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A biocompatible pure organic porous nanocage for
enhanced photodynamic therapy

A biocompatible pure organic porphyrin nanocage with
enhanced both type | and type Il ROS generation is reported
for photodynamic therapy. This new strategy shall open new
paradigms in developing effective photosensitizers.
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Porphyrin-based photosensitizers have been widely utilized in
photodynamic therapy (PDT), but they suffer from deteriorating
fluorescence and reactive oxygen species (ROS) due to their close
n—n stacking. Herein, a biocompatible pure organic porphyrin
nanocage (Py-Cage) with enhanced both type | and type Il ROS
generation is reported for PDT. The porphyrin skeleton within the
Py-Cage is spatially separated by four biphenyls to avoid the close
n—n stacking within the nanocage. The Py-Cage showed a large
cavity and high porosity with a Brunauer—Emmett—Teller surface
area of over 300 m? g%, facilitating a close contact between the
Py-Cage and oxygen, as well as the fast release of ROS to the
surrounding microenvironment. The Py-Cage shows superb ROS
generation performance over its precursors and commercial ones
such as Chlorin E6 and Rose Bengal. Intriguingly, the cationic
n-conjugated Py-Cage also shows promising type | ROS (superoxide
and hydroxyl radicals) generation that is more promising for
hypoxic tumor treatment. Both in vitro cell and in vivo animal
experiments further confirm the excellent antitumor activity of
the Py-Cage. As compared to conventional metal coordination
approaches to improve PDT efficacy of porphyrin derivatives, the
pure organic porous Py-Cage demonstrates excellent biocompat-
ibility, which is further verified in both mice and rats. This work of an
organic porous nanocage shall provide a new paradigm for the
design of novel, biocompatible and effective photosensitizers
for PDT.
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New concepts

Porphyrin-based photosensitizers (PSs) have been widely utilized in
photodynamic therapy (PDT), but suffer from deteriorating fluorescence
and reactive oxygen species (ROS) generation in aggregates due to their
close n-r stacking. The development of porous frameworks provides new
solutions to weaken n-n stacking of porphyrin-based PSs. To the best of
our knowledge, this is the first example of a pure organic nanocage that
has been reported for PDT, which not only significantly improves the ROS
generation and PDT performance but also avoids the biotoxicity of heavy
metal ions faced by other porous materials such as metal organic
frameworks (MOFs) or metallacages. The excellent biocompatibility of
the Py-Cage has been successfully validated in tumor-bearing mice,
healthy mice and healthy rats, through thorough analysis of blood
routine parameters, blood biochemistry, and cytokine levels, as well as
H & E staining.

1. Introduction

Photodynamic therapy (PDT) as a novel alternative to conven-
tional cancer treatment approaches has attracted extensive
attention recently, due to its minimal invasiveness, excellent
biocompatibility and high spatiotemporal control manners.'™
PDT relies on photosensitizers (PSs) to photochemically react
with the ground-state oxygen molecules (oxygen, *0,) or small
molecules. Therefore, highly toxic reactive oxygen species (ROS)
under light irradiation are generated in situ to induce tumor
cell apoptosis or necrosis, vascular damage, cancer-mediated
immunity, etc.*® According to the different ROS generation
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mechanisms and processes, PSs can be categorized into two
groups: type-I and type-II PSs.®™® The type-I PSs involve a charge
or electron transfer process from excited PSs to surrounding
substances (e.g, water or oxygen) to catalyze the generation of
highly toxic free radicals, such as superoxide (*O, ") or hydroxyl
radicals (*OH),”™"" while the type-II PSs rely on the efficient
energy transfer from their excited triplet state to the neighboring
oxygen to generate singlet oxygen species (*0,)."*"* To date, the
majority of these developed or clinically approved PSs belong to
the type-II PS category. As compared to these type-II PSs, the
newly emerging type-I PSs are much less oxygen-dependent and
more suitable for treatment of hypoxic solid tumors, but only a
few type-I PSs have been exploited until now.'*"

Since the first discovery of PSs based on hematopor-
phyrin derivatives (HpD) in 1960, the in-depth exploration of
porphyrin-based PSs and their PDT performance has kicked
off."® To date, various porphyrin-based PSs with different struc-
tures have been approved for clinical practice, such as vertepor-
fin, porfimer sodium, temoporfin, photocarcinosin, etc.'”*®
Despite great progress in clinical practice, the ROS generation
of these porphyrin-based PSs is still far from satisfactory. One of
the main reasons is their large planar and rigid structures, which
have the tendency to form tight aggregates with strong m-n
stacking interactions at high concentrations in aqueous solu-
tions or at tumor tissues.'® Such n-r stacking results in largely
diminished fluorescence and compromised ROS, leading to low
PDT efficacy.”’®>* Several strategies have been applied to fight
against the aggregation-caused-quenching (ACQ) effect, includ-
ing modification of long amphiphilic chains, introduction of
molecular spacers, and loading porphyrin PSs at nanoparticle
surfaces, but with limited success.?* >’

The development of porous frameworks provides a new
solution to weaken the n-m stacking of porphyrin-based
PSs.*®2° One of the particular examples is metal-organic frame-
works (MOFs) where the high porosity of MOFs can spatially
separate these porphyrin molecules to avoid close n-n stacking
and weaken the ACQ effect.>**® However, nanoscale MOFs are
usually obtained by sonication or grinding, and it remains
challenging to obtain MOFs with nanoscaled uniformity, excel-
lent biocompatibility, high aqueous stability and water
dispersibility.*® Recently, discrete artificial metallacages con-
structed by coordination-driven self-assembly have shown nat-
ural advantages of water solubility, size and morphology control
over MOFs.*”™** Several metallacages have been reported for
PDT, showing attractive prospects. For example, Sun et al
synthesized an octanuclear organopalladium metallacycle using
a perylene-diamide ligand for fluorescence imaging and PDT.*®
Wang and Tang et al. constructed a prism-like metallacage using
aggregation-induced emission fluorogens and Pt(PEt;),(OTf), for
photodynamic and photothermal synergistic therapy.”” Chen
et al developed a discrete Pt-porphyrin metallacage with
improved "0, production for PDT and chemotherapy.*® Despite
the great merits of nanoscaled MOFs and metallacages, heavy
metals (e.g, Zr, Hf, Pt, Zn, etc.) are always employed as the
connection joints, which bring inherent cytotoxicity that is of
significant concern in clinical applications.?®***574* Compared
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with metallacages, construction of pure organic nanocages based
on porphyrins can effectively avoid the enrichment of heavy
metals in organisms, while preserving the advantages of porous
frameworks for PDT, but such a strategy has not been explored.

