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Photosensitizer chlorin esmeets almost all the basic requirements for an optimal photosensitizer formulated by scien-
tists and experts. This work is devoted to the theoretical and experimental study of chlorin es acid-base properties re-
lated directly to its interaction with transport proteins, lipid membrane and vesicle receptors along the entire path
from the injection and entry into the bloodstream to reaching the target tumor and the specific key organelles. Gen-
erally, depending on the pH, the chlorin e; molecule can undergo stepwise acid-base ionization at three peripheral
carboxyl groups and one intracyclic nitrogen atom of the chlorin platform, forming a series of amphiphilic ions. Pro-
tonation of chlorin platform is accompanied by a clear optical response in the absorption and fluorescence spectra,
associated with photosensitizer phototoxicity under photodynamic therapy conditions, as well as its aggregation and
lipophilicity. The results obtained were consistent and consolidated with the published data on acid-base ionization
of the three peripheral carboxyl groups of chlorin es, and then were used to quantify the interfacial distribution coef-
ficients between octanol-1 and phosphate-buffered saline. The study concluded that protonation of chlorin platform is
likely the reason for the high selectivity of photosensitizer Fotoditazin® accumulation in tumor tissue.

Keywords: Chlorin e¢¢, PDT photosensitizers, Fotoditazin®, acid-base ionization, pH-dependent interfacial distribu-
tion coefficients.
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Domocencudbunuzamop Xiopum e5 MOANCHO HA36AMb 0APOM NPUPOObL OJisk (POMOOUHAMUYECKOU MEPAHOCMUKU ONYXO-
nei paznuunoli nokanuzayuu. OH yOoenemeopsiem npaKmudecKu 6cem OCHOGHLIM MpeboSaHUsM, NPeObIGIaeMbIM K ONMu-
MANBHOMY  (POMOCEHCUOUNUIAMOPY, OCHOBAHHBIM HA DOMOPUUYECKUX, OUOTOSUYECKUX U XUMUKO-MEXHOIOSUHECKUX
Kpumepusx, Komopbule 0bLiu CHOPMYIUPOBAHBL YHEHbIMU U CREYUATUCIIAMU 6 Pe3YTbmame aHaIu3a 60abuo2o0 0ovema
9IKCNEPUMEHMANbHBIX U KAUHUYecKux mamepuanos. Hacmosiwas paboma noceswena meopemuyeckomy u dKCnepu-
MEHMANLHOMY UCCIEO08AHUIO KUCTIOMHO-OCHOBHBIX CEOUCME XIOPUHA €5, KOMOpble HENOCPEOCHBEHHO CEA3AHbL C €20
83auUMOOelcmeuem ¢ MpaHCnopmHuIMU OeaKamu, TURUOHOU MEMOPAHOU U 8e3UKYIAMU- PEYENMOPAMU HA NPOMISICe-
Hue 8ce2o nymu om unvekyuu PS 6 kposomox 0o onyxonu-muwenu u ee opeaneni. B obwem cnyuae 6 3agucumocmu
om pH monexyna Xiopuma es Mojicem no08epeamvpCsi NOULA2080U KUCIOMHO-0CHOGHOU UOHU3AYUY NO Mpem nepue-
PULHBIM KAPOOKCUTLHBIM SPYRRAM U NO 0OHOMY GHYMPUYUKIUYECKOMY AMOMY d30Md XJI0PUHO80U niamgopmul, 00-
pazys uepedy ampupunvhvix uonos. Ilpomonuposanue XA0PUHOBOU NAAMPLOPMbL, CONPOBONCOAEMC HEMKUM
ONMUYECKUM OMKIUKOM U OKA3bIGAECT HENOCPEOCMBEHHOe GIUsIHIE HA CNEKMPbL NO2AOWEHUS U (DIYopeCcyeHyul Imo-
20 PS, komopwie ceszannvie ¢ e2o homomorcuunocmoio 8 yenosusx @UT, a maxoice Ha e20 azpecayuoHHoe COCMOsIHUE U
aunoguivnocmo. ITlonyuennvle pesyibmamvl ObLIU CO2NACOBAHbL U KOHCOMUOUPOBAHBL C TUMEPAMYPHBIMU OAHHBIMU NO
KUCIOMHO-OCHOBHOU UOHU3AYUU MpeX NepUudeputinbix KapOOKCUIbHbIX 2pYIN XIOPUHA € a 3amem ObLIU UCTIONb30-
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6aHbL OJIsl KOIUYECMGEHHOU UHMEPNpemayuu Kodpuyuenmos e2o medcghaszno2o pacnpedenenuss mexicoy OKmano-

aom-1 u PBS. Coenan 6b1800, umo npomoHuposanue XiopuHoeou niam@opmvl 1615emcs NPUYUHOU GbICOKOU CeneK-
. . ® .

musnocmu Haxonaenus pomocencuburuzamopa Fotoditazin® ¢ mxansx snoxavecmseHubx HO6006pa306aHUL.

