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Abstract

In this work, we implemented a supramolecular approach in order to combine photodynamic therapy (PDT)
with gene therapy. We made use of a simple cationic guanidylated porphyrin (H,-PG) with the hypothesis
that porphyrin aggregates should be capable of complexing siRNA through multivalent interactions and
thus contribute to its intracellular delivery, while remaining active photosensitizers for PDT. The PDT effect
of H2~-PG was shown by incubating human breast cancer cells (MDA-MB-231) with H2- PG followed by light-
irradiation at 405 nm. On the other hand, while siRNA do not enter cells alone, we showed, by fluorescence
confocal microscopy and flow cytometry, that H,-PG promotes the internalization of Atto-488 siRNA.
Finally, studying the combined PDT and delivery of siRNA directed against inhibitory apoptotic protein (IAP)
family, we found an additive effect of the two therapies, thereby demonstrating that H,-PG is capable of
acting both as a photosensitizer and supramolecular siRNA vector.
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Introduction
Cancer is an extremely complex disease which remain a major threat to human health.! The current
therapeutic arsenal based on chemotherapy and radiotherapy generates many side effects due to off target
interactions and in some cases shows limited efficacy. Therefore, combination therapies are attracting
growing interest in nanomedecine.!? It is expected that, by attacking several pathways at once, one would
enhance the overall effect and limit resistance. Additive effects of the two treatments, or even synergistic
effects, whereby one treatment amplifies the effect of the second one, are actively pursued. In this context,
the combination of PhotoDynamic Therapy (PDT) with gene therapy can be particularly promising since
mechanisms of photochemical internalization® and/or photoinduced endosomal release!® could lead to
such synergistic effects.
Gene therapy using siRNA to knockdown the expression of a target gene has become an effective way for
gene silencing approaches.””! However, several limitations remain in the clinical applications of RNA
interference such as poor distribution and high instability of siRNA in the body fluid as it is degraded by
ribonucleases. Moreover, the issue of intracellular delivery remains central in this area.
PDT is the fourth strategy used against cancer in the clinic (after surgery, chemo- and radio-therapy) which
is minimally invasive and features high spatio-temporal specificity.®® PDT requires PhotoSensitizers (PS),
such as porphyrins, 2 which are associated with light at an appropriate wavelength to generate Reactive
Oxygen Species (ROS), including singlet oxygen (10,), to induce cell death and tissue destruction through
apoptosis or necrosis pathways.® ' 12l The mechanism of action of PDT is based on the light-activation of
PS and subsequent energy transfer to the surrounded molecular oxygen (O,) which leads to the production
of ROS. The current developments of PDT include the design of smart photosensitizers*¥ among which
supramolecular photosensitizers are emerging.*¥
Only a few examples of studies combining PDT and gene delivery have been documented, using covalent
siRNA vector-photosensitizer conjugates,!*® porous organo-silica nanoparticles,*® dendrimers,*”
polydiacetylene micellar nanocarriers,*® and polyelectrolytes.!**!
In this work, we pursued a supramolecular approach to combine PDT with gene therapy using a simple
cationic porphyrin as a dual photosensitizer and supramolecular siRNA vector. Our rational was that
porphyrins are well-known PS for PDT, and at the same time they are prominent building blocks for the
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generation of supramolecular self-assemblies.?® Therefore, we thought of using cationic porphyrins for
their role as PS and for generating multi-cationic porphyrin aggregates that would promote the multivalent
complexation and intracellular delivery of siRNA.?Y Based upon our previous works on porphyrin-based G-
quadruplex DNA ligand?? and DNA-templated self-assembly of aromatic guanidiniums,?> 24 we selected
meso-5,10,15,20-tetrakis(4-guanidinophenyl)porphyrin tetrahydrochloride (H2-PG) for this study. H>-PG is
water-soluble and has a Soret band centered at 415 nm (g = 430000 M*cm™?). The aromatic guanidiniums
have pKa = 9.8 while the inner core has a pKa = 3.8, therefore H,-PG is considered a tetracationic species.
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Figure 1. Chemical structure of H,-PG.

