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Rational design of a “dual lock-and-key”
supramolecular photosensitizer based on aromatic
nucleophilic substitution for specific and enhanced
photodynamic therapy+t

*

Kun-Xu Teng, Li-Ya Niu, &2 * Yan-Fei Kang ¥ and Qing-Zheng Yang

Photosensitizing agents are essential for precise and efficient photodynamic therapy (PDT). However, most
of the conventional photosensitizers still suffer from limitations such as aggregation-caused quenching
(ACQ) in physiological environments and toxic side-effects on normal tissues during treatment, leading
to reduced therapeutic efficacy. Thus, integrating excellent photophysical properties and accurate
carcinoma selectivity in a photosensitizer system remains highly desired. Herein, a "dual lock-and-key”
supramolecular photosensitizer BIBCI-PAE NPs for specific and enhanced cancer therapy is reported.
BIBCI-PAE NPs are constructed by encapsulating a rationally designed glutathione (GSH)-activatable
photosensitizer BIBCl in a pH-responsive diblock copolymer. In normal tissues, BIBCl is “locked” in the
hydrophobic core of the polymeric micelles due to ACQ. Under the “dual key” activation of low pH and
high levels of GSH in a tumor microenvironment, the disassembly of micelles facilitates the reaction of
BIBCl with GSH to release water-soluble BIBSG with ideal biocompatibility, enabling the highly efficient
PDT. Moreover, benefiting from the Fdrster resonance energy transfer effect of BIBSG, improved light
harvesting ability and *O, production are achieved. In vitro and vivo experiments have demonstrated that
BIBCI-PAE NPs are effective in targeting and inhibiting carcinoma. BIBCI-PAE NPs show superior
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Introduction

Photodynamic therapy (PDT) is a promising local tumor treat-
ment method combining photosensitizers (PSs), oxygen mole-
cules and light." In comparison with conventional cancer
therapy methods, it possesses several unique advantages
including minimal invasion, fewer side effects, low toxicity,
negligible drug resistance, and great spatiotemporal selec-
tivity.>™* Undoubtedly, PSs are essential for valid PDT,*> and
researchers have been devoted to developing PSs with high
performance in recent years, such as porphyrins,*® cyanines®*’
and BODIPY derivatives.’*** Nonetheless, most traditional PSs
still suffer from intrinsic drawbacks,” especially common
organic PSs have a strong tendency to aggregate by stacking in
water, resulting in quenching of the electronic excited state and
significantly reducing the quantum yield of '0,.** Thus,
aggregation-caused quenching (ACQ) of PSs is an urgent
problem to be solved. To suppress ACQ, several strategies have
been proposed to design novel PSs. For example, Chen et al.
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anticancer efficiency relative to non-activatable controls.

fabricated a supramolecular PS from porphyrin derivatives with
cucurbit[7]uril based on host-guest interactions, which
enhanced the efficiency of the supramolecular PS to generate
'0, attributed to the suppressed self-quenching of the excited
state of porphyrins.'”” Jin and co-workers designed an alter-
nating copolymer, inhibiting the aggregation of porphyrins to
enhance the efficacy of PDT.® PSs with aggregation-induced
emission (AIE) characteristics have received much attention in
recent years.'>*® Tang and Liu have developed a series of PSs
with AIE properties for PDT.*** Although these strategies
turned “always-off” PSs into “always-on” ones, they still suffer
from nonspecific phototoxicity and side effects on normal
tissues.****

In order to realize precise PDT, instead of eradicating self-
quenching, ACQ can be taken advantage of as a “lock” to
switch off the photoactivity in noncancerous tissues, turning
waste into treasure.”®*® By the “key” stimulation of cancer-
specific microenvironments or biomarkers, for example, low
pH,>”*® hypoxia,®*® or high levels of glutathione (GSH),*"*>
ROS,* and proteases,**** PSs are activated to generate 'O, under
irradiation, and thereby to realize tumor-specific PDT.*®
However, single-factor activatable PSs are still unsatisfactory in
terms of precise control of 'O, release, because they may
potentially pose the issue of nonspecific activation and even
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cause “false positive” results in the complex environment in
vivo.*”*® Therefore, to further improve the accuracy of photo-
therapy, smart PSs that can be activated by the coexistence of
multiple stimuli are highly desired to provide robust and
precise specificity for therapeutic treatments.

