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A NIR-I light-responsive superoxide radical
generator with cancer cell membrane targeting
ability for enhanced imaging-guided photodynamic
therapyf

Yingcui Bu,® Tianren Xu,? Xiaojiao Zhu,*? Jie Zhang,” Lianke Wang, €2° Zhipeng Yu,”
Jianhua Yu,® Aidong Wang,© Yupeng Tian, 22 Hongping Zhou 2 *2 and Yi Xie (2 ¢

Photodynamic therapy (PDT), as an emerging treatment modality, which takes advantage of reactive oxygen
species (ROS) generated upon light illumination to ablate tumours, has suffered from a limited treatment
depth, strong oxygen dependence and short ROS lifespan. Herein, we developed a highly efficient NIR-I
light (808 nm laser) initiated theranostic system based on a fluorescent photosensitizer (EBD-1) with
cancer cell membrane targeting ability, which can realize large penetration depth in tissue, generate
superoxide radicals (O, ") to relieve the oxygen-dependence, confine the ROS oxidation at the cell
membrane, and self-report the cell viability during the PDT process. In vivo experiments demonstrated
that EBD-1 under 808 nm light successfully accomplished remarkable cancer ablation. This work will be
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Introduction

Photodynamic therapy (PDT) takes advantage of photosensi-
tizers (PSs), which are activated by light illumination to generate
highly toxic reactive oxygen species (ROS)' via two different
mechanisms*” (type-I and type-II) to oxidize cellular compo-
nents (such as, unsaturated lipids, amino acid residues and
nucleic acids) and kill cancer cells.*** Insights into the ROS
generation mechanism have revealed that the type-II pathway
(*0, transformed into '0,) is highly dependent on the oxygen
concentration. However, tumour microenvironments feature
hypoxia as a result of the aggressive proliferation of cancer cells
and the tumour vasculature, which would greatly hinder the
efficiency of PDT.">** As for the type-I pathway (charge transfer
between PSs and adjacent various substrate molecules, which is
not limited to oxygen), it not only can mitigate the hypoxia
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beneficial for the design of novel photosensitizers for PDT-based theranostic systems.

limitation but also can produce more cytotoxic ROS (O, *, OH',
H,0,), which holds great promise in effective ablation of
tumours.'*™**

Recently developed PSs that can undergo the type-I pathway
have received increasing attention and are mostly limited to
metal-based inorganic nanomaterials,**?* ranging from metal
oxides and noble metal to metal-organic frameworks.*>**
Nevertheless, the inferior biodegradability and the potential
risk of immune toxicities impede their clinical translation.>*>¢
By contrast, organic molecules with merits of optimal biosafety
and biocompatibility have only been reported in a few cases for
the following type-I pathway.*”*® For instance, the Peng group
accomplished an O, " photo-generator by constructing a FRET
system.>® Notably, organic molecules activated by light can also
undergo the fluorescence process, which can be used to guide
the PDT. The NIR-I bio-window (750-1000 nm) with higher
tissue penetration, lower auto-fluorescence, minimum photo-
damage to living organisms, and a lower and higher signal-to-
noise ratio and detection sensitivity is in great demand for
biological applications.>**** In this regard, NIR-I responsive
fluorescent PSs which can follow the type-I mechanism are
advantageous for efficient PDT.

As is widely reported, ROS with a very short lifespan can only
diffuse to a limited distance (<20 nm) in biological systems, and
would decay and degrade fast before reaching the site of
action.**® Hence, to ensure the therapeutic effect, it's of para-
mount importance to control the ROS oxidation reaction to take
place within the target sites to cause fatal oxidative damage.*”**
For the cellular uptake, the very first step is always to interact
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with the plasma membrane, which is a lipid bilayer decorated
with proteins and holds the integrity of cells.**** Clearly, PSs
with a suitable hydrophilicity-lipophilicity balance that can be
retained on the surface of cancer cells would in situ generate
ROS to oxidize cholesterol and other unsaturated phospho-
lipids,**™** which results in the changes of membrane perme-
ability and the losses of membrane fluidity and integrity and
finally induces cell death***® (for instance, apoptosis and
necrosis). Therefore, it's reasonable to envision that NIR-I light-
responsive fluorescent PSs with cancer cell membrane targeting
ability, which can undergo the type-I pathway, would provide
more effective imaging-guided PDT. Unfortunately, such ideal
agents have rarely been reported.>”>**

