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The development of photodynamic therapy requires access to smart photosensitizers which combine appropriate

photophysical and biological properties. Interestingly, supramolecular and dynamic covalent chemistries have recently

showntheirabilityto produce novelarchitecturesand responsivesystemsthrough simpleself-assemblyapproaches. Herein,

we report the straightforward formation of porphyrin-peptide conjugates and cage compounds which feature on their

surface chemicalgroups promotingcell uptake and specific organelletargeting. We show that they self-assemble,in aqueous

media, into positively-charged nanoparticles which generate singlet oxygen upon green light irradiation, while also

undergoing a chemically-controlled disassembly due to the presence of reversible covalent linkages. Finally, the biological

evaluationincellsrevealed that they act as effective photosensitizers and promote synergistic effects in combination with

Doxorubicin.

Introduction

PhotoDynamic Therapy (PDT) is an approved clinical modality
used to treat various diseases such as cancer, age-related
degeneration, and skin lesions.1> PDT operates
through the action of light that excites a photosensitizer which
then produces short-lived cytotoxic Reactive Oxygen Species
(ROS, type | PDT) or singlet oxygen (10, type Il PDT), leading to
local cell death through conventional and non-conventional cell
death programs, activation of immune cells or vascular
damage.® 7 An ideal photosensitizer
dark but becomes cytotoxic when irradiated with light at the
appropriate wavelength. Porphyrins and their derivatives form
a well-known class of photosensitizers (e.g. approved
porphyrin-based photosensitizers: Photofrin®, Visudyne®) which
displays an efficient light absorption (absorption Soret band
around 400 nm and Q bands at 500-700 nm) and high singlet
oxygen quantum vyields.®8 While the design of photosensitizers
absorbing low-energy light in the therapeutic window (650 nm
— 1100 nm)% 10 has seen major advances,!! their polyaromatic
structure often make them poorly soluble in aqueous media,
and this is certainly true for porphyrin-based photosensitizers.
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is therefore non-toxic in
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Their aggregation can alter their photophysical properties,
either by turning the inter-system crossing and ROS/!0;
production “on” in presence of J-aggregates,'2 13 or “off” in the
presence of H-aggregates,!* depending on the molecular
structure of the photosensitizers and on the supramolecular
organization of the aggregates.l> 16 The conjugation to
biomolecules such as peptides or carbohydrates can therefore
be of interest to improve solubility, but also to position
functional groups that improve cell internalization?. 18 and may
promote targeted delivery.1925 PDT has indeed a local effect
due to the limited diffusion of ROS/!0; (10 nm — 2 um)26-28
which potency depends on the precise subcellular localization
of the photosensitizer. Peptides are water-soluble and
biocompatible building blocks which are interesting in this
regard due to i) their ability to engage in B-sheets formation and
thus direct the precise self-assembly of porphyrin-based
photosensitizers, ii) the sensitivity of their assemblies to pH or
enzymes, and iii) their cell-penetrating and targeting features.?29-
31 |n order to achieve multivalent binding and stabilization, it is
necessary to graft multiple peptides onto porphyrin-based
photosensitizers. However, most of the reported porphyrin-
peptide conjugates bear only one or two peptides,! and the
synthetic methodology for obtaining tetra-conjugates still
remains a current challenge.32

Supramolecular chemistry has recently been implemented in
the context of PDT where it can contribute to i) improving
solubility/delivery using host-guest systems,3337 or ii) accessing
smart  nano-assemblies of  photosensitizers, such as
metallacages,3® 39 Covalent-Organic Frameworks (COFs),40
nanovesicles,4! and other self-assembled nanomaterials29 42 43
which display unique photophysical and/or biological features.
Dynamic covalent chemistry combines the attractive features of
dynamic self-assembly of supramolecular systems and add the



enticing perspective of obtaining covalent assemblies of high
stability in biological media, yet with sensitivity to reactional
cues that may be exploited in delivery applications.*4 45 As a
recent representative example of an innovative strategy using
dynamic covalent chemistry for the discovery of new bioactive
compounds, Anslyn and co-workers reported the access to
quaternary assemblies of peptides, which proved to be effective
antibiotics.4¢  Another revealed the ability of
organic cage-type compounds, obtained through dynamic
covalent synthesis, to readily cross cell membranes and enter
cells.4” In this work, we explored a dynamic covalent chemistry
approach for the formation of porphyrin-peptide conjugates.
We report the straightforward access to four cationic tetra-
conjugates and eight cage-type structures displaying cell-
penetrating and targeting groups. We show their self-assembly
in aqueous media into positively-charged nanoparticles, their
chemically-controlled disassembly, evidence their propensity to
generate singlet oxygen upon green light irradiation, and
demonstrate their action as effective photosensitizers in live
cells.

recent work

Results and discussion
Design.