Herein, we report a dual-stimuli cooperatively activatable
supramolecular photosensitizer BIBCI-PAE NPs using the “dual
lock-and-key” strategy for high-specificity and enhanced
photodynamic therapy (Scheme 1). We encapsulate a rationally
designed GSH-activatable photosensitizer BIBCI (first lock-and-
key) in a pH-responsive diblock copolymer poly(ethylene
glycol)-poly(B-amino ester) (PEG-PAE) to form BIBCI-PAE NPs
(second lock-and-key)."** In blood and normal tissues with
neutral pH and low GSH concentrations, the hydrophobic
nature of BIBCl and amphiphilic polymer PEG-PAE act as
“double locks” to lock the PS in a tightly aggregated state, and
cannot sensitize oxygen to 'O, due to ACQ. In a tumor micro-
environment, the low pH (pH = 5.0-6.8) and high level of GSH
(1-15 mM) function as “dual keys” to unlock the ACQ state of
PSs. Protonation of PEG-PAE promotes the reaction of BIBCI
with GSH to afford water-soluble BIBSG with high PDT perfor-
mance. Moreover, benefiting from the Forster resonance energy
transfer (FRET) effect, BIBSG showed improved light-harvesting
ability and 'O, production.®* These merits endow this intelli-
gent supramolecular photosensitizer with a significantly
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specific and enhanced phototherapeutic response both in vitro
and in vivo.

Results and discussion

Design principles of the PS molecule and the supramolecular
PS

We designed BIBCI as a new PS that consists of two moieties, an
iodine-substituted BODIPY (BI) unit and chlorine-substituted
BODIPY (BCl) unit. Specifically, the BI unit contains heavy
atomic iodine, which can generate 'O, through intersystem
crossing (ISC) due to the heavy atom effects and energy transfer
with oxygen.** On the other hand, the BCI unit is designed as
both a GSH-responsive moiety and a light-harvesting unit.
According to previous reports of our group, the chlorine of the
BCl moiety can be substituted with GSH to form a hydrophilic
molecule.*>*® The resulting hydrophilic BIBSG is expected to
avoid the ACQ problem of conventional PSs. In addition, the
GSH substitution is accompanied by a 70 nm bathochromic-
shift in the fluorescence spectrum, which results in a good
overlap with the absorption spectrum of BI to enable the effi-
cient FRET (Fig. S2 and S37). Therefore, BIBSG will exhibit
a broad absorption peak with strong light-harvesting ability and
intensified 'O, production. It is worth mentioning that it is the
first example of a GSH-activated PS based on aromatic nucleo-
philic substitution. This new strategy not only markedly
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Scheme 1 Schematic illustration for the fabrication of BIBCI-PAE NPs, and the processes of the "dual lock-and-key” strategy in a tumor
microenvironment to achieve activated and enhanced generation of O,.
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improves the water solubility, but also modulates the photo-
physical properties of the PS, showing distinguished advantages
compared to the most commonly used cleavage of S-S
bonds.***

In order to further improve the precise capability of cancer
treatments, PSs that can be activated by the coexistence of
multiple cancer-associated stimulations are highly desired.
The diblock copolymer PEG-PAE is a pH-responsive surfac-
tant. And it forms self-assembling polymeric micelles in
neutral or basic aqueous solutions (pH = 7.0) and disas-
sembles in an acidic environment (PH < 6.8).°° At pH 7.4, the
critical micelle concentration (CMC) of PEGs5000—PAE;¢000 1S
determined to be 80.2 pg mL~" (Fig. S41). BIBCI is encapsu-
lated in the hydrophobic core of PEG-PAE polymeric micelles
to form nanoparticles by hydrophobic interaction between
the BIBCl and PAE segment in a neutral aqueous solution.
The aggregated BIBCI results in quenching of the excited
state with no PDT effect. Upon accumulation due to the
enhanced permeability and retention (EPR) effect in a tumor
microenvironment with weakly acidic pH and high levels of
GSH, PEG-PAE will translate into hydrophilic molecules and
disassemble, and the released BIBCI will react with GSH to
produce water-soluble BIBSG with the PDT effect. Such
nanoparticles represent a dual-activatable PDT with high
specificity to tumors. By contrast, the nanoparticles remain
in a tightly aggregated state in blood and normal tissues on
account of their neutral pH and low GSH concentrations, and
cannot sensitize oxygen to 'O, due to ACQ.

