
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/1
9/

20
26

 5
:5

4:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Biomimetically c
aBeijing National Laboratory for Molecul

Molecular Engineering, Peking University,

zhangjunlong@pku.edu.cn
bGuangdong-Hong Kong-Macao Joint Labo

Functional Materials, Spin-X Institute,

Engineering, South China University of Tech
cChemistry and Chemical Engineering Guang

† Electronic supplementary information (
and crystallographic data in CIF
https://doi.org/10.1039/d2sc02554j

Cite this: Chem. Sci., 2022, 13, 8979

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 8th May 2022
Accepted 5th July 2022

DOI: 10.1039/d2sc02554j

rsc.li/chemical-science

© 2022 The Author(s). Published by
onstructing a hypoxia-activated
programmable phototheranostics at the molecular
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Song Gao abc and Jun-Long Zhang *ac

The hypoxic microenvironment is considered the preponderant initiator to trigger a cascade of progression

and metastasis of tumors, also being the major obstacle for oxygen consumption therapeutics, including

photodynamic therapy (PDT). In this work, we report a programmable strategy at the molecular level to

modulate the reciprocal interplay between tumor hypoxia, angiogenesis, and PDT outcomes by

reinforcing synergistic action between a H2O2 scavenger, O2 generator and photosensitizer. The

modular combination of a catalase biomimetic (tri-manganese cryptand, 1) and a photosensitizer (Ce6)

allowed the rational design of a cascade reaction beginning with dismutation of H2O2 to O2 under

hypoxic conditions to enhance photosensitization and finally photooxidation. Concurrently, this led to

the decreased expression of the vascular endothelial growth factor (VEGF) and effectively reduced

unwanted growth of blood vessels observed in the chick chorioallantois membrane (CAM). Notably, the

proof-of-principle experiments using the tumor-bearing models proved successful in enhancing PDT

efficacy, prolonging their life cycles, and improving immunity, which could be monitored by magnetic

resonance imaging (MRI).
Introduction

Many advances in therapeutics and diagnostics have oen
emerged from the causation of a specic biological function to
individual molecular events, especially when our prior knowl-
edge is sketchy. Over the last decade, as the understanding of
biology has increased exponentially, it is now recognized that
biology, specically behind cancer, is extraordinarily complex.
It primarily arises from the complex, dynamic interaction
known as the tumor microenvironment (TME), involving
multiple cellular components and chemical clues such as the
pH, oxygen level, etc.1–3 As a result, scientists can start to think of
designing smart medicines such as autonomous machines that
can be programmed by regulating the traditional treatments
and the molecular hallmarks of the TME.4–8 To precisely
perform a therapeutic intervention, diagnosis, or theranostics
that combines both, constructing such combination medicines
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at the molecular level is highly desirable, but how to choose the
appropriate components to achieve synergistic action remains
unclear. In this work, we reported a “proof-of-concept” design of
programmable phototheranostics to conduct a cascade hypoxia-
activated photodynamic therapy (PDT) and angiogenesis
(Scheme 1).

Hypoxia, a pathological condition where the partial oxygen
pressure is lower than 10 mm Hg, is the hallmark of the TME
originating from abnormal redox metabolism in tumors.9,10 The
hypoxic TME oen leads to the accumulation of hydrogen
peroxide (H2O2) as the major metabolic intermediate that trig-
gers downstream angiogenic factors in tumor cells, promotes
angiogenesis to restore oxygen and nutrient supply, and ulti-
mately affects tumor proliferation, metastases, and immu-
nity.11–17 Thus, the hypoxic TME is considered the preponderant
initiator in these cascade events and becomes an important
target for anticancer therapies, especially oxygen-dependent
treatments. On the other hand, PDT is a prominent treatment
highly dependent on the local oxygen concentration in tumor
sites, which can be photosensitized to a singlet oxygen and thus
destroy cancerous cells upon light irradiation of a photosensi-
tizer (PS).18–22 Despite encouraging therapeutic efficacy, tumor
hypoxia is disadvantageous to PDT, and the subsequent PDT-
induced oxygen consumption triggers or even exacerbates
angiogenesis, which is known to affect treatments negatively.23

