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Amphiphilic Chlorin-f3-cyclodextrin Conjugates in Photo-
Triggered Drug Delivery: The Role of Aggregation

Stylianos Panagiotakis,”” Barbara Mavroidi,” Alexandros Athanasopoulos,®

Georgios Charalambidis,” ¢

Konstantina Yannakopoulou*®

Conjugates of chlorins with B-cyclodextrin connected either
directly or via a flexible linker were prepared. In aqueous
medium these amphiphilic conjugates were photostable, pro-
duced singlet oxygen at a rate similar to clinically used
temoporfin and formed irregular nanoparticles via aggregation.
Successful loading with the chemotherapeutic drug tamoxifen
was evidenced in solution by the UV-Vis spectral changes and
dynamic light scattering profiles. Incubation of MCF-7 cells with
the conjugates revealed intense spotted intracellular
fluorescence suggestive of accumulation in endosome/lyso-
some compartments, and no dark toxicity. Incubation with the
tamoxifen-loaded conjugates revealed also practically no dark
toxicity. Irradiation of cells incubated with empty conjugates at

Introduction

Cyclodextrins (CDs) are cyclic water-soluble glucopyranose
oligomers, well-established as molecular carriers of hydrophobic
molecules, in particular insoluble drugs. The carrier properties
of CDs stem from their hollow structure that defines an inner
hydrophobic space where the guest molecules are hosted. The
outer surface is decorated with numerous hydroxyl groups that
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640 nm and 4.18 J/cm? light fluence caused >50% cell viability
reduction. Irradiation following incubation with tamoxifen-
loaded conjugates resulted in even higher toxicity (74 %)
indicating that the produced reactive oxygen species had
triggered tamoxifen release in a photochemical internalization
(PCl) mechanism. The chlorin-B-cyclodextrin conjugates dis-
played less-lasting effects with time, compared to the corre-
sponding porphyrin-B-cyclodextrin conjugates, possibly due to
lower tamoxifen loading of their aggregates and/or their less
effective lodging in the cell compartments’ membranes. The
results suggest that further to favorable photophysical proper-
ties, other parameters are important for the in vitro effective-
ness of the photodynamic systems.

confer solubility in water." The interest in CDs is continuously
renewed due to the emergence of new drug delivery
opportunities.”

Porphyrinoids are molecules that can act as photo-sensi-
tizers (PSs) in photodynamic therapy (PDT), owing to their
suitable photophysical properties. Specifically, upon light irradi-
ation in the red to the far-red region of the spectrum (600-
800 nm) and in the presence of molecular oxygen, the PSs
produce reactive oxygen species (ROS), most importantly
singlet oxygen ('0,). This results in efficient photokilling of
cancerous cells in the tissue where the PS is accumulated.
Several PSs have found their way to the clinic for PDT treatment
of malignancies.”

Photochemical Internalization (PCl) is an advanced modality
where a chemotoxic drug is endocytosed and accumulated in
endosomes and lysosomes, while the administered PS is
embedded in the membranes of these compartments. Suitable
irradiation activates the production of reactive oxygen species
(ROS), such '0,, that damage the membranes causing release of
the drug in the cytosol where it can exert its toxic effect. PCl
has been introduced as a method to deliver macromolecular
drugs in the cells.” Notably, both PDT and PCl confer vascular
damage as well as immune responses that contribute to tumor
cell death.B>*

By covalently linking CDs with porphyrinoids, conjugates
with dual capacity, i.e., drug delivery and ROS photoproduction,
are obtained. Some covalent porphyrin-CD conjugates have
been reported to be effective agents under PDT conditions,
mostly in in vitro experiments under varying incubation and
irradiation protocols and in combination with different anti-
cancer drugs.” The utility and promise of porphyrin-CD

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0001-8935-3870
http://orcid.org/0000-0002-4453-5758
http://orcid.org/0000-0001-5551-4613
http://orcid.org/0000-0003-1237-9962
http://orcid.org/0000-0001-5682-2968
http://orcid.org/0000-0002-7669-2424
http://orcid.org/0000-0002-0725-4906
https://doi.org/10.1002/cplu.202300743
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcplu.202300743&domain=pdf&date_stamp=2024-02-29

Chemistry

Research Article Europe
ChemPlusChem doi.org/10.1002/cplu.202300743 Societes Pubiehing
conjugates for applications in PCl protocols and delivery of HO
small anticancer drugs have been initially highlighted using a a) v oM ) \/ -
meso-(m-hydroxypheny)porphyrin-p-CD (mTHPP-BCD) SoNH N [ NN A o N
conjugate™ that enabled the delivery of small chemotherapeu- g NN v N HN r g

tics, and recently consolidated with several strongly amphiphilic
meso-tetraphenylporphyrin-BCD (TPP-BCD) conjugates.” These
conjugates self-assembled to stable ~60 nm nanoparticles (NPs)
that could be loaded with anticancer drugs via both cavity
inclusion and entanglement in the NP formation. The drug-
loaded NPs selectively accumulated in the endocytic vesicles of
breast adenocarcinoma MCF-7 cells, displayed no dark toxicity,
whereas, following suitable irradiation, they conferred signifi-
cant reduction of cell viability (>85%), exhibiting highly
synergistic 24 h photo- and chemo-toxicity that was sustained
for 48 h, suggesting a PCI mechanism of drug release.

