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Background: The search for new formulations for photodynamic therapy is intended to improve the outcome of skin cancer treatment
using significantly reduced doses of photosensitizer, thereby avoiding side effects. The incorporation of photosensitizers into
nanoassemblies is a versatile way to increase the efficiency and specificity of drug delivery into target cells. Herein, we report the
loading of rose bengal into vesicle-like constructs of amphiphilic triazine-carbosilane dendrons (dendrimersomes) as well as
biophysical and in vitro characterization of this novel nanosystem.

Methods: Using established protocol and analytical and spectroscopy techniques we were able to synthesized dendrons with strictly
designed properties. Engaging biophysical methods (hydrodynamic diameter and zeta potential measurements, analysis of spectral
properties, transmission electron microscopy) we confirmed assembling of our nanosystem. A set of in vitro techniques was used for
determination ROS generation, (ABDA and H,DCFDA probes), cell viability (MTT assay) and cellular uptake (flow cytometry and
confocal microscopy).

Results: Encapsulation of rose bengal inside dendrimersomes enhances cellular uptake, intracellular ROS production and conce-
quently, the phototoxicity of this photosensitizer.

Conclusion: Triazine-carbosilane dendrimersomes show high capacity as drug carriers for anticancer photodynamic therapy.
Keywords: dendrons, amphiphiles, carbosilane, photodynamic therapy, rose bengal, dendrimersomes

Introduction

As the incidence of basal cell carcinoma continues to rise, novel methods of treatment are urgently required.' One of the
most promising approaches for treating these cancers is photodynamic therapy, which is based on the interplay between
molecular oxygen, photosensitizer (PS), and light.? This technique is non-invasive and has high efficacy with relatively
few side effects. The photodynamic reaction starts with absorption of a light quantum (photon) by the photosensitizer,
which then enters an excited singlet state. Because the singlet form is unstable, it is transformed into the triplet state,
which triggers a cascade of reactions leading to formation of singlet oxygen and other reactive oxygen species (ROS).
This, in turn, leads to uncontrolled oxidation of intracellular structures and ultimately to cell death. Because PS plays a
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pivotal role in this technique,”* it is important to choose a compound with relevant photodynamic properties, significant
half-life, and accumulation inside cancer cells.” Rose bengal (RB), an anionic, water-soluble fluorescein derivative that
generates singlet oxygen after irradiation with light of 520 nm wavelength, is one of the most extensively tested
photosensitizers and holds great promise for medical applications.*” However, the anionic nature of RB limits its use
in PDT due to low cellular uptake,® necessitating the use of appropriate drug delivery systems. Modern nanotechnology
methods can overcome this obstacle, yielding nanoparticles with strictly defined properties that can act as carriers for
drugs in various therapies, including PDT.*? A number of PS nanocarriers has been reported so far,'" including

12715 and polymersomes'® as well as dendrimersomes.'”*°

liposomes,'! dendrimers

Dendrimersomes are three-dimensional structures built of self-assembling amphiphilic dendrons.?® The final proper-
ties of dendrimersomes are dependent on the number of hydrophilic branches, which decide about dendrimersomes
generation, the distribution of chemical groups inside or outside the branches, as well as appropriately selected pH-
responsive or hydrophobic elements. Optimized synthesis of dendrons from carefully adjusted elements results in
properties that enable the formation of a bilayers, similar to the liposomes, wherein drugs can be loaded.”'** The
present work focus on triazine—carbosilane dendrimersomes of the second (G2) and third (G3) generation. These
compounds have a branched hydrophobic part, a triazine cycle (the protonation of which, depending on the pH of the
environment, allows the structure of the dendrimersome to loosen or shorten), a piperazine ring (which plays the role of
the linker), and the hydrophilic part. The obtained dendrimersomes have a compact (closed) structure in a neutral pH,
opening in an acidic environment.”’ This allows for a selective delivery and release of the cargo only in the tumor
environment.” In this study, we report the assembly of triazine—carbosilane dendron-based dendrimersomes loaded with
rose bengal, as well as proof-of-concept studies of their efficacy in PDT.