Therefore, the reciprocal interplay between the hypoxic TME,
Chem. Sci., 2022, 13, 8979–8988 | 8979
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Scheme 1 Programmable phototheranostics. (a) Schematic illustration of programmable phototheranostics containing a catalase mimic and
photosensitizer. (b) The proposed synergistic mechanism of PDT combined with anti-angiogenesis for dealing with hypoxia of the tumor
environment.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/1
9/

20
26

 5
:5

4:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
angiogenesis, and PDT provides the underlying guideline for
designing programmable medicines.24,25

To relieve tumor hypoxia, increasing the oxygen levels of
tumors has been demonstrated to enhance the sensibility of
hypoxic tumors toward PDT.26 In contrast to the direct use of
oxygen carriers such as peruorocarbon carbide materials or
oxygen precursors, including endoperoxides,27–29 the regulation
of the hypoxic TME via continuously generating O2 in vivo has
attracted increasing attention.30–38 Such a metabolic shi allows
the implementation of a “one stone two birds” strategy that
effectively alleviates oxidative stress to dictate the anti-
angiogenic response and improve PDT efficacy.39,40 Metal oxide
nanoparticles that performed the catalase-like dismutation of
H2O2 have been extensively explored as chemodynamic catalysts
for this purpose.41–43 Direct use of antioxidant enzymes such as
catalase has also been reported; however, the obstacles,
including large molecular weight, high expense, low cellular
uptake, and easy hydrolytic degradation by the proteases in
living cells, need to be overcome.44,45 To maximize the syner-
gistic action of different ingredients, design of such a combi-
nation medicine at the molecular level would be particularly
desirable. Thus, it remains of interest to use a molecular H2O2

scavenger by virtue of small molecular size, reproducible
preparation, enzyme-like catalytic efficiency and quantitative
integrability. The present work was motivated by an apprecia-
tion that the catalase mimics salen-based tri-manganese
8980 | Chem. Sci., 2022, 13, 8979–8988
cryptands catalytically dismute H2O2 and treat oxidative stress-
related disorders, potentially acting as a molecular inhibitor for
angiogenesis.46–49 We also noticed that such Mn-based
complexes are attractive magnetic resonance imaging (MRI)
agents due to their high-spin electronic conguration. Thus,
they possess the capability of noninvasive imaging or diagnos-
tics that yields molecular target information before, during, and
aer cognate therapy.50,51

To maximize the synergy, integrating the PS and the tri-Mn
(salen) complex into a nanoplatform using 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)] (DSPE-PEG2000) allows the cascade reaction comprising
dismutation of intracellular H2O2 and photosensitization of
down-stream O2, in a biomimetic manner to naturally occurring
photosynthetic systems.52 Here, we were inspired to couple the
photosensitizers with biomimetic synthetic structures for the
catalase center (tri-manganese) via self-assembling,46 facili-
tating attainment of natural photosynthesis processes.52 More
importantly, the synergism we achieved in the articial photo-
synthetic system can signicantly improve the reactive effi-
ciency in some oxidations toward cholesterol and unsaturated
fatty acids by a singlet oxygen. Compared to the metal oxide
nanoparticles that have been extensively demonstrated in
chemotherapy, the synergic action of combination photo-
theranostics described here can be modulated by rationally
tuning the ratio of the ingredients, including the PS and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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catalytic center at the molecular level, representing one of the
features of this work. Aer optimization, the most effective
system inhibits the formation of new blood vessels and
enhances 1O2 production and thus improves PDT efficacy, as
demonstrated by in vitro/in vivo experiments. Given the impor-
tance of the redox metabolic shi on reshaping PDT efficacy,
this work provides a programmable strategy to design novel
phototheranostics, enhancing tumor treatment and potentially
reducing the risk of tumor resistance and recurrence.
Results and discussion
Preparation of programmable phototheranostics