Chlorins, obtained from porphyrins by the reduction of one
pyrrole double bond, absorb light more efficiently in the
therapeutic window of the body (650 to 700 nm)®® than
porphyrins. Several chlorins have been approved for clinical
use o810 Temoporfin (meso-(m-hydroxypheny)chlorin,
mTHPC)"®' has been approved by the EMA for the treatment of
advanced head and neck cancer (Foscan®). Literature on
chlorin-CD conjugates is scarce: a water-soluble pentafluoro-
phenyl- chlorin connected to four BCD units was an effective PS
in PDT treatment of human keratinocytes."" Further, a chlorin
e6-BCD-folic acid conjugate targeting Hela cells upon irradi-
ation displayed higher reduction of cell viability than chlorin e6
alone and also resulted in considerable inhibition of tumor
growth of Hela-derived xenografts on mice."?

The present work aims to investigate the effectiveness of
chlorin-BCD conjugates in photo-controlled delivery of the small
anticancer drug tamoxifen citrate (TamCit), a non-steroidal
selective estrogen receptor modulator (SERM) that is suitable
for treating the estrogen receptor-positive MCF-7 cells. To this
end, the conjugate mTHPCCD where mTHPC is directly
connected to one primary OH group of BCD, and the non-
hydroxylated, highly amphiphilic conjugate TPCOCNHbmC5
where tetraphenylchlorin (TPC) is connected to BCD via a C5-
aliphatic linker (Scheme 1a) were prepared, studied and their
PCl performance was evaluated. The results were compared
with the performance of the corresponding porphyrin con-
jugates, mTHPPCD and TPPOCNHbmC5, under identical exper-
imental conditions,” aiming to highlight the factors that
influence their effectiveness in vitro.

Results and Discussion
Synthesis

The most convenient method to prepare chlorin-BCD conju-
gates is the selective reduction of a single pyrrole ring of
porphyrin-BCD conjugates. Previously synthesized mTHPPCD™
and TPPOCNHbmC5" were treated according to the Whitlock
diimide procedure™ (Scheme 1b), adopted from the
literature™ with modifications. The reaction progress was
assessed by monitoring the disappearance of the porphyrin Q
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Scheme 1. a) The chlorin-BCD conjugates; b) their synthesis.

band at 646 nm and the emergence of the chlorin Q band at
650 nm in the UV-Vis spectrum of the reaction mixture. The
reaction progress was additionally monitored with 'H NMR
spectra focusing on the endocyclic NH signals.

The products were obtained in good yields as inseparable
mixtures of isomers having the dihydropyrrole ring either
adjacent or opposite to the BCD-substituted phenyl ring (isomer
1 and isomer 2, Scheme 1b), as previously observed for gluco-
conjugated chlorins.™ In case of over-reduction to undesired
bacteriochlorin-BCD (Scheme 1b) evidenced by a Q band at
740 nm, oxidation to chlorin-BCD was induced by tetrachloro-o-
benzoquinone (o-chloranil). Formation of isobacteriochlorin-
BCD (two adjacent dihydropyrrole rings) was considered
unfavorable. The clinically used mTHPC was also prepared from
the corresponding porphyrin mTHPP, for comparison.

Structural Characterization

The chlorin-BCD conjugates displayed complex 'H NMR spectra
in DMSO-d,, mainly in the aromatic region, presumably due to
the presence of the two isomers. With the help of 2D NMR
spectra, assignment of the majority of the signals was
accomplished (Figures S1-54). Integration of the endocyclic NH
signals and selected BCD signals in the 'HNMR spectra
confirmed the 1:1 conjugation. Two NH signals were observed
at —1.63 ppm and —1.65 ppm for mTHPCCD and at —1.53 ppm
and —1.58 ppm for TPCOCNHbmC5 (Figure S5) indicative of

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH

85UB017 SUOWIWIOD 3A 181D 3|qedljdde ayp Aq peueob a2 Sajoke VO ‘35N JOS3|N. 104 AReiq 1 8UIIUO AB|IA UO (SUOIPUOD-PUR-SLURY WD A8 | 1M ARRIq 1 U1 |UO//SORY) SUORIPUOD PURe SWB L 8U388S *[6202/20/82] U0 ARIq1T8UIUO 8|1 ‘808919 8URI400D AQ £1200€202 NId2/200T 0T/I0p/LLI00A3| M Azeiq 1 Ul juo doune-ALs Luayo//Saiy wouy papeojumoq ‘9 ‘ghe ‘9059261



ChemPlusChem

Research Article
doi.org/10.1002/cplu.202300743

Chemistry
Europe

European Chemical
Societies Publishing

slowly exchanging tautomers influenced by the presence of the
BCD substituent." Integration of the two NH signals in each
sample provided a nearly 1:1 ratio while noticeable broadness
was also displayed, particularly for the most shielded signal, as
also reported for the TPC-chitosan conjugates.™'® For
TPCOCNHbmC5 and mTHPCCD samples, a weak NH signal at
—2.90 ppm revealed residues of the starting porphyrin-pCDs,
determined by integration as <4% and <10%, respectively,
which were impossible to either completely reduce™ or
remove by chromatography. A single molecular ion/base peak
was registered in each positive mode MALDI-ToF mass spec-
trum (Figures S6, S7) while the similar FT-IR spectra of the
samples displayed the expected bands of the chlorin and BCD
moieties and the amide band of TPCOCNHbmC5 at 1647 cm™
(Figure S8).