BIBCl was synthesized (ESI, Schemes S1-S31) and fully
characterized by 'H NMR, *C NMR and HRMS. BIBCI was
encapsulated within biodegradable copolymer PEGsgg0—
PAE; 4000 by a single-step sonication method (Scheme S5t) to
form water-dispersible nanoparticles (BIBCI-PAE NPs). We also
synthesized an analogue BIBH without GSH-activation capa-
bility as a control photosensitizer and prepared control nano-
particles BIBCI-PCL NPs encapsulated using pH-insensitive
PCL10000-PEGsg0o, BIBH-PAE NPs and BIBH-PCL NPs
(Schemes S4, S5 and Fig. S17).

Morphological and spectroscopic properties

The supramolecular photosensitizer BIBCI-PAE NPs was char-
acterized as well-dispersed nanoparticles with a size distribu-
tion of 85 + 11.0 nm by dynamic light scattering (DLS) and
transmission electron microscopy (TEM) (Fig. 1a). These size
distributions are in the size range suitable for the EPR effect,
facilitating enrichment within tumor tissue. The hydrodynamic
size of BIBCI-PAE NPs in PBS remained almost constant for 15
days (Fig. S5at). Moreover, the zeta potential value of BIBCI-PAE
NPs was determined to be ~—89.0 mV, which provided further
evidence for the high stability of nanoparticles (Fig. S61). The
absorption of BIBCI-PAE NPs is constant for 48 h in fetal calf
serum, indicating that BIBCI-PAE NPs are remarkably stable
under physiological conditions (Fig. S5b¥). In addition, BIBCl-
PAE NPs and BIBSG retained high absorbance (>90%) after 60
minutes of irradiation (Fig. S5c and df), indicating their high
photostability.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) DLS profiles of BIBCI-PAE NPs and TEM images (inset). (b)

Time-dependent absorption spectra of BIBCI-PAE NPs (20 uM) in the
presence of 50 equiv of GSH at pH 6.5. (c) Normalized absorption
spectra of BIBCI-PAE NPs after 6 h under different conditions. (d)
Centrifugation of BIBCl-PAE NPs after 6 h under different conditions
(centrifugation at 12 000 rpm for 30 minutes). (e) Emission spectra of
BIBSG excited at 580 nm and 670 nm. (f) Fluorescence decay curves of
BSG and BIBSG, and the detection wavelength is 600 nm in DMSO.

The time-dependent absorption response of BIBCI-PAE NPs
(equivalent concentration of: 20.0 uM) in the presence of GSH
(1.0 mM) at pH 6.5 was measured at 37 °C to simulate the tumor
microenvironment (Fig. 1b). As the reaction progressed, the
intensity of the original absorption band of the BCl unit
centered at 510 nm decreased, while the intensity of two new
absorption peaks at 543 nm and 580 nm increased, which are
assigned to the mono- and di-substituted products of the BSG
unit. The absorption peaks at 665 nm of the BI moiety showed
a slight hypsochromic shift, suggesting the formation of water-
soluble BIBSG is prone to disaggregate into free molecules. The
final product was characterized by HRMS (Fig. S7). The HRMS
manifested a peak at 1830.3155, which was assigned to [BIBSG +
H]". This disassembly process was further confirmed by
centrifugation experiments (Fig. 1d). After the centrifugation of
the reaction mixture of BIBCI-PAE NPs and GSH at pH 6.5, the
color of the solution remains blue-black, and no precipitate was
observed. The absorption spectrum was overlapped with that of
the free BIBSG in DMSO, indicating that water-soluble BIBSG
was formed in the solution (Fig. S8ct). Moreover, after the
reaction, BIBSG shows a broader absorption peak that suggests
a stronger light-harvesting ability compared to that of BI only.
Upon 580 nm excitation, the fluorescence of BSG at 600 nm was
completely quenched, and the fluorescence of BI at 720 nm was
observed (Fig. 1e), proving that efficient FRET occurred in
BIBSG. In addition, we further measured the fluorescence life-
time of BSG and BIBSG. As shown in Fig. 1f, BIBSG presented
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a shorter fluorescence lifetime (1.80 ns) than BSG (4.97 ns),
which demonstrated an efficient energy transfer from the BSG
moiety to the BI moiety in BIBSG.