As a result of our continued interest in exploring the biomedical
applications of catalase biomimetic complexes,46 we found that
C3 symmetric salen-based tri-manganese cryptands have the
Fig. 1 Preparation and reactivity of phototheranostics. (a) Schematic d
structure of 1; hydrogen atoms, solvents, and chloride anions are omitt
production via catalytic dismutation of H2O2 (100 mM) by Ce6@NP, 1@N
Ce6@NP (with 10mMH2O2), Ce6-1@NP (with 10mMH2O2) and Ce6-1@N
absorbance of DPBF at 416 nm was recorded every 10 s upon red lig
Cholesterol (20 mg) or oleic acid (20 mg); catalyst (Ce6, 0.25 mg), 1 (1
bubbling, 50 mW cm�2 660 nm LED. (g) Transient absorption difference
inset shows the decay traces of “Ce6+1 with H2O2”, “Ce6+1” and “Ce6 w
H2O2: 10 mM).

© 2022 The Author(s). Published by the Royal Society of Chemistry
capability of scavenging intracellular ROS, thus potentially
relieving hypoxia of the TME.53 In this work, we chose tri-Mn
(salen) cryptand (1) with an o-diaminobenzene moiety, which
displayed the highest reactivity toward H2O2 dismutation
among our previously reported Mn compounds. We obtained
a single crystal of 1 suitable for X-ray diffraction in the mixed
methanol/ethanol solution (v/v ¼ 1 : 1) and rst conrmed the
connectivity of the C3 symmetric Mn (salen) cryptand (CCDC:
2159529†). Fig. 1b and Table S1† show that 1 has a triple-axis
passing through two methyl carbon atoms. The distances
between the bridgehead carbon atoms and metal centers were
5.83 and 6.20 Å. The dimensions of the triangular prism cage-
like cavity surrounded by six oxygens of phenoxy are 2.76 Å in
height and 4.01 Å in each triangular side length, similar to those
in previously reported C3 symmetric Zn (salen) cryptands.54
iagram of Ce6-1@NP synergistically catalyzing H2O2. (b) X-ray crystal
ed for clarity. (c) UV-vis spectra of 1, Ce6 and Ce6-1@NP. (d) Oxygen
P, Mn3O4, and Ce6-1@NP (5 mM) in PBS buffer (pH 7.4). (e) The ability of
P to promote singlet oxygen generation under hypoxic conditions; the
ht irradiation (660 nm, 6.5 mW cm�2). (f) Photooxidation activities.
mg), H2O2 (30%, 40 mL), MeCN/CHCl3/H2O (1 mL/1 mL/200 mL), N2

spectra of Ce6 measured at selected times in water (0–2000 ms); the
ith H2O2” in water recorded under a nitrogen atmosphere (Ce6: 15 mM;

Chem. Sci., 2022, 13, 8979–8988 | 8981
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Fig. 2 Synergistic action of Ce6 and 1. (a) Singlet oxygen generation
with 1 of different ratios (5–50 mM) under hypoxic conditions detected
by DPBF assay. (b) Synergy index (SID, SID ¼ (Ca/Sa) + (Cb/Sb)) for
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We used DSPE-PEG (MW. 2000), a United States Food and
Drug Administration approved amphiphilic phospholipid
polymer conjugate,55 as a biocompatible nanocarrier which may
prolong blood circulation time, improve stability and enhance
encapsulation efficiency (Fig. 1a).56 The phototheranostic agent
termed Ce6-1@NP was prepared with 1, Ce6, and DSPE-PEG,
and the concentrations of 1 and Ce6 were estimated by the
absorbances at 325 nm and 665 nm (Fig. 1c) according to their
extinction coefficients. The as-prepared phototheranostic agent
possessed a spherical morphology with a radius of ca. 100 nm
determined by transmission electron microscopy and with
a hydrodynamic diameter of ca. 70 nm recorded by dynamic
light scattering experiments (Fig. S1 and S2†). We also used the
commercial Mn3O4 nanomaterial as a control to replace 1 at the
same molar mass according to chemical formular. Dismutation
of H2O2 was examined in PBS buffer (100.0 mM, pH 7.4). As
shown in Fig. 1d and S3a, we observed the formation of 217.2
mM and 204.9 mM oxygen in the presence of 5.0 mM 1 and Ce6-
1@NP in 400 s, respectively. Only 50.0 mM O2 in 400 s was ob-
tained by Mn3O4, in which the active site may be only at the
surface of nanoparticles exposed to aqueous media. Impor-
tantly, we conducted this experiment for evaluating the pH
effect on producing oxygen catalyzed by Ce6-1@NP. The results
were shown in Fig. S3b–d.† Upon increasing pH from 3.0 to 9.0,
the yields of oxygen enhanced and exhibited a pH-dependence.
When pH was lower than 3.0, Ce6-1@NP almost lost the reac-
tivity toward dismutation of H2O2.