KutoueBble ciaoBa: XiopuH ¢4 ¢otoceHcnOmmuzatopsr OUT, CDOTO,Z[I/ITaSI/IH®, KHCJIIOTHO-OCHOBHAs HOHM3AIHS,
pH-3aBucumMbIe K03 HUIMEHTH MEXK()A3HOTO paclpeIeICHUs.

Introduction

The photosensitizer chlorin eg can be described as a gift
of Nature provided for the using in photodynamic diagnosis
and therapy of different located tumors." 7 It meets almost
all the basic requirements for an optimal photosensitizer (PS)
based on photophysical, biological and chemical-engineering
criteria that were formulated by scientists and experts as a
result of the analysis of a large amount of experimental and
clinical data.

1. Strong absorption in the spectral range of the "ther-
apeutic window", where biological tissues have the highest
transmission (€gssnm = 2.5-104, saline solution, pH 7.7, data
obtained from our own experiments).

2. The fluorescence quantum yield which is suffi-
cient for fluorescent diagnosis allowing to control the accumu-
lation and elimination of PS from the tissues (®g = 0.16-0.22
aqueous media,™” ®p =0.18/pH 7.4 PBS, @ =0.24 chlorin
eq—polyvinylpyrrolidone/pH 7.4,"" @ =0.11/distilled wa-
ter,""! @y =0.18/pH 7.2 Tris-HCI!'!).

3. High quantum yield of singlet oxygen generation
(O = 0.67+ 0.07/pH 8.5, 0.60+ 0.06/pH 7.4 in PBS and
0.50+ 0.05/pH 6.3 in Tris-HCI!>'¥).

4.  High solubility in water or intravenous fluids and
blood substitutes (the formulation Fotoditazin® is a
dimeglumine salt of chlorin e, which increases the solubility
of organic acids, but does not affect the therapeutic effect of
drugs)

5. High selectivity of accumulation in malignant neo-
plasms (the tropism of Fotoditazin® reaches 20 after 1.5-2.5 h
from the injection moment!'*).

6. Rapid photosensitizer elimination from skin and
epithelial tissue (T, = 12 for Fotoditazin®™ ['*).

7. Low dark and light toxicity in therapeutic doses
(Fotoditazin® exhibited the lack of dark toxicity in thera-
peutic doses!').

8.  Storage stability (the shelf life of Fotoditazin® is
1 year at a temperature as high as 10 °C!"%),

9.  Availability of manufacturing or synthesis, uni-
form chemical composition.

The key feature of PS chlorin e is its inexhaustible
natural raw material base. The main source of pure chlorin
e 1s the blue-green algae Spirulina platensis, which is
cultivated on a large scale as a high-demand superfood and
detox product. In 2025, the volume of global sales of
Spirulina platensis powder will amount to about 600 milli-
on dollars, and is expected to increase more than one and a
half by 2032."*

This work is devoted to the theoretical and experimen-
tal study of the acid-base properties of chlorin e, related
directly to its interaction with transport proteins, lipid memb-
rane and vesicle receptors along the entire path from the
injection and entry into the bloodstream to reaching the
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target tumor and the specific key organelles like nucleus,
mitochondria, lysosomes, and endoplasmic reticulum.!® "
The pH of the interstitial fluid in tumors is known to be
lower than in normal tissues.”'?) There is a fairly
significant variation in pH inside the tumor, when this value
can reach 5.55.%% The pH gradient is a determining factor
in the selective uptake of carboxyl-containing PS by cancer
tumors.'***2% In the acidic tumor microenvironment, the
affinity of chlorin e4 to the transport proteins decreases then
the affinity to the lipid membrane, penetration speed and
depth increased.!"”

Experimental

Chemicals

All commercial reagents (Sigma-Aldrich) were used as re-
ceived without further purification. Phosphate-buffered saline
solution pH 7.4 (PBS) was prepared using appropriate amounts of
Na,HPO, and KH,PO, in double-distilled water. Deuteroporphyrin
IX dimethyl ester was synthesized according to??”. The medicine
Fotoditazin® (“VETA-GRAND”) was used as a source of chlorin
e dimeglumine salt. Triammonium salt of chlorin e4 (triammo-
nium salt of 18-carboxy-20-(carboxymethyl)-8-ethenyl-13-ethyl-
2,3-dihydro-3,7,12,17-tetramethyl-21H,23H-porphin-2-propionic
acid) was synthesized and purified according to modified proce-
dure presented in . Dimeglumine salt of chlorin e
(Fotoditazin®) was treated carefully with 17.5% hydrochloric acid
solution at a temperature of 10 °C until complete precipitation of
chlorin e5. The chlorin e4 precipitate was separated from the su-
pernatant by centrifugation and washed with distilled water. Wet
precipitate of chlorin eg was treated with a minimal amount of a
weak aqueous ammonia solution at a temperature of 10 °C until
the chlorin es was completely dissolved and a pH of 9.5 was
reached. The resulting triammonium salt of chlorin e was used to
prepare working solutions.