Herein, we developed a series of novel NIR-I light-responsive
O, generators (EBD-1-EBD-5) with plasma membrane target-
ing ability, which were built based on coumarin and double
pyridine groups connected by alkyl chains (as shown in Scheme
1). EBD-1-EBD-5 all exhibited two-photon absorption and
generated abundant ROS under NIR-I illumination, and deliv-
ered red fluorescence upon interaction with the plasma
membrane and DNA in mitochondria and the nucleus. With the
alkyl chains elongating, the ROS generation capability and
hydrophilicity of the five molecules gradually decreased. For
EBD-1 with the most robust ROS generation stimulus, the red
fluorescence of the probe witnessed immigration from the
plasma membrane into the nucleus due to the cell death
induced by in situ generated ROS, which can self-report and
evaluate the therapeutic efficacy (Scheme 1). Furthermore, the
positively charged PSs can differentiate cancer cells from
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normal cells. In vivo models demonstrated that EBD-1 under
808 nm light successfully accomplished remarkable cancer
ablation, showing great advances for imaging-guided PDT.

Results & discussion

Molecular design and basic photophysical properties

PSs (EBD-1-EBD-5) with double pyridine salts were designed
and synthesized tactfully through varying the alkyl chain length
(Scheme S17t) via a Knoevenagel condensation reaction between
coumarin aldehyde and active methylene, for specific cancer
cell targeting and were systematically characterized by "H NMR,
13C NMR and HRMS (Fig. $1-S307). As shown in the absorption
spectra in an aqueous solution in Fig. 1a, EBD-1-EBD-5 show
a maximum absorption peak at about 480 nm due to the
coplanar coumarin framework with strong conjugation effects.
In addition, as shown in Fig. 1b and S31a-k,f all five PSs
possess favorable two-photon optical properties, could be
excited using a NIR-I laser and exhibit a bright red emission
(Fig. S32t). As presented in Table S1,} the large extinction
coefficient (¢ x 10*) and small AEgy values were favorable for
ROS generation, and a large stoke-shift (140 nm) as exhibited in
Fig. S33a-e and S347 indicated their great potential for imaging-
guided PDT>**

In vitro ROS generation

To investigate the specific ROS generation of the as-obtained PSs
EBD-1-EBD-5, in vitro ROS detection tests were carried out. Firstly,
the O, " generating capacity was probed by using commercial
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Scheme 1 Schematic illustration of the highly efficient NIR-I light initiated theranostic system based on fluorescent photosensitizer EBD-1 with
cancer cell membrane targeting ability, which can self-report the cell viability.
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Fig. 1 (a) The absorption spectra of EBD-1-EBD-5 in an aqueous
solution. (b) Two-photon excited fluorescence spectra of EBD-1 in
99% glycerin systems with femtosecond laser pulses at 500 mV with
various excitation wavelengths. (c) Fluorescence spectra for O, *
using DHR123 as an indicator under white light irradiation (20 mW
cm™2), where I and | represent the fluorescence intensity with the
presence of DHR123. (d) The decomposition rates of ABDA in the
presence of EBD-1 at different irradiation times (0-60 s). (e) Schematic
illustration of photo-induced type-I and type-Il PDT enabled using
PSs.