We used 1,3-diphenylisobenzofuran (DPBF) to probe 1O2

generation according to the absorption intensity (DA) at 416 nm
(Fig. 1e and S4†).58 For Ce6-1@NP under an N2 atmosphere,
direct irradiation at 660 nm could not trigger 1O2 production,
while in the presence of H2O2 (10 mM), high yield of 1O2 (DA �
0.97) was obtained (Fig. S4†). Similar irradiation of the controls,
either 1@NP or Ce6@NP with H2O2, gave low yields of 1O2 (DA <
0.2), probably arising from light-induced self-decomposition of
H2O2. Nanosecond transient absorption spectroscopy was per-
formed to monitor the triplet excited states of Ce6 in deaerated
water.59 As shown in Fig. 1g, Ce6 (15 mM) displayed negative
absorption centered at 390 nm and 655 nm that was ascribed to
the ground state bleaching, accompanied by the appearance of
positive absorption with the maximum at 460 nm. The lifetime
for the triplet state was ca. 141.2 ms, irrelevant to whether 1 (7.5
mM) existed or not. However, in the presence of 1, H2O2 addition
led to dramatic quenching of the triplet state of Ce6 and
a shortening of the lifetime to 0.22 ms, much less than that in
the control experiment in the absence of 1. This strongly
suggests that 1 catalyzed H2O2 dismutation could be the oxygen
source under hypoxic conditions for further photooxidation.

Since 1O2 is generally considered the critical ROS in PDT to
oxidize biomolecules such as proteins, nucleic acids, or lipids,
we chose cholesterol and oleic acid as the examples to test the
activity of Ce6-1@NP in the presence of H2O2 under an N2

atmosphere.60–62 As shown in Fig. 1f and S5,† yields of 16% and
34% of 5a-hydroperoxycholesterol and peroxyl oleic acid were
obtained, respectively, ca. 4 times higher than those obtained by
the control Ce6@NP. These results again highlighted the
8982 | Chem. Sci., 2022, 13, 8979–8988
critical role of 1 in reprogramming the redox TME that acts both
as an H2O2 scavenger and as an O2 generator.

In addition, we examined the longitudinal relaxivity (r1) for
Ce6-1@NP, which displayed a larger r1 of 39.2 mM�1 s�1 than 1
(12.3 mM�1 s�1), probably for its encapsulation inside DSPE-
PEG (Fig. S6†). With the potential as an MRI contrast agent,
Ce6-1@NP thus holds promise to act as a programmable pho-
totheranostic agent that monitors the PDT response and prog-
nosis estimation process by non-invasive MRI imaging.
Synergistic action in vitro

A characteristic of programmable medicine is the quantitative
integrability of active ingredients to synergistically exert
optimum therapeutic efficiency. Toward this goal, we carried
out a preliminary study to optimize the synergism of Ce6 and 1
at the molecular level in order to maximize 1O2 production in
the presence of H2O2 (10 mM) under hypoxic conditions. For
example, when the concentration of Ce6 was xed to 5 mM, we
changed the concentration of 1 (5–50 mM) and found the
highest yield of 1O2 (DA � 0.63) when the ratio of Ce6 to 1 was
1 : 6, as shown in Fig. 2a and S7.†

