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The targeted and novel albumin-binding strategy has been attractive in the field of cancer therapy. Herein,
we have developed an organic small molecule-based photosensitizer, Evans Blue-Pyropheophorbide-
alpha (EB-Ppa), to treat solid tumors with extremely high photodynamic therapeutic efficiency, which is
stable in serum-containing agueous media and can effectively accumulate in the tumor site due to the
enhanced permeability and retention (EPR) effect. Particularly, after the photodynamic therapeutic
treatment with EB-Ppa, all breast tumors (4T1 cell line) xenografted in nude mice shrink fast due to the
singlet oxygen generated by EB-Ppa with laser irradiation. Furthermore, EB-Ppa shows negligible toxicity
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Introduction

Cancer is ranked as the leading cause of death and an impor-
tant public health problem worldwide with a heavy disease
burden."” To deal with such a challenge, some traditional
therapies such as surgery, chemotherapy, and radiotherapy,
have been applied in clinics.*® However, given the limited
efficacy, drug resistance, and side effects of such traditional
cancer treatments, the development of safer and more efficient
cancer treatments has been a common goal of multiple disci-
plines.® Photodynamic therapy (PDT), a novel treatment of
cancer therapy, has gained tremendous attention in the past
decade because of the negligible side effects, and low toxicity
compared to the limitations of the above therapeutic
methods.>” PDT uses photosensitizers to absorb photons and
excite electrons into the excited singlet state under light expo-
sure, then the singlet photosensitizer releases the energy back
to the ground state by emitting fluorescence, or converts it into
a stable triplet state by intersystem crossing.*® The latter can
produce various ROS, including superoxide anion radicals,
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therapy for efficient tumor treatment.

hydrogen peroxide, and hydroxyl radicals (Type I process), or
transfer the energy to molecular oxygen to produce singlet
oxygen (Type II process), which can damage the surrounding
organelles and biomolecules, causing cell necrosis, apoptosis,
autophagy, vascular injury, and immune activation.'**

In order to efficiently destroy the cancer cells, ideal PSs with
high absorption coefficients and high singlet oxygen quantum
yield are needed. Nevertheless, a great number of conventional
PSs are hydrophobic and tend to aggregate in a physiological
environment, which often inclines to fluorescence quenching
and insufficient ROS production due to the aggregation-caused
quenching (ACQ) phenomenon, thus hindering the clinical
application of PSs.'* In recent years, pyropheophorbide-
a (Ppa) is emerging as a promising PS with a large extinction
coefficient (¢ = 3.79 x 10* L (mol™* ecm™")) and high singlet
oxygen quantum yield (>50%).* However, concentration
quenching of the excited state is a common problem that affects
the ROS generation efficiency of Ppa. When used in a physio-
logical environment, Ppa tends to aggregate in aqueous media
due to its' rigid planar structure and limited water solubility,
which results in impaired singlet oxygen production and severe
fluorescence quenching, leading to significantly decreased
fluorescence and photodynamic efficiency. Furthermore, Ppa
has a very limited tumor-accumulation ability and water solu-
bility, thus restricting its clinical applications.*>™"

To enhance the availability of Ppa in a physiological envi-
ronment, various nanocarriers have been employed to encap-
sulate Ppa to achieve better water dispersibility."*>°
Unfortunately, the singlet oxygen generation efficiency of Ppa in
nanocarriers is often suppressed due to excited state quench-
ing. Moreover, the clinical translation of nano photosensitizers

© 2023 The Author(s). Published by the Royal Society of Chemistry
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has been hampered by complications in
manufacturing, quality control and safety.”>*

Because of its natural properties as a blood transporter,
human serum albumin (HSA) has been used as a natural carrier
for hydrophobic drugs and photosensitizers.>** Albumin is
synthesized by the liver and is the most abundant plasma
protein (35-50 g L' human serum) with an average half-life of
19 days.”®?¢ Albumin's chemical structure and conformation
allow the incorporation of photosensitizers by covalent binding
or noncovalent interaction. These properties as well as its
preferential uptake in tumor and inflamed tissue, its ready
availability, its biodegradability, and its lack of toxicity and
immunogenicity make it an ideal candidate for photosensitizer
delivery.””*°