O, " indicator DHR123, which is non-fluorescent but emits strong
green fluorescence at 528 nm while reacting with O, . As
exhibited in Fig. 1c, EBD-1-EBD-5 all increased the fluorescence
intensity of the indicator after light irradiation, suggesting their
O, " generation capability. Interestingly, among the 5 PSs with
different alkyl chain lengths, EBD-1 with the shortest chain length
and EBD-5 with the longest chain length exhibited the highest and
lowest O, " generation capability, respectively, which could be
attributed to the improved fluorescence quantum yield in PSs with
longer chains and more drastic intramolecular vibration. More-
over, the generation of superoxide anion radicals was further
confirmed by the free radical scavenging assay (Fig. S35a—ft). As is
widely reported, O, " would subsequently trigger a series of
synergetic cascade reactions (Fig. 1le), yielding more toxic ROS.
Also, as shown in Fig. 1d and S36,f a commercial 10, indicator,
ABDA, was exploited to evaluate the 'O, production capability, and
it demonstrated that EBD-1 simultaneously possessed the ability
to produce '0,. The as-obtained PSs can follow both type-I and
type-Il pathways, which can relieve the oxygen dependence to
some extent. Furthermore, the stability of the as-obtained PSs in
different physiological media, such as water, PBS, and Dulbecco's
Modified Eagle's Medium (DMEM) and under irradiation was
evaluated as displayed in Fig. S37a-c.f In view of the obvious
representativeness, EBD-1 and EBD-5 were selected for following
study.

NIR-I light triggered type-I ROS generation

Considering the two-photon absorption properties and the
robust ROS generation capability, EBD-1 was selected for
further investigation of type-I ROS generation under NIR-I light.
As shown in Fig. 2a, the electron paramagnetic resonance (EPR)
spectra of EBD-1 with 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
as a spin-trap agent were obtained. For pure DMPO solution
with 808 nm laser irradiation (red line) or DMPO + EBD-1 in the
dark (black line), there were no EPR signals; while for DMPO +

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

&

DMPO+EBD-1+irradiation

DMPO+EBD-1

EPR amplitude

DMPO+irradiation

3
=
2
k]
3
£

3390 3405 3420 3435 3450 3465
Magnetic field (G)

Fig. 2 (a) The EPR signals of DMPO for O, " characterization in the
presence of 10 uM EBD-1 in CHsOH at room temperature (808 nm
laser; 200 mW cm™2 for 60 s). (b) O, " detection in HelLa cells incu-
bated with EBD-1 using DHE (10 puM, Aex = 488 nm, A = 570-620
nm) under irradiation (808 nm laser; 200 mW cm™2). (c) OH" detection
in Hela cells incubated with EBD-1 using HPF (Aex = 488 nm, Aey =
530 nm) under irradiation (808 nm laser; 200 MW cm~2) and the 3D
imaging of OH" in Hela cells by using HPF as an indicator after 10 min
of laser irradiation (obtained using Imaged). Scale bar = 20 pm.

EBD-1 with a 808 nm laser for 60 s, a characteristic para-
magnetic adduct was observed, which was in good accordance
with the O, " signal.*** Moreover, the generation of O, " in
HeLa cells cultured with EBD-1 under 808 nm laser irradiation
was confirmed using O, " specific fluorescent probe dihy-
droethidium (DHE) as displayed in Fig. 2b and $38.7 In addi-
tion, the more toxic OH" was detected by the hydroxyphenyl
fluorescein (HPF) assay as shown in Fig. 2¢ and S39,T which
indicated that O, "-mediated cascade reactions took place in
HeLa cells incubated with EBD-1 under 808 nm irradiation,
showing great promise for realizing enhanced PDT.