Materials and Methods

Materials

RB, fetal bovine serum (FBS), penicillin/streptomycin solution, trypsin-EDTA solution, ABDA probe [9,10-antherache-
nediyl-bis(methylene) dimalonic acid], MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide], and
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) were purchased from Sigma-Aldrich (Taufkirchen,
Germany). Dulbecco’s phosphate buffered saline without calcium and magnesium (DPBS) was purchased from
Biowest (Nuaillé, France). HBSS (Hanks’ Balanced Salt Solution) and 154 CF culture medium were obtained from
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Gibco/ThermoFisher Scientific (Waltham, MA, USA). Chelex 100 Resin was obtained from Bio-Rad (Hercules, CA,
USA). H,DCFDA (2',7' dichlorodihydrofluorescein diacetate) was purchased from Invitrogen/ThermoFisher Scientific
(Waltham, MA, USA). Dimethyl sulfoxide (DMSO) was purchased from POCH (Gliwice, Poland). Murine basal cell
carcinoma lines (AsZ, BsZ, CsZ) were provided by Dr. Ervin Epstein (Children’s Oakland Research Institute, Oakland,
CA, USA).

Organic solvents were dried and freshly distilled under argon prior to use. Chemicals were obtained from commercial
sources and used as received. Water solutions of chemicals, amphiphiles and buffer solutions were prepared using
milliQ®™ deionized water. Sonication of amphiphile solutions was done in a Sonorex Super RK 31 H ultrasonic bath
(Bandelin Electronic, Berlin, Germany).

Methods

Analytical and Spectroscopic Techniques

'H and "*C spectra were recorded on Varian Unity VXR-300 (Varian Inc., Palo Alto, CA) and Bruker AV400 (Bruker,
Karlsruhe, Germany) instruments. Chemical shifts (5, ppm) were measured relative to residual 'H and '*C resonances for
CDCl; used as solvent. ESI-TOF analysis was carried out in an Agilent 6210 TOF LC/MS mass spectrometer (Agilent,
Santa Clara, CA). UV-vis absorbance spectra were acquired using a Jasco V-650 spectrophotometer (Jasco, Cremella,
Italy). Fluorescence emission spectra were obtained on an LS 55 fluorescence spectrometer (PerkinElmer, Waltham, MA,
USA) at 25°C.

Synthesis of Dendritic Amphiphiles

Vinyl-terminated dendron precursors G2, G3 bearing bromine in the focal point were obtained as described elsewhere.**
2,4-dodecylamino-6-chloro-1,3,5-triazine, 2,4-dodecylamino-6-piperazino-1,3,5-triazine, vinyl-terminated dendron G2
and amphiphilic dendron G2 were synthesized as previously described.”® Only the synthesis of new compounds is
described herein.

Vinyl-Terminated Dendron G3
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2,4-didodecylamino-6-piperazino-1,3,5-triazine (350 mg, 0.66 mmol), vinyl-terminated carbosilane dendron
BrG;Vg (544 mg, 0.6 mmol), K,CO;5 (124 mg, 0.9 mmol) were mixed in 30 mL acetone in a sealed ampule with
catalytic amounts of 18-crown-6 and KI added. The reaction mixture was stirred for 24 h at 90 °C. The reaction
completion was monitored by TOCSY 'H NMR following the disappearance of BrCH, protons. When the reaction
was over, the solvent was removed under vacuum, the residue was dissolved in ethyl acetate and washed with brine.
The organic phase was dried over Na,SO,, and the solvent was removed. The crude product was purified by silica
gel column chromatography (eluent: ethyl acetate:hexane 1:1) to yield functionalized dendron as light-yellow oil
(590 mg, 72%).

