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Porphyrins and their derivatives are excellent photosensitizers in photodynamic therapy (PDT). The mod-
ification of porphyrin molecules into metal-organic cages (MOCs) is a viable strategy to improve their
bioavailability. In this work, MOC C66 based on porphyrin was synthesised by a one-pot self-assembly
method. The three-dimensional structure of the metal-organic cage ameliorated the aggregation and self-
quenching of porphyrins and increased the molar absorption coefficient in the visible light region, which
enhanced the reactive oxygen species (ROS) yield of porphyrins and effectively improved the efficiency of
photodynamic therapy. ROS generation ability tests in solution confirmed the improved reactive oxygen
capacity of the cage, which showed greater phototoxicity to HeLa and MCF-7 cells in vitro, suggesting a
new strategy for future modifications of the simple synthesis of porphyrins as photosensitizers.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photodynamic therapy (PDT) is an emerging treatment for tu-
mor that depends on the interaction of photosensitizer (PS), light
source and oxygen to produce highly toxic reactive oxygen species
(ROS) [1,2]. The principle of PDT is that PS absorbs the energy
of photons in a specific wavelength and transforms from ground
state to excited singlet state ('PS*) and then thrice excited triplet
state (3PS*) by inter-systemic crossing (ISC), which generates re-
active oxygen species by electron transfer or energy transfer with
oxygen molecules, leading to apoptosis or necrosis of tumor cells
then results in tumor cell death [3-6]. Compared with traditional
treatments such as radiotherapy and chemotherapy, PDT has the
advantages of good efficacy, low invasiveness, low systemic toxic-
ity, low drug resistance and high selectivity, enabling it to become
a research hotspot in the treatment of various tumors [7-10].

Porphyrins and their derivatives are a classical type of pho-
tosensitizers that have been extensively studied because of their
widespread occurrence in nature and their excellent photophysi-
cal and photochemical properties [11-13]. Porphyrins have a large
m-conjugated aromatic structure in their core, a large absorption
peak with a large molar extinction coefficient in the visible re-
gion and high ROS yields. But 7-7 interactions between porphyrin
molecules can result in aggregation and self-quenching under high
concentrations, hindering ROS production. It is necessary to im-
prove the self-quenching of porphyrins in order to enhance their
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biological activity in PDT [14,15]. The introduction of hydrophilic
substituents through covalent linkages to avoid the aggregated
self-quenching effect of porphyrins is a common and feasible class
of methods [16-19]. It is still a challenge to develop a strategy that
can effectively improve the photosensitive properties of porphyrins
through a simple preparation process.

The use of photosensitizers in metal-organic cages (MOCs) for
biomedical applications has attracted considerable attention in the
past few years [20-22]. MOCs are easily functionalized by lig-
and modification and have a fixed stereospecific conformation that
general metal complexes and ligands never provide. The presence
of various non-covalent interactions, such as hydrogen bonding, -
7 stacking, electrostatic interactions, hydrophobic or hydrophilic
effects, gives MOCs excellent flexibility and more efficient applica-
tion compared to conventional covalently linked complexes, offer-
ing great potential in various fields such as molecular identification
[23], drug delivery [24], imaging or anti-cancer activity [25] and
PDT [26,27]. In addition, discrete MOCs are prepared at the molec-
ular level and tend to be distributed in sizes of a few nanome-
tre. The larger size provides advantages for the MOCs in biology
applications, such as promoting enhanced permeation and reten-
tion (EPR) effects in tumors to enhance drug uptake and release,
which conforms to the ultimate goal of nanomedicine technology
[28]. Through the application of metal-organic cages and improve-
ments to porphyrin photosensitizers, incorporating porphyrins as
building blocks in metal-organic cages and using them as precur-
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Scheme 1. Preparation, uptake and release of metal-organic cages nanoparticles
C66 for PDT in cancer cell followed by in situ production of ROS under light emit-
ting diode (LED) light irradiation.

sors for constructing metal-organic cages has tremendous potential
to enhance the efficacy of PDT.