The “dual-lock” strategy was further confirmed by the
control experiments (Fig. 1c and d). BIBCI-PAE NPs were
centrifuged after the treatment with either high GSH concen-
trations or acidic solutions individually, and the solution
changed from green to colourless and transparent. In the
absence of GSH or weakly acidic conditions, negligible change
was observed in the absorption spectra of BIBCI-PAE NPs under
the identical conditions. These results indicate that the “single-
key” is not able to release the photosensitizer out and ensure
that PSs don't show photoactivity in blood or normal cells.

10, generation ability

The 'O, generation of the supramolecular PSs was measured
with 9,10-anthracenediyl-bis(methylene)-dimalonic acid (ABDA)
as the singlet oxygen scavenger. The 'O, measurement mecha-
nism of ABDA is illustrated in Fig. S9.f To determine whether
the GSH facilitates enhancement of 'O, generation of BIBCI-
PAE NPs in acidic environments, we separately studied the 'O,
generation ability with or without GSH, and we also tested
commercial PS Ce6 as a comparison. When BIBCI-PAE NPs
were exposed to white LED light irradiation (400-800 nm, 10
mW cm ™), negligible change of the absorbance of ABDA was
observed (Fig. 2b), indicating inefficient sensitization of oxygen
due to self-quenching of the excited state of BIBCI caused by
aggregation of the PS. By contrast, after reaction with GSH at pH
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Fig. 2 (a) The absorption spectra of BIBCl-PAE NPs and GSH-treated
BIBCI-PAE NPs. Absorption spectra of ABDA at different time points in
the presence of (b) BIBCI-PAE NPs without GSH and (c) BIBCl-PAE
NPs with GSH. (d) The absorbance changes of ABDA at 378 nm in the
presence of different samples. () The ESR spectra to detect 'O,
generated by BIBCI-PAE NPs under panchromatic light illumination,
using Temp as the spin trappers. (f) The absorbance changes of ABDA
at 378 nm in the presence of different samples.

9706 | Chem. Sci, 2020, 11, 9703-971M

View Article Online

Edge Article

6.5 to yield BIBSG (Fig. 2a), the ABDA absorbance rapidly
decreased (Fig. 2¢), enabling the GSH/pH activated 'O, gener-
ation. The 'O, yield of BIBSG increased by a factor of 10-fold
higher than that of BIBCI-PAE NPs without GSH (Fig. 2d). The
'0, generation capacity of BIBSG is even better than that of
commercial PS Ce6 (Fig. $107). The 0, yield of BIBSG is ~2-fold
higher than that of Ce6 under identical conditions. We further
employed the spin-trapping method to detect the generation of
'0, by electron spin resonance (ESR) spectroscopy utilizing
2,2,6,6-tetramethylpiperidine (Temp) as the spin trappers to
identify 'O, (Fig. 2e). Only BIBCI-PAE NPs with GSH at pH 6.5
effectively generate 'O, under irradiation, while no ESR signals
were observed in other control groups. In addition, in order to
demonstrate whether the light-harvesting ability of BIBSG
would facilitate enhancement of 'O, generation, we also ob-
tained the decolorization curves of ABDA in the presence of BSG
(energy donor), BI (energy acceptor), BIBCl (with poor FRET)
and BIBSG respectively (Fig. S111). As shown in Fig. 2f, the
ability of BIBSG to generate 'O, was about 1.5-fold higher than
that of BIBCI and BI, and 16-fold higher than that of BSG. This
revealed that BIBSG has an elevated photon utilization ability
due to FRET, resulting in boosted 0, generation. The above
results demonstrate the validity of our design. Upon the GSH/
pH cooperative activation, the aggregated BIBCI in the self-
quenched state is transformed into free molecule BIBSG with
the FRET effect, eliminating ACQ and giving rise to an elevated
photon utilization to boost 10, generation.