Absorption, Emission and Emission Decay Spectra

The UV-Vis spectra in DMF (Figure 1a) were typical of free-base
meso-substituted chlorins"” with one B band (Soret) in the
region 375-450 nm and four Q bands in the region 500-
675 nm. Whereas the extinction coefficient (¢) values of the
Soret band of the chlorin-BCD conjugates (Table 1) were 3-fold

DMF PBS alone or with pMBCD
1,2/2) —— mTHPC Ao,u b) ,  —mmecen
3 — mTHPCCD 3 7\ ——TPCOCNHbmC5
09 —— TPCOCNHbmC5 £0,16 "
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Figure 1. (a3, b): Absorption spectra of mTHPCCD (6 uM), and TPCOCNHbmC5
(6 uM) in a) DMF (the starting mTHPC, 6 pM, is included) and b) PBS with
49% DMSO, v/v, alone (solid lines) and as complexes with 2,3,6-tri-O-methyl-
B-cyclodextrin (pMBCD, dotted lines); (c,d): Emission spectra (1, =517 nm) in
DMF and PBS with 4% DMSO, v/v of ¢) mTHPCCD (6 pM) and d)
TPCOCNHbmC5 (6 uM); inset is the magnified spectrum.

lower, compared to the corresponding porphyrin-3CD
conjugates,” the ¢ values of the Q(0,0) bands (651.5 nm) were 4
or 5-fold higher. This feature suggests that the chlorin-pCD
conjugates could be more efficient as red-light harvesting units.
Second derivative analysis of the UV-Vis spectra (Figure S9 inset
and Table S1) assisted in understanding the effects.

In contrast to DMF solution, in phosphate buffer saline (PBS,
pH 7.4) with 4% DMSO (v/v) solution the absorption spectra of
mTHPCCD exhibited significant hypochromicity, broadening
and very slightly blue-shifted Soret and Q bands, whereas the
spectra of TPCOCNHbmC5 displayed measurable red shifts of
the absorption bands (Figure 1b, solid lines, Table 1). The
spectrum of unconjugated mTHPC in PBS displayed not only
clear broadening but also red shift (7 nm) of the major band
signifying aggregation™® most likely of the J-type."® Conjuga-
tion to PCD yielded two isomers for each case™ and two
bands of unequal intensity near 419 and 427 nm in the spectra
in DMF (Figure S9, insets, blue lines and Table S1). In PBS the
two conjugates behaved differently (Figure S9, insets, black
lines and Table S1): the spectrum of mTHPCCD showed one
strong broad band at 422 nm, which could be partially
attributed to aggregation via self-inclusion of the chlorin moiety
inside another BCD cavity; the spectrum of TPCOCNHbmC5 with
two strong broad peaks at 405 nm and 426 nm could indicate
formation of both H- and J-aggregates."® In this case, the C5
linker that separates sufficiently the chlorin and BCD moieties
presumably allows aggregation of the chlorin part by different
stacking modes.

It is established that

18c]

2,3,6-tri-O-methyl-B-cyclodextrin
(pMBCD) forms strong 2:1 complexes with meso-
arylporphyrins,"® porphyrin-BCD conjugates,”’ and mTHPC."”
Addition of pMBCD in the solutions of the chlorin-pCD
conjugates resulted in enhanced absorption intensity, most
spectacular for TPCOCNHbmC5, and blue-shifted Soret bands
(Figure 1b, dashed lines). Best fit of the UV-Vis titration data
with pMBCD (Figure S10) confirmed very strong complexation
with either 1:1 (pMBCD/MTHPCCD, K=25.76x10° M™), or 2:1
(PMBCD/TPCOCNHbmC5, K=8.23x10° M) stoichiometries (Ta-
ble S2). Evidently, inclusion of the chlorin moiety by pMBCD
from two opposite sides in TPCOCNHbmC5 decreased consid-
erably the aggregation, while one side inclusion in mTHPCCD
was less effective, maybe due to the presence of stable, self-
included aggregates.

The emission properties of the conjugates in DMF were
characteristic of free-base chlorins” with two emission bands
between 600 and 800 nm (Figures 1c,d, black lines). The

Table 1. Absorption and emission data™ of chlorin-BCD conjugates (isomer 1 and isomer 2) in different solvents and after complexation with pMBCD.

Chlorins Amax (€)™ DMF Aem (@), DMF Amax AQ Aem AQ Amax AQ® + pMBCD Aem AQ -+ pMBCD
mTHPC 420.0 (213.2) 651.5 (24.2) 656,716 (0.172) -

mTHPC-CD 4235 (159.4), 651.5 (21.0) 656,716 (0.159) 423.0,651.0 653,715 4220, 650.5 653,714
TPCOC-NHbmC5 419.5 (118.5), 651.5 (19.0) 656, 715 (0.181) 422.5,652.5 655,714 417.5,651.0 654,713

respective Q(1,0) bands.

@ 4 max @aNd Aer in nm; ' extinction coefficient, €/10° M~'ecm™'; ¥ @ = quantum yield; '’ Aq=PBS with 4% DMSO (v/v); ¥ A.,=517 nm, corresponding to the
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fluorescence quantum yield (@) values were very similar to
those of mTHPC (Table 1).