Cell membrane targeting and specific targeting mechanisms

To study their potential in imaging-guided PDT, a cellular
imaging experiment was performed. As shown in Fig. 3a,
without irradiation, the high-quality OP and TP fluorescence
imaging of EBD-1 (10 uM) and EBD-5 (10 uM) studied by CLSM
revealed their superior plasma membrane-anchoring in HeLa
cells, which was attributed to the positive charges and a good
balance of hydrophilicity and hydrophobicity in the EBD-1 and
EBD-5 structures.>® For further exploring the spatial distri-
bution of fluorescence imaging in HeLa cells, a series of co-
localization assays of EBD-1 and EBD-5 with commercial dyes
were carried out with and without the irradiation, respectively.
As displayed in Fig. 3b and d, without irradiation, commercial
CellMask Green Plasma Membrane Stain and PSs were co-
incubated with HeLa cells for 20 min and then were co-
localized by CLSM, which displayed high overlap between
commercial dyes and PSs with a high Pearson correlation factor
value. The red fluorescence of PSs on the cell membrane was
ascribed to restricted intra-molecular rotation (RIR) hindering
non-radiative decay, which was further supported by viscosity
tests in water and glycerin systems of different ratios (0-
99%)*"® (Fig. S40a and S41at). Under continuous irradiation
for 20 min, due to ROS-induced permeability change and loss of
integrity of the membrane, PSs gradually escaped from the
plasma membrane and entered the intracellular environment.
To further track the PS movement, as shown in Fig. 3c and e, co-
localization experiments of PSs with the aid of commercial dyes
DAPI and MitoTracker Deep Red were conducted. Clearly, after

Chem. Sci., 2020, 11, 10279-10286 | 10281


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03093g

Open Access Article. Published on 05 September 2020. Downloaded on 10/29/2025 9:54:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

OoP P Bright ficld
EBD-1  Commercial dyes \lerge Bright ficld

o -
cell mask
.. ' zl

Bright ficld

Bright ficld

®
EBD-1 ~

£

Pr=0.79

light ()

e

light (+)

EBD-5 Commercial dyes  Merge

Intensity

Pr=0.83

" Distance (um)
R

Fig. 3 (a) One-photon excitation (OPE) and two-photon excitation
(TPE) imaging of Hela cells pretreated with EBD-1 and EBD-5. (b) EBD-
1 pre-treated Hela cells co-localized with CellMask Green without
irradiation. Red channel for EBD-1 (Aexy = 488 nm, Aemy = 630 nm) and
the green channel for CellMask Green (Aex = 522 nm, Aemn = 535 nm).
(c) The co-staining experiment between EBD-1 and DAPI with irradi-
ation for 20 min: red channel for EBD-1 and the blue channel for DAPI
(Aex = 405 nm, e = 420-450 nm). (d) EBD-5 pretreated Hela cells
co-localized with CellMask Green without irradiation. Red channel for
EBD-5 (Aex = 488 nm, Aey = 630 nm) and the green channel for
CellMask Green. (e) The co-staining experiment between EBD-5 and
MitoTracker Deep Red with irradiation for 20 min. Green channel for
EBD-5 and the red channel for MitoTracker Deep Red (Aex = 640 nm,
Jem = 659 nm) (808 nm laser; 200 MW cm™2). Scale bar: 20 pm.

continuous irradiation, EBD-1 was finally localized in the cell
nucleus which implied the execution of apoptosis and necrosis
induced by EBD-1 (see details in the ESI Fig. S4271), which can
also be verified by the bulged nucleus and the collapsed cell
membrane in the bright field image of HeLa cells incubated
with EBD-1. However, EBD-5 was still localized in mitochondria
even when the cell was in apoptotic and necrotic states, which
was confirmed by the collapsed cytoskeleton in the bright field
image of HeLa cells incubated with EBD-5. According to the
above experiments, under illumination, EBD-1 with cell
membrane targeting ability showed great advances in self-
reporting the cell viability and imaging-guided PDT.

To unravel the specific targeting mechanism and interaction
mode after PSs enter the intracellular environment, fluores-
cence titration and "H NMR titration tests of PSs (10> M) with
DNA (0-10.0 eq) were implemented (Fig. S40b, ¢ and S41b, e¥).
As shown in Fig. S40b and c,f the “off-on” fluorescence
response and slight proton chemical shift change of EBD-1
indicated that the translocation to the nucleus could be due
to its interaction with the nuclear DNA accompanied by high
binding energy (—427.85 kcal mol ") (Table S2 and Fig. S41ff).*
However, for EBD-5 with a positive zeta potential value and
larger log P value (Fig. S41c and df), electrostatic interaction
and long-alkyl chain-induced hydrophobicity would enable it to
firmly stain mitochondria, which was also reported in the
previous literature.®*The turn-on fluorescence when EBD-5
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anchored on mitochondria could be attributed to the interac-
tion between EBD-5 and mitochondrial DNA®*-®° (Fig. S41et).