Our design uses porphyrin tetra-aldehyde TPP-Ald and Zn-TPP-
Ald as known photosensitizer cores*® 4% onto which C-hydrazide
peptides appended
condensation reactions (Scheme 1). The choice of inserting
zinc(ll) within the porphyrin was dictated by previous reports
showing that it maintains the photophysical properties while
improving cell uptake through direct interactions with the
phospholipids of cell membranes.>® Peptide possessing a (-
cysteine were selected as anovel entry to access porphyrin cage
compounds>?! through DMSO-promoted disulphide
formation,>>%* while the peptide with the isostructural i-serine
amino acid led to tetra-conjugate compounds (Scheme 1).
These disulphide-bridged cages were also considered in view of
their potential to perform thiol-mediated uptake.5> 56 The N-
termini were selected in order to display i) cationic groups that

can be through acylhydrazone
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favor cell uptake, such as i-arginines as in cell-penetrating
peptides (TPP-Args, TPP-Args, Zn-TPP-Args, Zn-TPP-Args, CAGE-
Arg, and Zn-CAGE-Arg; CAGE-H and Zn-CAGE-H serving as a
neutral references),57. 58 ii) boronic acid for promoting cell
uptake and lysosome escape (CAGE-BA and Zn-CAGE-BA),>9-62
and iii) triphenylphosphonium for mitochondria targeting
(CAGE-PPhz and Zn-CAGE-PPh3).2t, 6365

Synthesis and characterizations.

TPP-Ald was synthesized as previously described,®® and its
metalation afforded Zn-TPP-Ald (ESI, Figures S1-2). The peptide
hydrazides were synthesized through a solid phase peptide
synthesis (SPPS) approach using a modified resin (ESI, Scheme
S1, Figures S3-26). Finally, the coupling of the porphyrin tetra-
aldehyde cores with the peptide hydrazides was carried out by
adapting related protocols,
a final concentration of TPP-Ald of 2 mM favouring discrete
cage compounds in DMSO/H,0 94/6 and heating up at 50 °C for
2 days.5254 1H NMR indicated the disappearance of the aldehyde
peak (Figure S27). Completion of the reactions was confirmed
by HPLC®7 while the ESI-MS or MALDI-ToF analyses indicated the
formation of the expected TPP tetra-conjugates or TPP cages
(Figure 1 and Figures S28-38). Similarly, DOSY NMR revealed an
increase in hydrodynamic radii when converting the starting
TPP-Ald and Zn-TPP-Ald into the tetra-conjugates and cage
compounds (Table S1 and Figure S39). Further characterization
by UV-Vis absorption and fluorescence spectroscopies revealed
that, in DMSO, the tetra-conjugate preserve similar
spectroscopic properties compared to the parent TPP-Ald and
In-TPP-Ald, while the cage compounds have a lower
fluorescence intensity most likely arising from aggregation-
caused quenching (ACQ) due to the proximity of the two
porphyrin cores (Figure S40). The situation is slightly different in
H,O as all tetra-conjugate and cage compounds now display
more intense electronic absorption and fluorescence, most
likely due to an improved water-solubility compared to the
parent TPP-Ald and Zn-TPP-Ald thanks to the presence of the
hydrophilic peptides (Figure S41).

mixing stoichiometric quantities at
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Scheme 1. Chemical structures of porphyrin and peptide building blocks, and synthetic route toward TPP tetra-conjugates and TPP Cages by one-pot simultaneous acylhydrazone
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Figure 1. HPLC chromatograms and MALDI-ToF mass spectrometry analyses of, from
bottom to top, TPP-Ald, TPP-Args, TPP-Args, and CAGE-Arg.

Chemically-controlled degradation.