Material and methods

Material: H,-PG was synthesized as previously described.?” 2°! The oligonucleotides dT1p and dTs were
purchased from Eurogentec as HPLC-RP purified (Ultrapure Gold, >95% purity) in dried format. Calf thymus
DNA (CT-DNA) was purchased from Sigma-Aldrich. The siRNA inhibitor apoptotic protein (silAP) targeting
sequence (sense: 5’-CUAGGAGACAGUCCUAUUCATAT-3’ and anti-sense 5’-
GAAUAGGACUGUCUCCUAGTAT-3’), the control siRNA labeled with Atto-488 (Atto-488-siCtrl) (sense: 5’-
CGUACGCGGAAUACUUCGAJTAT-3’ and anti-sense 5-UCGAAGUAUUCCGCGUACGATAT-3’), the siRNA
without biological activity, used as control (siCtrl) (sense: 5'-CGUACGCGGAAUACUUCGAdTAT-3’ and anti-
sense 5-UCGAAGUAUUCCGCGUACGATdT-3’) and the SsiRNA scramble (siScr) (Sense: 5'-
GAAUCCUCGGUCGAUAUCAJTAT 3' and anti-sense: 5'- GGCCAUUAUCGCGUAAGAUTAT 3') were purchased
from Eurogentec (Serring, Belgium). Lipofectamine RNAIMAX was purchased from Invitrogen (USA). The
MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow tetrazole) assay kit was
purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France).

UV-Vis absorption spectroscopy: UV-Vis absorption experiments were measured on UV-3100pC UVisco
spectrophotometer. Experience with dTi: 20 UL of a stock solution of dTi (10 mM in H,0), placed ina 1
mm Quartz cuvette (volume completed to 400 uL with H,O) was titrated by adding aliquots of H,-PG from a
stock solution (5 mM in H,0). Experience with CT-DNA: 2 L of H-PG (from a stock solution of 5 mM in
H,0), placed in a 1 mm Quartz cuvette (volume completed to 400 PL with H,0), was titrated by adding
aliquots of CT-DNA from a stock solution of 2 mg.mL? in H,0.

Fluorescence spectroscopy: Fluorescence analyses were carried out on an AF-2500 HITACHI fluorescence
spectrophotometer. 0.2 UL of H,-PG (from a stock solution of 5 mM in H;0), placed in a 1 mm Quartz
cuvette (volume completed to 400 uL with H,0), was titrated by adding aliquots of dTio (10 mM stock
solution in H,0). Excitation wavelength: 415 nm.

Circular dichroism spectroscopy: Circular dichroism measurements were recorded using a JASCO J-815 CD
Spectrophotometer. The measurements were carried out at 20 °C using a 1 mm quartz cells (Starna



scientific). The spectra were recorded between 220 and 500 nm, with a bandwidth of 1 nm and time per
point of 0.5 s. Baseline signals (recorded with water) were subtracted from the CD spectra of the samples.
9.81 L of dTao (stock solution of 143 uM in H,0) were placed in the cell, completed with 190 uL of H,0 and
then titrated with H,-PG (stock solution of 5 mM in H;0).

Cell line: MDA-MB 231 human breast cancer cells were purchased from ATCC. Cells were grown in phenol
red-free F12/ Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(FCS)and 1% gentamycin 50 pg.mL™. The cells were incubated at 37 °C in a humidified atmosphere with 5%
CO..