In this work, the porphyrin ligand 5,10,15,20-tetra-(4-
aminophenyl)porphyrin (TAPP) and ligand Zn-TAPP were syn-
thesized and subsequently self-assembled by a one-pot method
to generate a porphyrin-based cubic metal-organic cage C66.
Compared with the ligand Zn-TAPP, the porphyrin hexahedral
MOCs have improved molar extinction coefficients in the visible
region, the potential metal heavy atom effect further enhances
the ISC efficiency of the MOCs, the fixed spatial structure inhibits
molecular aggregation, resulting in efficient light energy utilization
and ROS generation. Characterization of the ability to generate
reactive oxygen species in solutions of C66 and Zn-TAPP shows
that C66 has a stronger ability to generate singlet oxygen and
superoxide anion radicals, enabling it to rapidly provide large
amounts of reactive oxygen for other reactions (Scheme 1). More
significantly, C66 exhibits extreme photocytotoxicity to HelLa and
MCF-7 cells after modification into nanoparticles, while being
almost non-toxic under the dark conditions. Synthesizing and
modifying a porphyrin-based metal-organic cage opens up a new
strategy for PDT applications in vitro biological systems.

The ligands 5,10,15,20-tetrakis(4-nitrophenyl)porphyrin (TNPP),
TAPP, and Zn-TAPP were prepared according to the previous lit-
eratures (Figs. 1a and b and Figs. S1-S5 in Supporting infor-
mation) [29-31]. Zn-TAPP was ultimately obtained and used as
a self-assembled ligand for the next reaction in the forma-
tion of C66 MOC. The reaction of Zn-TAPP (6 equiv.) with 2-
pyridinecarboxaldehyde (24 equiv.) was then carried out in the
presence of Zn(OTf), (8 equiv.) to form a cubic complex whose
structure is ZngLg(OTf)15 [32,33].

The corresponding hydrogen signals in Zn-TAPP and C66-MOC
were first analyzed by proton nuclear magnetic resonance ('H
NMR) spectroscopy after preparation. The downfield shift of the
whole signals probably caused by the coordination of ligand to
metal atom. The disappearance of the hydrogen signal of the por-
phyrin amino group (§ 5.47) and the appearance of the hydro-
gen signal at § 9.05 correspond to the reaction of amino group
with 2-pyridinecarboxaldehyde to form the imine structure (Fig.
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Fig. 1. (a) Synthetic route to the ligand Zn-TAPP. (b) Self-assembly route of the
metal-organic cage C66. (c) Comparison of the '"H NMR spectra of C66 and Zn-TAPP.
(d) ESI-MS spectrum of C66 MOC.

1c¢). Moreover, the hydrogen signal of the imine has a fixed pro-
portional relationship with the hydrogen signals of the pyrrole and
benzene ring units corresponding to Zn-TAPP, confirming the for-
mation of a highly symmetrical metal-organic cage in actuality.

The structure was further characterized by electrospray ioniza-
tion mass spectrometry of C66. The mass spectra showing that
signals were appeared at m/z of 1035.3556, 1204.5421, 1430.4584
and 1745.7415 (Fig. 1d and Table S1 in Supporting information),
corresponding to [M—8OTf]3+ [M—70Tf]’t [M—60Tf]6+ and
[M — 50Tf]>*. A simple comparison with simulations based on nat-
ural isotopic abundances shows that these peaks can correspond
well to their corresponding measured values of [ZngLg(OTf),](16-7)+
(n=8-11) (Fig. S6 in Supporting information). The analysis of start-
ing material ratio in experiment, hydrogen signal proportion in 'H
NMR and m/z values in electrospray ionization mass spectrometry
(ESI-MS) spectra shows that the MOC was a structure composed of
ZngLg (OTf) 6. Based on similar structures that have been prepared
[34,35], the cubic configuration of the metal cage was ultimately
determined. In this cubic structure, Zn-porphyrins act as the sur-
face of MOCs, eight zinc atoms are occupying each of the eight
vertices, which forms a coordination pattern of Zn(N-N); through
sp3d? hybridization with six nitrogen atoms from each of the three
ligands. The above data confirmed the formation of ZngLg(OTf)qg
metal-organic cages.

