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of molecular photosensitizers by
distorting the conjugated-plane for enhanced
tumor photodynamic therapy†

Han Sun,a Lukun Li,a Ruihua Guo,a Zhe Wang, *b Yanhui Guo,a Zhiliang Li *a

and Fengling Song*a

Non-AIE-type molecular photosensitizers (PSs) suffer from the aggregation-caused-quenching (ACQ)

effect in an aqueous medium due to the strong hydrophobic and p–p interactions of their conjugated

planes, which significantly hinders the enhancement of tumor photodynamic therapy (PDT). So far, some

ionic PSs have been reported with good water-solubility, though the ACQ effect can still be induced in

a biological environment rich in ions, leading to unsatisfactory in vivo delivery and fluorescence imaging

performance. Hence, designing molecular PSs with outstanding anti-ACQ properties in water is highly

desirable, but it remains a tough challenge for non-AIE-type fluorophores. Herein, we demonstrated

a strategy for the design of porphyrin-type molecular PSs with remarkable solubility and anti-ACQ

properties in an aqueous medium, which was assisted by quantum chemical simulations. It was found

that cationic branched side chains can induce serious plane distortion in diphenyl porphyrin (DPP), which

was not observed for tetraphenyl porphyrin (TPP) with the same side chains. Moreover, the hydrophilicity

of the chain spacer is also crucial to the plane distortion for attaining the desired anti-ACQ properties.

Compared to ACQ porphyrin, anti-ACQ porphyrin displayed type-I ROS generation in hypoxia and much

higher tumor accumulation efficacy by blood circulation, leading to highly efficient in vivo PDT for

hypoxic tumors. This study demonstrates the power of sidechain chemistry in tuning the configuration

and aggregation behaviors of porphyrins in water, offering a new path to boost the performance of PSs

to fulfill the increasing clinical demands on cancer theranostics.
Introduction

Photodynamic therapy (PDT) has attracted great attention in
curing cancers due to its minimal invasiveness and side-effects,
spatiotemporal selectivity and high therapeutic efficacy
compared to conventional cancer treatments.1–6 In PDT,
photoexcited photosensitizers (PSs) convert triplet oxygen and
other molecules into cytotoxic reactive oxygen species (ROS) via
electron transfer (type-I) or energy transfer (type-II), which
subsequently induces apoptosis or necrosis of tumor cells.7–11

However, the high hydrophobicity and aggregation tendency of
molecular PSs under physiological conditions result in lowered
ROS generation and poor in vivo delivery efficacy.6,7,12,13 Signi-
cant efforts have been dedicated to alleviating these limitations
of molecular PSs for PDT by involving additional bioactive
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tion (ESI) available. See DOI:
components and carriers to fabricate nanomedicines, which
can complicate the whole process andmay cause undesired side
effects.14–16

Although a large variety of AIE-type nano-PSs have been re-
ported to address the issues caused by aggregation-caused-
quenching (ACQ) of uorophores, this is not applicable to the
other traditional uorescent molecules.17–21 For example, for
one of the most valuable PSs, porphyrins, which are extensively
used for cancer treatment in clinics owing to their excellent
optical properties, photostability and biocompatibility, the
aforementioned limitations have not been successfully solved.6

Porphyrins severely suffer from notorious superhydrophobicity,
and extremely tend to aggregate in an aqueous medium,
causing serious reduction in uorescence emission and poor in
vivo delivery efficacy.6,22,23 To date, some PSs decorated with
cationic side chains have been reported for PDT of tumors and
drug-resistant bacteria.24,25Due to the excellent hydrophilicity of
positive charges, cationic PSs usually exhibit enhanced water-
solubility and are more easily taken up by cancer cells than
normal cells due to the more electronegative membrane of
cancer cells. At the same time, cationic PSs can also target the
suborganelles of cancer cells, which can promote a series of
inammatory and immune responses by the ROS produced
© 2024 The Author(s). Published by the Royal Society of Chemistry
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during PDT, destroy the tumor microvasculature, and ulti-
mately induce tumor cell death.26–28

However, cationic PSs can still be induced to aggregate by the
physiological environment, biological polyanions (e.g., adeno-
sine triphosphates (ATP) and pyrophosphate (PPi)), and high
ionic strength, resulting in serious uorescence quenching
which greatly limits the potential in vivo applications.7,29,30

Therefore, it is very promising to develop cationic molecular PSs
with excellent anti-ACQ properties in a physiological environ-
ment. Recently, it was shown that porphyrins can be restricted
in rigid inorganic, metal–organic or polymeric frameworks to
prevent aggregation; however, this leads to very poor water-
solubility.31–33 Moreover, a strategy for designing molecular
porphyrins with excellent anti-ACQ properties in a physiological
environment has not been reported. It has been shown that the
5, 15-diphenyl porphyrin exhibits conjugated plane distortion,
and the steric effect from substituents on b-pyrrole could also
distort the porphyrin plane.34,35 We speculate that introducing
bulky cationic side chains at the 5- and 15- positions may cause
more serious distortion of the porphyrin plane which weakens
the intermolecular p–p interactions, thereby avoiding the ACQ
effect in water even with polyanions or high ionic strength.
Therefore, cationic porphyrins with a distorted plane and bulky
side chains would possess anti-ACQ properties in a physiolog-
ical environment which benets in vivo tumor PDT
performance.