Herein, we report a porphyrin-based pure organic porous
nanocage with enhanced type I and type II ROS generation for
PDT for the first time. The pure organic nanocage (Py-Cage) is
obtained by linking two 4,4’,4",4"'-(porphyrin-5,10,15,20-
tetrayl)tetrakis(V,N-dimethylaniline) (PyTtDy) molecules with
four 4,4’-bis(bromomethyl)-1,1’-biphenyl ligands as the spacer
(Scheme 1a). The Py-Cage shows a Brunauer-Emmett-Teller
(BET) surface area of 306.4 m> g ' with a Barrett-Joyner-
Halenda (BJH) adsorption average pore width (4 V A™') of
4.2 nm and two PyTtDy moieties within the nanocage have a
long distance of 11.4 A (estimated from the sum of the lengths
of two phenyl rings). The long distance and large cavity effec-
tively weaken the n-n stacking effect of porphyrins within the
nanocage, and the Py-Cage exhibits excellent anti-ACQ features
at high concentrations in aqueous solution. The large cavity
and high porosity of the Py-Cage also promote its interactions
with oxygen, leading to largely boosted ROS generation that is
superb compared to its PyTtDy precursor as well as the widely
used PSs including Chlorin E6 (Ce6) and Rose Bengal (RB)
(Scheme 1b). Intriguingly, the pyridine cationization during
Py-Cage synthesis also increases the charge separation and trans-
fer capability, leading to the radical generation for porphyrin-
based PSs for the first time (Scheme 1b). Both in vitro cell
experiments and in vivo mouse tumor models further show that
the Py-Cage possesses superior light-driven anti-tumor effects. In
addition, several animal models including healthy mice, tumor-
bearing mice, and healthy rats demonstrate the very excellent
biocompatibility of the Py-Cage, as manifested by blood routine
parameters, blood biochemical and cytokine parameters, H & E
staining, etc. To the best of our knowledge, this is the first example
of a porphyrin-based pure organic porous nanocage that has ever
been developed for PDT, which attenuates the ACQ effect,
increases oxygen interactions, produces highly toxic free radicals,
and possesses excellent biocompatibility at the same time deliver-
ing a promising noninvasive PDT performance. This work pro-
vides a vivid example for the design and synthesis of novel
biocompatible porous PSs and opens up new horizons for PDT-
related theranostic applications.

2. Results and discussion

2.1 Synthesis and characterization of Py-Cage

To synthesize Py-Cage, PyTtDy and 4,4’-bis(bromomethyl)-1,1'-
biphenyl were dissolved in excess N,N-dimethylformamide
(DMF) and refluxed at 160 °C for three days, and the Py-Cage
was obtained as a dark green powder (Scheme S1, ESIt). The
successful synthesis of the Py-Cage was confirmed using high-
resolution electrospray mass spectrometry (HRESI-MS) and
Fourier transform infrared spectroscopy (FTIR). HRESI-MS
shows five groups of molecular ion peaks in the range of
mfz = 300-1000, with valence states ranging from +7-+3,

Mater. Horiz., 2023, 10, 4868-4881 | 4869
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Cationization promotes type | ROS generation
Pure organic skeleton and high biocompatibility

Scheme 1 (a) Schematic of the synthesis of the Py-Cage; (b) schematic of the working mechanism of the Py-Cage: the Py-Cage enhances the
generation of type | (*OH and *O,7) and type Il (*O,) ROS under white light irradiation to induce cell apoptosis and death for PDT applications.

respectively (Fig. 1a). These molecular ion peaks with different
valence states and molecular weights were attributed to cage-
structured (Cy60H14sN16)®" coupled with different counter
anions, including (CH3;0), (OH), and Br~, as shown in
Fig. 1a. The experimental values of the molecular ion peaks
of different valence states are in good agreement with the
simulated values, confirming that the molecular formula of
the obtained dark green powder is (C10H145N16)°"-8(Br™). The
disappeared -C-Br bond stretching vibration and bending
vibration at 500-700 cm~ ' in the FTIR absorption spectrum
suggested the absence of raw material 4,4’-bis(bromomethyl)-
1,1"-biphenyl in the final product (Fig. S1, ESIT). The successful
synthesis of the Py-Cage was also verified by the characteristic
FTIR peaks of functional groups (-NH, -CHj;, -CH,, -C—=C-,
-C=N-, etc.) in the range of 3450-800 cm". In addition, "H
and "*C NMR also confirmed the chemical structure of the Py-
Cage (Fig. S2, ESIt). The Py-Cage showed excellent thermal
stability, which did not lose any weight below 87 °C and lost three
free DMF molecules (experimental value: 7.35%; theoretical value:
7.46%) in the temperature range from 87 to 300 °C. Further
increasing temperature to above 380 °C leads to the decomposi-
tion of the Py-Cage with a residue of 45.16% (Fig. S3, ESIT).

The nitrogen (N,) adsorption and desorption test of the Py-
Cage at 77 K generated a BET surface area of 306.4 m* g '
(Fig. 1b), with a BJH adsorption average pore width (4 V A™") of
4.2 nm (Fig. 1c). The high specific surface area and large cavity
volume suggested the successful synthesis of the porous