Next, we optimized the ratio of Ce6 vs. 1 in Ce6-1@NP
according to the photocytotoxicity against HeLa cells. The
synergistic effect was evaluated according to the synergy index
(SID), where SID ¼ (Ca/Sa) + (Cb/Sb) is as shown in Table S2.† 63
photocytotoxicity in HeLa cells under hypoxic conditions.63

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The cytotoxicity of Ce6@NP and Ce6-1@NP. (a) Under hypoxic
conditions without external H2O2. (b) Under hypoxia with external
H2O2 (4 mM); irradiation conditions: 660 nm, 30 mW cm�2, 1 min.
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SID50 (0.72) and SIDarb (0.69) were smaller than 1.0, suggestive
of the synergistic effect in Ce6-1@NP. SID50 and SIDarb repre-
sented the SIDs when the inhibition of cells reached 50% and
the arbitrary level, respectively. Fig. 2b shows that Ce6-1@NP
with the ratio of Ce6 to 1 of 1 : 4 showed the best synergistic
effect in living cells and would be used in the context. Here, we
optimized the ratio of Ce6 to 1 in solution, and the concentra-
tion range of 1 is 5–50 mM, and the results showed that the ratio
is 1 to 6 when the yield of the singlet oxygen reaches the highest.
The difference in the ratios of 1 and Ce6 between living cells and
the solution lied in their distinct physical conditions. For
example, the distribution of Ce6 or 1 was not homogeneous as
that in the solution. Moreover, when 1 was used in high
concentrations, the dark cytotoxicity was obvious (Fig. S9†). In
order to avoid ambiguous experimental results, we lowered the
concentration of 1 to a relatively safe concentration (1 mM) and
thus obtained an optimal ratio of Ce6 to 1 of 1 to 4 in living cells.
Therefore, we assumed that the difference between living cells
and the solution was a possible reason for the difference in the
optimal ratio of 1 to Ce6 we observed in living cells and the
solution. Of course, we could not exclude the possibility that
there may be other factors that contributed to the different
ratios of Ce6 to 1. Nonetheless, in this context, we performed
the cytotoxicity assay using the optimized Ce6-1@NP under
hypoxic or normoxic conditions in HeLa cells. Under normoxic
and no light conditions, IC50s values of Ce6@NP and Ce6-1@NP
were ca. 3.0�5.0 mM (Fig. S8†), while they were decreased to 0.06
mM and 0.04 mM upon light irradiation (660 nm, 30 mW cm�2, 1
min), respectively (Fig. S9 and S10†). A comparison of their
photocytotoxicity indicated that the PDT effect was mainly
dependent on Ce6, not 1, under normoxic conditions.

Interestingly, the cell-cultured plate sealed in an Anaero-
Pouch-Bag for 6 hours was used to simulate hypoxic condi-
tions;64 the photocytotoxicity of Ce6@NP and Ce6-1@NP
decreased, evidenced by the increasing IC50s of 0.36 mM and 0.22
mM in the absence of H2O2 (Fig. 3a), suggesting the importance of
oxygen for PDT efficacy.When 4.0 mMexternal H2O2 was added to
the hypoxic cell culture media, Ce6-1@NP showed an IC50 of 0.07
mM, a ca. 3-fold decrease of IC50 (0.22 mM) of Ce6@NP (Fig. 3b).
To verify the effect of H2O2, we used the glutathione peroxidase 4
inhibitor (RSL3) to trigger endogenous H2O2 accumulation under
the hypoxic conditions.65 As shown in Fig. S11 and S12,† Ce6-
1@NP still displayed a decreased IC50 of 0.03 mM, while Ce6@NP
only showed a slightly decreased IC50 of ca. 0.11 mM. These
results suggested that, in the presence of 1, either endogenous or
exogenous H2O2 might act as oxygen suppliers that could be
subsequently converted to 1O2 in Ce6-1@NP, which showed the
synergistic validity.