"H NMR (400 MHz, CDCl;) & —0.11 (s, 6H, Hg), —0.10 (s, 3H, Hy), 0.11 (s, 12H, H,), 0.45 (m, 2H, H;), 0.51 (m, 6H
H,, Hp, Hy), 0.69 (m, 8H, Hy), 0.86 (t, J = 6.7 Hz, 6H, H,), 1.21-1.38 (m, 50H, Hy, H,, Hy, Ho, Hy), 1.51 (t, J = 7.3 Hz,
6H, Hy, H;), 2.34 (t, J=7.9 Hz, 2H, H;), 2.43 (m, 4H, Hy), 3.31 (m, 4H, H,), 3.77 (s, 4H, H.), 4.81 (s, 2H, Hy), 5.63-6.19
(m, 24H, H,). >*C NMR (101 MHz, CDCl3) § =5.2, —5.1, =5.0, 13.9, 14.1, 18.3, 18.5, 18.7 (m), 18.9, 22.1, 22.7, 26.9,
29.1-29.9 (m), 30.7, 30.9, 31.9, 40.7, 42.9, 53.2, 58.7, 132.6, 137.2, 164.7, 166.1. MS: [M+H]" 1357.03 amu (calcd
1357.67 amu).
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Amphiphilic Dendron G3
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Functionalized vinyl-terminated dendron (400 mg, 0.3 mmol), 2-(dimethylamino) ethanethiol hydrochloride (340 mg,
2.4 mmol) and dimethoxyphenylacetophenone (DMPA) (16 mg, 0.06 mmol) were dissolved in 5 mL of mixture THF:
CH;O0H (1:2). The reaction mixture was deoxygenated by bubbling argon and irradiated by UV for 2 h (365 nm, 120W).
Then, another 16 mg (0.06 mmol) of DMPA was added, and the reaction mixture was irradiated for another 2 h. The
reaction completion was monitored by 'H NMR. After the reaction was completed, the solvents were removed under
vacuum and then the residue was dissolved in methanol. Afterward, it was precipitated in diethyl ether, and after the
solvent was separated, the solid was dried under vacuum to afford the desired dendron as light-yellow solid (500 mg,
68%). For characterization, the dendron was deprotonated with K,COs.

"H NMR (400 MHz, CDCl3) § —0.11 (m, 9H, H,,, Hy), —0.02 (s, 6H, H,), 0.50 (m, 16H, H;, H,,, H,, H,), 0.58 (m, 8H,
Hy), 0.86 (s, 22H, H,, H,), 1.18-1.33 (m, 50H, H,, H, Hy, H,, Hy), 1.49 (m, 6H, Hy, H;), 2.23 (s, 24H, H,), 2.32 (m, 2H,
H;), 2.39 (m, 4H, Hy), 2.46 (m, 16H, Hy), 2.53 (m, 16H, H,,), 2.60 (m, 16H, H,), 3.30 (s, 4H, H,), 3.73 (s, 4H, H.), 4.70
(s, 2H, Hp). ">C NMR (101 MHz, CDCl3) & —5.3, =5.1, —=5.0, 14.0, 14.1, 14.6, 18.3, 18.4, 18.7, 22.1, 22.6, 27.0, 27.8,
29.3-30.0 (m), 30.9, 31.9, 37.0, 40.6, 42.9, 45.4, 53.3, 59.3, 127.7, 128.5, 165.0, 166.2.

Preparation of Rose Bengal-Loaded Dendrimersomes

Solutions of rose bengal (5 uL, 10 mM) and dendron (G2 or G3, 10 uL, 10 mM) were quickly mixed in 1 mL of
deionized water (mQ). The mixture was sonicated for 30 min and then incubated for 48 h at room temperature (RT).
Empty dendrimersomes were prepared analogously. A UV-vis spectrum of the mixture was recorded (before dialysis). In
the next step dendrimersomes loaded with RB (G2-RB and G3-RB) were purified by dialysis in SnakeSkin™ Dialysis
Tubing (3.5K MWCO, 22 mm, ThermoFisher, Waltham, Massachusetts, USA) against deionized water (mQ) for 6 h,
changing water three times during this time. A UV-vis spectrum of the mixture was recorded (after dialysis). The
percentage of encapsulated drug (encapsulation efficency) was estimated from the ratio of absorbance values at 565 nm
(before and after dialysis).

Hydrodynamic Diameter

The water solution of RB-loaded dendrimersomes (G2-RB or G3-RB, 400 pL) was mixed with 20 pL phosphate buffer
(200 mM, pH 7) and incubated in RT for 2 h. The solutions were subsequently placed in the low volume sizing cuvettes
(ZENO0112, Malvern). Measurements of hydrodynamic diameter were performed with the use Dynamic Light Scattering
(DLS) on Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) at 25°C. The data were analyzed using the
Malvern software.

Zeta Potential

For zeta potential measurements, 50 pL of G2-RB or G3-RB was added to 1 mL of deionized water (mQ). Then the
solutions were places in the folded capillary cells (DTS 1070, Malvern) and the zeta potential was measured with the use
of Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) at 25°C. The data were analyzed using the Malvern
software.