4870 | Mater. Horiz., 2023, 10, 4868-4881

nanocage, which could efficiently reduce porphyrin n-n stack-
ing within the nanocage and increase its interactions with
oxygen molecules, beneficial for boosting ROS production.
The synthesized Py-Cage powder showed strong powder X-ray
diffraction (PXRD) peaks in the 2 theta range of 8 to 32 degrees,
indicating its high crystallinity (Fig. 1d). The Py-Cage also
showed excellent water dispersibility, as dissolving the Py-
Cage in aqueous solution (containing 1% DMSO) yielded uni-
formly dispersed nanoparticles with a hydrodynamic diameter
of 92.6 nm as reveled by dynamic light scattering (DLS)
(Fig. 1e). Transmission electron microscopy (TEM) imaging
further reveals that the above porous nanoparticles are highly
homogeneous and resembles the shape of petals with a size of
74.4 nm, which also suggests the porous nature of the formed
nanospheres and the loose packing of the Py-Cage inside these
nanospheres (Fig. 1f and Fig. S4, ESIt). High-resolution TEM
(HRTEM) imaging shows that the Py-Cage has a well-defined
lattice and clear electron diffraction patterns, which are con-
sistent with the PXRD results (Fig. S4, ESIt). In addition, these
nanospheres in aqueous solution well maintained their crystal-
line state, as revealed by the nearly unchanged PXRD spectra
after dispersing the Py-Cage in aqueous solution for 48 h.
Moreover, the hydrodynamic sizes (~92 nm) and polydispersity
index (PDI, ~0.21) of the Py-Cage dispersed in H,O, PBS or
Dulbecco’s modified Eagle’s medium (DMEM) did not change
significantly within 15 days of storage (Fig. S5, ESIt), indicating
that the Py-Cage has high colloidal stability and is suitable for

This journal is © The Royal Society of Chemistry 2023
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Fig. 1

(a) HRESI-MS of the Py-Cage, black is the experimental value, red is the theoretical value; (b) N, adsorption and desorption curves of the Py-Cage

at 77 K; (c) pore size distribution of the Py-Cage obtained from adsorption experiments; (d) PXRD comparison of the Py-Cage before and after immersion
in aqueous solution for 48 h; (e) particle size distribution of the Py-Cage dispersed in aqueous solution; (f) TEM of the Py-Cage dispersed in mixture

solvent H,O/DMSO (Vyater/Vomso = 99:1).

use in biological applications. Collectively, these results clearly
demonstrate the successful synthesis of stable and uniform
porous nanoparticles from the self-assembly of these indepen-
dent porous Py-Cage units.

2.2 Photophysical properties of the Py-Cage

PyTtDy and its cationic product (PyTtDy-CH3lI) were selected as
the control groups for comparison (Scheme S2, ESIt).*>*® The
structure of PyTtDy-CH;I was confirmed by HRMS, 'H and "*C
NMR (Fig. S6 and S7, ESIf). Four groups of high-intensity
molecular ion peaks with different valence states in the range
of m/z = 200-1500 were resolved as (CseHg,Ng)*" (m/z = 211.63),
(CseHeoNg)"(17) (m/z = 324.48), (CseHeaNg)"'-2(I) (m/z =
550.17) and (CseHeoNg)*"-3(17) (m/z = 1227.22) (Fig. S6b-e,
ESIT). All three analogues showed the characteristic porphyrin
absorption bands with typical Soret bands at ~420 nm and

This journal is © The Royal Society of Chemistry 2023

Q bands in the range of 450-670 nm in a H,O/DMSO (v/v =
99:1) mixture. The Py-Cage shows distinct Q band absorption
peaks at 520, 571 and 660 nm, respectively, which are much
stronger than those of PyTtDy-CH;I and PyTtDy, beneficial for
light harvesting ability in the visible region (Fig. 2a).>%%"?*
For example, the Py-Cage shows a high molar absorptivity of
2.36 x 10° M ' em ™! (based on PyTtDy) at the Soret band of
~420 nm, which is about 15.7 and 16.9-fold higher than those
of PyTtDy (1.5 x 10* M~ ' ecm™', 445 nm) and PyTtDy-CH;I
(1.4 x 10* M~" em™ ", 417 nm), respectively. Even though there
are two PyTtDy units in one Py-Cage, its molar absorptivity is
still twice larger than that of PyTtDy and the cationic product
PyTtDy-CHl.

Both Py-Cage and PyTtDy-CH;l showed one broad emission
peak at 680 nm and 670 nm, respectively (Fig. 2b), while PyTtDy
exhibited dual emission peaks at 660 nm and 690 nm, respectively.

Mater. Horiz., 2023, 10, 4868-4881 | 4871
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Fig. 2 UV-vis absorption spectra (a) and fluorescence (PL) spectra (b) of the Py-Cage, PyTtDy-CHsl, and PyTtDy (10 pug mL™) in H,O/DMSO (Vyater/
Vbmso = 99 1) mixture solvent. (c) Photographs of the Py-Cage, PyTtDy-CHsl, and PyTtDy in aqueous solution (1% DMSO) at different concentrations
under UV light at 365 nm. Fluorescence spectra of aqueous solutions of PyTtDy (d, top), PyTtDy-CHzsl (d, bottom) and the Py-Cage (e) with different
concentrations. (f) The fluorescence intensity changes of the Py-Cage, PyTtDy-CHsl, and PyTtDy with increasing concentration. (g) and (h) Schematic
comparison between traditional planar porphyrin-based photosensitizers and the porous porphyrin nanocage in attenuating the ACQ effect.

The Py-Cage at 10 ug mL~ " showed much stronger fluorescence
brightness over PyTtDy and the cationic PyTtDy-CH;I, hinting
that the porous nanocage structure helped to reduce m-n
interaction-caused fluorescence quenching. To further explore
the anti-ACQ effect of the Py-Cage, its fluorescence brightness at
different concentrations was investigated (Fig. 2b). Under a
365 nm UV lamp, PyTtDy showed strong red fluorescence at a
low concentration of 5 pg mL™", while such fluorescence
decreased significantly when increasing the PyTtDy concen-
tration and nearly no emission could be observed even at
20 ug mL™! (Fig. 2c and d). A similar phenomenon was also
observed for PyTtDy-CH;I. In sharp contrast, the Py-Cage showed
gradually increased fluorescence brightness along with the
increased concentrations (Fig. 2c and e). Quantitative analysis
revealed an 88.9% fluorescence reduction upon increasing
the PyTtDy concentration from 5 to 10 pg mL™", suggesting a
typical ACQ effect. PyTtDy-CH3;I showed a slightly reduced
concentration-caused quenching effect as compared to PyTtDy,
which should be attributed to its increased water solubility. In
the case of Py-Cage, it shows a linearly increased fluorescence
intensity in the range from 10 to 70 ug mL™" (Fig. 2f), hinting
that concentration caused quenching is not applicable to the Py-
Cage, and such a nanocage formulation can largely attenuate the