To investigate the cell death signaling pathway, we used
western blotting to evaluate the expression levels of Bax, cleaved
caspase-3, and cleaved PARP, the apoptotic marker proteins in
HeLa cells (Fig. S13†). In the absence of light irradiation, Ce6-
1@NP exhibited similar expression levels of such proteins to the
control group, while under light irradiation, it led to a ca. 10–30
fold up-regulating of Bax, cleaved PARP, and cleaved caspase 3
when compared with the control group (Fig. S13†). Since 1@NP-
hn did not show cytotoxicity toward HeLa cells, we did not carry
© 2022 The Author(s). Published by the Royal Society of Chemistry
out the western blot experiments for the group of 1@NP-hv. The
results for comparison of 1, Ce6, and Ce6-1 are listed in
Fig. S13b,† and the second group of columns “Ce6-1@NP”
contained the effects of 1 in the absence of light irradiation,
among which Ce6 has no PDT effect without light irradiation.
Within the concentration range used in this part of the experi-
ments, Ce6 (200 nM) did not show any cytotoxicity in the
absence of light irradiation (Fig. S8†), and 1 (800 nM) did not
show any cytotoxicity in the presence of light irradiation
(Fig. S9†). The expression of Bcl-2 was kept unchanged for all
groups. These results indicated that mitochondrial-mediated
apoptosis might be involved.66
Anti-angiogenesis study

We then examined the effect of Ce6-1@NP and Ce6@NP on the
expression of HIF-1a, a master regulator of cellular homeostatic
response to hypoxia as well as the VEGF that is critical to
controlling the pro-angiogenic activity in HUVEC cells.67,68 As
shown in Fig. 4a and b, Ce6-1@NP combined with light irradi-
ation decreased the expression of both HIF-1a and the VEGF,
similar to the control groups Ce6-1@NP (in the dark) and
Ce6@NP. To further investigate the inhibition of angiogenesis,
we constructed a CAMmodel to evaluate drug efficacy,69 and the
whole treatment is shown in Fig. 4d. Axitinib, a commercially
Chem. Sci., 2022, 13, 8979–8988 | 8983
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Fig. 4 Anti-angiogenesis studies. (a) Western blot analysis and (b) statistical analysis for expression levels of the VEGF and HIF-1a. (c) Schematic
diagram of the cell death mechanism induced by Ce6-1@NP under laser irradiation. (d) Protocol for anti-angiogenesis in the CAM model. (e)
Photos of anti-angiogenesis in the CAM model with different groups (control, Ce6@NP, Axitinib, 1@NP, Ce6@NP–Axitinib and Ce6-1@NP;
660 nm, 30 mW cm�2, 10 min, 4 mM based on Ce6 content). (f) Statistical analysis for the vessel length of different groups. The results are
presented as mean � SD. *p < 0.05 and **p < 0.01 as compared with the control group.
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available VEGF receptor known to inhibit angiogenesis, was
chosen as a positive control to prepare the Ce6@NP–Axitinib
protocol.70

Through the window that was carefully created on the top-
most surface of an eggshell, 100 mL Ce6-1@NP or Ce6@NP
(containing 4 mMCe6 and 16 mM 1) or 1@NP (16 mM) or Axitinib
(16 mM) or “Ce6@NP + Axitinib” was added to the CAM vascular
bed. Aer 1 hour incubation, all eggs were exposed to light
(660 nm, 30 mW cm�2, 10 min). Fig. 4e shows inhibition of
angiogenesis aer different treatments, and the efficacy was
estimated from the vessel length. Upon treatment with Ce6-
1@NP, the vascular ruptured, and the vessel length was reduced
by 88%. Less signicant inhibition of angiogenesis was
observed in “Ce6@NP + Axitinitib”, 1@NP, Axitinib, and
Ce6@NP groups, with vessel lengths reduced by 65%, 42%,
64%, and 19%, respectively (Fig. 4f). Thus, Ce6-1@NP displays
more effective anti-angiogenesis compared to Ce6@NP and
Axitinib, demonstrating the synergistic validity of the photo-
synthetic cascade protocol.
8984 | Chem. Sci., 2022, 13, 8979–8988
These results suggested that Ce6-1@NP not only exhibited
high photocytotoxicity but also inhibited the expression of HIF-
1a and the VEGF, which shows the potential for anti-
angiogenesis. On the basis of these results, we proposed the
synergistic mechanism of 1 and PS, as shown in Fig. 4c. 1
catalyzes the dismutation of endogenous H2O2, which improves
hypoxia and thus prevents tumor angiogenesis by inhibiting the
expression of HIF-1a and the VEGF, to produce oxygen that can
be photosensitized to a singlet oxygen and destroy tumor cells
upon irradiation of PSs.
Antitumor efficacy in vivo