Herein, we demonstrate a strategy for designing molecular
PSs with excellent solubility and anti-ACQ properties in water. A
series of water-soluble diphenylporphyrin (DPP)-based PSs
(Fig. 1) substituted with cationic side chains varying in number,
Fig. 1 Chemical structures of some previously reported ACQ cationic TP
rules for DPP: the numbers denote the length of each chain spacer, the c
letters denote the number of side chains on each phenyl ring. s: single a

© 2024 The Author(s). Published by the Royal Society of Chemistry
length and hydrophilicity were synthesized and investigated.
DPP with branched side chains exhibited distorted conjugated
planes and the extent of plane distortion is associated with the
hydrophilicity of the chain spacer. A signicantly more dis-
torted plane was observed for DPP with a shorter carbon chain
(C3 vs. C6) in quantum chemical calculations. The plane
distortion endows DPP 3C with unique anti-ACQ properties
with polyanions and high ionic strength, allowing its high ROS
generation efficacy in both type-I (OHc) and type-II (1O2) path-
ways, and strong photocytotoxicity to cancer cells in both nor-
moxia and hypoxia. Moreover, much more efficient in vivo
delivery of 3C to the tumor site is achieved through whole-body
blood circulation compared to ACQ porphyrin TPP 1, leading to
great PDT performance. The unique properties of the anti-ACQ
cationic porphyrin allow one-molecule-based cancer therapy
with high precision and efficacy, which is highly benecial to
the diagnosis and treatment of cancers (Scheme 1).
Results and discussion
Synthesis

The chemical structures of the novel porphyrins presented in
this work are based on 5,15-diphenylporphyrin (DPP) with
varying number, length or composition of cationic side chains
linked to each phenyl ring via ether bonds (Fig. 1). The detailed
synthetic protocols of these porphyrins are described in the ESI
(Section 2).† In general, the corresponding aldehyde reacted
with dipyrrylmethane to obtain the porphyrin precursors
attached with protected amino chain ends, which were then
subjected to hydrolysis to release the cationic end groups
Ps and the DPP-type cationic porphyrins studied in this work. (Naming
apital letters denote the atoms in the chain spacer, and the lowercase
nd d: double).

Chem. Sci., 2024, 15, 940–952 | 941
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Scheme 1 Schematic illustration of designing anti-ACQ porphyrin in an aqueous medium for enhanced PDT of hypoxic tumors.
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(Scheme S1†). The target porphyrins can be easily dissolved in
water owing to their highly hydrophilic cationic side chains.
Varying the number and structures of side chains aimed to tune
the factors that may potentially impact their aggregation
behaviors in aqueous solutions.
Aqueous solubility and optical properties

The aggregation feature of porphyrins can be easily determined
from their UV-vis absorbance and uorescence emission as the
aggregated porphyrins show characteristic spectroscopic prop-
erties compared to their monomeric state.29 Due to carrying
highly hydrophilic positive end-charges on side chains, cationic
porphyrins (Fig. 1) are usually very soluble and did not aggre-
gate at all upon dissolving in water. For example, previously, we
have reported a tetraphenyl porphyrin (TPP)-based photosen-
sitizer (TPP 1, Fig. 1) with high water-solubility and enhanced
type-I ROS generation capacity.36 As shown in Fig. S1a,† the
absorption spectra of TPP 1 in water and a good solvent
(methanol) are almost identical, indicating that there are no
aggregates formed in water. Subsequently, uorescence
quenching was not observed for TPP 1 in water (Fig. S1b†).
Unfortunately, biological polyanions (e.g., ATP and PPi) could
easily cause ACQ of TPP 1 in water (Fig. S2†), which is quite
similar to that of other reported cationic TPP-type porphyrins
with various types of side chains (linear or branched, Fig. 1).29,30

The ACQ of uorescence of PSs could severely weaken the ROS
generation capability, leading to poor performance for in vivo
PDT of tumors, especially in a tumor environment where ATP is
highly overexpressed.7