Instruments

The absorbance and fluorescence spectra were recorded
synchronous at 25 °C and 36.6 °C in 1x1 c¢m optical quartz cell
using a fluorescence spectrophotometer (AvantesAvaSpec 2048-
2) equipped with a qpod© (Temperature-Controlled Sample Com-
partment for Fiber Optic Spectroscopy). The monochromatic LEDs
5P4FCA, 3-4mW, Xy, =401 nm, VL400-5-15, 8.1-11.5mW,
Amax=402 nm, (Roitner Lasertechnik Gmbh., Germany) were used
as light sources for fluorescence study. Micropipette with the scale
value is 5.5-10° mL was used for titration experiment. The pH
values were measured using InLab Micro pH electrode (Mettler-
Toledo Inc.). The protonation constants were calculated using
SigmaPlot® (Systat Software Inc. (SSI)) software.

All calculations have been performed at the B3LYP 6-
31++G(d,p) level of DFT using the Gaussian software package.!*”)
No imaginary frequencies were obtained after vibrational analysis
of the optimized structures
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Results and Discussion

The structure and acid-base properties of chlorin eg

Chlorin eg4 is a unique molecular structure with a pH
dependent charge and lipophilicity. It consists of a bulky
alkyl-substituted chlorin platform H,C (lipophilic part) and
three close-packed residues of methanoic, ethanoic and
propanoic acids (hydrophilic part) at the molecule periphery
(Figure 1).

Figure 1. The molecular structure of chlorin es (H,Ceg). The
chlorin platform H,C is indicated by thick line. Acidic and basic
centers are shown in red and blue, respectively. The dotted line
represents four bifurcated intramolecular hydrogen bonds
(IMHB). Some atoms numbering will be used hereafter.

Generally, depending on the pH of the medium, the
chlorin es molecule can undergo acid-base ionization by
three peripheral carboxyl groups and four intracyclic nitro-
gen atoms as a part of two pyrrole (>NH) and two
pyrrolenine (>N) groups, forming a series of amphiphilic
ions. Despite the large number of publications deals with
chlorin e4 investigation, its acid-base ionization is still poor-
ly known. Here we investigated the acid-base ionization of
chlorines in saline solution, which is accompanied by a
clear optical response in the absorption and fluorescence
spectra, associated with PS phototoxicity under PDT condi-
tions, as well as its aggregation and lipophilicity. The re-
sults obtained were consistent and consolidated with the
published data on the acid-base ionization of the three pe-
ripheral carboxyl groups of chlorin eg, and then were used
to quantify the interfacial distribution coefficients between
octanol-1 and PBS.

Acid-base ionization of chlorin es from first principles

The general order of acid-base ionization of seven
functional groups of chlorin e4 can be determined in terms
of proton affinity PA (—AgHbO) based on the theoretical val-
ues of stepwise enthalpies of protonation AgHbiO in the gas
phase, which correspond to IgKy; in solution.’**!
Hereinafter, for the simplicity, the abbreviation H,C will be
used to denote a chlorin platform with any substituent sys-
tem and to describe the protolysis of intracyclic >N and
>NH groups of H,C, neglecting the peripheral substituents.
In the first step, a DFT study of the features of the chlorin
molecule H,Chl (unsubstituted chlorin platform H,C) proto-
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lysis was carried out. Unlike the porphine H,Por (unsubsti-
tuted porphine platform H,P), chlorin has one (of two)
hydrogenated "semi-isolated" 17,18-bond (Scheme 1),
which affected the physicochemical and acid-base proper-
ties of chlorins significantly. Two tautomers 21,23-H,Chl
and 22,24-H,Chl are possible for the unsymmetrical H,Chl
molecule, differing in the position of the NH groups relative
to the hydrogenated bond position.

H,yPor

21,23-H,Chl

Scheme 1. The structure of unsubstituted porphyrin and chlorin
platform. The figure presents the semi-insulated double bonds and
the main conjugated contour which highlighted with a solid plus
dashed lines.