4872 | Mater. Horiz., 2023, 10, 4868-4881

ACQ effect. Porphyrin possesses a rigid and planar structure,
which is normally tightly packed in aggregate and induces strong
n-n interactions to quench fluorescence (Fig. 2g). Efforts to
increase the water solubility only shows limited success as
aggregation of such large m-conjugated planar skeletons in
aqueous solution is a naturally occurring process.>”** In our
design, the porphyrins within the porous Py-Cage are greatly
separated, and the upper and lower layers of PyTtDy are spatially
separated by two phenyl rings (the distance is estimated to be
greater than 11.4 A) (Fig. 2h and Fig. S8, ESI{). In addition, the
quaternary ammonium salt -N[(CH;),(CH,)]", the cationic
moiety of the Py-Cage together with the presence of counter
anion (Br ) should also help reduce the intermolecular n-n
stacking via the mutual repulsion between multiple cations
and between Py-Cage molecules (Fig. 1b and f).”"*> As a con-
sequence, the ACQ effect is significantly attenuated for the Py-
Cage even at high concentrations in aqueous solution. However,
upon further increasing the Py-Cage concentration, intermole-
cular n-n stacking may still occur between the porphyrin skele-
tons of nearby Py-Cages leading to reduced fluorescence. One
may introduce water soluble chains to increase the water solu-
bility and to provide steric hindrance between these cages to
avoid such inter-cage n-m stacking.

This journal is © The Royal Society of Chemistry 2023
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2.3 ROS generation of the Py-Cage

The ROS generation capacity of the Py-Cage is subsequently evaluated
under 20 mW cm™ > white light irradiation, with PyTtDy-CH;l and
PyTtDy as the control groups. 2',7"-Dichlorodihydrofluorescein (DCFH),
which shows largely intensified green emission (4, = 525 nm) after
reaction with ROS was used as the total ROS indicator (Fig. 3a and
Fig. 9, ESI}).*>**®® DCFH showed a fluorescence enhancement factor
of 135.4 within a 150 s irradiation period in the presence of Py-Cage and
light irradiation. The blank control group with only DCFH showed
negligible fluorescence enhancement under the same conditions, indi-
cating the massive ROS from the Py-Cage. The DCFH fluorescence
enhancement factors for PyTtDy-CH,I and PyTtDy were measured as
66.7 and 15.4, respectively, which were much smaller than the one for
the Py-Cage. The overall ROS generation ability follows the order of
Py-Cage > PyItDy-CH;l > PyTtDy (Fig. 3a and Fig. S9, ESIY).

To further explore the types and amounts of different ROS,
more specific ROS indicators are used. 9’,10’-Anthracenediyl-
bis(methylene)dimalonic acid (ABDA), which shows reduced
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absorbance after reaction with 'O, was firstly used to detect
the generation of '0,, the type-II ROS (Fig. 3b, ¢ and Fig. S10,
ESIt), and the 'O, generation efficacy was reflected by the ABDA
decomposition rate. ABDA itself is very stable under white light
irradiation (20 mW cm™?), with a minimal decomposition rate
k= 0.008 min~"! while the Py-Cage rapidly degrade ABDA with a
decomposition rate of k = 0.403 min~', which is much faster
than those of PyTtDy-CH5I (0.059 min~') and PyTtDy
(0.034 min~") under the same conditions. A higher ABDA
decomposition rate suggests a faster and more efficient 'O,
generation. Hence, the 'O, generation efficacy follows the order
of Py-Cage > PyTtDy-CH;I > PyTtDy (Fig. 3c and Fig. S10,
ESIt). Most importantly, the Py-Cage showed a superb 'O,
generation performance over the widely used commercial PSs
and its 'O, generation efficiency was about 5.5-fold and 4.2-fold
higher than those of Ce6 (0.073 min~*) and RB (0.095 min %),
respectively (Fig. S11, ESIf). A fluorescent 'O, sensor green
(SOSG) that can be rapidly converted to green emissive
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Fig. 3 (a) The ROS production of the Py-Cage, PyTtDy-CHsl, and PyTtDy (10 pg mL™%) was monitored under white light irradiation (white light,
20 mW cm™2) using DCFH as an indicator, respectively, the DCFH group was the blank control group under light conditions. (b and c) The O, production
of the Py-Cage, PyTtDy-CHsl, PyTtDy, Ce6, and RB was monitored under white light irradiation (20 mW cm™2) using ABDA as an indicator, respectively.
The production of type Il (*:0,) and type | (*O,~ and *OH) ROS in the Py-Cage, PyTtDy-CHjl, and PyTtDy was monitored under white light irradiation using
SOSG (for 0,) (d), DHR123 (for *O,") (e) and HPF (for *OH) (f) as indicators, respectively. (g) Comparison of different ROS generation by the Py-Cage,
PyTtDy-CHsl, and PyTtDy. (h) Comparison of the EPR results of the Py-Cage, PyTtDy-CHsl and PyTtDy under light conditions using DMPO (DMPO-*OH
and DMPO-*0,") and TEMP (TEMP-'O,) as ROS trapping agents, respectively. (i) Changes in *O, generation for the Py-Cage and Ce6 in an oxygen
environment. (j) Schematic illustration of the enhanced ROS generation for cationic organic nanocage Py-Cage.
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fluorescein specifically by 'O, is also used to evaluate the 'O,
generation (Fig. 3d and Fig. S12, ESIt). With a short illumina-
tion time of 70 s, the SOSG green fluorescence in the Py-Cage
group increased rapidly, with an enhancement factor of 33.3,
while PyTtDy-CH3;I and PyTtDy showed much smaller SOSG
fluorescence enhancement factors of 13.6 and 10.4, respectively
(Fig. 3g), further confirming that the Py-Cage possesses the best
'0, generation among these three PSs. Such a comparison
clearly indicates that our Py-Cage is a much more powerful
type-II PS that is superb over these commercial PSs, which also
suggests that the construction of a porous organic nanocage is
a promising strategy to improve the ROS generation of these
conventional PSs.