Transmission Electron Microscopy
Transmission electron microscopy (TEM) images were obtained using a Veleta digital camera (EM SIS, Muenster,
Germany) mounted on a JEM 1400 transmission electron microscope (JEOL, Japan) at the accelerating voltage of 80 kV.
Samples were stained with 0.1% uranyl acetate.
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Spectroscopy Studies

Absorbance MeasurementAll measurements were performed in mQ water at RT on a Jasco V-650 spectrophotometer.
Spectra were recorded in a wavelength range from 300 to 650 nm. Optical path length was 1 cm. The measurements were
carried out for tested compounds at 5 uM concentration of RB. Deionized water (mQ) was used as a reference for all
measurements.

Fluorescence MeasurementAll samples were prepared in mQ water and measured in quartz cuvettes on LS 55
fluorescence spectrophotometer (PerkinElmer, Waltham, MA, USA). The excitation wavelength was set to 525 nm, and
spectra were recorded between 540 and 650 nm. Excitation and emission slits were 5 and 7.5 nm, respectively. The
measurements were carried out for tested compounds at 1 UM concentration of RB.

Release Studies

To evaluate the rate of RB release from the dendrimersomes, 1 mL solution of G2-RB or G3-RB (50 uM of RB)
dissolved in distilled water was enclosed in a dialysis membrane tube (SnakeSkin™ Dialysis Tubing, 3.5K MWCO,
22 mm, ThermoFisher, Waltham, Massachusetts, USA) and dialyzed against phosphate buffer (pH 5.5) at RT, changing
buffer after each two hours of dialysis. Aliquots from the internal phase were collected after 0, 0.25, 0.5, 1, 2, 4, 6 and 24
h, and the RB absorbance was analyzed similarly to spectroscopy studies. The percentage of release was determined
regarding the first sample (0 h, 100% of initial absorbance). The experiment was performed in triplicates.

Singlet Oxygen Generation

The singlet oxygen generation assay was performed with use of ABDA probe. The solution of free photosensitizer (RB),
G2 and G3 empty dendrimersomes, G2-RB and G3-RB were prepared in DPBS at 0.25, 0.5, 1, 2 uM final concentration
of RB. Then 100 pL of each solution was transferred to the 96-well black plate. All measurements were recorded using
fluorescence microplate reader (Fluoroskan Ascent FL, ThermoFisher, Waltham, MA, USA). The excitation and emission
wavelength were set to 355 and 430 nm, respectively. First measurement was recorded without probe in order to verify
whether compounds under study exhibit fluorescence in this range. Then, 20 uL of 30 uM ABDA was added to each
sample and the fluorescence intensity of samples with ABDA was measured. Subsequently, the plate was irradiated for 5
min with the lamp equipped with a filter emitting visible light in the range of 385—780 nm and the light dose of 2.4 J/cm®
per minute (Q. Light Pro Unit, Q. Products AG, Switzerland). Fluorescence intenstiy of probe was measured after each 5
minutes of irradiation up to 1 h. Then, the slopes of the fluorescence intensity curves were considered for the
measurement of singlet oxygen generation, and the results were presented as percentage of singlet oxygen generation
in control (DPBS irradiated with probe).

Cell Cultures

Murine basal cell carcinoma lines (AsZ, BsZ and CsZ) were cultured in 154-CF medium with 5% penicillin/streptomy-
cin, 0.05 mM calcium, and 2% chelexed, heat-inactivated fetal bovine serum (FBS). Cells were cultured in T-75 culture
flasks at 37 °C, 5% CO, and subcultured every 2 or 3 days. The number of viable cells was determined by trypan blue
exclusion assay with the use of Countess Automated Cell Counter (Invitrogen, Carlsbad, California, USA). For harvest-
ing the cells, 0.25% (w/v) trypsin—0.03% (w/v) EDTA solution was used.