Cellular uptake and the discrimination of cancer cells from
normal cells

The cellular uptake of the supramolecular PS was tested in
cancer cells and normal cells. Confocal laser scanning micros-
copy (CLSM) images were obtained after incubating HepG2 cells
(liver cancer cells) with BIBCI-PAE NPs (equivalent concentra-
tion of BIBCI: 2.5 ug mL™"). As shown in Fig. 3a, as the incu-
bation time was prolonged, fluorescence increase in the green
and red channels was observed, indicating that BIBCI-PAE NPs
were internalized into the HepG2 cells. After 6 hours, the fluo-
rescence intensity in the green and red channels gradually
reduced, whereas the fluorescence intensity in the near-infrared
(NIR) channel kept increasing (Fig. 3b). This result suggests the
reaction of BIBCI with intracellular GSH to generate BIBSG in
which energy transfer from the BSG unit to the BI unit enhances
the NIR emission of the BI moiety. Moreover, the NIR signal of
the photosensitizer nicely coincided with the green fluores-
cence of lysosome tracking dye (correlation coefficient of 0.89)
(Fig. S121), which was ascribed to internalization of the BIBCI-
PAE NPs by endocytosis and the subsequent release of BIBCI
from the nanoparticles. In sharp contrast, when the same
incubation procedure was applied in L02 cells (normal liver
cells), the fluorescence intensity in the green and red channels
was only about 1/15 of that in HepG2 cells after 6 hours of
incubation (Fig. 3a and b). And when the incubation time was
prolonged, fluorescence in the green and red channels did not
decrease, indicating that no FRET occurred. We speculate that
the BIBCI-PAE NPs remained in the tightly aggregated state due

This journal is © The Royal Society of Chemistry 2020
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(@) CLSM images of HepG2 cells and LO2 cells incubated with the BIBCl-PAE NPs at different time points (green channel: 500-550 nm,

excited at 487 nm; red channel: 570-620 nm, excited at 562 nm; NIR channel: 663-738 nm, excited at 638 nm). The scale bar represents 20 um.
(b) Intracellular average fluorescence intensity at different time points after incubation with BIBCI-PAE NPs in HepG2 cells and LO2 cells. The
viability of cancer cell lines after treatment with various doses of BIBH-PCL NPs, BIBCI-PCL NPs, BIBH-PAE NPs and BIBCI-PAE NPs with
irradiation for 10 min, as measured by CCK-8 assay: (c) HepG2 cells; (d) A549 cells; (e) Hela cells. (f) Cell viability of LO2 cells treated with BIBCl-
PAE NPs at various doses under the same conditions. *P < 0.05 (one-way ANOVA).

to the low concentration of GSH and neutral pH in normal cells.
This result indicates that BIBCI-PAE NPs can be activated by
GSH in the weakly acidic tumor microenvironment but remain
aggregated without activity in normal cells.

In vitro cellular toxicity evaluation

The quantitative evaluations of the PDT effect of BIBCI-PAE NPs
and controls BIBH-PAE NPs, BIBCI-PCL NPs and BIBH-PCL
NPs were carried out by cell counting kit-8 (CCK-8) assays on
HepG2 cells (Fig. 3c). In the absence of light irradiation, both
BIBCI-PAE NPs and controls did not show toxicity in HepG2
cells (Fig. S131). Under irradiation with white LED light (50 mW
cm™?, 400-800 nm) for 10 min, BIBCI-PAE NPs showed obvious
cytotoxicity in HepG2 cells, with a half-maximal inhibitory
concentration (ICs) of 4.5 g mL ™", which was much lower than
that of BIBH-PAE NPs (24.8 pg mL ™). The results indicated the
PDT potency of BIBCI-PAE NPs was enhanced by about 5.5-fold
compared to that of BIBH-PAE NPs without GSH-activation
capability. There was almost no cytotoxicity with BIBH-PCL
NPs and BIBCI-PCL NPs due to efficient excited state quenching
caused by tight aggregation. Similar results were also obtained
in other tumor cell lines, such as A549 cells (lung cancer cells)
and HeLa cells (cervical cancer cells) (Fig. 3d, e and S137),
revealing the robust PDT ability of BIBCI-PAE NPs in cancer
cells. Importantly, BIBCI-PAE NPs hardly caused normal cell
(Lo2 cells) death under irradiation (Fig. 3f). Such encouraging
results also demonstrated that, in the presence of illumination,
BIBCI-PAE NPs only show phototoxicity in tumor cells, but have
no toxic side-effects on normal cells.