In recent years, the development of type I PSs that generate
*OH and *O,  presents a new strategy in the PDT field due to
the advantage of low oxygen dependence, which show promis-
ing performance in elimination of hypoxic tumor.’"""*** This
further motivates us to explore the ability of the Py-Cage to
generate type I ROS. Specific free radical indicators, hydroxy-
phenyl fluorescein (HPF) and dihydrorhodamine 123
(DHR123), were selected for real-time monitoring of *OH and
*0, " generation (Fig. 3e-g and Fig. S13, S14, ESI¥). Intriguingly,
within 70 s of white light illumination, the fluorescence inten-
sity of DHR123 (25 pM) solution containing the Py-Cage
(10 pg mL~") was enhanced by 21.5 times, while the enhance-
ment factor of the PyTtDy-CH3I group was only 4.3. Similar
results were also observed for the *OH™ probe HPF, where the
HPF fluorescence intensity enhancement factors were deter-
mined to be 14.0 and 8.2 for the Py-Cage and PyTtDy-CH;],
respectively, after 70 s illumination. It is worth noting that
PyTtDy itself is not an effective type I PS as it cannot light up the
fluorescence of DHR123 nor HPF under light irradiation. Con-
sidering the cationic n-conjugated nature of the Py-Cage and
PyTtDy-CH;l, it indicates that cationization engineering can
efficiently improve the generation capacity of type I ROS.>*°%%7
The Py-Cage has the highest photocurrent signal and the
smallest semicircle in the electrochemical impedance spectrum
(EIS) among these three analogues (Fig. S15, ESIT), suggesting
that the Py-Cage has the best charge separation and transport
ability to undergo an electron transfer process with surround-
ing substrates (such as oxygen, water, etc.) to produce radical-
type ROS. Electron paramagnetic resonance (EPR) tests
were further conducted to verify the types of these generated
ROS, using 2,2,6,6-tetramethyl-1-piperidine (TEMP) and 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as ROS traps (Fig. 3h
and Fig. S16, ESIt). The characteristic TEMP-'0, peaks were
observed for the Py-Cage, PyTtDy-CH;I and PyTtDy, while the
signal for the Py-Cage is much higher, revealing a higher '0,
generation ability of the Py-Cage over PyTtDy and PyTtDy-CH;I.
When using DMPO to capture free radicals, the Py-Cage yielded
obvious EPR signals of DMPO-*OH and DMPO-*O, ", while such
signals could not be detected for PyTtDy. Although PyTtDy-CH;I
also showed obvious DMPO-*OH peaks, the intensity was much
weaker than that of the Py-Cage, further indicating the best free
radical generation ability of the Py-Cage. These results further
reiterated the improved ROS generation for the Py-Cage under
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light conditions and its newly emerging type I ROS generation
capability after cationic nanocage formation.

The largely improved ROS generation for the Py-Cage
should be contributed by the reduced ACQ effect and the
increased oxygen contact. The greatly attenuated ACQ effect
has been validated by the linearly increased fluorescence
intensity along with increased concentration as shown in
Fig. 2f. Concentration-dependent ROS generation was further
evaluated to study the anti-ACQ effect of the Py-Cage. The
commercial Ce6 with excellent water solubility is selected as
the control. Ce6 only showed slightly increased ROS production
upon increasing the concentration from 10 to 30 pg mL ™},
suggesting a notorious but unavoidable ACQ effect for planar
Ce6 molecules in aqueous solution (Fig. S17-520, ESIf). In
sharp contrast, the Py-Cage showed attenuated ACQ effect as
evidenced by the greatly increased ROS generation along with
increased concentrations. To further prove that the hollow-
cubic configuration could provide the Py-Cage more contact
sites with oxygen and promote the ROS generation, an oxygen
aeration experiment was further conducted. As 'O, generation
is more oxygen-dependent, ABDA with high specificity towards
'0, is selected. The solution was aerated with oxygen gas for 30
min before being exposed to light irradiation and 'O, measure-
ment (Fig. 3i and Fig. S18-520, ESI{). In an oxygen atmosphere,
the degradation rate of ABDA by the Py-Cage under light was
increased to k = 0.542 min~', which was 0.139 min~" higher
than that in air, increased by 34.5%. In contrast, the ABDA
degradation rate for Ce6 only increased from k = 0.073 to
0.080 min " upon oxygen aeration, which improved only by
0.007 min~" (9.6%). The above results intuitively demonstrate
the largely improved ROS generation for the Py-Cage from the
aspect of interaction with surrounding oxygen. Collectively, our
design of a porphyrin-based porous nanocage possesses three
main features to boost the massive ROS generation as com-
pared to conventional PSs (Fig. 3j). Firstly, the spatially sepa-
rated planar porphyrin skeleton avoids the close n-n stacking
within the nanocage, which greatly attenuates the ACQ effect
to suppress the non-radiative decay process to increase
fluorescence and excited triplet state formation. Secondly,
the large cavity and high surface area provide more contact
sites with surrounding oxygen to further improve the ROS
generation. Thirdly, the cationic n-conjugated pyridine moi-
eties of the Py-Cage also increase the electron separation and
transfer process, affording the nanocage the capability to
generate type I ROS under light that is more favorable in
PDT. Moreover, such a nanocage is constructed without
heavy metal as a connection joint, which is more biocompa-
tible and avoids the side cytotoxicity associated with heavy
metals.

2.4 In vitro PDT experiments

Encouraged by the excellent ROS generation and bright fluores-
cence of the Py-Cage, its PDT performance was further evalu-
ated. Firstly, mouse breast cancer 4T1 cell was selected as the
cell model to explore the cellular uptake and the photodynamic
cancer cell ablation effect. The strong red fluorescence inside
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cells was revealed by confocal laser scanning microscopy
(CLSM) (Fig. 4a), indicating that the Py-Cage can be efficiently
taken up by 4T1 cancer cells. Minimal overlap between the blue
emission from the nuclei stained by DAPI and the red emission
from the Py-Cage suggests that the Py-Cage is mainly located in
the cytoplasm. The intracellular ROS-generating capacity of the
Py-Cage was then assessed using ROS fluorescent probe 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA), which was
added to Py-Cage-incubated 4T1 cells followed by white light
illumination and CLSM imaging (Fig. 4b). The bright intracel-
lular green fluorescence from the Py-Cage group, in sharp
contrast to negligible green fluorescence from the control PBS
groups with or without light irradiation and the Py-Cage dark
group, suggests the preferable intracellular ROS generation by
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the Py-Cage under light irradiation. Using dihydroethidium
(DHE) to detect intracellular *0,~,**° strong red fluorescence
in the nucleus of Py-Cage-treated 4T1 cancer cells after light
irradiation clearly indicates the production of intracellular *O, ™~
(Fig. S21, ESIT), while such phenomena are not observed for the
control groups. These results indicate that the Py-Cage can also
efficiently generate intracellular ROS including *O, "~ after expo-
sure to light and is promising for efficient PDT.