DFT calculations of the standard enthalpy values of
these tautomers formation A.Hy’ have shown that 21,22-
H,Chl tautomer is 6.64 kcal/mol more stable than an alter-
native 22,24-H,Chl tautomer (Table 1). Thus, the 21,23-
H,Chl tautomer was used as a base structure for further
calculation of the molecular parameters of chlorin e and its
acid-base forms. As well as H,Por, the 21,23-H,Chl mole-
cule has a flat aromatic platform with four intramolecular
bifurcate hydrogen bonds (IMHB) (Figure S1), which are
formed as a result of intramolecular tightness™®**! These
IMHB stabilized the planar structure of the tetrapyrrole macro-
cycle and blocked intramolecular acid-base centers from
non-covalent interactions with solution components. The pro-
tolysis of the intramolecular acidic NH or basic N groups of
21,23-H,Chl, also as in the case of H,Por, results in the
formation of four ionic forms (Equation (1)):

+ + + +
M o +H +  +H

2+
H.C H.C H,c* (1)
For H;Chl', two tautomers are possible: 21,22,23-
H;Chl" and 21,23,24-H;Chl* ,differing in the excess proton

position (Scheme 2).

21,23-H,Chl 21,22,23-HsChl*

Scheme 2. The most stable tautomers of chlorin and its protonated
forms.
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Table 1. DFT-calculated (DFT/B3LYP/6-317"G(d,p)) parameters of H,Por, Por”, H,Chl and ChI* protonation (Equations (2), (3)), aqua-
and hydrogensulfate complexes H,Por*'(G),, H;Chl*'(G), formation (Equation (4))

AHp® AHy’ AHy6° L angle HB TAQ AHyG" L angle HB TAQ
Compound (kcal/mol) (kcal/mol) (A) (degree) ®) (kcal/mol) (A) (degree) ®)
G=H,0 G=HSO,
H,Por -238.77 -159.79 -29.65 4.46 169.30 -0.35 -253.06 3.72 173.81 -0.89
Por” -435,72 -348,50
H,Chl -241.97 -153.42 -29.36 441 168.40 -0.36 -254.90 3.66 174.30 -0.90
Chl* -436,46  -350,42

A Hy,° —stepwise enthalpies of protonation
A H,° — enthalpies of complexes formation
L - distance between the contact oxygen atoms of the "guests"(G).

YAQ - total transferred charge from two "guests" to a diprotonated macrocycle.

[H4ChI**](H202)2

[H4ChI**](HSO4),

Figure 2. DFT-calculated geometry of H,ChI** “double roost” type complexes. The H,C*" platform exist in 1,3-alternate configuration.

The 21,22,23-H;Chl” which formed as a result of pro-
tonation of nitrogen atom 22 is more stable. As in the case
of H;Por', the two bifurcated intramolecular HB blocked
the acid-base centers of 21,22,23-H;Chl" from non-covalent
interactions with solution components. Hydrogenation of
the 17,18-bond in H,Por increases the PA of 21,23-H,Chl
by 3.2 kcal/mol, and decreases the PA of 21,22,23-H;Chl"
by 6.37 kcal/mol which implies an increase in the chlorins
basicity at the first step of protonation in solutions and
increase in the difference between the stepwise protonation
constants compared to structurally similar porphyrins.

The accession of a second proton completely disrupts
the IMHB. Dication H,Chl**, as well as H Por’", has the
1,3-alternate structure, which is formed as a result of the
Van der Waals and electrostatic repulsion of hydrogen
atoms of four intracyclic NH groups (Figure S2). The
positively charged 1,3-alternate exibits the receptor proper-
ties and exists in aqueous solutions only as a homogeneous
or mixed complexes [H4P*'](H,0),, [H,P*"](An), and
[H,P*")(H,0)(An), respectively® *"! According to DFT
calculations, the H,C*" is also capable of forming “double
roost” type complexes with water and anions, which
stability is compared with corresponding porphyrin
complexes (Figure 2, Tablel).

0

AH
H,C+H —£ L ,H.C” 2

0

AH
H,C +H —= 2 ,H,c*" 3)
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A, Hoc’
H,C> +2G 0 ,C*' )G, G=H,0 or HSO;  (4)

Table 1 shows that the basic properties of H,Chl are
much more pronounced than the acidic ones, which coin-
cides with the acid-base ionization of H,Por in solution.
Within the unified pH scale*” the known experimental val-
ues of protonation and deprotonation constants 1gKy; and
pK, for HyPor are 3.59 and 22.35, respectively.m] In this
case, the value of first protonation constant of H,Por lies
within the boundaries of the aqueous pH scale, while the
value of first deprotonation constant is well beyond its up-
per boundary, and therefore we do not consider the depro-
tonation of chlorin ¢4 in this work.?”!