This journal is © The Royal Society of Chemistry 2020

In vitro therapeutic mechanism

Reactive oxygen species (ROS) play an important role in PDT
and are considered to be the main cause of cell death. The ROS
probe, 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA),
was used to evaluate the cellular ROS during PDT. As shown
in Fig. 4a, in the presence of white LED light illumination, the
HepG2 cells treated with BIBCI-PAE NPs displayed bright
fluorescence in the green channel compared to the control
group without illumination, indicating effective ROS generation
under light irradiation. Moreover, when NaN; was added, the
fluorescence in the green channel disappeared, meaning that
the ROS induced by the PS was completely scavenged by NaNs;,
further implying the generation of ROS. Then, we employed the
Singlet Oxygen Sensor Green reagent (SOSG, a commercial 'O,
probe) to further examine whether the generated ROS is 'O,
(Fig. 4a). Under light illumination, the PS-loaded cells incu-
bated with SOSG showed obvious fluorescence in the green
channel, whereas no fluorescence was observed under the
identical conditions in the dark. Similarly, the addition of NaN;
effectively scavenged 'O, and significantly reduced the intra-
cellular fluorescence. In addition, DCFH-DA was also used to
evaluate the ROS generation in normal cells. The results showed
that the L02 cells treated with BIBCI-PAE NPs displayed negli-
gible fluorescence in the green channel compared to HepG2
cells (Fig. S14t), indicating that there was almost no effective
ROS generation in normal cells. These results indicate that our
photosensitizer system can selectively generate 'O, in tumor
cells.

To further observe cancer cell inhibition with BIBCI-PAE
NPs, a calcein-AM and propidium iodide (PI) assay that

Chem. Sci., 2020, 11, 9703-9711 | 9707
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Fig.4 (a) Evaluation of 1O, generation in HepG2 cells with DCFH-DA and SOSG. The scale bar represents 20 pm. (b) CLSM images of calcein AM/
Pl-stained HepG2 cells. The scale bar represents 20 um. (c) /n vivo fluorescence imaging of HepG2 tumor-bearing BALB/c mice after intravenous
injection of BIBCI—PAE NPs (injected at a dose of 2 mg kg~* BIBC). (d) Normalized fluorescence intensity of the photosensitizer in tumor sites at
different time points. (e) Fluorescence images of ex vivo organs harvested at 24 h post injection.

respectively stains viable cells (emit fluorescence in the green
channel) and apoptotic cells (emit fluorescence in the red
channel) was performed. It can be seen in Fig. 4b that HepG2
cells treated with BIBCI-PAE NPs showed obvious red and green
fluorescence after illumination, indicating partial apoptosis. By
contrast, in the presence of NaN; or without illumination, only
fluorescence in the green channel was observed, which meant
no apoptosis. Moreover, an Annexin V-FITC/PI apoptosis
detection kit was used to further investigate the cell apoptosis
due to BIBCI-PAE NPs by flow cytometry (Fig. S157). These
results proved that BIBCI-PAE NPs generate 'O, to induce
tumor cell apoptosis.

In vivo tumor imaging and anticancer effect

Motivated by the excellent in vitro experimental results, we
further evaluated the tumor enrichment effect and tumor
growth inhibition effect of BIBCI-PAE NPs on immunodeficient
mouse models by using a subcutaneous tumor model of human
liver cancer HepG2 cells in BALB/c mice. To determine the
enrichment time of supramolecular PSs in the tumor tissue, the

9708 | Chem. Sci, 2020, 1, 9703-971

tumor-bearing mice were intravenously injected at a dose of
2 mg kg~ " BIBCI, followed by in vivo fluorescence imaging at
different time points. As shown in Fig. 4c, 3 hours after intra-
venous injection, significant fluorescence was observed in the
tumor portion and had a high contrast ratio. With the increase
in time, the fluorescence intensity of tumor sites increased
further, reached maximum at 9 hours after injection, and then
began to weaken (Fig. 4d). Notably, the tumor site exhibited
strong fluorescence compared to surrounding sites with a high
S/N ratio of 7.9, which is attributed to the EPR effect in tumor
tissues and ACQ in normal tissues. Next, the ex vivo bio-
distribution of the photosensitizer was evaluated at 24 hours
postinjection (Fig. 4e). Obviously, the fluorescence in the tumor
was significantly stronger than that in other organs. Moreover,
except for the stomach and intestines, other organs showed
almost no fluorescence signal (Fig. S167).