Differentiating cancer cells from normal cells and cytotoxicity
assay

Considering that cancer cells normally bear negative surface
charges compared to normal cells,*”*® the positively charged
double pyridine salts in the as-prepared PSs would endow them
with the capability to differentiate cancer cells from normal
cells. To verify the superior uptake by cancer cells over normal
cells, cancer cells (A431, HeLa, and Hep G2) and normal cells
(HEK 293 T, HFL-1, 3T3 and HELF) were co-cultured with the as-
prepared PSs, respectively, for 20 min. Taking EBD-1 and EBD-5
as examples, we observed that both of them showed stronger
red fluorescence when cultivated with various cancer cells
(A431, HeLa, and Hep G2) with a 10-fold increase in fluores-
cence intensity compared to those of normal cells (HEK 293T,
HFL-1, 3T3 and HELF) (Fig. 4a, b and S43a}). For further
demonstrating the easier uptake by cancer cells for our PSs,
a co-cultured model (HeLa and HELF cells) was built for
mimicking a real tumour environment in vitro. As displayed in
Fig. 4d, e and S43b,{ when staining with EBD-1 or EBD-5 for
30 min, the 32-fold or 30-fold fluorescence enhancements were
quantified using Image] software in HeLa cells (cancer cells),
respectively, compared to those of HELF cells (normal cells),
suggesting a specific preference for cancer cell uptake. In
addition, since a low dark cytotoxicity of PSs is generally
required as a prerequisite for further cellular study, a series of
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Fig. 4 (a) Confocal images of three cancer cells (Hela, A431, and Hep
G2) and four normal cells (373, HEK 293T, HFL-1 and HELF), incubated
with EBD-1 (10> M) for 30 min. (b) Fluorescence intensity of different
cell lines stained using EBD-1. (c) Viabilities of different cell lines
treated with EBD-1 (10~ M) under different conditions for 10 min (dark
or 808 nm laser; 200 mW cm™2). (d) Fluorescence intensity distribution
of Hela (yellow circle) and HELF cells (white circle) cultivated in the
same dish. (e) Fluorescence intensity of the two cell lines stained with
EBD-1. All of the fluorescence intensities of different cell lines were
obtained using cell image processing software ImageJ. Scale bar = 20
um.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03093g

Open Access Article. Published on 05 September 2020. Downloaded on 10/29/2025 9:54:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

cell survival assays including photo-toxicity and dark-
cytotoxicity among different cell lines under different condi-
tions (0, 5, 10, 15, 20, and 25 uM under dark or irradiation
conditions) (Fig. 4c and S43c-et) were carried out. The lower
dark cytotoxicity as well as high photo-toxicity for cancer cells
implied that our developed PSs would probably be the ideal
candidates for further ex vivo imaging and cancer treatment.