ROS Generation Assay

AsZ, BsZ, CsZ cells were seeded into 96-well plates at a density of 1x10* cells per well. After 24 h of incubation (37 °C,
5% CO,), 100 pL of free photosensitizer (RB), G2 or G3 empty dendrimersomes, G2-RB or G3-RB dissolved in fresh
culture medium was added to the cells at final RB concentrations of 0.25, 0.5, 1, 2 uM. Cells were incubated with tested
compounds for 5 h (37 °C, 5% CO,). Then the medium was replaced with 100 pL fresh Hank’s Balanced Salt Solution
(HBSS). The 20 pL of H,DCFDA solution (final concentration: 2 pM) was added to each sample and cells were
incubated for 20 min in dark (37 °C, 5% CO,). Cells were subsequently washed with 100 uL of HBSS and fluorescence
intensity of non-irradiated cells was measured using fluorescence microplate reader PowerWave HT Microplate
Spectrophotometer (BioTek, USA). Then the cells were irradiated for 30 min (2.4 Jem? per minute) with use of Q.
Light Pro Unit lamp and the fluorescence intensity of DCF was measured. The ROS level was calculated as DCF
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fluorescence intensity increase and presented as a percentage of ROS production in control samples (without tested
compounds). Every measurement was corrected by subtraction of the background fluorescence intensity.

Cellular Uptake

AsZ, BsZ, CsZ cells were seeded into 24-well plates at a density of 1x10° cells per well and incubated for 24 h (37 °C,
5% CO,). Next, 300 uL of free photosensitizer (RB), G2-RB or G3-RB was added to the cells in fresh culture medium at
the final RB concentration of 5 uM. The cells were incubated with compounds up to 4 h. Following the incubation, the
compounds were discarded, and cells were washed with DPBS. Next, the cells were detached from the plates using
trypsin-EDTA solution. Then the fresh culture medium was added to the cells, the samples were gently mixed and
collected for measurements. For estimation of the cellular uptake, the fluorescence of the samples was measured using
flow cytometry (LSRII, Becton Dickinson). The excitation and the emission filters were 520 and 570 nm, respectively.

Confocal Microscopy

AsZ, BsZ, CsZ cells were seeded into 96-well black plate with transparent glass bottom at a density of 1x10* cells per
well. After 24 h of incubation in standard conditions, medium was replaced with 100 pL of free photosensitizer (RB),
G2-RB or G3-RB dissolved in fresh culture medium at the final RB concentration of 5 uM. The plates were incubated for
4 h in the dark (37 °C, 5% CO,). Cells were subsequently washed with PBS and fixed with 4% formaldehyde solution for
15 min. Then the solution of Phalloidin—Atto 633 (1:400) was added to each well for 20 minutes to stain F-actin in cell
membrane. The cells were washed with DPBS and the solution of 5 uM Hoechst 33342 was added to the cells for
additional 15 min to stain DNA in cell nucleus. Following the incubation, cells were washed with DPBS and submerged
in 100 pL of fresh DPBS. The images were taken with Leica TCS SP8 confocal microscope.

Cytotoxicity Studies

AsZ, BsZ, CsZ cells were seeded into 96-well plates at a density of 2.5x10* cells per well. After 24 h of incubation (37°
C, 5% CO,) 100 pL of free photosensitizer (RB), G2 or G3 empty dendrimersomes, G2-RB or G3-RB dissolved in fresh
culture medium were added to the cells at 0.25, 0.5, 1, 2 uM final concentrations of RB. Cells were incubated with tested
compounds for 5 h (37 °C, 5% CO,). Then the medium was replaced with DPBS buffer and cells were irradiated for 30
min (2.4 J/em® per minute) with Q. Light Pro Unit lamp. Immediately after irradiation, DPBS was replaced with fresh
culture medium, and cells were incubated for 24 h as post-PDT incubation. Additionally, the “dark™ toxicity (without
irradiation) was evaluated. The cell viability was measured using MTT assay. MTT was added to the wells at a final
concentration of 0.5 mg/mL and the plates were incubated for 2 h (37 °C, 5% CO,). After incubation, formazan crystals
were dissolved in DMSO, and the absorbance was read at 570 nm using the PowerWave HT Microplate
Spectrophotometer (BioTek, USA).

Statistical Analysis

Mann—Whitney test was used for testing statistical significance in release studies. For the rest of the experiments, two-
way ANOVA for concentration series and compounds followed by post-hoc Tukey’s test for pairwise difference testing
were used. In all tests, p-values < 0.05 were considered statistically significant. Data were collected from at least three
independent experiments and presented as arithmetic mean +SD.

Results
Amphiphilic triazine—carbosilane dendrons (Figures 1 and 2) were synthesized in a convergent way by a conjugation of
hydrophobic triazine block and vinyl-terminated dendrons G2 and G3 by a piperazine linker followed by the functio-
nalization of dendron periphery with cationic groups via a thiol-ene reaction. Amphiphilic dendron G2 was reported
recently,20 the dendron G3 has been obtained herein for the first time. Features of the architecture, such as combination of
hydrophobic and hydrophilic fragments in the structure, allow for the self-association of dendrons into supramolecular
constructions — dendrimersomes.