The at conjugated plane of TPP-type porphyrins could
facilitate the aggregation through p–p stacking when poly-
anions bring the porphyrinmolecules close. Then the same type
of sidechains was introduced to the 5′,15′-diphenyl porphyrins
(DPP, 3C), to see if it could induce signicant plane distortion to
942 | Chem. Sci., 2024, 15, 940–952
prevent anion-induced aggregation, as it is expected that a more
distorted core plane might not be favored by p–p stacking of
porphyrins. As expected, 3C is very soluble and does not self-
aggregate in water like other cationic porphyrins (Fig. S3 and
S4†). Moreover, the polyphosphate induced ACQ of uorescence
was not observed for 3C, which displayed only negligible
changes in the UV-vis absorption and uorescence emission
spectra (Fig. 2a and S5†). With addition of sodium phytate
which bears six phosphate groups per molecule, anti-ACQ
properties were still retained by 3C (Fig. S5d†). The excellent
anti-ACQ properties demonstrated by 3C to anions, especially to
ATP, would greatly benet the in vivo therapy of tumors, as ATP
is highly over-expressed in tumor tissues.37–39

To obtain further insights into these observations, quantum
chemical calculations were employed for the structures and
electronic distributions of 3C and TPP 1. As shown in Fig. 3a
and b, different from the plane structure of TPP 1, it can be seen
that 3C adopts a saddle-shape distorted structure with a folding
angle of 142°. Generally, the characteristic types of distortions
in porphyrins are saddle, dome, ruffled and wave, while the
saddle shape exhibits a higher degree of distortion of the
porphyrin plane.34 The plane folding of 3C pushes the two bulky
side chains to the back side of the folded plane with a dihedral
angle of 112° (Fig. 3b). Unlike the tetraphenyl porphyrin TPP 1
with a at plane structure, the signicant plane distortion
makes aggregation through p–p stacking unfavored by 3C. In
addition, this bulky dendric side chain might further promote
the plane distortion, and the orientation of bulky side chains
would cause more steric effect that prevents porphyrins from
stacking in aggregation.

The above-discussed results imply that the steric effect of
bulky side chains plays a vital role in the distortion of diphenyl
porphyrin. If this is the case, it would be expected to see that
reducing the steric effect from side chains of 3C will weaken the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis absorption (solid line) and emission spectra (dashed line) of 3C (a) and less-branched 3C-d (b); 5C (c) and 5C–O with more
hydrophilic chain spacers (d) in water before and after adding ATP as an aggregation inducer to quickly check the anti-ACQ behaviors to anions.
lex = 505 nm.
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deformation and enhance the atness of the conjugated plane,
which will lead to loss of resistance to the ACQ effect to a certain
extent. To strengthen our hypothesis, two diphenyl porphyrin
derivatives (3C-d and 3C-s, see structures in Fig. 1) were
designed with less branched side chains to reduce the steric
effect. The ATP titration experiments showed that 3C-d and 3C-s
both have stronger tendency to aggregate in the presence of
phosphates, due to decreasing the number of side chain
branches (Fig. 2b and S6b†). Reasonably, the uorescence of 3C-
s with a single linear side chain was signicantly quenched by
ATP, while the uorescence of 3C-d with bulkier side chains was
much less quenched. Hence, this conrmed that the number of
cationic branched side chains is critical to retain the ACQ
resistance of diphenyl porphyrins.

It is well known that changing the overall hydrophobicity of
the alkane chain spacer can affect the aggregation tendency of
the molecules.40 The aggregation behaviors of cationic diphenyl
porphyrins (4C, 5C and 6C, see structures in Fig. 1) with longer
carbon chains than 3C were investigated. As shown in Fig. S6c,†
with only one more carbon in each branched chain compared to
3C, porphyrin 4C retained the anti-ACQ properties to phos-
phates which is likely due to the similar hydrophilicity between
3C and 4C, while on further increasing the length of the carbon
branched chain, 5C and 6C become signicantly aggregated
upon the addition of ATP (Fig. 2c and S6d†). In other words,
with more hydrophobic chain spacers, the cationic diphenyl
porphyrins tend to be more likely to aggregate in aqueous
© 2024 The Author(s). Published by the Royal Society of Chemistry
environments induced by phosphates. Therefore, it was
conrmed that the hydrophobicity of chain spacers also plays
a crucial role in determining their aggregation tendency in
aqueous solutions. Quantum chemical simulations show that
6C has a chair-like wave shape, in which the dihedral angle
between the two adjacent pyrrole subunits is about 120°
(Fig. 3c). Despite having a wave-shape of pyrrole subunits, 6C is
essentially planar, which may not destruct the p–p interactions
between porphyrin rings.