In the aqueous medium the emission of mTHPCCD was
sufficiently sustained (Figure 1c, red line) whereas the emission
of the strongly amphiphilic TPCOCNHbmC5 (Figure 1d, red line)
was substantially quenched. Differences in the linkers between
chlorin and BCD moieties and presence or absence of OH
groups in the chlorin structure (Scheme 1a) clearly impact the
emission properties. The weak fluorescence of TPCOCNHbmC5
can be attributed to emission-quenching H-aggregates and the
fact that J-aggregates have low fluorescence quantum yields.""®"’
Addition of pMBCD (Figure 1c, d, blue lines) resulted in
dramatically increased fluorescence intensities, particularly for
TPCOCNHbmCS5, providing further evidence for inclusion com-
plexation-mediated de-aggregation and improved solubility, in
agreement with the UV-Vis spectroscopic results.

Best fits of the emission decay spectra in DMF and in PBS
pH 7.4 with 4% DMSO (v/v), (Figure S11) using mono- or
biexponential functions, yielded the lifetime (7) values (Table 2).
In the presumed monomerizing solvent DMF?" the single 7
value indicated the presence of a single emitting species for all
compounds. In the aqueous medium the single 10.3 ns lifetime
of mTHPCCD was slightly higher than the lifetime of the parent
mTHPPCD (9.4 ns, 74%).%? The predominant photoactive spe-
cies in mTHPCCD could be the self-included complex that
contributes to preserving the photophysical profile of the
mTHPC moiety with considerable fluorescence (Figure 1¢, red
line). The two 7 values of TPCOCNHbmC5 due to a faster-
decaying species (t1=0.4 ns, 47%) and a longer-lived species
(t2=5.2 ns, 53%) (Table 2), could arise from the J- and H-
aggregates."® pMBCD restored the lifetimes, especially of
TPCOCNHbmCS5, due to effective monomerization of the chlorin
moieties.

Dynamic Light Scattering (DLS)

DLS measurements of the chlorin- BCD conjugates (2 uM) were
performed in PBS with 4% DMSO (v/v) (Table S3) in order to
compare the DLS results with those of the porphyrin precursors
using the same concentrations in the same solvent and taking
into account the limitations of measuring colored samples. In
the measurements of the mTHPCCD sample (Figure S12A,B),
despite the good signal-to-noise ratio indicated by the high
intercept value of the correlation function (~90%, Figure S12C),
the large variability of the size distribution by intensity in the

consecutive measurements (Figure S12A) indicated particle
instability and rather random aggregation. The smaller varia-
bility and noticeable increase of the signal in the consecutive
size distribution measurements for the TPCOCNHbmC5 sample
(Figure S13A,B) could be attributed to further aggregation of
the particles. Moreover, the low intercept of the correlation
function with the Y-axis (~50%) indicated worst signal-to-noise
ratio than in the mTHPCCD data. As both samples were
measured using a 173° detector angle and a 633 nm laser
where both compounds absorb very similarly and, moreover,
mTHPCCD fluoresces much more intensely than TPCOCNHbmC5
in PBS with 4% DMSO (v/v), it is not reasonable to attribute the
low DLS signal of TPCOCNHbmC5 to multiple scattering effects
or to fluorescence-generated noise. Some sedimentation could
be responsible for the moderate TPCOCNHbmC5 signals.
Furthermore, in all measurements the distribution fits were
rather unsatisfactory: relatively large Polydispersity Index (PDI)
values were calculated, co-presence of large particles was
indicated and the correlograms did not overplot (Figures S12,
S13 C,D), suggesting unstable aggregates, for which zeta
potential values could not be obtained. The considerable
departure from the spherical shape of the particles and the fact
that two isomers coexist in each product which probably
assemble differently, could contribute to the unsatisfactory
quality of the data. At concentrations >2 pM the variability of
the data and the calculated PDI values became even higher.
Comparison of the TPCOCNHbmC5 and TPPOCNHbmC5 DLS
data (Table S3) suggests that the single dihydropyrrole ring in
the chlorin moieties compels the conjugates to organize in
larger, irregular aggregates quite differently than the parent
porphyrin conjugates that form relatively uniform ~60 nm NPs.

Complexation with Tamoxifen

In the presence of the anticancer drug tamoxifen citrate
(TamCit) which forms relatively strong complexes with BCD
(~7x10° M), the DLS data of both conjugates displayed a
noticeable quality improvement with stronger signals, better
correlation diagrams (Figures 2A, B Figures S14, S15), smaller-
sized particles and somewhat improved PDI (Table S3), suggest-
ing better organization of the aggregates due to guest-
promoted aggregation® and improved NP formation. In
contrast, incubation of the parent porphyrin conjugate
mTHPPCD with TamCit caused increase of the ~80 nm NPs to
various undetermined sizes (Table S3) indicating that immediate

Table 2. Emission lifetime (z) data of chlorin-BCD conjugates (6 mM) in different solvents and after addition of pMBCD.
Chlorins 7 (ns) DMF 7 (ns) 4% Aq™ 7 (ns) 4% Aq™ + pMBCD

71 72 71 72
mTHPC 9.4 - - - -
mTHPCCD 8.9% 10.3% - 10.7% -
TPCOCNHbmC5 9.3@ 0.4 5.2 11.99 -
Values +0.1 ns; @ 100%; ® Aq=PBS, with 4% DMSO (v/v); ¥ 47 %; 'V 53 %.
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Figure 2. DLS measurements of the chlorin-BCD conjugates (2 uM in PBS
with 4% DMSO v/v): diagrams of a,b) distribution fit for the conjugate alone
(—-—) and in the presence of tamoxifen citrate (TamCit) (———) and c) size
distribution by intensity of the conjugates after incubation with TamCit.

attachment of mTHPP onto BCD (Scheme 1a) tolerates only
fragile organization of the aggregates which crumble upon
entrance of TamCit in the cavity. In comparison, the ~60 nm
NPs of TPPOCNHbmC5 expand to larger but still functional
~120 nm NPs” due to both inclusion in BCD and incorporation
of TamCit in the NPs structure.