Intracellular ROS detection and live/dead cell assessment

To evaluate the intracellular ROS generation ability of EBD-1 and
EBD-5, a commercial ROS indicator, non-emissive 2,7-dichloro
fluorescein diacetate (H,DCF-DA) that emitted green fluorescence
immediately upon reacting with ROS, was used to detect intra-
cellular ROS levels under 808 nm irradiation. As presented in
Fig. 5a, when HeLa cells were incubated with H2DCF-DA alone
without or with illumination for 30 min, no obvious fluorescence
change was observed, indicating negligible endogenous ROS
generation. But when co-cultured with H,DCF-DA and EBD-1
under the same conditions, HeLa cells showed noticeable green
fluorescence enhancement in a short time, suggesting the great
capability of ROS generation, which was verified by the quenched
fluorescence with the addition of ROS scavenger vitamin C (Vc).
Meanwhile, as shown in Fig. 5b and c, the cytoskeleton of the cells
was degraded instantaneously after irradiation for 60 s, viz., the
outward bulging of the cell membrane was observed from the
bright field image. Moreover, to intuitively evaluate the killing
effect on cancer cells, the standard living cell commercial dye
calcein-AM and PSs (EBD-1) were used simultaneously to monitor
cell activity. As depicted in Fig. 5d, group 1 (row 1): calcein AM +
irradiation, group 2 (row 2): calcein AM + EBD-1, group 3 (row 3):
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calcein AM + EBD-1 + irradiation for 20 min were studied,
respectively. As expected, group 1 exhibited strong green fluo-
rescence in the whole cytoplasm after irradiation for 10 min,
which was similar to that before irradiation (Fig. S44ct), indi-
cating the high activity of cancer cells. Also, the long irradiation
alone (40 min) wouldn't compromise the cell viability (Fig. S457).
The cells treated with calcein AM and EBD-1 without light illu-
mination (group 2) presented green fluorescence in the cytoplasm
as well as red fluorescence in the plasma membrane, indicating
that EBD-1 anchored on the cell membrane. For the cells treated
with calcein AM and EBD-1 with light illumination in group 3, to
study the irradiation effect, the observed region was deliberately
separated into two zones, one with irradiation for 20 min and the
other without irradiation. In comparison, negligible green fluo-
rescence was detected after continuous irradiation, suggesting the
lost cell viability. Simultaneously, in the red channel, no fluores-
cence from EBD-1 was witnessed on the cell membrane and can
be found only in the nucleus, as shown in the enlarged image,
indicating the cell death, which was confirmed by the commercial
live/dead cell staining calcein AM/PI assay (Fig. S46a and
bt).Relatively, the killing capability to cancer cells of EBD-5 was
also evaluated as shown in Fig. S44a-d.f All of these results
further verified that the highly efficient NIR-I light responsive
fluorescent photosensitizer (EBD-1) with cancer cell membrane
targeting ability showed great advances in imaging-guided PDT.

In vivo fluorescence imaging

In view of a series of in vitro assays for ROS generation ability
and the spatial distribution in sub-organelles of PSs via
adjusting alkyl chains during apoptosis and necrosis, EBD-1

EBD-1(+)

(a) Intracellular ROS imaging in the absence or presence of EBD-1 and Vc using H,DCF-DA (Aex = 504 nm, e = 529 nm) as an indicator.

(b) Tubulins were labeled with EBD-1 before and after 808 nm laser irradiation for 60 s (200 mW cm™2) (Aex = 500 NM, Aem = 520 Nm). (c) Enlarged
view of the cell cytoskeleton collapses. (d) Live/dead cell assays of Hela cells treated with different groups (group 1: calcein AM + irradiation,
group 2: calcein AM + EBD-1, and group 3: calcein AM + EBD-1 + irradiation for 20 min). Green channel for calcein AM (Aex = 490 Nnm, Aep, = 515
nm) and the red channel for EBD-1 (Aex = 488 nm, Aemy = 630 nm). Scale bar = 20 um.
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with the shortest alkyl chain was selected for further therapeutic
effect investigation. Firstly, A431 tumour-bearing mice were
obtained by subcutaneously injecting A431 cells (1 x 10° cells).
Next the tumour-bearing mice were intratumorally injected with
EBD-1 (10~* M) at a dose of 100 pL per 200 mm?, and then in
vivo fluorescence imaging was performed at different time
points. As exhibited in Fig. 6a and b, the fluorescence signal at
the tumour site was very strong at the beginning and gradually
decreased. After 24 h, the fluorescence of the tumour tissue was
still clearly visible, suggesting that EBD-1 possesses long-term
in vivo imaging capability. In addition, biological distribution
of EBD-1 in major organs and tumours was studied by ex vivo
fluorescence imaging. Fig. 6¢ shows that the long retention time
of EBD-1 in the tumour sites also provided sufficient time for
the subsequent treatment, and also strong fluorescence was
presented in the detoxification organ liver, which showed that
most of the EBD-1 was metabolized by the liver. Meanwhile, the
heart, spleen, lungs and kidneys displayed low fluorescence
intensity, which was also in line with the semi-quantitative bio-
distribution (Fig. 6d).