At the next step, the DFT geometry was optimized and
the enthalpies of formation A Hf of the chlorin e trianion
(H,Ces") and its all poss1ble protonated forms with the
general formula H,Ces”™, linked by Equation (5), were
calculated.

p+m:n_57 (5)

where n is the total amount of mobile hydrogens, p — the
charge of the chlorin platform, m- the total charge of
carboxylate groups.

Based on the A,fy, values, the order of trianion
H,Ces"* stepwise protonation and stepwise proton affinity
PA; (-A.Hy") of its most stable protonated forms were
determined (Scheme 3). The calculation showed that 13",
15% and 17° carboxylate groups of the chlorin e4 hydro-
philic part should be protonated first one after another to
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form the electroneutral structure H5Ce60/0, and then 23 and
24 pyrrolenine nitrogen atoms of the chlorin platform
protonated to form the final dication H7Ce62+/0.

The acid-base ionization of chlorin es; in aqueous
solutions: carboxyl groups

The study of the acid-base ionization of the carboxyl
groups of chlorin e¢ presents some difficulties due to the
lack of H,C optical response, as well as due to the tendency
of chlorin es molecules with a large hydrophobic mass
(199.9 u per carboxyl group) to association and aggregation
in aqueous media, which increase with decreasing the total
negative charge and increasing the ionic strength.'®!
M. Vermathen and co-workers measured the 1gKy,; 1gKy, and
1gKy3 of chlorin e 3", 5' and 7' carboxyl groups by *C NMR
spectroscopy in H,D, with values of 8.3 £ 0.1, 7.9 £ 0.1 and
7.9 £0.1 at 25°C, respectively.!*

The acid-base ionization of chlorin es; in aqueous
solutions: chlorin platform

Hydrogenation of the 17,18-bond of the porphyrin
platform is the cause of the red shift and sharp increase in
the intensity of the long-wavelength absorption band Q
(12.5-fold, Figure 3), as well as the fluorescence

enhancement in the ‘therapeutic window’ region, which are
important for photodynamic theranostics.

In the pH range from 8 to 6, a characteristic optical
response of H,C is observed for chlorin es aqueous solution,
accompanied by a blue shift and a partial decrease in the
intensity of the Q, absorption band, and identical changes in
the fluorescence spectra.'®” Whereas these spectral
changes are similar with the optical response of H,C single
protonation in non-aqueous solutions (Table 2)M**! this
response is traditionally attributed to the aggregation of
electroneutral molecules H5Ce60/0“6] that are formed as a
result of the exhaustive protonation of the three carboxylate
groups in aqueous media, ignoring alternative protonation
of H,C. At the same time, it is postulated that protonation
of carboxylate groups and the degree of chlorin e aggrega-
tion are the main factors determining its membrane adsorp-
tion, rate and depth of molecule diffusion through
phospholipid bilayers,!"*2**47 ! a5 well as an increase in
chlorin e4 distribution constants between nonpolar octanol-1
and aqueous medium,"*'****? while protonation of one
intracyclic nitrogen prevents incorporation of the molecule
into the hydrophobic layer of the phospholipid membrane.

The optical spectra of chlorin es protonated forms
H,C, H;C"and H4C2+ were recorded in the binary methanol-
H,SO, medium (Figure 4) for subsequent identification of
these forms in saline solution.

H5C eGOIO

H6 C e6+/ 0

H7C e62+I0

Scheme 3. The order of stepwise protonation of chlorine ¢4 trianion H2Ce60/ 3 based on PA, values (kcal/mol).
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Methanol is a convenient boundary solvent between
aqueous and organic media. It has sufficient solvent
capacity towards natural tetrapyrroles to provide their agg-
regation stability. In addition, methanol has a sufficiently
high dielectric constant (¢=32.63 at 25 °C), which is

Maxpoecemepoyuxnvt / Macroheterocycles 2025 18(4) 230-242

necessary for ionic processes to occur. The optical spectra
of chlorin es methanol solutions with H,C, H;C" and H4C2+
are identical to the spectra of other natural chlorines and
lack signs of intermolecular association.
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Protonation of chlorin platform of Fotoditazin® in
saline solution at 36.6 °C

Further in our work we used highly water-soluble
dimeglumine salt of chlorin e (H,Ceg d.m.s.) which is used
as PDT photosensitizer Fotoditazin® (Figure 5) with a drug
strength of 10 mg/ml.

HO HO
OH OH
HO HO
OH OH
HO HO

Figure 5. Dimeglumine salt of chlorin e (Fotoditazin®™).