Since the TPP tetra-conjugates
responsive  covalent linkages, namely acylhydrazones and
disulphides, we probed their controlled degradation by
monitoring the fluorescence emission of CAGE-Arg (Figure 2A)
in DMSO. The data show a decrease in fluorescence emission in

and TPP cages are made of

presence of methoxyamine (tx ~ 1 hour), and an increase in
presence of B-mercaptoethanol (tx ~ 20 min) (Figure 2B).
Confirmation of the covalent exchange reactions was obtained
by mass spectrometry analyses which confirm the formation of
TPP-Oxime and TPP-BME (Figure 2C).

4 | Org. Biomol. Chem., 2023, 00, 1-3
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Figure 2. A) Chemically-controlled degradation of CAGE-Arg upon addition of
methoxyamine or B-mercaptoethanol, leading to the formation of TPP-Oxime and TPP-
BME, respectively; B) monitoring of the degradation processes by fluorescence
spectroscopy (hexc = 420 nm; insets showing the time evolution of fluorescence emission
intensity at Aem = 655 nm); C) analyses by MALDI-ToF of the end-products formed after,
respectively, 24 and 3 hours.

Self-assembly in aqueous media and singlet oxygen generation.

Dynamic Light Scattering and T potential measurements were
carried out and showed nanoparticles formation in phosphate
buffer at pH 7.0 (Table 1). Similar positively-charged
nanoparticles were obtained for both TPP-Args and CAGE-Arg
compounds, while the zinc(ll) counterparts gave
nanoparticles, inline with the DOSY NMR results.

smaller
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Table 1. Dynamic light scattering and {-potential results measured in 0.1 M phosphate
buffer (pH 7.0) solutions.

Compound Size £SD PDI +SD &-potential £
(nm) SD (mV)

CAGE-Arg 257.8+14.5 0.430+0.017 +15.3+2.8

TPP-Args 212.7+3.5 0.334+0.092 +10.3+0.9

Zn-CAGE-Arg 182.9£15.6 0.392+0.034 +14.8+2.3

Zn-TPP-Args 105.8+16.7 0.670+0.032 +12.4+1.0

The ability of TPP tetra-conjugates and TPP cages to produce
singlet oxygen (102) upon green light irradiation (Aexe = 525 nm)
was probed, inaqueous media (0.1 M phosphate buffer, pH 7.0)
and relative to a positive control (meso 5,10,15,20-tetrakis(N-

methylpyridinium-4-yl)porphyrin iodide, H.TMPyP),68 by UV
absorption spectroscopy using 9,10-anthracenedivyl-
bis(methylene)dimalonic acid (ABDA) as a selective 03

sensor.2% 6 ABDA and 0, react through a [4 + 2] cycloaddition,
resulting in the formation of the corresponding 9,10-
endoperoxide. Therefore, 10, generation can be proved by
monitoring the decrease of the absorption at A = 379 nm. The
plots of In(Ao/A) measured at A =379 nm show linear increases
with the irradiation time and confirm the key role of the
photosensitizers in the observed 10, production (Figures 3 and
S42). All tested compounds are found better photosensitizers
than H,TMPyP. Interestingly, the cage compounds CAGE-H,
CAGE-Arg, and Zn-CAGE-Arg were found superior to the tested
tetra-conjugates TPP-Args and Zn-TPP-Args.
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Figure 3. Singlet oxygen generation of TPP tetra-conjugates and TPP cages derivatives
(all at afinal constant concentration of TPP of 1 uM) in water, probed by UV absorption
spectroscopy (absorbance measured at 379 nm) using ABDA (100 uM) at varying light
irradiation times (green light, A= 525 nm). Negative control experiment was performed
without photosensitizer.

Cytotoxicity.

Cytotoxicity was measured on human breast cancer MCF-7 cells
using a MTT assay (Figure 4). The results show that CAGE-H,
CAGE-BA, and CAGE-PPhs are essentially non-toxic up to a 10
UM dose, while the cationic CAGE-Arg, TPP-Args, and TPP-Args

This joumnal is © The Royal Society of Chemistry 20xx

do show a gradual decrease in cell viability when increasing the
dose. interesting to note that CAGE-Arg is
significantly less cytotoxic than TPP-Args even though both of
them present the same number of cationic t-arginines,
suggesting a different mode of interaction with cells. The zinc-
containing derivatives show a similar trend but cytotoxicity
becomes more pronounced at high dose (20 pM).