For better understanding the structural difference, the elec-
trochemical properties of 3C and 6C were further explored.
Fig. 3d and e show the B3LYP orbitals of low-energy conformers
of each cationic porphyrin. Herein, only the frontier orbitals,
i.e., the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are considered. The
HOMO energy of 6C (−2.021 eV) is lower than that of 3C (−1.742
eV), indicating that 3C has a much more distorted plane than
6C (Fig. 3d and e) which attenuates the overlapping of p-orbitals
of the cyclic p-conjugated porphyrin core. These results implied
that 3C molecules are less prone to aggregation than 6C from
the perspective of energetics, as the destruction of the planarity
and steric effect of peripheral substituents of highly saddled
porphyrin are not favorable for the energetic stability of aggre-
gation.41 The above observation is consistent with earlier
reports suggesting that longer alkyl substituents play an
important role in the process of aggregation.42,43 Collectively,
the experimental results are further backed up by quantum
Chem. Sci., 2024, 15, 940–952 | 943
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Fig. 3 The quantum chemical-optimized geometries of TPP 1 (a), 3C (b) and 6C (c). The electron distributions of 3C (d) and 6C (e).
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chemical calculations, which provided promising mechanistic
insights into the aggregation behaviors of cationic porphyrins.

Therefore, two key requirements can be drawn from the
above for the design of cationic porphyrins with resistance to
polyanion-induced ACQ in water, which are a DPP scaffold and
branched side chains with proper hydrophilicity for inducing
signicant plane distortion of porphyrin. Conversely, if we
perform structural modication on an ACQ porphyrin to
increase the hydrophilicity of the chain spacer, will the
porphyrin turn into non-aggregated as 3C? Porphyrin 5C was
chosen as the analogous structure, and its side chain is easily
accessible. The middle carbon of the chain spacer was replaced
by an oxygen atom, which does not change the length of the
chain but can increase the hydrophilicity. As expected, the
analogous cationic porphyrin of 5C with oxygen in the chain
spacer, 5C–O displays an anti-ACQ feature under the addition of
ATP (Fig. 2d). This further conrmed the signicant role of
hydrophilicity of the chain spacer in regulating the polyanion-
induced aggregation behaviors of cationic porphyrins.
Conversely, it would be very easy to predict the aggregation
tendency of the cationic porphyrin with a shorter carbon chain
than 3C, such as DPP 2C with shorter side chains but enough
hydrophilicity, which may decrease the steric effect on the
conjugated plane. As shown in Fig. S6a,† it is clearly seen that
2C does not suffer from uorescence quenching even when
a high concentration of ATP was added, which further sup-
ported our proposed strategy.
944 | Chem. Sci., 2024, 15, 940–952
Aggregation behaviors in a physiological environment

It was reported that high ionic strength could cause cationic
porphyrins to aggregate in water.44 As we know, inorganic ions
(Na+, K+, PO4

3−, etc.) and many other organic species exist at
high concentrations under physiological conditions in humans.
Therefore, cationic molecular PSs need to retain the anti-ACQ
properties to high ion strength to tolerate the physiological
environment for improved performance in subsequent biolog-
ical applications. The ion-rich phosphate buffer saline (PBS, 10
mM) was used to simulate the physiological environment with
high ionic strength to evaluate the uorescence emission
properties of the cationic porphyrins discussed above. As shown
in Fig. S7a,† compared with that in water, signicant uores-
cence quenching in PBS was observed for TPP 1 which is not
resistant to phosphate-induced-aggregation. 3C and 6C which
bear cationic side chains with different spacer lengths exhibited
almost identical uorescence emission in water (Fig. 4a and b);
however, their uorescence emission showed signicant
difference in PBS. The emission of 3C in PBS is only slightly
decreased, while the uorescence of 6C in PBS is quenched by
about 50% compared to that in water, which is closely related to
the extent of plane distortion indicated by the computational
simulations. Moreover, 5C and 5C–O also displayed similar
uorescence emission properties according to their aggregation
behaviors in the presence of polyphosphates (Fig. 2c and d). The
uorescence emission of 5C–O in water and PBS was almost
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Fluorescence spectra of 3C (a), 6C (b), 5C (c), and 5C–O (d) in H2O (red) or PBS (blue).
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unchanged (Fig. 4d), while the uorescence emission of 5C in
PBS is sharply quenched (Fig. 4c). This was further supported by
the emission of 2C and 4C in PBS (Fig. 7b and c) that DPP
bearing longer branched sidechains with suitable hydrophi-
licity exhibits more robust anti-ACQ properties in a physiolog-
ical environment. Uninhibited uorescence emission of the
porphyrins in the physiological environment would benet
diagnosis and PDT treatment of cancers.
Evaluation of light-triggered ROS generation

Based on their excellent water solubility and uninhibited uo-
rescence emission in a physiological environment, anti-ACQ
porphyrins are expected to have good singlet oxygen (1O2)
generating capability in water.7 Therefore, at rst, 9,10-
anthracenediyl-bis(methylene)-dimalonic acid (ABDA) was used
to in situ evaluate the 1O2 production ability of 3C in water
under photoirradiation. As shown in Fig. 5a, 3C exhibited
excellent 1O2 generation ability in water as indicated by the
decay curves of ABDA absorbances.