The PDT efficiency of the Py-Cage towards 4T1 cancer cells
was explored by the standard cell counting Kit-8 (CCK-8)
method and live/dead cell staining. The Py-Cage demonstrated
great biocompatibility and minimal dark cytotoxicity (Fig. 4c).
Under white light irradiation, the 4T1 cancer cell viability was
gradually reduced in a concentration-dependent manner,
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Fig. 4 (a) CLSM images of 4T1 cells after incubation with the Py-Cage (40 pg mL™) and DAPI (nucleus staining). (b) Intracellular ROS generation of the
Py-Cage (40 ng mL™?) inside 4T1 cells assessed by DCFH-DA probe under white light irradiation (80 mW cm~2, 10 min). (c) Concentration-dependent
viabilities of Py-Cage-treated 4T1 cells with or without light irradiation (80 mW cm™2, 10 min) accessed by the standard CCK-8 method. Data presented
mean =+ standard derivation (SD), n = 3. (d) Live (CAM, green)/dead (PI, red) cell staining of Py-Cage-treated 4T1 cells. (e) Apoptosis of 4T1 cells after Py-

Cage and light irradiation accessed by flow cytometric analysis.
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where the cell viability was ~11.2% at a Py-Cage concentration
of 80 ug mL ™" and the maximum half inhibitory concentration
(ICs0) was determined to be 14.42 ug mL " (phototoxic ratio =
6.46; Fig. 4c). Next, live/dead staining with calcein AM (CAM)/
propidium iodide (PI) was used to visually evaluate the killing
effect on 4T1 cells (Fig. 4d and Fig. S22, ESIt). Strong green
fluorescence from CAM with negligible red emission from PI
was observed for PBS, PBS + L and Py-Cage groups, indicating
that only light or the Py-Cage could not significantly affect the
viability of the cells. In sharp contrast, the Py-Cage under light
could kill nearly all the 4T1 cells as revealed by whole view of
red fluorescence and the absence of green fluorescence. During
the PDT process, ROS can depolarize the mitochondrial
membrane and reduce the mitochondrial membrane potential
and eventually leads to the release of apoptotic effectors such as
cytochrome C (CytC), apoptosis-inducing factor (AIF), calcium
ions, etc. to initiate apoptosis.®”®" The apoptosis probe Annexin
V-FITC was further selected to evaluate PDT performance on
4T1 cells. As shown in Fig. 4e, a large number of apoptotic cells
were obviously observed in the experimental group after Py-
Cage incubation and light irradiation, while cell apoptosis in
the other control groups was not obvious, which further con-
firmed the superior anti-tumor activity of the Py-Cage under
light conditions. In conclusion, the Py-Cage can generate a
large amount of ROS in cells under light conditions to induce
cell apoptosis and death.

2.5 In vivo PDT experiments and biocompatibility analysis

The PDT efficacy of the Py-Cage in vivo was subsequently
evaluated. A 4T1 tumor bearing mouse model was constructed
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by subcutaneous 4T1 breast cancer cell inoculation into the
right hind legs of mice. The mice were randomly divided into
four groups including phosphate-buffered saline (PBS), PBS + L,
Py-Cage, and Py-Cage + L groups (n = 5 mice per group). Py-Cage
(300 g mL™", 100 pL per mouse) was injected intratumorally
into the selected mice when the tumor volume reached about
80 mm?®, an IVIS imaging system was used to monitor the
fluorescence change. As shown in Fig. $23 (ESIt), tumors of the
mice maintained a similar fluorescence signal within 4 h post
injection, which still showed strong fluorescence at 48 h post
injection. In this regard, PDT on mouse tumors was selected at
2 h post Py-Cage injection (irradiated at a power of 80 mW cm >
for 10 min). The tumor growth curves of different groups are
shown in Fig. 5a. The mice in PBS + L and Py-Cage groups
showed a similar tumor growth curve to the PBS group, where
tumor volumes exceeded 700 mm? at day 14, suggesting that
only light treatment or Py-Cage treatment alone could not
deliver the therapeutic effect. Remarkably, the growth of
tumors in mice injected with the Py-Cage and irradiated with
light was significantly inhibited, and the tumor volumes were
less than 200 mm? within 14 days after PDT treatment (Fig. 5a).
At day 14, the mice were sacrificed and the tumors were
extracted and photographed. The tumors in the Py-Cage + L
group showed the smallest sizes and lowest tumor weights
among these groups (Fig. 5b and c), reflecting the best tumor
growth inhibition performance of Py-Cage under light.