It is however
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Figure 4. Cytotoxicity study in human breast cancer (MCF-7) cells after 3 days of
incubation with different concentrations of TPP derivatives (top: free base porphyrin
compounds; bottom: zinc porphyrin complexes). Data are presented as mean + SEM.

PDT on cells.

The PDT effect on human breast cancer MCF-7 cells was
determined by measuring cell viability by MTT assays under
dark conditions and after light irradiation (Figure 5). Although
near-IR light has deeper tissue penetration, we selected here
green light because it matches the Q-bands absorption of our
porphyrin cages. A concentration of 1.31 puM was used as both
cell viability in dark conditions and singlet oxygen generation
were optimum at this dose for all TPP derivatives. While the
neutral CAGE-H was ineffective, the cationic CAGE-Arg showed
a significant effect which depends upon the light irradiation
time. A similar effect was observed for CAGE-BA and CAGE-
PPh;, with a potency that matches that of TPP-Args and TPP-
Args. Increasing the incubation time from 3 hours to 24 hours
did not change this trend (Figure S43). Unfortunately, expect for
Zn-CAGE-Arg, the zinc-containing series of TPP derivatives did
not show good PDT activity despite effective singlet oxygen
generation (Figure S43).

Org. Biomol.Chem.,2023,00,1-3 | 5
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Figure 5. PDT studyin human breast cancer (MCF-7) cells incubated with 1.31 uM of
compounds for 3 h then exposed to green light for different irradiation times. Data are
presented as mean +SEM.

The evidence that the decrease in cell viability upon light
indeed due to the photosensitizer-induced
generation of reactive oxygen species (ROS) was obtained from
in-cell imaging studies, which showed intracellular ROS
production only in the presence of CAGE-Arg and green light
irradiation (Figure 6). Furthermore, the magnitude of ROS
production correlates well with the PDT activity of the tested
compounds, for instance the PDT-inactive CAGE-H showing
weak intracellular ROS production (Figure S44).

irradiation is

(+) DCFDA (+) DCFDA
(+) Green Light (-) Green Light

Figure 6. Fluorescence microscopy imaging of ROS using DCFDA assay in human breast
cancer (MCF-7) cells treated (or not) with 1.31 uM of cage for 24 h, then, exposed (or
not) to green light irradiation for 2 min. Scale bar 100 pm.

Control

CAGE-Arg

Cell internalization.

The kinetic of cell uptake was determined by fluorescence
activated cell sorting. The cationic CAGE-Arg was found to
internalize faster, and more rapidly than TPP-Args and TPP-Args
(Figure 7). The fact that CAGE-H gave positive results while it
showed no PDT activity and weak ROS production points out to
a poor singlet oxygen quantum vyield in the intracellular
environment, in contradiction to what was found in aqueous
media (Figure 3). In the zinc-containing series, Zn-CAGE-Arg was
also internalized faster than Zn-TPP-Args according to FACS
analysis (Figure S45).
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Figure 7. Uptake kinetics study of compounds incubated with human breast cancer
(MCF-7) cells at 1.31 uM concentration for different time intervals. Data are presented
as mean * SEM.

The study was completed by confocal fluorescence imaging
studies which unambiguously showed the more effective cell

internalization of Cage-Arg compared to TPP-Args (Figure 8).

Nucleus A=561 nm Phase contrast

Merged

CAGE-Arg Control

TPP-Argd

Figure 8. Confocal microscopy imaging of live human breast cancer (MCF-7) cells treated

with 2.62 uM of Cage-Arg or TPP-Args for 24 h. Images were acquired using objective
63x (Zoom 2).

We probed the mechanism of cell penetration by quantifying
the cell uptake by FACS in the presence of different inhibitors of
internalization pathways: methyl-B-cyclodextrin ~ (MBCD)
suppressing  cholesterol-dependent independent
endocytosis involving lipid rafts, chlorpromazine hydrochloride
(CPZ) suppressing clathrin-dependent endocytosis, 5-(N,N-
dimethyl)amiloride hydrochloride (DMA) suppressing
micropinocytosis, and Ellman's reagent (5,5-dithio-bis-(2-
nitrobenzoic acid), DTNB) suppressing thiol-mediated uptake.’0
The results reveal that clathrin-dependent endocytosis is the
main route of cell internalization followed by caveolae-
mediated endocytosis — micropinocytosis and thiol-mediated
uptake not being used (Figure 9). This is in contrast with neutral