Dendrimersomes formed at neutral pH have mean diameter of 40—50 nm and in the acidic conditions they reorganize
into larger particles (100-150 nm diameter) (Figure 3).
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Figure 2 Structures of amphiphilic triazine—carbosilane dendrons of 2nd and 3rd generation.

The zeta potential as well as hydrodynamic diameter of evaluated compounds is similar, regardless generation of
dendrimersomes (Table 1).

Both absorbance and fluorescence emission spectra of RB-loaded dendrimersomes showed a red shift of the
maximum and a decrease in the intensity compared with free RB. After purification by dialysis, absorbance (Figure 4)
and fluorescence intensities (Figure 4 inset) were further decreased. Based on changes in absorbance, the estimated
percentage of RB encapsulation was 76% for G2 and 89% for G3.

Because the structures of both G2 and G3 dendrimersomes were compact (“closed”) at neutral pH and more loose
(“open”) in slightly acidic pH (Figure 3), we monitored release of RB from the dendrimersomes at pH 5.5.%° The RB
release rate differed significantly between the two generations of dendrimersomes (G2-RB and G3-RB). RB release from
G3-RB was much slower during dialysis, although the release of RB from the two types of dendrimersomes was similar
after 24 h of dialysis (Figure 5). Generation of singlet oxygen by RB and G2-RB at the highest concentration of PS was

approx. 3-fold higher than in the control, with no significant differences between the two compounds. We observed a
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Figure 3 DLS profiles for supramolecular associates of the amphiphilic dendron G3 (100 uM) exposed to different pH in 10 mM Na-phosphate buffer.

statistically significant difference between free RB and G3-RB; in the case of the latter, the level of singlet oxygen was 5-
fold higher than in the unstimulated control (Figure 6).

Cellular uptake of G2-RB and G3-RB was significantly higher in comparison to free RB. In all cell lines almost 80%
of tested cells absorbed RB encapsulated in dendrimersomes. Moreover, the percentage of RB-positive cells reached a
plateau after 0.5 h from the start of the experiment (Figure 7A and Figure S1). Consistent with the results of flow
cytometry experiments, confocal micrographs of the AsZ (Figure 7B), BsZ (Figure S2), and CsZ (Figure S3) cell lines
revealed that both G2-RB and G3-RB were taken up to a greater extent than free RB.

Encapsulation of RB in both dendrimersomes caused a significant increase in ROS production in all cell lines to a
similar degree. Figure 8A shows representative results from AsZ cell lines, and ROS production in BsZ and CsZ cell
lines is shown in Figure S4. At RB concentrations of 1 and 2 pM, we observed statistically significant differences
between free RB and G2-RB or G3-RB. At the highest concentration, fluorescence intensity of the probe increased 10-
fold for both RB-loaded dendrimersomes relative to the untreated control. The phototoxic effect was observed in all cell
lines under study (AsZ, BsZ, and CsZ) (Figures 8B and S5). Both RB-loaded dendrimersomes (G2-RB and G3-RB)
exerted significantly higher cytotoxic effects after irradiation, and this trend was maintained in all cell lines. At the

Table 1 Size and Zeta Potential of Rose Bengal-Loaded Dendrimersomes (G2-RB and G3-RB) as Well as Free Dendrimersomes (G2
and G3).

G2-RB G3-RB G2 G3
PDI 0.38 £ 0.14 0.31 £0.10 0.27 £ 0.007 0.31 £0.012
Hydrodynamic diameter 55.47 + 23.97 72.64 + 36.49 36.68 + 7.933 55.75 + 9.696
[nm]
Zeta potential [mV] 39.17+ 3.17 39.50 + 3.59 37.25 £ 2.60 4424 + 2.26
Drug loading capacity [%] >22.5 >17.6
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Figure 4 Changes in fluorescence and absorbance spectra of RB after encapsulation within dendrimersomes. The measurements of absorbance and fluorescence intensity
were carried out for the tested compounds at RB concentrations of 5 and | pM, respectively.

highest concentration, the viability of cells decreased to approx. 25%, whereas free RB decreased cell viability only to
approx. 75%. 1Cs, values are presented in Table S1. We also observed a lack of dark toxicity of the tested compounds in
all cell lines (Figure S6). Moreover, empty dendrimersomes exerted neither phototoxicity nor dark toxicity (Figure S7).