Fotoditazin® is a successful example of the practical
use of meglumine to enhance the solubility and aggregation
stability of chlorin ec. Meglumine increases the solubility of
organic acids, but does not affect the therapeutic effect of
drugs. In an aqueous solution, the dimeglumine salt decom-
poses to form free chlorin es. The initial optical spectra of
Fotoditazin® in saline solution are completely identical to

the spectra of triammonium salt of chlorin es (H,Cegt.a.s.) in
methanol (Table 2, Figure S3), indicating the absence of
intermolecular association, at least at concentrations up to
6.00-10° M (Figure S4). During the acid titration of
dimeglumine salt of chlorin e4 in saline solution, transfor-
mation of chlorin e optical spectra corresponds only the
first stage of H,C protonation at the 24 nitrogen atom is
observed (Figure 6, Figure 4), while the second protonati-
on stage is expected in a more acidic region. Two clearly
defined areas of the spectropotentiometric titration curves
corresponding to two different equilibrium protolytic
processes can be distinguished (Figure 6).

In the pH range of 8.5-5.4, the optical spectra of
chlorin e4 platform H,C are transformed directly into the
spectra of H;C" with Q; maxima of the absorption and fluo-
rescence bands at 655 nm and 664 nm, respectively. In syn-
chronous optical spectra, clear isosbestic and isoemission
points (Figure S5) are observed, indicating equilibrium only
between these two optical centers, which we see to be in-
sensitive to ionization of the peripheral carboxylate groups,
as well as to the presence of meglumine.

Thus, the first section of the H,Ces d.m.s. titration
curve corresponds to the protonation of the 24th nitrogen
atom of H,C. In the second region, in the range of pH 5.4-
3.0, a monotone decreasing in the intensity of the H;C" ab-
sorption spectrum is observed, with a small blue shift of 3 nm,
but the fluorescence decreases insignificantly. In this case,
the partial solution bleaching is caused by the partial forma-
tion of a precipitate, which is in protolytic equilibrium with
the solution. The solid phase is concentrated on the Teflon
magnetic stirrer surface and does not create the effect of
suspension light scattering. The equilibrium spectrum of
chlorin e¢ with protonated H;C" remains unchanged at pH 3
overnight, indicating its aggregation stability. Thus, the
second stage of the titration curve corresponds to the
interfacial protolytic equilibrium between the solution of
chlorin e with H;C" and the precipitate of unknown
composition. The likely cause of precipitation is the forma-
tion of J-aggregates of unknown composition (see chapter
Acid-base ionization of chlorin es from first principles),
which study goes beyond the scope of this report.

Table 2. Optical spectra parameters of chlorin e4 and its protonated forms in different media.

Compound Medium Soret Band, (nm) Q, Band, (nm)
H,C H,C* H,C™ H,C H,C* H,C™
(red shift) (red shift) (blue shift) (red shift)

Chlorin egt.m.e.® CH;0H-HCI 398 409 420 662 644 662
Chlorin egt.m.e.®® CH;COOH - 408 422 - 644 663
Chlorin eg* CH;0H-CF;COOH 402 409 - 660 642 -
Chlorin eg* CH;0H-H,S0, 402 411 415 663 647 657
Chlorin egd.m.s.* CH;0H-H,S0, 401 410 414 662 643 659
Chlorin ;' H,0-PBS 401 406 - 654 639 -
Chlorin egd.m.s * H,0-H,S0, 402 405 655 642

t.m.e. — trimethyl ester, d.m.s. —dimeglumine salt (Fotoditazin®)
*) — this research data.
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Figure 6. The results of spectropotentiometric titration of H,Ceg d.m.s. with sulfuric acid in saline solution at 36.6 °C. First protonation
step of H,C is shown indark-green color, and the second stage is shown in green. The red line shows the titration curves obtained by fitting

the parameters in Equation (6).

The first part of absorption and fluorescence titration
curves was approximated by Equation (6) for the first step
of H,C protonation (Equation (7)).

-PH
Vo= YO(HZC ) +Y;)(H3C*) XKM x10

(6)
§ 1+K,, x10™""

where Y, — current value of absorbance (A) or fluorescence
(F) on analytic wavelength A, Yo; — absorbance or

Maxkpoeemepoyurnvt / Macroheterocycles 2025 18(4) 231-245

fluorescence of i-form solution with a concentration equal
to the analytical concentration of H,Ceq d.m.s

+ Kb4 +
H,C+H ——==H,C )

The calculation performed by fitting the parameters
Kbs and Y osct) in Equation (6) showed that the first region
of the titration curve of dimeglumine salt of chlorin e
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corresponds exactly to the one-proton Equilibrium (7) with
constants “Ky4=6.400.03 and "K4,=6.01+0.03. The diffe-
rence between the absorption AKy, and fluorescence 'Ky,
protonation constants exceeds the error of determination, is
due to the different basicity of H,C in the ground and
excited states.