clathrin

This journal is © The Royal Society of Chemistry 20xx



organic cages which were shown to enter cell through passive
diffusion.4

cod 5%% 60%

54%
T

Figure 9. Endocytosis mechanism study using cell internalization inhibitors (methyl-B-
cyclodextrin (MBCD, 5 mM), chlorpromazine hydrochloride (CPZ, 50 uM), 5-(N,N-
dimethyl)amiloride hydrochloride (DMA, 40 uM), and 5,5-dithio-bis-(2-nitrobenzoic acid)
(DTNB, 1.2 mM)) incubated with 1.31 uM CAGE-Arg for 3 h in human breast cancer (MCF-
7) cells. Data are presented as mean *SEM.

Dual therapy.

Cage compounds can have the ability to encapsulate a guest of
interest (e.g. fluorophore, drug) and transport itinside cells. The
and perrneabilize  cell and
endosome membranes, resulting in the subscquent cell uptake
and delivery of drugs in the cytosol’! through a process called
photochemical internalization (PCl).72 73 Reasoning that
aromatic guests could possibly bind within the TPP cages
through m-7 interactions, we then studied the combination of
our TPP photosensitizers with the aromatic cytotoxic anticancer
drug Doxorubicin (Figure 10). In the absence of light irradiation,
no reduction in cell viability on human breast cancer (MCF-7)
cells was observed, also for Doxorubicin alone at a dose of 0.65
UM below its reported 1Csp of 1.9-2.5 pM.7# 75 Light irradiation
had no effect on cells incubated with Doxorubicin alone but
triggered a strong PDT effect on cells incubated within
combinations of TPP tetra-conjugates/cages with Doxorubicin.
The unexpected result is that the activity of the combination
CAGE-Arg and Doxorubicin is more potent than CAGE-Arg or
Doxorubicin alone, the calculated combination index (Cl) value
of 0.06 revealing a synergistic effect where CAGE-Arg
potentiates the action of Doxorubicin. Although we had hoped
that this effect can be directed by host-guest recognition of
Doxorubicin with the hydrophobic cavity of CAGE-Arg, the fact
that this potentiating effect was also observed with TPP-Arga
rules out this possibility and rather suggest a PCl mechanism.

PDT action can also potentiate

This joumnal is © The Royal Society of Chemistry 20xx
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Figure 10.PDT study in human breast cancer (MCF-7) cells incubated with 1.31 pM of
TPP derivatives alone or combined with doxorubicin, and free doxorubicin (0.65 uM) for
3 h then exposed to green light for different irradiation times. Data are presented as
mean *SEM.

Experimental section

All reagents and solvents were obtained from commercial
sources and were used without further purification. Meso
tetra(p-formylphenyl)porphyrin (TPP-Ald) was synthesized as
previously described.66

Nuclear Magnetic Resonance (NMR). 'H and DOSY NMR
experiments were measured at room temperature in
deuterated solvents with a Bruker Avance 400 instrument at
400 MHz. Peaks were referenced in ppm with respect to the
residual solvent peak (CDsOD: & =3.31 ppm; D;0: 6 =4.79 ppm).
Data are reported as follows: chemical shift (6 in ppm),
multiplicity (s for singlet, d for doublet, dd for doublet of
doublet, t for triplet, dt for doublet of triplet, m for multiplet, br
for broad signal), coupling constant (J in Hertz) and integration.
DOSY NMR were carried out in DMSO (dynamic viscosity 1.996
mPa.S used for the Stockes-Einstein equation).
High-performance liquid chromatography (HPLC). Analytical
reverse-phase HPLC (RP-HPLC) analyses were performed on a
Thermo Scientific HPLC Dionex Ultimate 3000 (Phenomex
Kenetex C18, 2.6 pm x 7.5 cm, 100 A) with the following linear
gradients of solvent B (99.9% acetonitrile, 0.1% TFA) into
solvent A (99.9% H20, 0.1% TFA): Method: 5 to 100% of solvent
B in 5 min; flow: 1 mL/min. Preparative HPLC was performed on
i) a Gilson PLC2250 Prep (XSelect CSH Prep C18, 5 um, 250 x 30
mm column, Waters) , flow 40 mlL/min, or on ii) a VWR
International LaPrep pump P110, a VWR LaPrep P314 Dual |
absorbance  detector and EZChrom software (15 C18
reversedphase column Waters x-bridge, RP-18, 250 x 25 mm, 5
pum), flow 40 mL/min, using linear gradients of eluents A (99.9%
H20, 0.1% TFA) and B (99.9% acetonitrile, 0.1% TFA).