Gel electrophoresis with siRNA: Gel retardation assays with siRNA were performed using 10 uL of a 4 uM
siCtrl, which were mixed with the appropriate amounts of porphyrins H,-PG (in order to reach the desired
N/P ratio??)) in RNase free water to obtain a final volume of 20 pL. 4 pL of Blue 6X loading dye (Fisher
Scientific) was added. Electrophoresis was carried out on a 2% weight/volume agarose gel in TBE (90 mM
Tris-borate/2 mM EDTA, pH 8.2) at 50 V for 1 h. siRNA was visualized with GelRedTM nucleic acid gel stain
(Interchim, France). The reference for the gel is a 100 bp DNA ladder from Sigma-Aldrich (Saint-Quentin-
Fallavier, France). The GelRed-stained siRNA was visualized on an ultraviolet transilluminator (Infinity Gel
documentation Imaging, Vilber Lourmat, France).

Dynamic light scattering: Particle size measurements were carried out on a Zetasizer NanoZS (Malvern,
United Kingdom) with transparent ZEN0O040O disposable micro-cuvette (40 uL) at 25 °C. The H,-PG/siRNA
complexes were prepared in glucose 5% at a defined N/P ratio using siCtrl at several concentrations.
Measurements were performed immediately after the complexes formation and after 15 min incubation.
Zeta Potential: Zeta Potential analyses were carried out on a MALVERN Zetasizer Nanoseries NANO-ZS
instrument. The H,-PG/siRNA complexes were prepared by mixing appropriate amounts of H,-PG and siCtrl
to achieve the desired N/P ratio and diluted in glucose 5% and NaCl (5 mM, pH = 7.0) to obtain a final
volume of 1 mL. Measurements were performed at 25 °C and were carried out in DTS 1070 zeta potential
cells. 3 measurements were made with 12 runs for each.

Imaging: One day prior the experiment, MDA-MB 231 cells were plated onto bottom 8-well on cover glass I
(SARSTEDT, Germany) at a density of 1.10° cells.cm™. Adherent cells were then washed once and incubated
in 350 uL culture medium containing complex H,-PG (5 uM)/Atto-488-siCtrl (100 nM) at N/P=5, H,-PG
alone, at a concentration of 5 uM, Lipofectamine/Atto-488-siCtrl (50 nM) and siRNA Atto488 alone (100
nM) for 20 h. Adherent cells were washed and loaded with 350 uL of Hoechst 33342 (invitrogen, USA)
1/1000 in culture medium. Prior the observation, cells were washed gently with culture medium, then
visualized with a Zeiss LSM780 confocal microscope (Carl Zeiss Microscope, France) at 488 nm for siRNA,
405 nm for H;-PG porphyrins and 360 nm for Hoechst 33342 using bright field at high magnification
(63x/1.4 OIL Plan-Apo).

Internalization quantification by FACS: Cells were treated or not with H,-PG (5 pM)/Atto-488-siCtrl (100
nM) at N/P =5, H,-PG alone, at a concentration of 5 pM, Lipofectamine/Atto-488-siCtrl (50 nM) and siRNA
Atto488 alone (100 nM) for 20 h. After treatment, control and treated cells were washed once in cold
Phosphate Buffer Saline (PBS), harvested and centrifuged (1300 rpm, 5 min). Cell pellet were resuspended
in PBS enriched with CaCl, + MgCl,+ and stained with propidium iodide (1 ug.mL?) (Sigma-Aldrich Chimie,
Lyon, France), a cell death indicator. Flow cytometric determination of living cells and treated positive cells
was done by FACS Gallios Flow Cytometer (Beckman Coulter, France) with a minimum of 5,000 living cells
collected. Data were analyzed with Kaluza software.