'"HNMR spectra were obtained with the help of pMBCD
which sustained the conjugates in the aqueous solution at mM
concentrations. Highly shielded signals of pMBCD due to
inclusion complexation of the chlorin moiety of the conjugates
were observed (TPCOCNHbmC5 Figure 3; mTHPCCD Fig-
ure S16). Slow exchange between free and complexed pMBCD
was observed, as with the parent porphyin-BCD conjugates.”
The pattern and the frequencies of the signals were precisely
the same in both conjugates and nearly the same as in the
porphyrin precursors reported earlier,”' denoting very similar
inclusion complexation modes with pMBCD. Addition of TamCit
resulted in the establishment of an additional complexation
equilibrium in fast exchange because of the inclusion into the
available BCD cavities. The signals of TamCit displayed clear
through-space dipolar interactions with the chlorin-BCD cavity
protons (H3, H5 and H6) (Figure 3, Figure S16, blue ellipse). The
intensities of these cross-peaks were comparable with those of
the intramolecular cross-peaks (red circle/ellipse), indicating
quite strong inclusion complexation. Thus, the chlorin-pCD
conjugates can host the drug in a similar fashion as the parent
porphyrin-BCD conjugates.

Moreover, addition of TamCit in the aqueous solution of the
conjugates resulted in red-shifted .. in the UV-Vis spectra,
especially for TPCOCNHbmC5 (Figure S9, inset, red lines and
Table S1). In contrast, addition of TamCit to a solution of the
clinically used mTHPC did not result in any spectral changes,
indicating that TamCit does not interact with mTHPC and that
the BCD cavity plays a pivotal role in the drug loading of the
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Figure 3. Partial 2D ROESY spectrum (500 MHz, 298 K, PBS with 4% DMSO, v/
v) of the complex pMBCD/TPCOCNHbmC5 (1.53 mM:1.70 mM) in the
presence of TamCit (1.12 mM) (black cross-peaks), overlaid with the 2D
ROESY spectrum of the complex pMBCD/TPCOCNHbmC5

(1.53 mM:1.70 mM) (green cross-peaks). Blue ellipse: intermolecular inter-
actions between TamCit and TPCOCNHbmC5 cavity protons. Red circle/
ellipse: intramolecular interactions within the TamCit structure.

aggregated conjugates. Being mixtures of isomers, each of
which may assemble in a different manner, the conjugates
become better organized in the presence of TamCit and their
aggregates become smaller in size. Some entanglement of
tamoxifen in the assemblies cannot be ruled out.

Cell Experiments

Irradiation of the conjugates in PBS with 4% DMSO at 630+
10 nm with a 0.741 W LED photoreactor for 60 min revealed
good photostability, comparable to mTHPC: after an initial drop
of the Soret band intensity (Figure S17), the photobleaching
reached a plateau with 80% photoactivity preserved after 1 h,
suggesting suitability of the conjugates for use in live cell
imaging with confocal microscopy. Thus, MCF-7 human breast
adenocarcinoma cells were incubated for 24 h with the pre-
assembled conjugates and with mTHPC alone. The cell images
with mTHPC showed intense diffuse red fluorescence distrib-
uted throughout the cytoplasm compartments (Figure 4a1, left),
consistent with literature that reports endoplasmic reticulum
(ER) as preferred for localization and accumulation of Foscan® in
MCF-7 cells, after 24 h incubation.*’

In contrast, the chlorin conjugates displayed intense spotted
fluorescence (Figure 4a1 middle and right) indicative of endo-
somal/lysosomal accumulation, as also observed with the
corresponding porphyrin conjugates.” Indeed, co-staining with
LysoTracker® Green DND-26 confirmed satisfactory co-local-
ization with the conjugates (Figure 4a2). The molecular size of
the conjugates, their enhanced amphiphilicity and their
aggregation plausibly suggest uptake by endocytosis. Interest-
ingly, mTHPCCD and TPCOCNHbmC5 display qualitatively very
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Figure 4. a) Confocal microscopy images (laser intensity: 3.0 %) of MCF-7
cells following 24 h incubation with compounds (10 uM): a1l) mTHPC,
mTHPCCD and TPCOCNHbmC5, a2) TPCOCNHbmCS5 (red fluorescence, top-
left) and LysoTracker® Green DND-26 (green fluorescence, top-right); overlay
of the images (bottom-right) and the bright field image (bottom-left). b)
Viability of MCF-7 cells following 24 h incubation without and with the
chlorin-BCD conjugates, the corresponding porphyrin-BCD conjugates

(10 uM) either alone or loaded with TamCit (7.5 uM). Following irradiation
(4.18 J/cm?, 640 nm LED-array) the MTT assays were performed after 24 h.
Cells treated with TPCOCNHbmCS5 either alone or TamCit-loaded, were
assayed 24 h and 48 h post-irradiation.

similar intracellular emission, despite the large difference in
their fluorescence intensity in PBS solution (Figure 1C, D).