To further conrm 1O2 generation by 3C under light-
irradiation, electron spin resonance (ESR) spectroscopy was
employed by using 2,2,6,6-tetramethylpiperidine (TEMP) as the
spin trapping agent for 1O2. As shown in Fig. 5b, only 3C
produced a strong ESR signal of characteristic paramagnetic
adducts from 1O2 upon photoirradiation, while no signal was
captured in the dark. Previous work from us reported that TPP 1
is a dual PS which can produce both type-I and type-II ROS.36
© 2024 The Author(s). Published by the Royal Society of Chemistry
Hence, we also switched to applying 5, 5-dimethyl-1-pyrroline-
N-oxide (DMPO) as the spin trapper for any possible radicals
produced by 3C. To our surprise, 3C clearly gave the charac-
teristic ESR signal of OHc aer light-irradiation; meanwhile, no
other ESR signals were observed thereby conrming the OHc

generation (Fig. 5d). Next, we used hydroxyphenyl uorescein
(HPF) as a specic uorescent probe to further verify the
generation of OHc (Fig. 5c). As expected, the uorescence of HPF
was enhanced on increasing the illumination time, conrming
the OHc generation capability of 3C. This may be due to the
strong intramolecular charge transfer between the porphyrin
ring and the electron-donating oxygen linker in sidechains and
cationic side chains, which enhances the generation capacity of
type-I ROS.45,46 Cyclic voltammetry measurement was conducted
to determine the redox potential of 3C. As shown in Fig. S8,† the
reductive potential of 3C is determined to be −0.9 mV, which is
less negative than that of the reported PSs which possess type-I
or dual photodynamic pathways, and the anodic shied
reductive potential can facilitate the electron transfer between
the PS and oxygen molecules or adjacent substrates.3,11 More
importantly, TPP 1 showed severe aggregation and precipitation
in PBS, leading to signicant ROS inhibition, while anti-ACQ 3C
exhibited much stronger ROS generation capability than TPP 1
(Fig. S9 and S10†) under identical conditions. This clearly
indicates that the anti-ACQ properties of 3C offer a remarkable
advantage for biological applications.
Chem. Sci., 2024, 15, 940–952 | 945
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Fig. 5 (a) Decomposition rates of ABDA with or without the presence of 3C with increasing illumination time. (b) ESR signals of 3C to detect the
generation of 1O2 after irradiation using TEMP as a spin trapper. (c) Fluorescence changes of HPF with or without the presence of 3C with
increasing illumination time. (d) ESR signals of 3C to detect the generation of OHc using DMPO as a spin trapper.
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Cellular uptake and in vitro PDT

The intracellular uptake of 3C was evaluated by incubation with
HeLa cells, followed by observation of the cells with a 4′,6-
diamidino-2-phenylindole (DAPI) stained nucleus by confocal
laser scanning microscopy (CLSM). 3C was easily taken up by
HeLa cells at low concentration and located in the nucleus,
indicated by the well-overlapped emission from DAPI and 3C
(Fig. 6a). The positive charges of 3C might facilitate the cellular
uptake and internalization in the nucleus.47 Based on the
excellent ROS generating ability in water, we next routinely used
2′,7′-dichlorodihydrouorescein diacetate (DCFH-DA) to probe
the intracellular ROS generated by 3C under light-irradiation.
As shown in Fig. 6b, strong green uorescence was observed,
suggesting that 3C internalized by cells has induced a consid-
erable amount of ROS upon photoirradiation. Next, specic
intracellular ROS probes, singlet oxygen sensor green (SOSG)
and HPF, were used to identify the production of 1O2 and OHc,
respectively. It was obvious to see that bright green uorescence
emanated from the cells compared to that under dark condi-
tions (Fig. 6b), indicating that both 1O2 and OHc were formed in
cells under normoxia.