The biocompatibility of the Py-Cage was also accessed. The
body weight of mice from all these four groups did not change
significantly, indicating that the Py-Cage did not have obvious
toxicity to mice during the treatment (Fig. 5d). Hematoxylin and
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Fig. 5 (a) Tumor volume change curves of 4T1 model mice after different treatments. Tumor pictures (b) and tumor weights (c) of 4T1 tumor-bearing
mice after different treatments. (d) Body weight change curves of mice in different treatment groups. (e) H & E staining of major organ sections of 4T1
tumor-bearing mice treated with PBS or Py-Cage. Data presented means + SD. n = 5, *p < 0.05, **p < 0.01. Scale bar = 100 pm.
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eosin (H & E) staining of major organs from PBS and Py-Cage
groups were further accessed for the histological analysis. No
obvious morphological difference is observed in the major
organs (heart, liver, spleen, lung and kidney) between the
Py-Cage group and the PBS control group, indicating that the
Py-Cage possesses excellent biocompatibility and is suitable for
in vivo applications (Fig. 5e). To provide more histological
analysis, the Py-Cage was also intravenously injected into
healthy mice through tail veins, with PBS as the control group.
The body biodistribution and clearance of Py-Cage was
accessed with IVIS imaging. As shown in Fig. S24 (ESIt), the
Py-Cage could quickly accumulate at liver part within 2 h due to
its nanoscale size, while it was effectively metabolized at 12 h
post injection and ex vivo fluorescence images of main organs
collected at 72 h post injection gave negligible fluorescence,
suggesting a fast body clearance of our Py-Cage. Blood routine
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parameters were also analyzed at 24 h post intravenous injec-
tion of the Py-Cage or PBS into healthy mice. As shown in
Fig. S25 (ESIt), the negligible changes in leukocytes related to
mouse immunity such as: white blood cells (WBC and MON),
lymphocytes (LYMPH), and neutrophils (GRAN) suggested that
the Py-Cage will not elicit the mice infection. The parameters of
red blood cells including red blood cells (RBC), hematocrit
(HCT), hemoglobin (HGB), mean muscle tone (MCV), erythro-
cyte hemoglobin content (MCH), and erythrocyte distribution
width (RDW) in the mice treated with Py-Cage did not change
significantly, indicating that the mice did not develop symp-
toms of anemia. Platelet volume (MPV) and platelet volume
distribution width (PDW) analysis showed that the Py-Cage
did not cause bleeding symptoms in mice. H & E staining of
main organs (collected at 72 h post injection) from the Py-Cage
administered healthy mice showed healthy and normal
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Fig. 6 Toxicological tests of the Py-Cage in healthy rats. (a) Blood routines (such as white blood cells (WBC), lymphocytes (Lymph?%), and neutrophils
(Gran%)); (b) blood biochemistry (alanine aminotransferase (ALT), aspartate aminotransferase (AST), y-glutamyl transpeptidase (y-GT), total bilirubin
(TBIL), direct bilirubin (DBIL), alkaline phosphatase (ALP), albumin (ALB)) and kidney function (urea nitrogen (UREA), uric acid (UA), creatinine (CREA), etc.;
(c) cytokines (interleukin-6 (IL-6), interleukin-1p (IL-1B) and tumor necrosis factor (TNF-a)); and (d) H & E staining images of major organ sections.
Scale bar = 100 um. Data presented means + SD, n = 3, no significant difference.
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morphologies, with minimal difference as compared to the PBS
group, further indicating the excellent biocompatibility of the
Py-Cage (Fig. S26, ESIY).

In addition, healthy rats were further used to study the
biocompatibility of the Py-Cage, where the Py-Cage was intra-
venously injected into rats through the tail veins (Fig. 6 and
Fig. S27, S28, ESIt). The blood routine and biochemical para-
meters of the rats were analyzed at 48 h post injection. As
shown in Fig. 6a and Fig. S27 (ESIY), the Py-Cage does not cause
infection (WBC, lymphocyte percentage (Lymph%), percentage
of neutrophils (Gran%)), anemia (RBC, HCT, MCV, and RDW),
or bleeding symptoms (HGB, MCH, MPV, and PDW) in rats. As
shown in Fig. 6b and Fig. S28 (ESIt), there was no damage to
liver function (alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), y-glutamyl transpeptidase (y-GT), total
bilirubin (TBIL), direct bilirubin (DBIL), alkaline phosphatase
(ALP), and albumin (ALB)) and kidney function (urea nitrogen
(UREA), uric acid (UA), and creatinine (CREA)) in rats after tail
vein injection of Py-Cage. In addition, cholesterol (CHO),
triglyceride (TG), high-density lipoprotein cholesterol (HDL),
low-density lipoprotein (LDL), glucose (GLU), and glycated
serum protein (GSP) levels of rats were not affected by the
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Py-Cage (Fig. S28, ESIt), indicating that the blood ester and
sugar contents of Py-Cage-treated rats were normal. The cyto-
kines like interleukin-6 (IL-6), interleukin-1 (IL-1B) and tumor
necrosis factor (TNF-) in rat serum were also detected, which
exhibited minimal difference compared to the PBS control
group, indicating that the Py-Cage will not cause inflammation
or infection in the rats (Fig. 6¢). Finally, H & E staining of the
main organs (heart, liver, spleen, lung, and kidney) of the Py-
Cage group and PBS control group showed no significant
morphological difference (Fig. 6d), further indicating that the
Py-Cage had excellent biocompatibility.

2.6 Invitro and in vivo PDT experiments with Py-Cage NPs

To further evaluate the potential of the Py-Cage for PDT, we also
encapsulated the Py-Cage with a biocompatible block copolymer
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol}-2000] (DSPE-PEG,yy,) by a nano-precipitation
method (see the Experimental section of the ESLf} Fig. 7a) to
further improve its water disability and biocompatibility.®>®® The
polymer encapsulated Py-Cage nanoparticles (NPs) showed a
hydrodynamic diameter of 131.3 nm and a PDI of 0.301
(Fig. 7b). TEM images suggested that the Py-Cage NPs were of
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Fig. 7 (a) Schematic of Py-Cage NPs synthesized by a nanoprecipitation method with DSPE-PEG,q00 as the encapsulation matrix. (b) Particle size

distribution of Py-Cage NPs. Data presented mean =+ SD, n = 3. (c) TEM image of Py-Cage NPs, Scale bar = 1 um. Tumor volume change curves (d), tumor
pictures (e), tumor weights (f), and body weight change curves (g) of 4T1 tumor-bearing mice in different groups. (h) H & E staining images of major
organs and tumor sections of 4T1 tumor-bearing mice treated with PBS or Py-Cage NPs + L. Scale bar = 100 um. Data presented means &+ SD. n = 4,
*p < 0.05, **p < 0.01, **p < 0.001.
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spherical shape with sizes around 104.4 nm (Fig. 7c and Fig. S29a,
S29b, ESIf). Py-Cage NPs at 10 ug mL ™' showed similar UV-Vis
absorption spectrum to Py-Cage (Fig. S29c, ESIt). However, Py-
Cage NPs showed a weaker PL intensity than that of the Py-Cage,
which should be caused by potential intermolecular n-n stacking
between Py-Cages inside the compact intraparticle microenviron-
ment (Fig. S29d, ESI). Different ROS indicators including DCFH,
ABDA, DHR123 and HPF were further used to evaluate their ROS
generation ability under white light irradiation (20 mW cm?). Py-
Cage NPs showed a moderately decreased ROS generating ability
as compared to the Py-Cage (Fig. S30, ESIt), which shall also be
caused by the increased intermolecular n-m stacking between
nearby Py-Cages inside these compact nanoparticles, while the
insertion of the DSPE segment into the porous space of the Py-
Cage may also reduce the oxygen interaction and hence weaken
the ROS generation.

