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Colorectal cancer (CRC) is considered the second-most
commonly occurring cancer in women and the third in men. In
the recent years, a rapid rise in colorectal cancer incidence and
mortality has been observed in several developing countries." A
global increase of 60% of this malignancy incidence is expected
by 2030.% A large portion of colorectal cancer patients who are
treated with conventional chemotherapy eventually develop local
recurrence or metastases. The failure of a complete cure in
colorectal cancer patients may be related to the lack of complete
eradication of cancer stem cells when using conventional therapy.
Photodynamic therapy (PDT), also known as photochemotherapy
or photoradiation therapy is an alternative experimental modality
for the treatment of cancer. It is based upon the interaction
between a photosensitizer (PS) and photons of visible light in
presence of dioxygen, that results in the production of reactive
oxygen species (ROS) and the subsequent death of tumor cells.**
An important attribute of PDT is that the toxicity is confined to
regions where the three components overlap spatiotemporally.®
Protoporphyrin IX (PpIX), a natural and commercially available
PS has been chosen for this work because of its high potential for
treating a wide variety of tumors.*” However, PpIX, as well as
many PS, is known to have a poor selectivity and to be sparingly
soluble in water. Nanotechnologies proved to be instrumental in

designing tumor-targeted and water-soluble anticancer agents
based on gold®, iron oxide’, or organic polymer nanoparticles'®!!,
This article describes the building of a photosensitizer based on
cellulose nanocrystals (CNCs), a biocompatible nanomaterial
which has already been used for this purpose.'*!** CNCs were
prepared from cellulose microfibrils by sulfuric acid hydrolysis.
This hydrolysis preferentially destroys the amorphous zones of
cellulose microfibrils and leaves the crystalline regions as O-
sulfated derivatives. !¢ The negatively charged nanoparticles
were then complexed with positively charged cyclodextrin
derivatives obtained from the functionalization of B—cyclodextrin
with a quaternary ammonium. Cyclodextrin—-CNCs ionic
complexes were eventually loaded with mono- or di—
adamantane-zinc—PpIX, thanks to the affinity of the hydrophobic
cavity of cyclodextrin for apolar molecules. To evaluate the
efficacy of the resulting nanobiomaterials and to validate the
concept of vectorization by cellulose nanocrystals, in vitro
bioassays were carried out against a colorectal cancer line (HT-
29). Preliminary results allowed us to evaluate the ability of
nanoparticles to enhance the bioavailability of PS in the cancer
cells and to check that the photocytotoxic effects observed were
actually attributable to the photosensitizers molecules which had
been delivered inside the cells
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i) Ethylene glycol, H,SO,4 1h30, RT
if) Adamantanecarbonyl chloride, DMAP, CHCl; 2h, 45°C
iii) (AcO),Zn, CHCI5/EtOH (9/1), 1h30, 45°C
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3Zn

Scheme 1. Synthesis of adamantane—protoporphyrin IX derivatives.

The synthesis of the adamantanyl protoporphyrin IX derivatives
is summarized in scheme 1.Protoporphyin glycol ester has been
synthesized following previously reported procedure.!” Briefly,
protoporphyrin IX and excess ethylene glycol were mixed in
presence of sulfuric acid (H.SO4, 96%) as catalyst, and stirred
at room temperature during 1.5 h. Then the organic fraction was
washed with demineralized water to remove unreacted ethylene
glycol. The product was obtained in 80% yield after
purification by preparative silica gel thin layer chromatography
(CHCI3/EtOH: 95/5). The reaction leads to the binding of two
ethylene glycol units to protoporphyrin IX. The structure of

compound 1 was confirmed by UV-Visible, MS and 'H NMR
(see SI and table S1 and S2).

Attachment of one or two adamantane units to compound 1 was
carried out through esterification of the ethylene glycol hydroxyls
by adamantanecarbonyl chloride in chloroform and in presence of
4-dimethylaminopyridine (DMAP) as catalyst.'® Compounds 2 and
3 were obtained in 60% and 70% yields, respectively. The structure
of compound 1 was confirmed by UV-Visible, MS and 1H NMR
spectroscopy (see Supporting Information and table S1 and S2).
The spectra of the synthesized protoporphyrinic derivatives (1, 2
and 3) are of the "etio" type and are characteristic of the porphyrins



substituted on the [-pyrrole positions. UV-visible spectra of
compounds 2 and 3 display Soret bands at 408 nm and Q bands at
506, 542, 578 and 631 nm (Fig. S1). Zinc metalation of compounds
2 and 3 was carried out in a mixture of chloroform and ethanol
(CHCI3/EtOH: 8/2) in the presence of excess zinc acetate. The
reaction was monitored by TLC for 2 hours and then the solvent
was evaporated to dryness and the crude product was purified by
preparative column chromatography on silica (CHCI3/EtOH: 95/5).
27Zn and 3Zn were obtained in excellent yields, 96% and 94 %,
respectively. Both molecules were characterized by UV-Visible,
MS spectroscopy and 'H NMR. UV-Visible spectra carried out in
CHCl; (Fig. S1 and Tables S1 and S2) clearly showed the
modification of the absorption spectrum with a slight redshift of
the Soret band (from 408 nm to 415 to ~ 417 nm) and the
disappearance of bands Qr and Qu (Table S2). Structures of all
compounds were characterized by MS. The theoretical and
experimental masses of the synthesized protoporphyrinic products
are shown in Table S1.