After determining the correct structure of the metal-organic
cages, the absorption spectra and fluorescence emission spectra of
ligand Zn-TAPP and MOC C66 in different common solvents were
recorded using an ultraviolet visible (UV-vis) spectrophotometer
and a fluorescence spectrometer (Figs. 2a and b). The absorption
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Fig. 2. (a, b) The absorption and fluorescence spectra of Zn-TAPP(1 pmol/L), Zn-TAPP (6 pmol/L) and C66 (1 pmol/L) in DMSO. (c) Fluorescence quantum yields of Zn-TAPP
and C66 in different solvents. (d) Plots of AAbs (A/Ao) for DPBF at 418 nm upon LED light irradiation (600-610 nm, 20 mW/cm?) for different time intervals in the presence
of Zn-TAPP or C66. (e) Plots of F/Fy for DHR123 at 542 nm upon LED light irradiation (600-610 nm, 20 mW/cm?) for different time intervals in the presence of Zn-TAPP or
C66. (f) ESR spectra to detect -O,~ generated by Zn-TAPP (36 pmol/L) or C66 (6 pmol/L) under illumination, using DMPO (100 mmol/L) as a spin trap.

peaks of Zn-TAPP and MOCs in different solvents were concen-
trated around 415, 580 and 610 nm, while the emission peaks were
concentrated around 620 nm, with slight variations depending on
the solvent. Both the ligand and the metal cage showed intense red
fluorescence when the excitation light wavelength was chosen to
be 365 nm, with a distinct set of emission peaks near 650 nm cor-
responding to the porphyrin core. Analysis of the UV-vis absorp-
tion and fluorescence emission spectra of Zn-TAPP (6 equiv.) and
C66 (1 equiv.) in dimethyl sulfoxide (DMSO) showed that the molar
extinction coefficient of C66 (1 equiv.) at the absorption peak was
higher than that 6 equiv. Zn-TAPP, while the fluorescence inten-
sities were similar. Subsequently, the fluorescence quantum yield
(®DF) of both ligands and metal cages was measured using Rho-
damine B (®r = 31% in water) as a standard (Fig. 2c, Fig. S7, Ta-
bles S2 and S3 in Supporting information) [36,37]. The reduced flu-
orescence quantum yield of the metal cage compared to the por-
phyrin ligand indicates that the energy conversion via the fluores-
cence emission pathway has been partially suppressed and more
energy has the opportunity to enter from !PS* to 3PS* through ISC
process, promoting the production of reactive oxygen species [38],
which means that the porphyrin ligand could be successfully im-
proved in its photosensitive properties after modification into the
metal-organic cage.

Singlet oxygen, a common reactive oxygen species, plays a ma-
jor role in apoptosis in PDT [39]. To determine the ability of
Zn-TAPP and C66 to release 10, under red light excitation, 1,3-
diphenylisobenzofuran (DPBF) was used as an indicator to mea-
sure 10, [40]. In the presence of singlet oxygen, DPBF can be
oxidized to endoperoxides, which further decompose to the low-
fluorescence 1,2-dibenzoylbenzene. The performance of the photo-
sensitizer in producing singlet oxygen can be deduced by observ-
ing the reduction of the absorption peak of DPBF at 418 nm. Af-
ter irradiation of the porphyrin Zn-TAPP and C66 in DMSO solu-
tion for 50 s with a 600-610 nm LED lamp, the absorption peak of
DPBF at 418 nm was reduced by 67% for 6 equiv. of Zn-TAPP, in-
dicating that porphyrins are a very good class of singlet oxygen
donors. By comparison, 1 equiv. of C66 showed a more intense
DPBF decomposition efficiency (a decrease of almost 100%), indi-
cating that more 10, was produced (Fig. 2d and Fig. S8 in Sup-
porting information). Conversely, the addition of the singlet oxy-
gen quencher NaN; strongly inhibited the 10, production capacity

of C66, partially confirming the ability of the cage to specifically
and efficiently produce singlet oxygen [41].