After determining the enrichment time, we further pro-
ceeded to investigate the antitumor efficiency of BIBCI-PAE NPs
in vivo by using immunocompetent BALB/c mice. BIBCI-PAE
NPs (250 pg mL ™", 100 uL) were injected into the mice bearing

This journal is © The Royal Society of Chemistry 2020
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HepG2 tumor cells (primary tumor volume: ~100 mm?®) by tail
vein injection, followed by irradiation (white LED light, 400-
800 nm, 100 mW cm™?) on the tumors at 9 hours and 24 hours
postinjection. Then, the body weights (Fig. 5a) and tumor
volumes (Fig. 5b) were measured during the subsequent 14
days. The weight of the mice increased slightly, suggesting the
negligible systemic cytotoxicity of BIBCI-PAE NPs during PDT.
We were pleased to find that the tumors in the mice were
significantly reduced and the tumors of the two mice completely
disappeared, indicating that BIBCI-PAE NPs could effectively
suppress tumors. PBS with light irradiation as a control showed
a 20-fold increase of tumor volumes, indicating that the light
irradiation has no distinct influence on the tumor growth.
BIBCI-PAE NPs without irradiation also exhibited similar tumor
growth rates to PBS, suggesting that BIBCI-PAE NPs were non-
toxic in the absence of irradiation. In contrast, unobvious
inhibition of tumor growth was observed when mice were
injected with BIBH-PAE NPs or BIBH-PCL NPs, indicating the
strategy in which PSs react with GSH in a weakly acidic tumor
microenvironment to form a water-soluble molecule to
suppress ACQ and active PDT is valid. When the mice were
sacrificed on the 15th day and all the tumor tissues were peeled,
a considerable difference in the therapeutic efficacy was further
intuitively reflected by the images of tumor tissues (Fig. 5¢) and
average tumor weight (Fig. 5d and S171). Obviously, the group
of BIBCI-PAE NPs light has the best anti-tumor effect (Fig. 5b-
d). In addition, hematoxylin & eosin (H&E) staining was applied

This journal is © The Royal Society of Chemistry 2020

to examine the ability of different treatment groups to cause
tumor damage under irradiation (Fig. 5f). Samples were taken 2
days after treatment and it was found that BIBCI-PAE NPs
caused destructive cell necrosis in the tumor, indicating
a desirable ability to destruct the tumor cells as compared to
others. The results of H&E staining were consistent with the
antitumor data observed in vivo. The H&E staining images of the
paracancerous tissue and main tissues were also obtained
(Fig. S181). None of the tissues was significantly damaged
compared with the non-administered group. More importantly,
the above results demonstrated that the activatable BIBCI-PAE
NPs could suppress ACQ of the PS in the tumor while achieving
effective anti-tumor effects.

Conclusions

We developed a smart GSH/pH cooperatively activatable
supramolecular photosensitizer BIBCI-PAE NPs based on
a “dual lock-and-key” strategy for specific and enhanced PDT.
The hydrophobic characteristic of BIBCI and diblock copolymer
PEG-PAE acted as “dual locks” to keep the PS in the aggregation
state to realize the initial ACQ in blood and normal tissues. In
the tumor microenvironment, the low pH and high concentra-
tions of GSH served as “dual keys”that promote the reaction of
BIBCI with GSH to form water-soluble BIBSG, facilitating the
activation of the photosensitizer. Moreover, the FRET effect of
BIBSG enabled the increased light-harvesting ability and

Chem. Sci,, 2020, 11, 9703-9711 | 9709
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enhanced "0, production. The in vitro study demonstrated that
our photosensitizer not only discriminated cancer cells from
normal cells in live cell imaging, but also exhibited robust PDT
ability in cancer cells without toxicity and side effects to normal
cells. The in vivo results revealed that BIBCI-PAE NPs were
rapidly enriched in tumor sites to selectively “light up” the
tumor area and showed irreversible cytotoxicity to the tumor
tissue without affecting other normal tissues. Both in vitro and
in vivo results indicated that the supramolecular PSs serve as
a potentially new class of PDT agents for use in future cancer
theranostics based on their favorable features such as the
cooperative activation, high-specificity cancer therapy and light-
harvesting ability to overcome limitations associated with
conventional PSs. We speculate that our design may inspire
others to develop new effective photosensitizers for cancer
treatment.
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