In vitro Photo-Induced siRNA Delivery: The day prior to transfection, 2.103 cells were seeded into a 96 well
plate in 100 pL complete culture medium and incubated for 24 h. H,-PG at 5 mM in ultrapure water were
vortexed for 5 sec and ultrasonically mixed for 15 min. silAP and siScr at 100 uM in RNase free water were
mixed with H-PG in order to reach the desired N/P. The mixtures freshly prepared were incubated for 15
min at room temperature for pairing. The lipofectamine RNAIMAX was mixed with silAP (50 nM final
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concentration) according to the instructions (0.3 pL of lipofectamine/well for a 96 well plate). Then, cells
were incubated overnight with several concentrations of H,-PG alone (5 UM or 25 pM) or paired with siRNA
(100 nM or 500 nM). After incubation, the cells were irradiated (or not) with laser at 405 nm (KAMAX,
France) for 10 min. Two days after irradiation, MTT assay was performed to evaluate the cell death. Briefly,
cells were incubated for 4 h with 0.5 mg.mL* of MTT in media. The MTT/media solution was then removed
and the precipitated crystals were dissolved in EEOH/DMSO (1:1). The absorbance was read at 540 nm.
In-cell ELISA: MDA-MB 231 cell lines (1.10* cells/well; 70% confluence) were seeded in a 96 wells plate and
incubated overnight at 37 °C in 5% CO,. Cells were treated with the several conditions as mentioned above
then were fixed with PBS-4% PFA for 15 min, washed and blocked with Blocking Solution “BS” for 30 min.
Supernatants were then gently aspirated and the primary antibody (Rabbit polyclonal anti-clAP, GeneTex)
diluted 1:1000 in BS/washing buffer “WB” was added and incubated overnight at 4 °C. The reaction was
revealed using an anti-Rabbit-peroxidase conjugate (1:400 in WB; 30 min at RT). After three washes with
WB, the TMB (3,3',5,5'-tetramethylbenzidine) substrate was added and incubated for 15 min at room
temperature protected from light. The reaction was stopped with a TMB STOP solution and plate was read
at 450 nm. To account for differences in cell seeding density was normalized to the Janus Green staining
dye. Briefly, after the in-cell assay protocol was completed, the plate was washed twice with ultrapure
water and Janus Green stain (Thermo Fisher Scientific, Waltham MA, USA) was added (100 pl/well). The
plate was incubated for 5 min at RT. Then the dye was removed and after 5 washes, the plate was
incubated with 100 pL elution buffer and read at 615 nm. Once normalized, TMB-optical density (OD)
values of each sample were subtracted from the mock-treated wells (corrected OD values) and averaged
from triplicate wells. Each assay was repeated at least twice.

Results and Discussion

H,-PG/DNA interactions and mode of binding

Porphyrin can self-associate into supramolecular polymers,?% but cationic porphyrins are also known to be
excellent DNA ligands.?”! Generally speaking, DNA binding can occur according to three different modes
(intercalation,!?® 2! groove binding,% 3! external binding?® ?) and all of them have been reported with
cationic porphyrins of different structures varying the position and size of their substituents, and the
nature, number and position of positive charges.?” 3234 Wishing to explore the specific mode of binding of
H,-PG, we studied its interaction with different types of DNA, single- and double-stranded, by UV-Vis,
fluorescence, and circular dichroism spectroscopies.
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Figure 2. H,-PG/DNA interactions studied by optical spectroscopies. (a) UV-Vis titration of a ssdTio by H,-PG;

(b)Fluorescence titration of H,-PG by ssdTio (Inset: fluorescence emission at 655 nm as a function of the H,-

PG/nucleobase molar ratio (L/b)); (c) Circular dichroism titration of a solution of ssdT4o by H>-PG; (d) UV-Vis
titration of H,-PG by CT-DNA. H>-PG/nucleobase molar ratio: L/b. H,-PG/base pair molar ratio (L/bp).