Liquid chromatography-mass spectrometry (LC/MS). Analyses
were performed on a Shimadzu LCMS2020 (Phenomex Kinetex
C18, 2.6 um x 7.5 cm, 100 A) equipped with a SPD-M20A
detector with the following linear gradient of solvent B (99.9%
acetonitrile, 0.1% HCOOH) and solvent A (99.9% H.O, 0.1%
HCOOH): 5 to 95% of solvent B in 5 min; flow 1 mL/min.
Retention times (tg) are given in minutes.
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Mass spectrometry (MS). Electrospray ionization (ESI-MS) and
MALDI-ToF (matrix: sinapic acid) analyses were carried out at
the Plateforme d’Analyse et de Caractérisation (PAC) of the Pdle
Chimie, Université de Montpellier using Micromass Q-Tof
instruments.

General procedure of Fmoc hydrazine modified 2-chlorotrityl
resin. Following a previous report,’® 2-chlorotrityl chloride resin
(CTC, loading 1.6 mmol/g) (2 g) was swollen in CH,Cl, (16 mL) at
0 °C. Fmoc hydrazine hydrochloride (1.627g, 2 eq.) and
diisopropylethylamine (3.1 mL, 10 eq.) were dissolved in DMF
(20 mL) and CH,Cl, (4 mL). The above solution was then added
dropwise into the resin slurry at 0 °C. The reaction mixture was
gently stirred from 0 °C to room temperature overnight.
Methanol (0.32 mL) was added to quench the remaining 2-CTC
resin. The resulting resin was washed with DMF (35 mL), H,0
(35 mL), DMF (35 mL), methanol (35 mL), diethyl ether (35 mL)
and kept under high vacuum for 2 h. The dried Fmoc hydrazine
2-CTC resin was purged with nitrogen and stored at 4°C. The
loading of resin was quantified by UV-visible absorption
spectroscopy as follows: 10 mg of resin was suspended in 1 mL
of piperidine/DMF (2:8) for 30 mins. After filtration, 100 pL of
the filtrate was diluted in 9.9 mL of DMF. Then, the absorbance
was measured at 301 nm and the loading of the modified resin
was determined by the equation Loading =
Absorbance x 104 /7800.

General procedure of Solid-Phase Peptide Synthesis (SPPS).
The syntheses of peptides was based on a Fmoc strategy and
was carried out manually, by adapting previous protocols,>2 76
using the following conditions:

-Resin deprotection (Fmoc
r.t. for 5 min, twice;
-Coupling conditions: Fmoc-AA-OH (0.6 M, 3 eq.), HATU (0.2 M,
3 eq.), DIEA (6 eq.) DMF, stirred at r.t. for 30 min (double
coupling, 30 min);

-Fmoc deprotection conditions: 10 mL of piperidine/DMF (2/8)
atr.t. for 5 min, twice;

-Mild cleavage conditions (10 mL of TFA/CH,Cl; 1/99 for 5 min,
4 times, followed by addition of 20 mL MeOH/Pyridine 8/2) and
purification by preparative reverse-phase HPLC;

-Full deprotection: TFA/TIS/H,0O 95/2.5/2.5 at r.t. for 12 h, then
precipitation in Et;0.

The final peptides were titrated by 'H NMR (D,0O) using tert-
butanol as internal reference in order to determine their exact
molar concentration. For this, the compound was solubilized in
D,O (final concentration around 5 mM) and tert-butanol was
added (25 pL, 13.3 mM) in the NMR tube (total volume of 600
pL). 'H NMR spectrum was recorded and the relative peak
integration was used to calculate the exact concentration of the
compound.