In view of a synergistic effect of Ce6-1@NP, we further explored
the therapeutic efficacy on HeLa tumor-bearing BALB/c female
nude mice. Then the mice bearing tumors that were about 100
mm3 were treated with Ce6-1@NP, Ce6@NP–Axitinib, Axitinib,
1@NP, or Ce6@NP, respectively (n ¼ 4; Ce6 was 1 mg kg�1, 1
was 8.4 mg kg�1, and Axitinib was 2.6 mg kg�1) through intra-
venous administration, and the mice were irradiated with
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a 660 nm laser at a power density of 0.2 W cm�2 for 10 min. The
tumor volumes were measured on the following 14 days with
a Vernier caliper every 2 days71 (Fig. 5a). As depicted in Fig. 5d,
the control (PBS), 1@NP-hn, and Axitinib-hn groups exhibited
the neglectable inhibition of tumor growth, further illustrated
by the corresponding photographs in Fig. 5e and the mean
tumor weights (Fig. S14†) aer all mice were harvested. Inter-
estingly, the Ce6-1@NP group under light irradiation exhibited
the most signicant inhibition among all groups. The tumor
Fig. 5 Antitumor effects on nude mice in vivo. (a) Schematic illustration
light. (b) MR imaging of the mice injected with Ce6-1@NP and PBS. (c) Th
volume curves and digital photographs for the mice treated with differe
tinib-hn and Ce6-1@NP-hn; 1 mg kg�1 based on Ce6 content). (f, g) The t
different groups (control, Ce6-1@NP, PL-1@NP, Ce6-1@NP-hn and PL-1
curves for the mice treated with different concentration groups (contro
1@NP-hn; 0.5 or 2 mg kg�1 based on PL content). (i) The survival curves o
� SD. *p < 0.05 and **p < 0.01 as compared with the control group.

© 2022 The Author(s). Published by the Royal Society of Chemistry
growth rate treated with Ce6-1@NP was slower (ca. 46.7% of the
control) than that of Ce6@NP (ca. 69.1% of the control), sug-
gesting that 1 enhances the PDT effect of Ce6. However, the
Ce6@NP–Axitinib group showed a similar therapeutic effect
(72.4%) on Ce6@NP. Importantly, Ce6-1@NP can monitor the
accumulation behavior in vivo through MR imaging, and
a tumor-to-normal (T/N) contrast ratio of up to 210% was
observed for 24 hours (Fig. 5b and c), indicating that Ce6-1@NP
can be accumulated in the tumors. Thus, these in vivo results
of the antitumor process in mice, 0.2 W cm�2 for 10 min with 660 nm
e tumor-to-normal (T/N) contrast ratio in MR imaging. (d, e) The tumor
nt groups (control, 1@NP-hn, Axitinib-hn, Ce6@NP-hn, Ce6@NP–Axi-
umor volume curves and digital photographs for the mice treated with
@NP-hn; 1 mg kg�1 based on Ce6/PL content). (h) The tumor volume
l, 0.5 mg kg�1 PL-1@NP-hv, 2 mg kg�1 PL-1@NP and 2 mg kg�1 PL-
f mice treated with different groups. The results are presented as mean
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Fig. 6 Apoptosis and immunity in vivo. (a) Analysis of tumor cell apoptosis by TUNEL assay for different groups (control, 1@NP-hn, Axitinib-hn,
Ce6@NP-hn, Ce6@NP–Axitinib-hv, and Ce6-1@NP-hn); scale bar ¼ 100 mm. (b) Flow cytometry analysis of CD4+/CD8+ T lymphocytes in B16
tumor-bearing mice for different groups (control, 1@NP-hn, Ce6@NP-hn, and Ce6-1@NP-hn).
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demonstrated that Ce6-1@NP was an effective phototheranostic
agent that combines PDT therapy and MRI imaging modalities.