UV-Vis titration using a dTiosingle-strand DNA (ssDNA) showed hypochromic and bathochromic shifts of the
absorbance of H,-PG (Figure 2a). Fluorescence measurements showed a sharp decrease in the fluorescence
emission around a ligand/nucleobase ratio of 1-2, with a 10 nm red-shift (Figure 2b). In the presence of a
dT40 ssDNA, CD spectroscopy revealed the formation of a bisignate ICD signal centered around the Soret
band of H,-PG with a zero crossing around 410-415 nm (Figure 2c). Altogether, these results points toward
an external binding with DNA-templated self-stacking of H,-PG,>3”! which we previously reported with
ssDNA templates and guanidylated ligands.!?> 2! Indeed, the bisignate signal observed in CD spectroscopy
reveals the presence of excitons which result from the close proximity between adjacents H,-PG.58! Given
the fact that ssDNA templates do not offer the possibility for groove binding, we propose that this ssDNA-
templated self-assembly involves salt-bridge interactions between guanidinium groups and DNA
phophodiesters, and m-stacking of H,-PG into 1D supramolecular polymers. Using longer and double-
stranded (ds) DNA (Calf-Thymus DNA, CT-DNA), UV-Vis titration experiments showed the splitting of the
Soret band of H,-PG into two separate peaks, one bathochromically- and one hypsochromically-shifted
(Figure 2d). This may reveal a more complex situation with long dsDNA templates, compared to ssDNA,
which offer multiple modes of binding for the poly-association of H.-PG, including the intercalation
described between cationic copper(ll) porphyrins and dsRNA.5°!

H,-PG/siRNA complexation

To demonstrate complexation of siRNA, we assessed H-PG/siRNA complex formation by agarose shift
assay (Figure 3a). This assay was used to follow the complexation state in a charge ratio-dependent manner
because siRNA migration into the agarose gel will be prevented by porphyrin interactions. In this
experiment we used siCtrl and tested different N/P ratios!?®! (2, 5, 10). The results showed clearly no shift of
the siRNA at ratio of 2. However, a strong retardation effect was observed with the complete
disappearance of the band corresponding to the native siRNA at N/P = 5. In conclusion, agarose gel assay
clearly showed that H,-PG does complex siRNA.



Size and {-potential determination of H.-PG/siRNA nanoparticles

The size and zeta potential of H,-PG/siRNA nanoparticles are important for gene delivery in terms of
influencing cellular uptake and transfection efficiency. The condensation of siCtrl into nanoparticles,
promoted by H,-PG, was studied by dynamic light scattering (DLS) experiments at N/P = 5. Size and
homogeneity were determined for each complex (5% glucose, N/P = 5) (Figure 3b). DLS investigations
revealed that using a 5 UM concentration of H,-PG leads to small nanoparticles with diameters of 217.2 nm
and with polydispersity index (PDI) of 0.324. We have also tested larger concentrations: 25 and 50 uM and
we observed the formation of much larger particles (average diameters of 540.2 nm and 449.5 nm
respectively, with PDI of 0.506 and 0.234 respectively), unsuitable for cell entry through typical endocytosis
pathways. We next evaluated surface charge of nanoparticles by zeta potential (ZP) measurements which
revealed a value of 18.5 mV at a concentration of 5 uM and 32.4 mV and 35.2 mV for concentrations of 25
MM and 100 uM, respectively. The complex formed between H,-PG and siRNA remained therefore
positively charged, which is an advantage for cell entry.

(a) (b)
H,-PG/siRNA
2 5 10

Compounds { POTENTIAL
. SIZE (nm)
(concentrations) (mV)
H,-PG + siRNA 2172+
Zrat s 03240014  +18.5:0.436
(5 uM) 26.75
H,-PG + siRNA 540.2 = 0.506+ 0.354 +32.4+5.52
(25 M) 31.91 ' o o
. } . .
sIRNA H,-PG + siRNA 449.5% 0.234+0.250 +35.2+1.39
(50 pM) 22.56

Figure 3. Physicochemical characterization of H-PG/siRNA nanoparticles. (a) Gel electrophoresis analysis at
N/P = 2, 5, and 10 showing the full complexation of siRNA by H,-PG at N/P > 5; (b) Particles size,
polydispersity index (PDI*) and {-potential measurements for the complexes formed between H,-PG and
siRNA (“compounds”) at N/P = 5 with varying concentrations of H,-PG (5, 25, and 50 yM). The values
represent the average of three replicates.