The effect of meglumine

To evaluate the contribution of meglumine to the acid-
base properties and aggregation pH stability of Foto-
ditazin®, a comparative study of chlorin eg triam-monium
salt (H,Ceq t.a.s.) in saline solution were carried out. The
first difference is the blue and red broadening of the absorp-
tion bands of H,Ceq t.a.s. in the initial saline solution with a
pH 8.5 compared to the spectra of H,Ces d.m.s. (Figure 7),
which indicates the presence of H-aggregates (blue shift)
and J-aggregates (red shift), respectively. These chlorin eg
aggregates may have the same structure as proposed by
L. M. Scolaro and co-workers for protoporphyrin IX."*’)
The chlorin ¢4 aggregates exhibit no fluorescence, allowing
the monomers to be observed independently.

Monomer and aggregates of chlorin e interact with
the acid differently. The monomer is protonated in two
steps similar to H,Ceq d.m.s. (Figure S6). The first section
of the titration curve is characterized by clear isosbestic and
isoemissive points in the absorption and fluorescence
spectra corresponds entirely to the protonation of the
intracyclic nitrogen atom of the chlorin platform with
*Kps = 6.40 + 0.03 and "Kpy = 6.10 + 0.03, coinciding with

HA

Absorbance

JA

. — —
300 400 500 600 700 800

Waveleght (nm)

the values for chlorin e; dimeglumine salt. Protonation of
the chlorin e, monomer results in the formation of a mixture
of chlorin eg with monoprotonated H;C" and the initial non-
fluorescent aggregates with absorption bands at 642 and
669.4 nm, respectively. The fluorescence maximum at
658.8 nm corresponds to the Q; absorption band of chlorin
e with H;C", while its aggregates exhibit no fluorescence.
With further acidification of this mixture, a pH-dependent
equilibrium precipitate formation occurs. At this stage,
there are no isosbestic and isoemissive points in the absorp-
tion and fluorescence spectra. Most of the initial chlorin eg
aggregates pass directly into the precipitate, but a small
amount of them are first broken down to monomers (the
finish part of the fluorescence titration curve). Thus,
meglumine has no appreciable effect on the protonation
constants of the hydrophilic and hydrophobic portions of
chlorin ¢4 in aqueous solution. For this reason, only the
H,Ce4 will be used instead of the H,Ceq d.m.s. and H,Ceq
t.a.s abbreviation for simplicity.

Consolidated acid-base ionization constants
of carboxyl groups and chlorin platform of chlorin es
in saline solution at 36.6 °C

After measuring the protonation constant of H,C of
chlorin ¢4, we performed a procedure to consolidate Ky,
with the protonation constants of the three carboxyl groups
K1, Ky, and Ky; measured by 'H NMR in H,D.**

Fluorescence intensity

¥ | U | U T T ! ¥ I
400 500 600 700 800 900
Waveleght (nm)

Figure 7. The optical spectra of H,Ces d.m.s (black) and H,Ceg t.a.s.(marengo) in saline solution at 36,6 °C and pH 8.5, aligned to Q,
bands and fluorescence intensity, respectively. Fluorescence excitation at 401nm. The arrows indicate the presence of H-aggregates (HA)

and J-aggregates (JA).
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To do this, we adjusted for the effect of deuterated solvent
(Equation (8)) and estimated the correlation of experimental
1gKy; values of protolytic Equilibria (9)—(13) with PA; for
three carboxylate groups and a chlorin platform (Figure 8).

1gK,; (Hzo) = 1gKy; (DZO) -0.48 (8)
K
H,Ce,”* +H  —=2H,Ce, "> ©)
K
H,Ce,"” + H' —=22H,Ce"" (10)
K
H,Ce,” +H' —22H,Ce, "’ (11
K
H Ceq""+H" = H,Ce,""’ (12)
K
H6CC6+/O +H" ﬁH7CC62+/O (13)
8,0 -
7,54
4
=]
7,04
6,5
o4

T T T T T 1
500 450 400 350 300 250 200
PA (kcal/mol)

Figure 8. Correlation between the protonation constants 1gKy; of
chlorin eg and the corresponding PA; values: 1 — IgK,;/PA,
2 - ngbZ/PAZ, 3-— ngb3//PA3, 3% — ngb3*//PA3, 4 — ngb4/PA4

The IgK,; value of the carboxylate group 17° drops
out of the correlation relationship, which has an un-
expectedly large value coinciding with 1gKy, for 157, while
a linear correlation with a coefficient of 0.995 for the three
pairs of IgK,/PA,, 1gKy,/PA, and IgK,,/PA, values was
obtained. The new refined value of ngb; determined from
this dependence is 6.97. Thus, we see that the values of
protonation constants of carboxylate groups in water can be
used to describe the protonation equilibria of the
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hydrophilic part of chlorine e in saline solution. The va-
lues of IgKy,;, 1gKy,, ngb; and IgK,, were used to plot the
pH-dependent concentration distribution of equilibrium
forms of H,Ce”™ in saline solution at 36 °C (Figure 9).
These dependencies are presented analytically in the
Supporting materials (Equations S1-S5).