Interestingly, while determining other possible ROS, we also
discovered its ability to generate superoxide radicals, and the pres-
ence of superoxide anion radicals provides C66 with another novel
PDT type I process, which allows C66 to still produce a large
amount of reactive oxygen species and cause cell death under
possible hypoxic conditions in tumor tissue [42,43]. To determine
whether ligands and C66 are able to release -O; under red light
excitation, dihydrorhodamine 123 (DHR123) was used as an indi-
cator for the determination of -0 [44,45]. In the presence of -03,
DHR123 can be oxidized to rhodamine 123 with strong green flu-
orescence, and the ability of the photosensitizer to produce -O;
can be confirmed by observing the magnitude of the increase in
fluorescence generation peak at 540nm in DMSO. After irradia-
tion of the porphyrin ligand or C66 in DMSO solution with 600-
610nm LEDs for 50s, DHR123 produced nearly a two-fold increase
in fluorescence at 540nm for 6 equiv. of Zn-TAPP, indicating the
ability of the porphyrin ligand to produce -O;, while C66 showed
better -O; production than the porphyrin ligand (3-fold fluores-
cence enhancement) (Fig. 2e and Fig. S9 in Supporting informa-
tion). Further addition of the -O; quencher ascorbic acid drasti-
cally inhibited the -O; production capacity of C66, while confirm-
ing the -O; production capacity of C66 MOC [46]. Electron spin
resonance (ESR) spectroscopy was employed to further confirm the
-0; generation by sensitization of C66. 5,5-Dimethyl-1-pyrroline-
N-oxide (DMPO) was used as a spin-trap agent for -O;. Upon light-
irradiation of the aerated solution of C66 and DMPO, a charac-
teristic paramagnetic adduct was observed and matched with the
-0 signal thereby confirming the -O; production (Fig. 2f). It is
concluded that the photophysical and photochemical properties of
the porphyrins were successfully improved by metal-organic cage
modification, which enhanced the reactive oxygen generation ca-
pacity of the porphyrin photosensitive molecules.

Although MOCs have improved photosensitiser performance
compared to the original Zn-TAPP, they still exhibited unsatisfac-
tory water solubility, which hinders their application in living or-
ganisms. Further modification of MOCs into special structures with
excellent water solubility is paramount to promote their applica-
tion in cancer therapy. Here, a nanoparticle with high water sol-
ubility and biomass application was prepared by nanoprecipita-
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Fig. 3. (a) The scheme of the preparation of supramolecular PS nanoparticles (C66-NPs). (b) DLS result of C66-NPs. (c, d) The absorption and fluorescence spectra of Zn-TAPP,
C66 and C66-NPs (1 pmol/L) in water. (e, f) Plots of AAbs (A/Ag) and F/Fy for DPBF and DHR123 to characterize the ROS generation upon LED light irradiation (600-610 nm,
20 mW/cm?) for different time intervals in the presence of water solution of C66 or C66-NPs. (g) Diameter change of nanoparticles C66-NPs within one week.

tion using the amphiphilic molecule methyl polyethylene glycol-
distearoyl phosphoethanolamine (MPEG-DSPE) to encapsulate and
cover the MOCs [47]. An aqueous solution of the nanoparticles
was prepared by rapidly injecting an acetone solution of cage C66
into an aqueous solution of MPEG-DSPE and then evaporating any
residual acetone (Fig. 3a). The nanoparticles were then filtered
through a 0.22um filter membrane, which was obtained by dy-
namic light scattering (DLS) analysis with a diameter distribution
of around 130 nm (Fig. 3b).

A facile test of photophysical properties and reactive oxygen
generation capacity was carried out after the successful prepara-
tion of C66 nanoparticles. The UV-vis absorption and fluorescence
emission of the MOCs in water were enhanced after modification
to nanoparticles, which can be attributed to the more superior wa-
ter solubility (Figs. 3¢ and d). In addition, a comparison of the
10, and -0; production capacities of C66 and its nanoparticles
C66-NPs in aqueous solution also confirmed that the nanoparti-
cles C66-NPs are competent for the efficient generation of reactive
oxygen species in aqueous solution as well as in the cellular envi-
ronment (Figs. 3e and f). While possessing superior photosensitizer
performance, C66-NPs also exhibit good stability. After placing the
C66-NPs solution for one week, the approximate particle size and
the absorption spectrum of C66-NPs had almost no change, which
laid the foundation for the storage and application of nanoparticles
(Fig. 3g and Fig. S10 in Supporting information).