It is well known that the production of 1O2 through the type-
II mechanism extremely relies on consumption of the O2 in
cells, so it is hard for pure type-II PSs to achieve satisfactory
946 | Chem. Sci., 2024, 15, 940–952
effective in vivo PDT of solid tumors due to the hypoxic tumor
microenvironment.48 As 3C can retain high efficacy in gener-
ating 1O2 and the less oxygen-dependent OHc due to its unique
anti ACQ properties, it is expected to see 3C showing better in
vitro PDT performance in hypoxia. Hence, HeLa cells were
cultured in a hypoxic environment (2% O2) for evaluating the
ROS generation efficacy of 3C in hypoxia. As shown in Fig. 6c,
green uorescence was emitted from DCFH-DA in HeLa cells
aer photoirradiation, while only a negligible uorescence
signal from SOSG was observed, indicating that the dominant
ROS generated in hypoxia was not 1O2. Taken together, these
results demonstrated that the type-I photodynamic mechanism
was preferred for the ROS generation in hypoxia. The green
uorescence emanated from HPF has further conrmed the
intracellular formation of OHc which was generated by the type-
I photodynamic pathway (Fig. 6c). Therefore, based on the
favorable results discussed above, we could expect that 3C
possesses good PDT efficacy in both normoxia and hypoxia.

Next, we evaluated the cell cytotoxicity and in vitro PDT
efficacy of 3C using the standard 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. As shown in
Fig. 6e, aer incubation with COS 7 cells and HeLa cells for 24 h,
respectively, low dark toxicity to normal cells and cancer cells
indicated the good biocompatibility of 3C. Furthermore, 3C
displayed strong cytotoxicity towards HeLa cells upon
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Fluorescence images of HeLa cells incubated with 3C for 24 h. Detection of ROS, 1O2 and OHc in HeLa cells with DCFH-DA, SOSG and
HPF, respectively, in normoxia (b) or hypoxia (c). (d) Phototoxicity toxicity of 3C on HeLa cells under normoxic (21% O2) and hypoxic (2% O2)
conditions (n= 5). (e) Dark toxicity of 3C on COS 7 cells and HeLa cells under normoxia (n= 5). CLSM images of calcein AM/PI-stained HeLa cells
incubated with 0 (f) or 5 mg mL−1 (g) 3C. [(+): 630 nm light irradiation, 50 mW cm−2, 20 min; (−): dark. Scale bar: 50 mm].
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photoirradiation (50 mW cm−2) with a low IC50 value of 2.54 mM
owing to its effective intracellular ROS generation (Fig. 6d). The
phototoxicity of 3C to HeLa cells under hypoxic conditions was
also evaluated, which is shown in Fig. 6d with an IC50 value of
3.04 mM. The approximate IC50 values for HeLa cells in nor-
moxia and hypoxia indicated the effective in vitro PDT of 3C
even in a hypoxic environment, which results from the good
capability of producing the highly toxic and less oxygen-
dependent OHc of 3C.

Next, calcein-AM and propidium iodide (PI) assay was per-
formed to visualize the cancer cell-inhibiting capability of 3C by
tracking the green uorescence (calcein-AM) from living cells
and red uorescence (PI) from dead cells. As shown in Fig. 6f
and g, only red emission of PI was observed from the HeLa cells
© 2024 The Author(s). Published by the Royal Society of Chemistry
treated with 5 mg mL−1 of 3C aer illumination. In contrast,
with only illumination but without incubation with 3C, just the
green uorescence of calcein-AM was emitted from the cells,
indicating the negative impact of light on causing the death of
cells. Taken together, with the fact that 3C exhibited strong
phototoxicity and negligible dark cytotoxicity to cancer cells,
precise and effective accumulation of 3C at the tumor site would
allow the highly effective in vivo PDT of cancer.
In vivo tumor NIR imaging and therapy

Encouraged by the excellent in vitro PDT performance of 3C, in
vivo distribution of 3C was evaluated in 4T1 tumor-bearing
BALB/c mice prior to conducting the in vivo PDT study. As 3C
Chem. Sci., 2024, 15, 940–952 | 947
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is highly soluble in water, the use of a hydrophilic organic
solvent or encapsulation agent for assisting the dissolution of
PSs, like that reported previously was avoided.3,45,49 Hence, we
used a low dose of PS by diluting an aqueous stock solution of
3C directly in 100 mL of saline for intravenous injection through
the tail vein of mice (1 mg kg−1).7 TPP 1 was injected into mice
using the same procedure as 3C to serve as a control. As shown
in Fig. 7a, aer the injection of 3C, strong uorescence was
emitted from the body of the mice and started accumulating at
tumor sites 2 hours aer injection. Since the 6th hour post
injection, the tumor site emitted much stronger uorescence
than the area surrounding the tumor, indicating the effective
accumulation of 3C at the tumor site, which is presumably due
to its excellent aqueous solubility and long blood circulation
time.50–52 Moreover, the time-dependent uorescence intensi-
ties at the tumor site did not decrease 24 h post injection,
showing the excellent retention and long half-life of 3C in the
tumor (Fig. 7a and b), while the half-life of Ce6 was only re-
ported to be 3.69 h.53 Some porphyrin derivatives have shown
tumor targeting ability, and especially those with low lip-
ophilicity can further reduce non-specic accumulation in
organs.53,54 In addition, the high concentration of extracellular
ATP in tumor tissue may contribute to the retention of 3C
through the electrostatic interaction between positive charges
of 3C and negative charges of ATP. However, no signicant
accumulation of TPP 1 was observed at the tumor site aer 24
hours of blood circulation in mice (Fig. 7a). This may be due to
Fig. 7 (a) The fluorescence images tracking the distribution and delivery
circles indicate the location of the tumor. (b) Fluorescence intensities at th
the ex vivo organs harvested at 24 hours after injection of 3C and TPP 1. (d
3C. Error bars represent the standard deviation (n = 3).