Cellular uptake

Cellular uptake of the complex was evaluated in MDA-MB-231 cells by using confocal microscopy and flow
cytometry. As shown in Figure 4, H>-PG alone was able to get into the cells (red staining) and, more
interestingly, it could also deliver the Atto-488-siCtrl into the cytoplasm (the yellow stain in the merged
image was generated as a result of red (H,-PG) and green (Atto-488-siRNA) fluorescence overlapping) as
compared with Lipofectamine RNAiMax transfection. The free Atto-488 siCtrl itself did not enter cells since
the Atto-488-siRNA fluorescence is observed around the plasma membrane in only few cells, thus proving
that H,-PG effectively transfect siRNA inside MDA-MB-231 cells.

In parallel, the cellular uptake of the H,-PG/siRNA complex was quantified by flow cytometry which further
proved that H,-PG alone is able to quantitatively penetrate cells (Figure 5, lower left panel). The H-PG—
siRNA complex is also able to penetrate cells, in which a significant part of H-PG (~23%) was associated
with the siRNA (Figure 5, lower right panel). In contrast, with the naked siRNA, we observed only a weak
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fluorescence signal (8%, Figure 5, upper middle panel) due to its adsorption to the plasma membrane as
seen in confocal microscopy (Figure 4). We observed also an uptake with the lipofectamine siRNA
transfection (Figure 5, upper right panel). However, as lipofectamine presents a cytotoxic effect, the
transfected cells became apoptotic as revealed by Propidium lodide (PI) staining (shown in cyan color in
Figure 5).

ATTO-488-siCtrl Porphyrin 405 nm Merged + T PMT

H,-PG 5 pM Lipo-siCtrl 50 nM Free siCtrl 100 nM Ctrl

H,-PG 5 uM
-siCtrl 100 nM

Figure 4. Cellular uptake of H»-PG/siRNA complexes by MDA-MB-231 cells V|suaI|zed by confocal
microscopy. From the top to the bottom respectively: MDA-MB 231 cells alone, incubated with Atto-488-
siCtrl at 100 nM, incubated with the complex formed between lipofectamine and siRNA at 50 nM,
incubated with H2-PG (5 uM) alone, and finally with the complex formed between Hz-PG (5 uM) and siRNA
(100 nM) at N/P = 5. The blue fluorescence indicates the nuclei (Hoechst 33342), siCtrl appears in green,
porphyrins appear in red. The yellow staining (lower panel) is obtained by the overlapping of H.-PG (red)
and siRNA (green). Scale bar = 10 um.
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Figure 5. Cellular uptake quantified by flow cytometric analysis of MDA-MB-231 cells treated with Hx-
PG/siRNA complexes. MDA-MB 231 cells alone (upper left), cells incubated with Atto-488-siCtrl (upper
middle), cells incubated with the complex formed between lipofectamine and siRNA (upper right), cells
incubated with H,-PG alone (lower left) and finally, cells incubated with the complex formed between H,-
PG and siRNA at N/P =5 (lower right). The cyan color indicates the apoptotic cells as revealed by propidium
iodidestaining. Numbers in the profiles indicate the percentage of cells present in this area.