The ability of albumin-based delivery to improve tumor tar-
geting and accumulation is what makes it effective.’"**
Increased absorption is the cause of the increased tumor
accumulation, which is passively mediated via enhanced
permeation and retention (EPR).** Additionally, albumin can
also strengthen the binding and internalization of nano-
particles by attaching to certain receptors that are overexpressed
on cancer cells. For instance, the 60 kDa glycoprotein (gp60)
receptor and secreted protein acidic and rich in cysteine
(SPARC) are overexpressed in a variety of tumors.***> However,
the EPR effect remains the main way to improve tumor targeting
and accumulation, which inclines to accumulate in tumors
significantly more than in normal tissue due to the leaky tumor
vasculature and lymphatic outflow.***” This specific uptake
mechanism makes albumin-based nanoparticles avoid the drug
efflux pathways.

It could be wise to conjugate Ppa with HSA in order to
enhance Ppa's physical characteristics. Besides, it can also
facilitate the internalization of Ppa into the tumor, boosting
Ppa's tumor accumulation and selectivity."”**** A higher
buildup of photosensitizers can boost their reactivity to rela-
tively low-intensity excitation light in deeper places, which is
advantageous for the treatment of larger, more deeply
embedded tumors, and the damage to nearby normal tissues
will also be lessened.*® Such an approach could address the Ppa-
related issues of tumor enrichment and water solubility.

In this work, we developed a novel photosensitizer (EB-Ppa),
which binds with albumin in a non-covalent manner via
hydrogen bond and hydrophobic interactions. EB has a high
affinity with serum albumin as an azo dye and non-toxic bio-
logical vessel stain.***® The introduction of hydrophilic trun-
cated Evans Blue affords EB-Ppa with good water solubility.
After IV injection, EB-Ppa can spontaneously bind with
albumin. Thus, the complex can take advantage of EPR effect
and endogenous albumin transport pathways for tumor accu-
mulation. In vivo fluorescence imaging experiment results
reveals higher tumor uptake of EB-Ppa than free Ppa after
intravenous administration. In addition, EB-Ppa exhibits good
biocompatibility and excellent singlet oxygen generation capa-
bility upon 660 nm laser irradiation. In vitro and in vivo exper-
iments indicates that EB-Ppa achieves significant tumor
destruction through the cytotoxic effect of singlet oxygen. In
conclusion, we exhibit a highly efficient multifunctional
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albumin-binding photodynamic agent EB-Ppa with great
potential for image-guided PDT.

Results and discussion
Preparation and characterization of EB-Ppa

The synthetic route for EB-Ppa was shown in Scheme 1. EB-Ppa
was readily synthesized through the direct conjugation of the
carboxylic acid group of NIC with amino group of Compound 1.
The structure of EB-Ppa was characterized by UV/vis and MS

(Fig. S17).

Measurement of singlet oxygen

RNO-ID experiment was used to verify singlet oxygen generated
by EB-Ppa upon laser irradiation, different solutions, including
Ppa, EB-Ppa, and RNO, were irradiated for 10 minutes by
a 660 nm laser at a power density of 1.0 W cm™>. As shown in
Fig. 1A, upon continuous irradiation with 660 nm laser at 1.0 W
cm 2 for 10 minutes, the EB-Ppa was capable of rapidly gener-
ating singlet oxygen with the increase of concentration,
inducing a significant decline in the absorption of RNO, while
the Ppa showed the lower ability to generate singlet oxygen
compared to the EB-Ppa group. Specifically, the singlet of
200 mg mL ™" suspension of EB-Ppa remarkably declined, which
was high enough to kill tumor cells via photodynamic effect.
Similarly, Fig. 1B also showed that EB-Ppa was the highest
production of singlet oxygen after 10 minutes of irradiation.
Therefore, it was considered that the irradiated EB-Ppa could
actively generate singlet oxygen that reacts with RNO.