948 | Chem. Sci., 2024, 15, 940–952
the fact that TPP 1 is easily induced to aggregate by polyanions
in the blood and thus hard to target and accumulate at the
tumor site. At 24 h post injection of 3C and TPP 1, the organs
and tumors were harvested for ex vivo uorescence analysis. As
shown in Fig. 7c, approximate uorescence emission was
observed at the tumor site and organs, which indicated the non-
specic targeting ability of TPP 1. While for the mice injected
with 3C, much stronger uorescence was recorded in tumors
than the organs, which has further conrmed the effective
accumulation and high retention of 3C in the tumor (Fig. 7d).

Next, the in vivo therapeutic efficacy of 3C was evaluated in
4T1 tumor-bearing mice. The mice were divided into 3 groups
and treated as follows: saline solution injection plus photo-
irradiation; 3C saline solution injection only; 3C saline solution
injection plus photoirradiation (635 nm, 0.5 W cm−2). The
photoirradiation was performed on the tumor sites for 10 min
at 24 h post injection. Then, the tumor volumes and body
weights of the mice were measured every other day to track the
in vivo therapeutic effect of 3C on solid tumors. The weights of
the mice changed negligibly in all the three groups (Fig. 8a),
suggesting the excellent biocompatibility of 3C. A few days aer
the treatment, tumors in the therapeutic group completely
disappeared without relapse, while complete tumor ablation
was not achieved in the two control groups (Fig. 8b–d and S11†).
At the end, H&E-staining was carried out to further examine the
biosafety of the treatment in each group. There was no notice-
able pathological change observed in the harvested organs
of 3C and TPP 1 to the tumor site of the mouse over 24 hours. Black
e tumor site of themouse injected with 3C. (c) Fluorescence images of
) Fluorescence intensities of the ex vivo organs of themice injectedwith

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Body weights of the mice during the observation. (b) Tumor growth profiles during the observation. *P < 0.05, **P < 0.01, ***P < 0.001
and ****P < 0.0001 (t-test). (c) Averagedweights of the dissected tumor ofmice in different groups. Error bars represent the standard deviation (n
= 3). (d) Representative photos of tumor-bearing mice during PDT treatment. (L+): laser irradiation and (L-): no laser irradiation.
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(heart, liver, spleen, lung, and kidneys) from the mice in all
groups (Fig. S12†). These results have demonstrated that 3C is
a safe and effective molecular PS for PDT of solid tumors, as
a result of its excellent anti-ACQ properties in an aqueous
medium.
Conclusions

In summary, we have developed a strategy for designing
molecular PSs with remarkable solubility and anti-ACQ prop-
erties in an aqueous media to improve the uorescence emis-
sion and in vivo PDT efficacy. The chemical structures of
porphyrins are characteristic with a DPP core and various
cationic side chains on the phenyl rings. Based on experimental
data and computational simulations, it was found that the
cationic branched side chains with proper hydrophilicity in the
chain spacer exhibit an enhanced steric effect on the conjugated
plane of porphyrin and lead to signicant plane distortion,
which are unfavored for aggregate formation via p–p interac-
tions. It is worth emphasizing that the anti-ACQ properties of
the porphyrins could be retained even in the presence of poly-
anions or under high ionic strength, leading to unsuppressed
uorescence emission and excellent ROS generation capability
(1O2 and OHc). Moreover, the in vivo delivery efficacy of anti-ACQ
porphyrin was also signicantly enhanced compared to that of
ACQ porphyrin, displaying precise and efficient tumor accu-
mulation and retention through whole-body blood circulation,
leading to great antitumor efficacy and complete tumor
© 2024 The Author(s). Published by the Royal Society of Chemistry
ablation. This work provides a new strategy and deep insights
into designing non-AIE type PSs to boost the uorescence and in
vivo tumor PDT performance.
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J. A. S. Cavaleiro, Â. Cunha, N. C. M. Gomes, E. Alves and
A. Almeida, Mechanisms of Photodynamic Inactivation of
a Gram-negative Recombinant Bioluminescent Bacterium
by Cationic Porphyrins, Photochem. Photobiol. Sci., 2011,
10, 1659–1669.