ROS generation with red light irradiation of the conjugates
was tested in the presence of 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA)."*¥ Singlet oxygen ('O,)
production of the conjugates was registered at rates similar to
the '0, production of mTHPC (Figure S18, Table S4). Conse-
quently, both conjugates were suitable for cell phototoxicity
assessment. Untreated MCF-7 cells irradiated with increasing
light doses (0—12.55 J/cm?) using our irradiation setup (LED
array lamp, 640 nm) did not suffer viability reduction (Figure 4b,
control, 4.18 J/cm?, red bar compared to white bar), as shown
before” Incubation of the cells for 24 h with TamCit alone
resulted in ~25% reduction of viability without or with
irradiation (control, orange bar compared to brown bar).
Incubation of the cells with the pre-assembled empty con-
jugates mTHPCCD and TPCOCNHbmC5 and their porphyrin
analogues, mTHPPCD and TPPOCNHbmC5", revealed absence
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with the TamCit-loaded conjugates resulted practically in no
viability reduction demonstrating satisfactory absence of dark
toxicity (orange bars); actually, the viability of the cells was even
higher than for TamCit alone (control, orange bar). The samples
were subsequently irradiated at 640 nm at light-doses suitable
to achieve LD50 or the highest synergistic effect (4.18 J/cm?,
Figure S19). As Figure 4b shows, the photodynamic (PDT) effect
of all empty conjugates was significant, as cell viability dropped
below 50% (red bars) after 24 h. The PDT effect of the chlorin-
BCD conjugates was expected to be higher than the effect of
the corresponding porphyrin-BCD conjugates owing to the
higher absorption of the chlorin moiety in the red region (Q
bands); however, porphyrin TPPOCNHbmC5 displayed the high-
est phototoxicity, conferring ~73 % reduction of viability where-
as TPCOCNHbmC5 (61%), mTHPPCD (55%), and mTHPCCD
(51%) were less effective. Irradiation of TamCit-loaded con-
jugates resulted clearly in further decrease of cell viability
(brown bars): TPPOCNHbmC5 (83%), TPCOCNHbmC5 (72 %)
mTHPCCD (74 %), and mTHPPCD (66 %). Given that the TamCit-
loaded conjugates had no dark toxicity, it can be assumed that
red-light illumination resulted in release of the confined TamCit
from the vesicles allowing it to exert its cytotoxic action.
Therefore, a PCl mechanism can be suggested to explain the
results. MTT assay 48 h post irradiation (Figure 4b, last set) of
cells treated with TPCOCNHbmC5 alone showed cell recovery
with only 35% viability reduction whereas cells treated with
TamCit-loaded TPCOCNHbmC5 showed smaller recovery (~65 %
reduction), however the tendency for cell growth was evident.
Interaction of the amphiphilic chlorin-3CD aggregates with
cell membrane components is expected to destabilize the
aggregates but even complete dismantling would yield mono-
mers that are too large (~2 kDa) to pass through the cell
membranes. Therefore, endocytosis and entrapment in endo-
somes/lysosomes is anticipated in any case. Our previous
studies showed” that solutions of porphyrin-3CD NPs incu-
bated with model liposomes display identical UV-Vis spectra
both in aqueous media and in the monomerizing solvent DMF,
suggesting that the conjugates embed in the liposome
membranes as monomers. This occurs without disturbing the
liposome size and PDI values. We argued” that in a similar
fashion the porphyrin-pCDs end up in the membranes of
endosome/lysosome compartments and act as PSs upon
irradiation compromising the membranes and releasing the
drug. A similar mechanism is anticipated for the present
chlorin-BCDs. Further, the fact that upon irradiation TamCit
alone confers little damage to the cells but the TamCit/chlorin-
BCD formulation becomes highly toxic, indicates that the whole
system remains confined for 24 h until its activation by light.
The MCF-7 cell experiments indicate that although the
chlorin-BCD conjugates display both PDT and PCI effects, they
are rather less appropriate for PCl protocols than the corre-
sponding porphyrins, which under the same conditions suc-
ceeded in suppressing efficiently cell growth 48 h post-
irradiation.”” Insufficient drug loading of the irreqular aggre-
gates, immediate drug release and/or less effective lodging of
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the chlorin conjugates in the vesicle membranes could result in
the observed less effective PCl in vitro.

Conclusions

The successful preparation of chlorin-BCD conjugates as photo-
active drug carriers has been described. The conjugates form
rather irregular aggregates which are improved in the presence
of the chemotherapeutic drug tamoxifen citrate, presumably
due to cavity inclusion. The conjugates are effectively taken up
by MCF-7 cancer cells and reside into endosomes/lysosomes.
The conjugates either alone or drug-loaded display negligible
dark toxicity. Irradiation of the cells incubated with the
conjugates alone results in moderate PDT effects (~50 to 60%
cell viability 24 h post-irradiation). The effects are up to ~20%
improved after irradiation of cells incubated with the drug-
loaded conjugates, suggesting tamoxifen photo-release and
operation of a PCl mechanism. The cells treated with
TPCOCNHbmC5/TamCit seem to recover in the following 24 h,
indicating that this system is less efficient than the porphyrin
analogue, TPPOCNHbmC5/TamCit. The results suggest that the
efficient formation of suitably-sized, stable, photoactive NPs
with high drug payload seems to be more important than the
absorption properties of the light-harvesting unit of porphyr-
inoid-CD conjugates, under the PCl protocol.