Cell viability and in vitro anti-tumor efficacy

The next series of cell viability experiments were performed to
evaluate the in vitro cytotoxic effect of EB-Ppa through the CCK-8
assay in 4T1 cells. As is shown in Fig. 2A, after incubation with
EB-Ppa plus HSA for 24 h, no obvious toxicity was observed on
4T1 cells even at the highest concentration of 200 mg mL " (cell
viability was above 90%). The results illustrate that EB-Ppa
possesses extremely low biotoxicity in vitro.

Next, to assess the in vitro phototoxicity effects of the EB-Ppa
plus laser as compared to free EB-Ppa. 4T1 cells were incubated
with different concentrations of EB-Ppa for 24 h, with or without
laser irradiation and their viabilities were evaluated by CCK-8
assay. Just as Fig. 2B anticipated, the phototoxicity effect of
the EB-Ppa plus laser group was concentration-dependent with
decreasing cell viability at increasing concentrations. The
cytotoxicity of EB-Ppa was obviously enhanced upon laser irra-
diation, because EB-Ppa could be activated by laser irradiation
to generate singlet oxygen, causing effective apoptosis of tumor
cells. Specifically, the cell viability was less than 10% under 200
pg mL ™" at 0.5 W em ™2 for 5 minutes.

Tumor-targeted fluorescence imaging and biodistribution in
vivo

To investigate the biodistribution and tumor-targeting ability of
EB-Ppa in vivo, the free Ppa and EB-Ppa were intravenously
injected into 4T1 tumor-bearing mice when the length of the
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Scheme 1 The structure and synthesize route of probe EB-Ppa.

tumor reached 200-300 mm?®. And then time-dependent accu-
mulations of both Ppa and EB-Ppa were monitored by a bio-
imaging system.

As displayed in Fig. 34, it was observed that the EB-Ppa
started to accumulate in the tumor region at 4 h post-
injection, and finally reached the maximum at 24 h. Besides,
the fluorescence images of Ppa showed a relatively weaker
signal in the tumor area compared to the EB-Ppa, due to the fast
blood clearance and the relatively poor tumor accumulation,
which demonstrated a higher accumulation of EB-Ppa in the
tumor re-gion than Ppa. Moreover, the enhanced accumulation
of EB-Ppa might be attributed to the stable interaction of EB-
Ppa with serum albumin, thus prolonging circulation stability
and promoting preferential accumulation inside the tumor via
EPR effect. Meanwhile, EB-Ppa was mostly distributed in the
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liver, indicating that the liver was the main organ for drug
metabolism and elimination.

An ex vivo analysis of the excised tumor and organs were
performed after 48 h post-injection and visualized (Fig. 3B). As
expected, the tumor displayed the highest fluorescence inten-
sity in the EB-Ppa group, while in the Ppa group, few fluores-
cence was detected in the tumor (Fig. 3C). All these results
demonstrated that EB-Ppa was highly capable of accumulating
in the tumor via the EPR effect. Furthermore, the weak fluo-
rescence intensity of the major organs, such as the heart, liver,
spleen, lung and kidney, furtherly validated the tumor-oriented
accumulation of EB-Ppa. The above results indicated that EB-
Ppa could effectively reveal its distribution, and target the
tumor to realize efficient PDT.
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Fig. 1 The singlet oxygen production in EB-Ppa under different concentrations (A) and times (B).
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Fig. 2 (A) Cell viability of 4T1 cells after incubation with EB-Ppa at different concentrations for 24 h. (B) The viability of 4T1 cells after incubation
with EB-Ppa with or without laser irradiation at different concentrations for 24 h.

In vivo photodynamic therapy irradiation treatments were applied at 24 h post-injection when
the accumulation of EB-Ppa at the tumor site reached the
maximum. Fig. S2AT showed the tumor growth profiles of 4
different treated groups over a 14 days period. Tumors treated
with PBS only, laser only, and EB-Ppa kept a natural growth

