PI signal
was observed in the cells treated with 2.0 uM Ce6
NPs under white light irradiation, indicating not
any cellular phototoxicity. It meant that the Ce6

2150009-5



J. Innov. Opt. Health Sci. 2021.14. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 06/01/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

X. Weng, Z. Bao & X. Wei

Calcein-AM

M24h M 48h

1.0

PI
0.5

Cell Viability (100%)

Bright field

0 051
Concentration (uM)

1.5 2 25 3

(a)

PS PDT
Ceb Ce6+TPE-Br Ce6

Ce6+TPE-Br

Fig. 3. The PDT test of BONPs. (a) Cell viability tested by CCKS8 after incubation with different concentrations of BONPs for
24h or 48h. (b) PDT test of HeLa cells incubated with BONPs. Light: HeLa cells solely suffered irradiation of white light without
any NPs. PS: cells incubated with only Ce6 or BONPs without any light irradiation. PDT: Cells incubated with Ce6 and BONPs
and treated with light irradiation. Calcein-AM (Ex: 488 nm; Em: 505-525 nm) and propidium iodide (PI) (Ex: 552 nm; Em: 605

625 nm).
Table 1. The general potential in clinical PDT of BONPs.
PDT drug Anti-ACQ ROS enhancement Tumor target Clinic potential — Synthesis
Porphyrin No No Moderate Clinic Easy
ALA No No Moderate Clinic Easy
BONPs Yes Yes EPR Good Easy

NPs non-doped with TPE-Br could not generate
ROS due to the ACQ issue, while strong PI signal
was observed in the cells treated with both binary
NPs and light irradiation. The superior cancer cell
ablation capability of binary NPs makes it a great
promising candidate for clinical cancer treatment.

3. Conclusion

In this study, we proposed a general strategy to
alleviate the ACQ of organic PS formed NPs by
inducing AlEgen to separate PS molecular. As
compared with pure Ce6 NPs, the ROS generation
capability of formed binary NPs was remarkably
increased, while the excellent cancer cell ablation by
PDT using binary NPs was achieved. Furthermore,
developed binary NPs possessed unique advantages
including high ROS generation efficiency, excellent
biocompatibility, making binary NPs promising
in practical PDT applications, as generalized in
Table 1. This study highlights the general strategy
to achieve organic PSs NPs with improved ROS
generation capability for future translational
research.
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