UV-Vis absorption and fluorescence spectroscopy. UV-Visible
absorption and fluorescence spectra were recorded on,
respectively, UV mc2 and FLX-Xenius XMF spectrophotometers
from Safas, S.A., Monaco. The excitation wavelength was set at
Aexc = 420 nm for fluorescence experiments. 1uL of a 2 mM
stock solution in DMSO of cage/tetraconjugate was diluted with
DMSO in a 1 cm Quartz cuvette to a final volume of 2 mL,
reaching a final concentration of cage/tetra-conjugate of 1 uM.

removal): piperidine/DMF (2/8) at
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(final
(final

For the degradation study, either amine
concentration: 100 mM) or
concentration: 5 mM) were added.
Dynamic light scattering and T potential. Particle size and (
potential measurements were carried out on a Zetasizer Nano-
ZS (Malvern, United Kingdom) using transparent ZEN0040
disposable cuvette (1000 pL) at 25 °C. The cages and conjugate
compounds were prepared
concentration of 1 uM. The measurements
immediately after the sample preparation.
General procedure for the synthesis of TPP Conjugates and TPP
Cages. The protocol was adapted from previous reports.52-54
TPP-Ald/Zn-TPP-Ald (1 eq., 80 pL of a 50 mM stock solution in
DMSO) and peptide hydrazide (4 eq., 107 uL of a 150 mM stock
solution in water) were mixed in 2 mL of DMSO, keeping the
final concentration of the aldehyde building block at 2 mM with
a final solvent composition of DMSO/HO 94/6. The reaction
mixture was heated at 50 °C for 2 days, and product formation
was monitored by LC-MS.

Singlet oxygen generation of TPP Conjugates and TPP Cages.
Stock solutions of each TPP derivative at 0.02 mM and a stock
solution of 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA) at 2 mM were prepared in water. Solutions of 2 mL were
prepared (final concentrations of TPP derivative and ABDA were
1 puM and 100 pM, respectively in 0.1 M phosphate buffer pH 7)
in quartz cuvettes at room temperature. These solutions were
submitted for one hour to visible green light irradiation (Amax =
525 nm; 10 mW/cm?, EvoluChem LED 525PF, HEPATOCHEM).
The absorption decay of ABDA at 379 nm was measured every
3 minutes. Plots in In(Ag/A) as a function of the elapsed
irradiation time t in which Ag and A are the ABDA absorbance
at t = 0 and t, respectively. The dashed lines are linear least-
squares fits to the respective data sets.

Cell culture. Human breast adenocarcinoma cell line (MCF-7)
was maintained in Dulbecco's Modified Eagle Medium with
nutrient mixture F12 (DMEM-F12) and supplemented with 10 %
foetal bovine serum (FBS) and 1 % Penicillin/streptomycin (P/S).
Cells were allowed to grow in humidified atmosphere at 37 °C
under 5% CO,.

Cell viability study. Cells were seeded in 96-well plate at a
density of 5000 cells per well and left to incubate for 24 h. After
incubation, cells were treated with different concentrations of
compounds ranging from O to 20 pM. Cells treated with the
vehicle were considered as control. After 3 days of incubation,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) solution was added to cells at a final concentration of 0.5
mg mL? and cells were incubated for 4 h at 37°C. The viable cells
have the ability to convert the yellow coloured water-soluble
tetrazolium solution into purple coloured insoluble formazan
crystals. After the end of incubation, the medium was aspirated
and the crystals were dissolved in a mixture of ethanol and
DMSO (1:1, v/v %) followed by 20 min shaking. The absorbance
was measured using multiskan Sky (ThermoFisher scientific) at
540 nm and the percentage (%) of viable cells were calculated
the following equation:  Abtest/Abeontror  *¥100. The
experiment was repeated three times.

methoxy
2-mercaptoethanol

in deionized water at a final

were performed

from
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Photodynamic therapy study. Cells were seeded in 96-well
plate and left to grow for 24 h. Then, cells were treated with
1.31 pM concentration of the compounds and left to incubate
for another 3 h or 24 h. After the end of incubation, cells were
exposed to green light irradiation (Aexx = 525 nm) using LED
(EvoluChem LED 525PF, HEPATOCHEM, 10 mW/cm?2) for
different times (5 min, 10 min, 15 min and 20 min). Cells kept in
the dark were considered as non-irradiated controls. Twenty-
four hours after irradiation, cell viability was evaluated using
MTT assay as previously described. The experiment was
repeated three times.