The PDT efficiency of Py-Cage NPs towards 4T1 cancer cells
was explored by the standard CCK-8 method and live/dead cell
staining. Py-Cage NPs demonstrated excellent biocompatibility
and minimal dark cytotoxicity (Fig. S31a, ESIT). Under white
light irradiation, the 4T1 cancer cell viability was gradually reduced
in a concentration-dependent manner, where the cell viability was
~22.0% at a Py-Cage NP concentration of 120 ug mL ™" and the
ICs5, value was determined to be 37.58 pg mL ™" (Fig. S31b,
ESIT). Live/dead staining with CAM/PI was then used to visually
evaluate the killing effect of Py-Cage NPs on 4T1 cells (Fig. S32,
ESIY). Strong green fluorescence from CAM with negligible red
emission from PI was observed for PBS, PBS + L and Py-Cage NP
(120 pg mL ") groups, indicating that only light or Py-Cage NPs
could not significantly affect the viability of the cells. In sharp
contrast, Py-Cage NPs (120 pg mL ') under light could kill
nearly all the 4T1 cells as revealed by whole view of red
fluorescence and the absence of green fluorescence. Although
Py-Cage NPs also showed good cell killing ability under light
irradiation, the ICs, value was significantly higher than that of
the Py-Cage. This is mainly due to the reduced ROS generation
caused by the intermolecular n-n stacking between nearby Py-
Cage molecules inside Py-Cage NPs. One may introduce water-
soluble chains to increase the water solubility and to provide
steric hindrance between these cages to avoid such inter-cage
n-n stacking. Nevertheless, in our current work, the intra-
molecular n-n stacking between porphyrin skeletons within
one Py-Cage has been sufficiently avoided to reduce the ACQ
effect. In addition, the large cavity of the Py-Cage could also
increase the loading and interaction of oxygen, which is also
beneficial for ROS generation and final PDT performance and
our Py-Cage design shall still present an efficient strategy for
designing photosensitizers for enhanced PDT.

The PDT efficacy of Py-Cage NPs in vivo was further studied.
A 4T1 tumor bearing mouse model was established by sub-
cutaneously inoculating 4T1 breast cancer cells into the right
hind legs of nude mice. When the tumor volume reaches
approximately 80 mm?, the mice were randomly divided into
four groups including PBS, PBS + L, Py-Cage NPs, and Py-Cage
NPs + L groups (n = 4). Py-Cage NPs (300 ug mL™ ", 100 uL per
mouse) were injected into the mouse bodies through the tail
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veins. In vivo fluorescence images suggested that Py-Cage NPs
could quickly accumulate at tumor sites, which reached the
maximum at 6 h post injection (Fig. S33, ESIt). The ex vivo
images obtained at 8 h post injection confirmed the excellent
tumor accumulation ability of Py-Cage NPs (Fig. S33, ESIT).
Therefore, we performed light treatment (irradiation at a power
of 80 mW cm™? for 10 min) at 6 h post injection. The tumor
growth curves of different groups are shown in Fig. 7d. As
shown, the tumor growth of mice injected with Py-Cage NPs
and irradiated with light was significantly inhibited compared
to the other three groups (PBS, PBS + L, Py-Cage NPs), proving
the PDT antitumor effect of Py-Cage NPs. The lack of significant
weight loss in mice during the whole progress proved that
Py-Cage NPs has minimal side effects (Fig. 7e). At day 10 post
injection, the mice were euthanized and the tumors were
extracted (Fig. 7f). The tumors from the PBS, PBS + L, and
Py-Cage NPs groups showed similar weights of 0.82 g, while
tumors from the Py-Cage NPs + L group were weighed to be
around 0.31 g, proving the excellent anti-tumor PDT perfor-
mance of Py-Cage NPs (Fig. 7f and g). H & E staining was
performed on the extracted organs and tumor tissues and the
results showed that the mouse organs treated with Py-Cage NPs
+ L did not show significant inflammation or damage, while the
nuclei of tumor cells in the tumor tissue showed significant
rupture and damage, further proving the excellent biocompat-
ibility and PDT efficacy of Py-Cage NPs (Fig. 7h).

3. Conclusions

The compact n-n stacking driven by self-assembly in aqueous
solution has become a major bottleneck for the application of
photosensitizers with large planar and rigid structures for PDT.
Although a variety of strategies have been found to weaken the
self-aggregation of porphyrin-based photosensitizers in aqu-
eous solution and the high quenching of ROS, the results are
still unsatisfactory. Herein, a novel porphyrin-based porous
organic nanocage (Py-Cage) was synthesized with a large cavity
volume to promote both type-I and type-II ROS generation. The
formation of cationic Py-Cage spatially separates the porphyrin
PS within the nanocage with a distance over 11 A (estimated
from the distance of two phenyl rings). The long distance and
void spaces effectively weaken the n-n stacking effect of por-
phyrin moieties within the nanocage, and the Py-Cage exhibits
excellent anti-ACQ features to maintain bright fluorescence and
ROS generation even at high concentrations in aqueous
solution. In addition, the Py-Cage exhibited a very large cavity
volume with a surface area of 306.4 m> ¢~ * and a BJH pore
width of 4.2 nm. The unique porous skeleton increases its
interaction with surrounding oxygens and other substrates to
fully utilize the excited triplet state for ROS generation. Intrigu-
ingly, the cationic nanocage shows a pronounced charge
separation and transport ability, which converted a typical
type-II PS to a predominate type-I PS with remarkable free
radical generation, including *O,” and *OH . All these works
cooperatively made the Py-Cage a powerful PS. Both in vitro cell
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experiments and in vivo mouse experiments confirmed its
excellent PDT performance. The design of Py-Cage with a pure
organic porous skeleton could fully utilize the excited triplet
state of PSs to generate ROS, by reducing the n-m stacking,
increasing oxygen interactions and promoting charge transfer
processes. In addition, the Py-Cage has also demonstrated
excellent biocompatibility and biosafety in both rats and mice
according to the analysis of H & E staining, blood routine
parameters, blood biochemistry, and cytokine levels. Collec-
tively, the Py-Cage provides a vivid example for enhancing the
fluorescence and ROS yields of traditional porphyrin-based PSs
as well as other PSs with rigid and large planar structures,
which shall pave a new path for designing novel and effective
PSs with excellent biocompatibility for PDT and related photo-
theranostic applications.
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