Table 1. Singlet oxygen quantum yield of PPIX, Zn PPIX and Zn PPIX
derivatives (2Zn, 3Zn) in DMF

g Singlet Oxygen quantum

Compounds yield
Aabs (nm) ®,'0,°

PpIX 409 0.81 £0.01

Zn PPIX 409 0.83 £0.01

27Zn 409 0.84 +£0.02

3Zn 409 0.79 £0.02

#Mean of two independent experiments using tetraphenylporphyrin as
standard (@, = 0.64 in DMF) and 9,10-dimethylanthracene as decribed
in supporting information.'*’

Singlet oxygen is classically described as the toxic agent produced
by tetrapyrrolic photosensitizers and dioxygen under illumination
(type II mechanism). So,high 'O:quantum yields of
photosensitizers are basic requirements for successful PDT. Singlet

Crystalline zone

;
Amorphous zone

Cellulose

oxygen generating efficiencies of porphyrins were determined
indirectly via the photooxidation of 9,10-dimethylanthracene
(DMA) in DMF (Table 1).

The resulting zinc compounds 2Zn and 3Zn were then water-
solubilized by encapsulation into cyclodextrins complexed to
CNCs. The general route of this strategy, detailed in our previous
study?!, is presented in scheme 2. It begins with the formation of
cellulose nanocrystals and the functionalization of f—cyclodextrin
with a quaternary ammonium in order to introduce the positive
charges that will allow B-cyclodextrin to bind the CNCs via
electrostatic interaction. Compounds 2Zn and 3Zn were then easily
encapsulated into the cyclodextrin hydrophobic cavity (Fig. S2),
with an approximate rate of 10% (i.e. mass of the different zinc
porphyrinato derivatives, relative to the mass of CD/CNCs
complexes). Indeed, size ranging from 100 to 400 nm, crystalline
CNCs have physicochemical and mechanical properties such as
high tensile strength and elastic modulus (130 ~ 150 GPa), a high
specific surface (150 to 300 m?%g), and a low density (1.6
g/cm?).22?% These characteristics make these particles promising
candidates for the selective delivery of biomolecules.?* CNCs are
obtained by hydrolysis of the amorphous domains of the cellulose
by a strong acid, usually H2SO4.25 Cellulose hydrolysis is
accompanied with a sulfation process that creates negative charges
(~209 to 250 mmol/kg) on the surface of these nano-objects.?%?
These charges are responsible for the stability of the colloidal
suspension of CNCs in aqueous solution.'S Solvent-exposed
hydroxyl groups of the nanoparticles not only make them
hydrophilic but they also can participate to various chemical
reactions.?® For this work, size (DLS, dynamic light scattering),
Polydispersity index (PDI) and zeta potential, XRD, TEM and
other physicochemical characterizations of cellulose nanocrystals,
cationic cyclodextrin and various platforms have been measured
(see supporting information, Table S3 and Fig. S3 to S7). A
significant increase of the zeta potential of CNCs was observed,
due to the positive charges brought by the cationic CDs (Table S2).
After the inclusion complex formation between cyclodextrin and
compounds 2Zn and 3Zn, the size of nanoparticles increase from
190.1 £5.1 nmto 210.1 + 1.0 nm and 211.6 + 1.2 nm respectively.

080;"

2Zn or 3Zn

Drug-CD/CNCs

OH 0S0;

Scheme 2. General strategy of CNCs synthesis and encapsulation of 2Zn and 3Zn by CD/CNCs.

In vitro phototoxicity of 2Zn and 3Zn compounds, as well as
27Zn—-CD/CNCs and 3Zn—-CD/CNCs complexes was evaluated
against the HT-29 colorectal cancer cell line, with the 3-(4,5-
dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT)
method. This evaluation was carried out in presence of
photosensitizer concentrations ranging from 0.25 to 2.5 uM
during 48 hours in the dark and under illumination (Fig. 1).
Within the concentration range tested, we observed a low
cytotoxicity in the dark (Fig. 1a). Cell viability of HT-29 cells
remained higher than 70%, in presence of free 2Zn or 3Zn
compounds, and for 2Zn-CD/CNCs. For 3Zn-encapsulated
into CD/CNC:s, cell viability was around 60% at 2.5 uM (Fig.
la). Under illumination, protoporphyrin cytotoxicity was much
stronger in comparison with the control test in the dark (Fig. 1a
and 1b).

Encapsulation of protoporphyrin derivatives into CD/CNCs
significantly increased their toxicity, 3Zn—CD/CNCs being the
most active complex. ICso values are reported in Table 2.