In vivo antitumour effects

As is known, PSs with two-photon excitation (TPE) under ultra-
short (femtosecond, fs) pulses of NIR light excitation displayed
minimal damage to tissues, enhanced spatial selectivity and
deeper tissue penetration for PDT in tumour ablation.**”* For
evaluating the anti-tumour performance of EBD-1, PDT treat-
ment was performed on mice models as schematically illus-
trated in Fig. 7a. After injection of EBD-1 (10> M, 100 uL), A431
skin tumour-bearing nude mice were exposed to 10 min of
irradiation. To better understand the efficient anti-tumour
effect of EBD-1, the tumour-bearing mice of 5 days were
divided into four groups (3 mice in each group): group I: control
group; group II: mice with EBD-1 injection; group III: mice with
808 nm fs laser irradiation for 10 min; group IV: mice with EBD-
1 injection and received 808 nm fs laser irradiation for 10 min.
As presented in Fig. 7b, the three tumour batches gathered from
mice in group I, group II and group III all exhibited remarkable

a) Oh 2h 4h 8h

4 s 1
Time (hr)

Fig. 6 (a) In vivo fluorescence imaging of A431-tumour-bearing
BALB/c mice at different time points injected with 100 uL of EBD-1
(1073 M/200 mm?®). (b) Fluorescence intensity of EBD-1 in the tumour.
(c) Fluorescence images of harvested tumours and major organs at
24 h of the experiment. (d) Fluorescence intensity of tumours and
major organs after 24 h of the experiment.
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Fig. 7 (a) Schematic illustration of PDT treatment. (b) The three
parallel tumour images of four groups of mice 20 days after the
therapy. Group I: control group; group Il: mice with EBD-1 injection;
group lll: mice with 808 nm fs laser irradiation for 10 min; group IV:
mice with EBD-1 injection and received 808 nm fs laser irradiation for
10 min. (c) Body weight curves of different groups of mice. (d) Relative
tumour volume of tumour-bearing mice in four groups 20 days after
PDT treatment. (e) Tumour weight of mice undergoing four different
treatments.

growth. By contrast, when treated with EBD-1 under continuous
exposure to NIR laser irradiation for 10 min (group IV), the
volume of the tumours obviously shrank, indicating an effective
tumour suppression, which was also supported by the images of
the average volume and weight of the tumours and body weight
(Fig. 7c-e and S477). Furthermore, given the specific preference
for cancer cell uptake and NIR-I light activation of EBD-1 to
generate ROS, EBD-1 would deliver high PDT efficacy to treat
non-superficial tumours as well. Finally, the in vivo biosafety of
EBD-1 was tested by virtue of hematoxylin and eosin (H&E)
staining of the main tissue slices (heart, liver, spleen, lungs,
kidneys and tumor). As depicted in Fig. S48, no apparent
histopathological lesion was discovered within all the slices
except tumour tissue, indicating the perfect histocompatibility.

Conclusions

In summary, the NIRI light excited and plasma membrane-
anchoring photosensitizers (EBD-1-EBD-5) following the type I
mechanism were developed successfully, and were selectively
ingested by cancer cells. Interestingly, EBD-1 with a short alkyl
chain displayed the most efficient ROS generation capability
because of the weaker intramolecular vibration, lower fluorescence
quantum yield and narrow energy gap between the lowest singlet
state and the lowest triplet state (AEgy). Triggered by in situ
generated ROS, membrane-to-nucleus migration of EBD-1 during
apoptosis and necrosis processes was observed. Furthermore, in
vivo experiments demonstrated the remarkable tumour ablation
performance of EBD-1. This work would be beneficial for exploit-
ing more efficient and valuable bio-probes for clinical applications.
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