Inspired by the efficient production of reactive oxygen species
under red light irradiation by C66 and nanoparticles C66-NPS, we
started to study their effect in vitro for PDT with laser confocal
scanning microscopy (CLSM). At first, the cellular uptake capac-
ity of C66-NPs was characterised. The diameter of nanoparticles is
about 140 nm, for microvascular endothelium with dense gaps and
complete structure in normal tissues, nanoparticles do not easily
penetrate the vessel wall. In contrast, solid tumor tissue is char-
acterised by abundant blood vessels, large vessel wall gaps and
poor structural integrity, which allows C66 nanoparticles to have
EPR at the tumor site, making them easily phagocytosed into the

cytoplasm by cancer cells, promoting selective distribution in tu-
mor tissue and improving drug efficacy and reducing systemic side
effects. As expected, HelLa cells showed red fluorescence in the cy-
toplasm after uptake of C66-NPs when Zn-TAPP, C66 and C66-NPs
were incubated with HeLa cells for 4.0h respectively, in contrast
to unmodified nanoparticles where Zn-TAPP and MOCs were more
difficult to take up into the cells and therefore did not fluoresce
significantly (Fig. S11 in Supporting information), further confirm-
ing the good cellular uptake process.

To assess the feasibility of nanoparticles in cancer ther-
apy, 3-(4',5'-dimethylthiazol-2’-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) was used to further evaluate the feasibility of nanopar-
ticles in cancer therapy at concentrations ranging from 0 to 10
umol/L [48]. It is noteworthy that C66-NPs exhibited relatively
low dark cytotoxicity at this concentration range (Fig. 4a), which
avoids the unwanted systemic toxicity associated with PDT. C66
NPs induced in situ production of the potent cytotoxic 10, [-03 un-
der light conditions, with half-inhibitory concentrations in range
of 0.5-1 pumol/L, predicting excellent therapeutic effects (Fig. 4b).
Then, we characterised the ability of intracellular ROS produc-
tion and detected changes in intracellular ROS during PDT using
the ROS probe 2’,7'-dichlorodihydrofluorescein diacetate (DCFH-
DA) [43]. Bright green fluorescence was observed in C66-NPs-
treated HeLa cells by CLSM after light irradiation, indicating effec-
tive ROS production (Fig. 4c). To verify the phototoxicity of C66-
NPs in cancer cells, the cells were further stained with calcein-AM
and propidium iodide (PI) to detect the effect of C66-NPs on tumor
cells through oxidative damage [49]. C66-NPs-treated Hela cells
showed almost no signals in green channel and significant signals
in red channel after illumination, indicating almost complete HeLa
cell death. On the contrary, C66-NPs treated cells showed fluores-
cence only in green channel in absence of light, indicating negligi-
ble cell death, while the majority of cells incubated with Zn-TAPP
and C66 remained alive, corresponding to poorer cellular uptake
(Fig. 4d). Then, an Annexin V-fluorescein isothiocyanate (FITC)/PI
apoptosis detection kit was used to study apoptotic cells, and the
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experimental results showed that C66-NPs can effectively induce
tumor cell apoptosis through PDT to achieve the therapeutic goal
(Fig. S12 in Supporting information). In addition, when C66-NPs
are applied to other cancer cell lines, such as MCF-7 cell lines,
they still have good PDT effects, which can cause similar reactive
oxygen species production ability and cell phototoxicity, and have
good results in a wide range of tumor cell PDT (Fig. S13 in Support-
ing information). The construction of C66 and modification of C66-
NPs not only significantly improved the water-soluble and light-
sensitive properties of porphyrin, but also provided a highly effi-
cient cellular uptake process. After rapid and accurate enrichment
in tumor tissue, C66 effectively produces large amounts of highly
cytotoxic ROS under irradiation conditions, resulting in apoptosis
of tumor cells. The excellent performance of C66 NPs provides a
viable strategy for simple and efficient modification of porphyrin-
based photosensitizers.

In summary, the C66 MOCs based on porphyrin core units have
been synthesized to improve the efficacy of PDT. The common por-
phyrin derivative ligand was modified into the cage as the surface
of the MOCs, while the introduction of zinc atoms provided the
attachment sites for the MOCs to self-assemble into cubic cages.
The cage has a higher molar extinction coefficient than the origi-
nal ligand, increasing the extent to which the porphyrin is available
for visible light; the design of the cage provides a fixed spacing
for the porphyrin and inhibits self-aggregation. C66 nanoparticles
were prepared to effectively increase water solubility with a cer-
tain efficiency of reactive oxygen species generation. The nanopar-
ticles were able to induce apoptosis of tumor cells effectively by
PDT after internalization by cancer cells. This work provides new

Chinese Chemical Letters 35 (2024) 108748

directions and ideas for simple modifications of porphyrins for ap-
plication in biological systems, which can be used as photosensi-
tizers for PDT of excellent performance.
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