Discussion

Basal cell carcinoma is the most frequently diagnosed type of skin cancer in humans, but accurate estimation of the
number of cases is difficult due to the fact that only a small fraction of the cancers is correctly diagnosed. However, we
do know that over a lifetime, the likelihood of developing this type of cancer is as high as 30%, irrespective of genetic
aspects and environmental factors. Currently, basal cell carcinoma is treated using several conventional techniques:
surgery, chemotherapy, and radiotherapy; however, all of these approaches are associated with numerous side effects.'’
Accordingly, highly efficient novel treatment methods are urgently required.

Photodynamic therapy (PDT) is a noninvasive alternative to the aforementioned techniques. PDT exploits three
inseparable elements (photosensitizer, oxygen, and light) that act together and start a cascade of reactions generating
singlet oxygen (II type of PDT reactions) and/or reactive oxygen species, and the oxidation of intracellular structures
such as fatty acids, nucleic acids, and proteins (type I PDT reactions).* Rose bengal (RB) deserves special attention
because it generates singlet oxygen with higher efficiency than other photosensitizers.”*?” However, free RB has a
tendency to aggregate in aqueous solutions and is characterized by limited cell membrane penetration.® Hence, the search
for an appropriate carrier for RB is still ongoing. A promising way to increase bioavailability of RB is to deliver it in
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Figure 5 Release of RB from G2-RB and G3-RB dendrimersomes at pH 5.5. Percentage of release was determined relative to the first sample (0 h, 100% of initial
absorbance). *Statistically significant difference at p < 0.05 between the two generations of dendrimersomes. Data are presented as means * SD, n=3.
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Figure 6 Singlet oxygen generation by free RB and dendrimersomes loaded with RB (G2-RB and G3-RB), determined using an ABDA probe. *Statistically significant
difference at p<0.05 between G3-RB or G2-RB and RB. * Statistically significant difference at p<0.05 between G2-RB and G3-RB. Data are presented as means * SD, n=3.

nanoformulations.® To date, various types of RB-loaded nanocarriers have been designed for skin cancer PDT in vitro

28-30 31-33 34,35

and in vivo, including lipid-based formulations polymeric nanoparticles, upconversion nanoparticles,

. . . 6
inorganic nanoparticles®® and so on.
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Figure 7 (A) Uptake of free RB and dendrimersomes loaded with RB (G2-RB and G3-RB) by AsZ cells. Data are presented as means + SD, n=3. *Statistically significant
difference at p<0.05 between evaluated compounds and RB. (B) Confocal micrographs: (1) Phalloidin—Atto 633; (2) Hoechst 33342; (3) rose bengal; (4) bright field image; (5)
merge of channels |, 2, and 3. Scale bar represents 20 pm.
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Figure 8 (A) ROS generation and (B) phototoxic activity of free RB and RB-loaded dendrimersomes (G2-RB and G3-RB) on AsZ cells. Data are presented as means * SD,
n=3. *Statistically significant difference at p<0.05 between RB and G2-RB or G3-RB. * Statistically significant difference at p<0.05 between G2-RB and G3-RB.

A promising approach for the design of therapeutic formulations is based on hyperbranched molecules - dendrimers
and dendrons. Their advantages include monodisperse and reproducible molecular structure, combined with inherent
multivalency.>’® Such a feature provides dendritic molecules with considerable activity at nano-bio interface, both as

drug carriers and therapeutic entities themselves. Nanoformulations based on dendrimers and dendrons have been used to

39,40 41,42

deliver low-molecular bioactive compounds,

therapeutic nucleic acids, peptides and proteins® into target cells.
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In particular, using amphiphilic dendrons as building blocks, it is possible to obtain supramolecular formulations with
micellar or vesicular architecture.?’***> The properties and morphology of dendritic assemblies depend on the size and
topology of the dendron scaffold, the arrangement of chemical moieties within the dendron structure, and specifically
selected hydrophilic and hydrophobic elements. Upon assembly, low-molecular weight drugs can be encapsulated either
in the inner cavity or in the bilayer and can also be retained on the vesicle surface through complexation. Encapsulation
protects a drug from degradation en route to the tumor.*> Carbosilane dendritic architecture is versatile for designing
functional systems for therapy,*®*’ imaging®® and nanoparticle decoration.’’>* Furthermore, the chemical structure of
carbosilane dendrons containing two orthogonal functionalities favors the synthesis of amphiphilic derivatives self-