In this study, the in vivo anti-tumor efficiency of EB-Ppa was
evaluated using a subcutaneous xenograft 4T1 tumor model in
nude mice. Based on the biodistribution results in vivo, laser
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Fig. 3 (A) In vivo fluorescence imaging and biodistribution analysis of mice bearing 4T1 tumors treated with Ppa and EB-Ppa. (B) Ex vivo
fluorescence images of tumors and major organs after 48 h injection (the tumor and liver are circled with a yellow, red circle line, respectively).
(C) Quantification of the fluorescent signals on corresponding organs and tumors. Data are given as mean £ SD (n = 3). **p < 0.01 and ***p <
0.001.
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trend, while EB-Ppa plus laser exhibited excellent photody-
namic therapy effect. As is shown in Fig. S2B,T no body weight
loss was observed for all four groups during the treatment
period, implying no adverse effects from the PDT treatment.
Moreover, Fig. 4A and B showed representative photographs of
tumor size in different groups, which were consistent with the
tumor growth data in Fig. S2A.T

To further validate the anti-tumor efficacy of EB-Ppa, the
H&E staining, TUNEL, and PCNA of the tumor tissue sections in
different groups were analyzed 14 days post-treatment. It was
clearly observed that H&E staining tumor sections of the PBS,
laser, and EB-Ppa only groups were evenly distributed, and the
nuclei were no observable cell damage (Fig. 4C, top panel),
while apparent nucleus dissociation and necrosis, fragmented
cell membrane were observed in EB-Ppa plus laser group.
Additionally, the TUNEL results indicated that the apoptotic
cells of tumor tissues had significantly increased in EB-Ppa plus
laser group, but not in other groups, which was consistent with
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the H&E staining results (Fig. 4C, middle panel). Furthermore,
PCNA results showed that the proliferation capacity of tumor
tissue was obviously reduced in EB-Ppa plus laser group
compared to the other groups (Fig. 4C, bottom panel). All these
above results confirmed that EB-Ppa plus laser irradiation
method has good performance in tumor PDT.

Biosafety

Biosafety is an extremely important experiment in the clinical
application of drugs. Therefore, we assessed the potential
toxicity of EB-Ppa in vivo (n = 3 per group). The biosafety of EB-
Ppa was evaluated by H&E staining of the major organs (heart,
liver, spleen, lungs, and kidneys) and serum biochemical
analysis after treatment. As shown in Fig. 5, normal histological
structures were observed in the PBS-treated group, and we did
not notice any obvious signs of organ damage in other groups.
Moreover, to investigate the hepatotoxicity (levels of ALT, AST),
and nephrotoxicity (the levels of BUN, CRE) of the EB-Ppa,

O L R R e e T T

4,5 6. :7 8 -9 103112510

Fig. 4 (A) Variations in photographs of the mice treated with PBS, laser, EB-Ppa with or without laser irradiation (660 nm, 1.0 W cm™2, 10
minutes). (B) The morphology of the treated tumors excised in different groups on day 14. (C) H&E staining, TUNEL and PCNA immunohisto-
chemical staining of the excised tumor tissues. (a) PBS, (b) laser, (c) EB-Ppa, and (d) EB-Ppa + laser, respectively. Scale bar = 100 um.
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Fig. 5 The H&E staining of the mice treated with PBS as control (a), laser only (b), EB-Ppa and EB-Ppa with laser irradiation treatment (c and d).

Scale bar = 100 um.

serum biochemical analyses were performed (Fig. S37).
Compared with the PBS-treated group, other groups showed no
significant adverse effects or acute injury in liver and kidney
function index for each group. The above results furtherly
indicated that it was potentially safe for EB-Ppa in PDT.

Conclusion

In this work, a novel, superior albumin-binding photodynamic
agent EB-Ppa is successfully developed and constructed for
targeting tumor imaging and treating the solid tumor with
extraordinarily high efficiency. In vivo experiments demonstrate
that EB-Ppa could efficiently accumulate inside tumors as
a result of the EPR effect and obviously suppress the growth of
the solid tumors. Additionally, the biosafety experiment reveals
negligible toxicity of EB-Ppa toward main organs. Collectively,
our studies show that EB-Ppa is an excellent albumin-binding
photodynamic agent with a promising clinical application
prospect for the treatment of solid tumors, and furtherly
confirm that laser-induced PDT is a promising modality to fight
against cancer.
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