Experimental section

Materials and Methods

The reagents were of the highest commercial grade available and
were used without further purification. Flash column chromato-
graphic purifications were performed using silica gel (pore size
60 A, 230-400 mesh, Sigma-Aldrich) and thin-layer chromatography
was performed on silica gel 60 F254 plates. Benzoylated cellulose
tubing (MWCO=2000) from Sigma was used for dialysis. Cell
experiments: the media/agents, LysoTracker® Green DND-26 and
Nunc™ glass base dishes for the cultures of cells were purchased
from Thermo Fisher Scientific. 3-(4,5-Dimethylthiazol-2-yl)-2,5-di-
phenyl-2H-tetrazolium bromide (MTT) was a product of Sigma-
Aldrich. Instrumentation and methods for structural, photophysical
and nanoparticle characterization are briefly described in the
Supplementary materials section. A home-made cylindrical photo-
reactor with SMD 5050 LED tape (viewing angle of elements 120°)
set at 630410 nm and 0.741 W (3.94+0.12 mW/cm?) and a power
supply fixed at 12 V was used for photostability and 'O, production
tests. Another home-made LED array lamp comprising 56x5 mm
LEDs emitting at 640+ 13 nm, viewing angle 20° (Kingbright
Electronic CO, LTD) and a power supply adjusted at 20V with
6.97 £0.14 mW/cm? LED output, was used for the irradiation of 96-
well plates. The lamp was secured at 2 cm over each plate (1 LED/
well). Extensive experimental details on all methods have been
published previously.!'**”!

Biological Experiments

Cell culture. MCF-7 human breast adenocarcinoma cell lines were
grown as reported."®” The stock solutions of the chlorin-BCD
conjugates or mTHPC (100 uM) or the corresponding complexes
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with TamCit™ (75 uM) in PBS with 4% DMSO (v/v), respectively,
after 2 min of sonication and 2 h stirring were diluted with culture
media and were allowed to self-assemble for 24 h. Final concen-
trations [Conjugates]:[TamCit] =10 uM: 7.5 uM.

Confocal Microscopy. MCF-7 cells were seeded on glass base dishes
(1x10° cells per dish) and allowed to grow overnight in DMEM
complete media (2 mL), in the same conditions as for the cell
culture. The cells were subsequently treated with solutions of
chlorin-BCD conjugates or with mTHPC. These solutions, prepared
with 2 min of sonication followed by 2 h stirring, were added to the
culture medium and the cells were incubated for 24 h (10 uM final
concentration). The samples were examined on a Leica TCS SP8 MP
(Wetzlar, Germany) multiphoton confocal microscope, described
previously."™” After the 24 h incubation of cells, LysoTracker®
Green DND-26 was added to a final concentration of 10 nm (stock
solution 1 mM in DMSO) for approx. 5 min. The samples were
excited at 514 nm (1.3 % laser intensity), and emission was recorded
between 637 and 670 nm, while LysoTracker® Green DND-26 was
excited at 488 nm (0.2 % laser intensity) and emission was recorded
between 501 and 538 nm. LAS X software was used to acquire
images. Processing was carried out with Image J.

Dark toxicity assays."™” The in vitro MCF-7 cell dark cytotoxicity

assays in the presence of the compounds alone or loaded with
TamCit were conducted using the MTT colorimetric assay. The cells
were seeded in 96-well plates (1x10" cells/well in 100 pL culture
medium) and left to incubate for 24 h in complete medium with
10% FBS at 37°C in a 5% CO, incubator. The cells were
subsequently incubated for 24 h with the pre-assembled conju-
gates (10 uM, DMSO content 0.4%, v/v). Pre-assembly was
performed using 100 uM stock solutions in PBS with 4% v/v DMSO
which were sonicated for 2 min, stirred for 2 h, then diluted 10-fold
with the culture medium and allowed to stand for 24 h. The assay
was performed as reported before.'®” The results were expressed
as % cell viability=(mean optical density (OD) of treated cells/
mean OD of untreated cells)x100 vs. concentration. All measure-
ments were carried out in quadruplicates and data were expressed
as mean =+ standard deviation.

Phototoxicity assays. Cells were seeded (1x10* or 3x10° cells/well in
100 pL culture medium) into 96-well plates and left to incubate for
24h in complete media. The stock solutions of either free
conjugates (100 uM) or conjugates (100 pM) + TamCit (75 uM) were
sonicated for 2 min, stirred for 2 h, added to the culture medium
and incubated for 24 h to assemble. Final concentrations: 10 uM
conjugate, and 10 uM conjugate with 7.5 uM TamCit, final DMSO
content 0.4%, v/v. After 24 h incubation with the assemblies the
cells were washed with PBS and fresh complete medium was
added. The cells were irradiated immediately at 640 nm at different
time points. After the irradiation, the cells were incubated for
additional 24 or 48 h, then washed with PBS, fresh medium was
added and viability was assessed with the MTT assay. Control values
were measured with untreated cells with and without irradiation.
All measurements were carried out in quadruplicates and data were
expressed as mean =+ standard deviation.