4 : 2
5456 or dendrimersomes.?®

organizing into micelles

In this study, we examined the performance of triazine—carbosilane dendrimersomes as nanocarriers for RB in PDT. A
previous study showed that due to the presence of protonatable triazine fragments inside the scaffold, dendrimersomes
are pH-sensitive. Under slightly acidic conditions, reorganization of the vesicular structure occurs, as evidenced by the
change in hydrodynamic diameter of dendrimersomes (Figure 3) and shrinkage of a hydrophobic bilayer observed in
TEM images (Figure S8). This behavior can be exploited to achieve drug delivery directly into the tumor acidic
environment.”’>’ In the first part of the reaserch, we studied the loading of RB into dendrimersomes of triazine—
carbosilane dendrons of the second and third generation. We observed wavelength shifts of maximum absorbance or
fluorescence of the RB—dendrimersome formulations in comparison to free RB. This finding indicates interaction

between anionic RB and protonated dendrons, as described in the literature,®>°

providing evidence for the formation
of stable RB-dendrimersome formulations. Moreover, we observed visible changes in the absorbance and fluorescence
intensity before and after dialysis used to purify RB-loaded dendrimersomes from the non-bound RB in solution. These
changes could be used to determine the encapsulation efficiency and drug loading capacity (Table 1), as reported
previously.?’ Zeta potential measurements revealed highly positive surface potential, which may be beneficial for cellular
uptake.®” Because these dendrimersomes formed at neutral pH, and the structure of dendrimersomes reorganizes at acidic
conditions to enable drug release, we tested the release of RB from dendrimersomes of both generations at pH 5.5.
Release was much slower for G3, which may explain why singlet oxygen generation was significantly higher for G3-RB.
Because interactions with cationic polymers increase singlet oxygen production by RB, we believe the slower release is
due to the fact that RB interacts with G3 more strongly than with G2 dendrimersomes.®' The specific activities of
different generations of dendrons/dendrimersomes require further study. However, for photodynamic therapy, PS does
not need to be released from the carrier if the carrier allows diffusion of molecular oxygen.**

In an in vitro model using basal cell carcinoma cell lines, both flow cytometry and confocal microscopy revealed that
cellular uptake of RB encapsulated in dendrimersomes was significantly greater than uptake of RB. This dramatic
increase is likely due to the shielding of negatively charged groups in the RB structure by the positive surface charge of
dendrimersomes. Nanoparticles with positive surface charges exhibit much more efficient intracellular transport. This
phenomenon has been widely described in the literature and allows us to predict the behavior of nanosystems.®* ¢ In the
case of RB, increased cellular uptake seems to be critical for phototoxic activity: regardless of the level of singlet oxygen
generation, RB-loaded dendrimersomes generate significantly higher levels of intracellular ROS, which translates into a
stronger phototoxic effect. The ICso values for RB-loaded dendrimersomes in vitro are remarkably low (~1 uM RB for
both formulations), considerably lower than those for most formulations mentioned above (for instance?®30-3%:36),
Importantly, the dark toxicity of RB-loaded dendrimersomes is negligible in the concentration range used. It should be
also noted that under the same conditions, empty dendrimersomes did not exert cytotoxic or phototoxic activity, so the

observed results should not be attributed to additive or synergistic effects.

Conclusion

Our findings suggest that dendrimersomes built of amphiphilic triazine—carbosilane dendrons are robust vehicles for
delivering RB into basal skin cancer cells, increasing the therapeutic performance of the PS through increased cellular
uptake and intracellular ROS generation. This highly encouraging outcome sheds new light on PDT of skin cancers.
However, further research is needed to answer the fundamental questions: how does RB interact with the carrier? How
strong are these interactions? What is the localization of RB in the dendrimersome? What influences the difference in the
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interactions of G2 and G3 with RB? Further studies on this system are also needed in term of intracellular localization of
RB-loaded dendrimersomes and possibility of lysosomal escape, as well as in vivo activity.
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