In vitro combined PDT and siRNA delivery

For assessing the potential therapeutic use of H-PG/siRNA complex in PDT-siRNA combination therapy, we
set up experiments using siRNA targeting the expression of proteins inhibitors of apoptosis (IAP). Indeed,
Yang et al. reported that survivin, livin and inhibitors of apoptosis (IAP) are overexpressed in cancer cells
and inhibit the apoptosis pathway.*? For that we explored the mechanism of IAP, considering them as a
group of proteins that make cancer cells insensitive to apoptosis.* MDA-MB 231 cells were treated with
different concentrations of H,-PG alone and H»-PG/silAP complex (N/P = 5), and cell viability was detected
using an MTT assay, without or after light irradiation using a continuous laser at 405 nm for 10 min.
Without light irradiation, the cell viability was only slightly affected by the incubation with H,-PG alone
(Figure 6a), with still 75% cell viability at 25 UM concentration of H,-PG. Although this “dark-cytotoxicity”
(i.e. in the absence of light excitation) is not negligible, it remains acceptable and allowed us to further
consider a biological use of H»-PG. Still without light irradiation, incubation withH,-PG/silAP was satisfyingly
found to knockdown IAP expression in a dose-dependent manner, lowering cell viability to 73% and 54%
cell death at 5 puM and 25 puM, respectively (Figure 6a). In contrast, a much weaker effect was observed
with a scramble siRNA (cell viability to 94% and 79% cell death at 5 uM and 25 uM, respectively (Figure 6a).
Together with the imaging studies discussed above, and since cell viability was not affected when cells were
incubated with silAP alone, this experiment further demonstrates that H,-PG acts as a delivery vehicle for
siRNA which otherwise does not readily enter cells.



Following light irradiation (405 nm, 10 min) of the cells incubated with H>-PG alone, the cell viability was
significantly decreased — to 50% and 35% at, respectively, 5 uM and 25 uM (Figure 6a) — compared to the
experiment without light irradiation or those without H,-PG, thereby evidencing the PDT effect of H,-PG.
Finally, cells incubated with H,-PG/silAP complex followed by light irradiation showed the lowest cell
viability — 37% and 26% at, respectively, 5 uM and 25 uM (Figure 6a) — thus demonstrating the advantage
of combining the two therapies, PDT and gene silencing, and validating our supramolecular approach to this
quest.

To further investigate the combined effect of the two therapies, the results were subjected to data
treatment using CompuSyn software (ComboSyn, Inc),!*? which yield combination indexes (Cl) lower than 1
in case of synergistic interactions, equal to 1 in case of additive interactions, and greater than 1 in case of
antagonist interactions.? In our case, Cl were found to be around a value of 1 (Figure 6b), meaning that
PDT acted additively with gene silencing in producing cytotoxicity in MDA-MB-231 cells.

The fact that synergism does not take place in our case would mean that the two therapies operate in
parallel rather than sequentially. Therefore photochemical internalization® and photo-induced endosomal
release” do not seem to take place in the present case. However, it is noteworthy to mention that
achieving an additive effect is already a very positive result. Indeed, one could have feared that if H,-PG
remains too closely bound to siRNA, light irradiation would lead to the photo-degradation of the latter,
thereby leading to an antagonist effect. In addition, aggregates of porphyrins are usually less active
photosensitizers than molecularly-dispersed porphyrins. Thus, we believe that the obtained results indicate
that H»-PG releases from the H»-PG/siRNA complex following cell internalization and thus enables the two
therapies to occur effectively in an additive manner.
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Figure 6. In vitro combination of PDT and silAP delivery using H»-PG. (a) Cell counting % of living MDA-MB-
231 cells (MTT assay) treated with H,-PG alone, H,-PG/siScr complex at N/P = 5, H,-PG/silAP complex at
N/P = 5, using two different concentrations of H-PG (5 and 25 PUM) and siRNA (100 nM and 500 nM,
respectively), with and without light irradiation (photon excitation laser at 405 nm for 10 min). Data are
presented as (mean + SEM). Experiments were carried out in triplicates; (b)report table of combination
indexes obtained by data treatment using CompuSyn software. *Combination index (Cl) was calculated
from the Cl equation algorithms using CompuSyn software. Cl = 1, <1, and >1 indicates additive effect,
synergism, and antagonism, respectively.
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Gene silencing