Reactive oxygen specifies (ROS) detection. Cells were seeded
in 96-well plate and left to grow for 24 h. Then, cells were
treated with 1.31 uM concentration of the compounds and left
to incubate for another 24 h. After, incubation, ROS were
detected using DCFDA/H2DCFDA-Cellular ROS Assay Kit
(Abcam, UK) by incubating the cells with 20 uM of 2',7'-
dichlorofluorescin diacetate (DCFDA) for 45 min at 37°C. Then,
cells were exposed (or not) to green light irradiation for 2 min
or 10 min. After irradiation, cells were washed once then
visualized using EVOS-M5000 microscop e
(ThermoFisher scientific) at Aex= 482/25 nm, objective 20x or
40x.

Uptake kinetics study using fluorescence activated cell sorting
(FACS) assay. Cells were seeded in 12-well plate and left to grow
for 24 h. After, cells were treated with 1.31 uM concentration
of each compound and incubated for different time intervals
(0.5 h, 1 h,3h,6h, 18 h and 24 h). After the end of incubation,
cells were washed twice with phosphate buffered saline (PBS),
trypsinized, then collected in culture medium and centrifuged
for 5 min at 1300 rpm. The obtained cell pellets were suspended
in DPBS containing MgCl, and CaCl, and cells kept in ice until the
analyses. The flow cytometric analyses were performed using
NovoCyte flow cytometer and the data were analyzed by
NovoExpress software (ACEA Biosciences, Inc.). The evaluation
of the internalization was carried out in 20 000 events. The
experiment was repeated twice.

Imaging. Cells were seeded in glass bottom 8-well tissue culture
chambers. Twenty-four hours after seeding, cells were treated
with 2.62 uM Cage-Arg or TPP-Args for 24 h. Hoechst 33342 was
added at 10 pg mL? concentration for 20 min before the end of
incubation. Then, cells were washed three times with culture
medium and observed with LSM880 confocal microscope (Carl
Zeiss, France) at 405 nm for Hoechst and 561 nm for
compounds, phase contrast images were also acquired using a
high magnification (63x/1.4 OIL Plan-Apo).

Endocytosis mechanism study. Cells were seeded in 12-well
plate and left to grow for 24 h. After, cells were washed one
time with PBS then incubated for 30 min with 5 mM of methyl-
B-cyclodextrin, or 50 uM of chlorpromazine hydrochloride, or
40 uM of 5-(N,N-dimethyl) amiloride hydrochloride, or 1.2 mM
of Ellman's Reagent (5,5-dithio-bis-(2-nitrobenzoic acid, DTNB)
in FBS-free medium. Afterwards, cells were incubation with 1.31
UM of Cage-Arg in FBS-free medium containing inhibitors (or
not) for 3 h. At the end of incubation, cells were prepared for
FACS analysis as previously described. The experiment was
repeated three times.

fluorescence

This joumnal is © The Royal Society of Chemistry 20xx

Dual therapy. Cells were seeded in 96-well plate and left to
grow for 24 h. Then, cells were treated with 1.31 uM
concentration of the compounds alone or with doxorubicin or
with free doxorubicin (0.65 puM) and left to incubate for another
3 h. After the end of incubation, cells were exposed to green
light irradiation (Aexx = 525 nm) using LED (EvoluChem LED
525PF, HEPATOCHEM, 10 mW/cmz?)) for different times (2 min,
5 min, 10 min, 15 min and 20 min). Cells kept in the dark were
considered as non-irradiated controls. Twenty-four after
irradiation, cell viability was evaluated using MTT assay as
previously described. The obtained combination effect was
then investigated using CompuSyn software (ComboSyn, Inc).
The experiment was repeated three times.

Conclusions

We reported the design and dynamic covalent self-assembly of
porphyrin-peptide conjugates and cages through a hierarchical
process the one-pot formation of
acylhydrazones and disulphides. The cages were shown to being
chemically degradable and to form nanoparticles in aqueous
media that effectively produce singlet oxygen upon green light
irradiation. Cytotoxicity was absent in dark but was turned on
upon green light irradiation. In particular, the non-metallated
cationic cages CAGE-Arg, CAGE-BA and CAGE-PPh; were found
to display the best contrast — with low cytotoxicity in dark and
good cytotoxicity upon light irradiation —and the fastest rate of
cell uptake in the series. Finally, the combination with
Doxorubicin was found to be synergistic, resulting in a potent
dual cytotoxic effect. Overall, this study contributes torevealing
the potential of novel organic nanostructures in PDT and dual
therapies.
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