Table 2. ICso* (uM) values from MTT assay with 2Zn, 3Zn, CD/CNCs,
2Zn -CD/CNCs and 3Zn-CD/CNCs against HT-29 cell lines in the dark
and under illumination (white light, fluence rate 75 J.cm™)

Compounds Illumination  Dark ICspdark/ICsolight
2Zn >2.5 >2.5 ND**

3Zn 2.5+0.03 >2.5 ND**

CD/CNCs ND** ND** ND**
2Zn-CD/CNCs 1£0.05 >2.5 >2.5

3Zn- CD/CNCs 042+£0.02 >25 >5.95

*ICso values are the average of at least three determinations. / ** Not
determined when 70% or higher cell viability was recorded in presence of
2.5 uM of PS.
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Fig. 1. Dose-dependent effects of 2Zn, 3Zn compounds (solubilized in DMSO), CD/CNCs, 2Zn-CD/CNCs and 3Zn—-CD/CNCs complexes (in suspension
in sterilized water) on the viability of HT-29 cells: a) in the dark, b) under illumination with white light (fluence rate 75 J.cm™). CD/CNCs (black curve)

concentrations are the same that [CD/CNCs] with Zn-PpIX derivatives.

Only ICsy values of 3Zn (2.5 + 0.03), 2Zn-CD/CNCs (1.0 £
0.05) and 3Zn-CD/CNCs (0.42 + 0.02) were obtained. A flow
cytometry analysis was conducted in support of the
vectorization effect (Fig. 2A and 2B). For this purpose, HT-29
cancer cells were treated separately with free or vectorized Zn-
PpIX derivatives at the same concentration (2.5 uM in drug) in
DMSO (free PS) or in sterilized water for complexes. After 24
h incubation, fluorescence of the Zn-PpIX derivatives was
analyzed by flow cytometry coupled with the AMNIS® image
analysis. The first two graphs represent the size/structure ratio
of HT-29 cells according to the treatments. Fluorescence
intensities of individual cells were analyzed. The table
summarizes the number of cells in the selected population as

A ALL

well as the number of Zn-PpIX positive cells according to the
treatments. The intracellular  fluorescence of  zinc
protoporphyrin is shown by representative images.

The AMNIS® flow cytometry results indicate that PS
internalization is strongly improved when the cells are
incubated with 2Zn or 3Zn complexed with CD/CNCs. Indeed,
nearly all the treated cells exhibit intracellular PS fluorescence,
although the fluorescence-positive cells only represent 2/3 of
the population when incubated with free 2Zn or 3Zn at the
same concentration (Fig. 2B). This improvement is encouraging
for a further use of this nanoplatform in “in vivo” experiments.
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Fig.2 Cell uptake of 2Zn and 2Zn-CD/CNCs or 3Zn and 3Zn—-CD/CNCs by HT-29 cells. HT-29 cells were treated with 2Zn and 2Zn-CD/CNCs (A) or 3Zn
and 3Zn-CD/CNCs (B) at 2.5 uM PPIX. 2Zn and 3Zn were solubilized in DMSO and 2Zn-CD/CNCs and 3Zn-CD/CNCs in sterilized water. Cell uptake of
these compounds was studied through 2Zn and 3Zn fluorescence (Exc. 561 nm; Em. 660-740 nm) 24 h post-treatment, by AMNIS® imaging flow cytometry
analysis and studied with IDEAS software. The first graph highlights the size/structure of HT-29 cells. Fluorescence intensity of individual HT-29 cells is shown
in the second graph and in the representative images (White scale bar = 10 pm). The tables summarize the cell counts and percentages of 2Zn and 3Zn positive

cells according to the

In conclusion, we describe in this work and for the first time, a
new, easy and efficient method for the synthesis of
protoporphyrin IX derivatives bearing one and two adamantane
groups. The adamantane group has been chosen for this work
because it has a strong affinity for the hydrophobic cavity of
cyclodextrins and also because it increases the hydrophobic
behavior of protoporphyrin IX. Protoporphyrin IX derivatives
27Zn and 3Zn were successfully encapsulated into f-
cyclodextrin-capped cellulose nanocrystals and all
characterizations confirmed the structure of each synthesized
compound. All of the compounds presented a low cytotoxicity
against HT-29 cells in the dark. In addition, the results obtained
by flow cytometry analysis showed a qualitative internalization
of the Zn PPIX derivatives with a strong improvement in
presence of drug-CD/CNCs. An efficient activity against the HT-
29 cancer line was observed with drug—CD/CNCs complexes
under illumination. Compared to hydrophobic molecules, these
complexes have the advantage of forming stable colloidal
suspensions in aqueous media and so they could be easily applied
in vivo. These results are in agreement with the work of
Nakamura et al. who shown similar ICsy with PPIX-lipids
derivatives (liposomes nanocarriers) againts HeLA cells.?® In our
futur works, studies must then be conducted to highlight the role
of these nanocarriers in the targeting of tumor cells thanks to the
enhanced permeation and retention effect (EPR). The use of these
complexes (-CD/CNCs) may therefore be a relevant strategy in
cancer therapies but also in other pathologies.*
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