To further test the specificity and efficiency of the silencing effects of H,-PG/siRNA complexes on IAP
protein expression, MDA-MB-231 cells were incubated with different complexes or with H>-PG and siRNA
separately. MDA-MB-231 cells were also transfected with a complex formed between lipofectamine and
siRNA used as a positive control. In-cell ELISA was then used to measure the decrease of IAP expression
following treatment of MDA-MB-231 cells with different formulations. Cells treated with media only in the
absence of siRNA showed normal IAP expression before (100%) and after (99%) irradiation (Figure 7, Ctrl).
The cells treated with naked silAP gave the same level of IAP expression (108% for non-irradiated and 92%
for irradiated cells) compared to the control (Figure 7, Free silAP) The silencing of IAP expression was more
pronounced when cells were treated with H,-PG—silAP complexes, resulting in an average of 42% (non-
irradiated) and 57% (irradiated) decrease in protein expression (Figure 6, H,-PG + silAP). In contrast, the
complexes formed between H»-PG and a scrambled siRNA (siScr) had a much weaker effect on protein
expression (20% inhibition for non-irradiated and 32% for irradiated cells) (Figure 7, H>-PG + siScr). In
comparison, cells transfected with silAP using Lipofectamine decreased the protein expression by 50 %
(non-irradiated) and 43% (irradiated) (Figure 7, Lipo + silAP). Altogether, the protein quantification by in-
cell ELISA experiment showed the efficiency of the H,-PG/siRNA complex for gene silencing of therapeutic
target such as IAP protein.

120 -

108

100
B No LASER

H LASER

80 -

60 -

Expression of clAP (%)

40 -

20 -

Ctrl Free silAP Lipo +silAP H2-PG + siScr H2-PG + silAP

Figure 7. Silencing of IAP protein expression in MDA-MB-231 cells treated with different siRNA
formulations. In-cell ELISA of IAP protein expression in MDA-MB-231 cells alone (Ctrl) using an anti-IAP
antibody, in cells treated with naked silAP (Free silAP, 500 nM), in cells transfected with lipofectamine and
silAP (Lipo + silAP, 50 nM), cells treated with a complex formed between H,-PG and a scrambled siRNA (H,-
PG, 25 UM + siScr, 500 nM) and finally cells treated with H,-PG/silAP complex (H2-PG, 25 UM + silAP, 500
nM). In-cell ELISA was done with two different cell populations, non-irradiated (blue bars) and irradiated at
405 nm for 10 min (red bars). Experiments were carried out in triplicates. Data are presented as
mean + SEM.
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Conclusions

We described here a supramolecular approach to achieve the combination of photodynamic therapy and
gene therapy using a simple cationic porphyrin. Through this work, the guanidylated porphyrin H,-PG was
shown to interact with nucleic acids, yielding DNA-templated supramolecular polymers with ssDNA, more
complicated association complexes with dsDNA, and nanoparticles of 200-500 nm diameter in presence of
siRNA. We showed that H,-PG readily enters human breast cancer cells (MDA-MB-231), and, more
importantly, that it is able to act as a delivery vehicle to deliver siRNA inside cells, while retaining its PDT
activity as a photosensitizer. Finally, thanks to this dual role of delivery vector and photosensitizer of H,-PG,
we succeeded in demonstrating an additive effect of PDT and siRNA therapy in living cells. Given the
tremendous progresses recently made in the design of novel photosensitizers (with two-photon excitation,
absorption in the near infra-red, etc...), we believe this proof-of-concept can open further perspectives in
exploiting supramolecular self-assembly processes for therapeutic purposes./*® The combined effect of PDT
and gene silencing is of great interest for cancer therapy since it was already demonstrated that the PDT
acts positively to impede the Epithelial-Mesenchymal transition (EMT) process in cancer cells.*Y To go
further with this study, a challenge that now lies ahead is to insert a targeting motif to the H,-PG vector for
in vivo application, so that the targeted vector could become suitable for intravenous injection to deliver
the siRNA into tumor for combined PDT and gene therapy.
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