Further, terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay of tumor sections
(Fig. 6a) revealed a signicant increase of apoptotic cells in the
Ce6-1@NP-hn group.72 Immunohistochemical analysis showed
that the expressions of Bax and cleaved caspase 3 were up-
regulated. The VEGF expression was decreased aer the treat-
ment with Ce6-1@NP (Fig. S15†), suggesting that the combi-
nation of Ce6 and catalase biomimetic 1 could activate the
apoptosis pathway and anti-angiogenesis in vivo. Additionally,
the body weights (Fig. S16†) and hematoxylin and eosin (H&E)
staining for main organs (the heart, liver, spleen, lung, and
kidney) indicated that there was no signicant tissue damage or
apparent histopathological abnormalities or lesions observed in
all groups (Fig. S17†).

As mentioned, hypoxia could lead to high expression of the
VEGF and then induce tumor angiogenesis. Previous research
has demonstrated that vascular injury could activate the
immune system and increase immunotoxic T cells, which are
necessary against tumors.16,17 We next analyzed the spleen T
lymphocytes to evaluate the system immunity. Fig. 6b shows
that the Ce6-1@NP could increase the percentage of CD4+/CD8+
cells in the spleen of B16 tumor-bearing mice (40.9%), while the
proportion of the control group is 33.5%, 1@NP group 27.5%,
and Ce6-1@NP group 42.8%. These results suggested that Ce6-
1@NP remarkably increased antitumor immunity of mice
compared with the control groups.

In order to better improve the therapeutic outcomes, we used
the tertrapentauorophenylporpholactol (PL) that emerged as
a chlorophyll type photosensitizer with high singlet oxygen
quantum yield73 to replace Ce6 and prepared a new PL-1@NP
phototheranostic agent. Fig. 5f shows that PL-1@NP is much
8986 | Chem. Sci., 2022, 13, 8979–8988
more efficient than Ce6-1@NP with the reduced tumor sizes of
24.0% and 48.9% respectively, under the same dose (1mg kg�1),
consistent with the results of the mean weight of tumors in
Fig. S18† and the tumor photographs in Fig. 5g aer the mice
were harvested. Subsequently, we conducted a series of dose-
dependent experiments as shown in Fig. 5h, and the thera-
peutic effect was signicantly improved with increasing amount
of PL-1@NP. Importantly, the survival times of the mice treated
with PL-1@NP (2 mg kg�1) were maximally prolonged to 4–7
weeks compared with the controls, which were treated with PBS
(Fig. 5i). Replaceability of different photosensitizers shows
improved therapeutic efficacy, revealing the feasibility and
expansibility of such a combination strategy.
Conclusions

In summary, we constructed a “programmable photo-
theranostics” consisting of tri-manganese metal cryptand 1 and
a PS (Ce6 or PL) to trigger the cascade reaction of the dis-
mutation of intracellular H2O2 and downstream photosensiti-
zation of O2, allowing the synergistic action of PDT and anti-
angiogenesis. Importantly, using the molecular PS and
catalase-like H2O2 scavenger, the efficiency, more accurately,
the synergistic effect could be modulated by quantitative
manipulation of the proportion of the two active ingredients (1
and PS). This is a step closer to programmable medicine. Other
than excellent performance in in vitro and in vivo PDT treat-
ments, this phototheranostic agent showed the effectiveness in
inhibition of new blood vessels in the CAM model, in the line
with the western blotting for the hypoxia and vascular endo-
thelial growth factor-related proteins (HIF-1a and VEGF). These
results revealed a pathway to achieve synergistic PDT with anti-
angiogenesis especially using a biomimetic model compound,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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which is prospective to further design programmable medicine
at the molecular level.

Data availability
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manuscript and supplementary information (ESI).†
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