Synthesis

Tamoxifen  citrate  (TamCit, tamoxifen:citrate=2:1) and
TPPOCNHbmC5 (MALDI-TOF  HRMS for CoHyoy NoOse:  calcd:
1845.6696; found: 1845.6680, [M]*) were synthesized as reported.”
5,10,15,20-Tetra(3-hydroxyphenyl)-porphyrin (mTHPP) was prepared
as reported." 5-10,15,20-Tetra(3-hydroxyphenyl)chlorin (mTHPC,
MALDI-TOF HRMS for C44H32 N404: calcd: 680.240; found 681.037
[M+H]*, a-cyano-4-hydroxycinnamicc acid (HCCA) matrix) was
prepared from mTHPP as reported:® 'HNMR (500 MHz, 298.0 K,
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DMSO-dg): 6 9.76 (OH, br s, ~4H), 8.62 (Pyr, 5, d, J=4.5 Hz, 2H), 8.36
(Pyr,, s, 2H), 8.23 (Pyr, 5, d, J=4.5 Hz, 2H), 7.62-7.09 (Ph, o’0o,m,p, m,
16H), 4.15 (HPyr, s, 4H), —1.66 (NH, s, 2H) ppm, in accordance with
the literature.” The product did not contain unreacted porphyrin.
mTHPPCD was synthesized as described and was identical with an
authentic sample.®

mMTHPCCD: The porphyrin-B-cyclodextrin conjugate mTHPPCD
(20 mg, 0.011 mmol) was dissolved in dry pyridine (0.6 mL) under
Ar, while protected from light. To this solution, K,CO; (6.2 mg,
0.044 mmol) and p-toluenesulfonyl hydrazide (8.3 mg, 0.044 mmol)
were added and the mixture was heated under reflux. Additional
K,CO; (6.2 mg, 0.044 mmol) and p-toluenesulfonyl hydrazide
(8.3 mg, 0.044 mmol) were added in 4 portions and stirring was
continued under reflux for 48 h. Analysis of the visible spectrum of
the crude product showed that it was a mixture of the desired
chlorin and the corresponding bacteriochlorin (UV-Vis absorption
bands at 650 and 740 nm, respectively). Thus, the mixture was
allowed to stir in the air at 120°C for 15 min, until the entire
amount of pyridine was evaporated. Subsequently, 1.5 mL of H,O
was added and the mixture was stirred vigorously at 0°C. The
solution was neutralized carefully with HCl (37% w/w), the solid
was dialyzed for 48 h, and the product was collected as a brown
solid (mixture of chlorins and bacteriochlorin) after solvent
evaporation. This solid was dissolved in DMF (20 mL) and tetra-
chloro-o-benzoquinone (o-chloranil, 2.2 mg, 0.009 mmol) was
added while stirring at 25°C. The progress of the reaction was
continuously monitored by UV-Vis spectroscopy. As soon as the
peak of bacteriochlorin (740 nm) completely disappeared, the
reaction mixture was quenched with triethylamine followed by
evaporation of the solvent. The pH was adjusted to ~6 to 7 and the
product was dialyzed for 18 h. Solvent removal afforded the
mTHPCCD conjugate as a black crystalline solid (19 mg, 95%). The
content of unreacted porphyrin was <4%. 'HNMR (500 MHz,
298.1 K, DMSO-dy): & 9.80 (Ph-OH, br s, 3 h), 8.63 (Pyr, ;, m, 2H), 8.36
(Pyr,, m, 2H), 8.23 (Pyr,5, m, 2H), 7.5 (m, m, 4H), 7.39 (0,0, m, 8H),
7.14 (p, m, 4H), 6.00-5.20 (CD-OH, m, 14H), 4.86 (CD—H1, m, 7H),
4.38 (CD-CH,-OH, m, 6H), 4.16 (HPyr,, m, 4H), 3.57 (CD—H6,3,2, m,
28H), 3.30 (CD—H4,5, m, 14H), —1.64, —1.66 (NH isomer 1 and
isomer 2, two br s, 2H) ppm. MALDI-TOF HRMS for CgH;oo N4Osg:
calcd: 1796.6016; found: m/e 1796.6023 (M*, isomer 1 and isomer
2).

TPCOCNHbmC5:  The compound was synthesized from
TPPOCNHbmC5 (21 mg, 0.011 mmol) following the procedure
described above, without the tetrachloro-o-benzoquinone reaction
step, due to the fact that after work-up the absorption peak of
bacteriochlorin (740 nm)  had  completely  disappeared.
TPCOCNHbmC5 was collected as a black crystalline solid (15 mg,
72%). The content of unreacted porphyrin was <10%. 'H NMR
(500 MHz, 298.1 K, DMSO-dy): 6 8.60 (Pyr,; m, 2H), 8.29 (Pyr,, m,
2H), 8.16 (Pyr, 5, m, 2H), 8.07-6.86 (Ph o,0’p,m,m’, m, 16H), 5.73 (CD-
OH, m, 14H), 4.83 (CD—H1, m, 7H), 4.45 (CD-CH,-OH, m, 6H), 4.05
(HPyr,, m, 4H), 3.64 (CD—H3,6,5,6', m, 27H), 3.33 (CD—H4,2,6', m,
15H), 2.18 (H4', m, 2H), 1.69 (H2,3’, m, 4H), —1.54, —1.59 (NH isomer
1 and isomer 2, two br s, 2H) ppm. MALDI-TOF HRMS for
CoiHyoo NsOsg: calcd: 1847.6852; found: m/e 1848.6938 (IM-+H]",
isomer 1 and isomer 2).

Supporting Information
General description of instrumentation and supplementary

Figures and Tables for structural and spectroscopic character-
ization, 2D NMR data, DLS diagrams and irradiation tests are
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shown. The authors have cited an additional reference within
the Supporting Information.””
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