27 J. Carneiro, A. Gonçalves, Z. Zhou, K. E. Griffin,
N. E. M. Kaufman and M. d. G. H. Vicente, Synthesis and
in Vitro PDT Evaluation of New Porphyrins Containing
Meso-epoxymethylaryl Cationic Groups, Lasers Surg. Med.,
2018, 50, 566–575.

28 H. Gu, W. Liu, W. Sun, J. Du, J. Fan and X. Peng, Single-
molecule Photosensitizers for NIR-II Fluorescence and
Photoacoustic Imaging Guided Precise Anticancer
Phototherapy, Chem. Sci., 2022, 13, 9719–9726.

29 Z. Li, C. J. t. Zeman, S. R. Valandro, J. P. O. Bantang and
K. S. Schanze, Adenosine Triphosphate Templated Self-
Assembly of Cationic Porphyrin into Chiral Double
Superhelices and Enzyme-Mediated Disassembly, J. Am.
Chem. Soc., 2019, 141, 12610–12618.

30 Z. Li, C. J. Zeman, S. Valandro, J. P. O. Bantang and
K. S. Schanze, Phosphates Induced H-Type or J-Type
Aggregation of Cationic Porphyrins with Varied Side
Chains, Molecules, 2023, 28, 4115.

31 J. Jin, Y. Zhu, Z. Zhang andW. Zhang, Enhancing the Efficacy
of Photodynamic Therapy through a Porphyrin/POSS
Alternating Copolymer, Angew. Chem., Int. Ed., 2018, 57,
16354–16358.

32 K. Lu, C. He and W. Lin, Nanoscale Metal-organic
Framework for Highly Effective Photodynamic Therapy of
Resistant Head and Neck Cancer, J. Am. Chem. Soc., 2014,
136, 16712–16715.

33 Z. Yu, W. Pan, N. Li and B. Tang, A Nuclear Targeted Dual-
Photosensitizer for Drug-Resistant Cancer Therapy with
NIR Activated Multiple ROS, Chem. Sci., 2016, 7, 4237–4244.

34 C. J. Kingsbury and M. O. Senge, The Shape of Porphyrins,
Coord. Chem. Rev., 2021, 431, 213760.

35 X. Zhang, J. Gao, Y. Tang, J. Yu, S. S. Liew, C. Qiao, Y. Cao,
G. Liu, H. Fan, Y. Xia, J. Tian, K. Pu and Z. Wang,
Bioorthogonally Activatable Cyanine Dye with Torsion-
induced Disaggregation for in Vivo Tumor Imaging, Nat.
Commun., 2022, 13, 3513.

36 H. Sun, R. Guo, Y. Guo, J. Song, Z. Li and F. Song, Boosting
Type-I and Type-II ROS Production of Water-Soluble
Porphyrin for Efficient Hypoxic Tumor Therapy, Mol.
Pharmaceutics, 2023, 20, 606–615.

37 P. Pellegatti, L. Raffaghello, G. Bianchi, F. Piccardi, V. Pistoia
and F. Di Virgilio, Increased Level of Extracellular ATP at
© 2024 The Author(s). Published by the Royal Society of Chemistry
Tumor Sites: in Vivo Imaging with Plasma Membrane
Luciferase, PLoS One, 2008, 3, e2599.

38 F. Di Virgilio and E. Adinol, Extracellular Purines,
Purinergic Receptors and Tumor Growth, Oncogene, 2017,
36, 293–303.

39 S. Trabanelli, D. Ocadlikova, S. Gulinelli, A. Curti,
V. Salvestrini, R. P. Vieira, M. Idzko, F. Di Virgilio,
D. Ferrari and R. M. Lemoli, Extracellular ATP Exerts
Opposite Effects on Activated and Regulatory CD4+ T Cells
via Purinergic P2 Receptor Activation, J. Immunol., 2012,
189, 1303–1310.

40 L. Zheng, Y. Zhu, Y. Sun, S. Xia, S. Duan, B. Yu, J. Li and
F.-J. Xu, Flexible Modulation of Cellular Activities with
Cationic Photosensitizers: Insights of Alkyl Chain Length
on Reactive Oxygen Species Antimicrobial Mechanisms,
Adv. Mater., 2023, 35, 2302943.

41 C. Chen, Y. Wu, M. Nakamura, R. Cheng, T. Tseng and
P. Chen, Assessment of the Intramolecular Magnetic
Interactions in the Highly Saddled Iron(III) Porphyrin p-
Radical Cations: the Change from Planar to Saddle
Conformations, Dalton Trans., 2019, 48, 13820–13833.

42 A. Maranda-Niedbała, K. Krzyżewska, K. Kotwica, Ł. Skórka,
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