100

Concentration (%)

Figure 9. The pH-dependent distribution of equilibrium concen-
trations of the H,Ces”™ ionic forms in saline solution at 36.6 °C:
a—HyCe”, b —HsCe’%, ¢ — HyCes”", d — HsCe® (green lines),
¢ — H,Ceq"(red line), plotted based on 1gKyy, 1gKy,, 1gKps*, 1gKps.
The dashed line marked the boundary of sedimentation.

The protonation energy decreases dramatically as a
result of solvation of the reagents in going from the gas
phase (PA) to the solution (IgKy)***'™°. The medium effect
leads to a significant convergence of the stepwise Ky,; values
in the saline solution, resulting in the mixing of Equilibria
(9)-(13), as shown in Figure 9. Due to the close values of
the step constants, all ionic forms of chlorin e4 related by
the system of dynamic Equilibria (9)-(13), are present in the
physiologic pH range 5-8, which ultimately allows chlorin
e to adjust to a substrate of any polarity.

The effect of pH on the chlorin e4 interfacial distribu-
tion between octanol-1 and PBS

When octanol-1 is added to the chlorin es phosphate
buffer solution, an interphase equilibrium is established
(Scheme 4), as a result part of the chlorin eg passes into
nonpolar octanol-1 (¢ =10.3) exclusively in the electro-
neutral form H6Ce60/0.

239



The Smart Photosensitizer Chlorin eg (Fotoditazin®): the Role of Acid-Base Tonization

Octanol-1

H SCGGOIO

/

H2C960/3' b m— H3C960/2-<__> H4C€60/- P m—y H5C€60/0 P m—y H6C66+/0

PBS

Scheme 4. The proposed scheme of equilibria between different forms of H,Ces” ™ in a two-phase octanol-1/PBS system.

To verify the absence of the ionic forms of chlorin e
in the octanol phase, we performed a qualitative assessment
of its interphase distribution between octanol-1 and
PBS/pHS.0, corresponding to the lower limit of the physio-
logical range. Then, the absorption spectrum of the octanol
phase belongs only to the electroneutral form HsCe" (Fig-
ure S7). The absence of the H¢Ces ™ cation (or its elec-
troneutral associate with the counterion) in the nonpolar
octanol phase, which is easily identified by characteristic
optical spectra, makes it possible to exclude the presence of
any other anionic form H,Ces"*, HyCe”* or HyCey” from
the octanol phase.

A quantitative measure of the chlorin eg lipophilicity
is the partial distribution coefficient (lipophilicity distribu-
tion coefficient) H;Ceq”” between octanol-1 and an aqueous
buffer solution (po.,pss), the numerical value of which does
not depend on the pH of the buffer solution (Equation (14))

[HsCe" | (14)
[HSC%O/OJ

Poct/ps =
PBS

Equation (14) assumes directly proportionality bet-
ween the concentrations of electroneutral form H5Ce:60/0 in
the aqueous phase and in octanol-1. Traditionally, due to
the uncertainty of the constants of protolytic Equilibria (9)-
(13), the conditional partition coefficient (Po.pps) 1S
calculated for chlorin e4 by Equation (15), which numerical
value depends on the experimental pH.

where

Co— [HsCes""Joe = ([HaCes ] + [H3Ces"™] + [HyCes] +
+ [HsCes” 1+ [H7Ces " es. . ... (16)

Thus, it can be seen that unlike the constant po.,pgs,
the value of Po.,pps is a conditional pH-dependent parame-
ter equal to the ratio of the concentration of H5Ce§0/0 in
octanol to the total concentration of all equilibrium forms of
chlorin e4 in PBS at a fixed pH (Equation (16)). Published
experimental values of Pg.pps for chlorin es increase
monotonically in the pH range of 7.1-7.6 and satisfactorily
fit the straight line (black line in Figure 10).

On the other hand, the pH dependence of [HsCes"*] pgs
concentration calculated from the K, K,, Kb; and Ky,
values, is extreme (Figure 9), which implies an extreme pH
dependence for [HsCes’]o.. (Equation (14)) and, as a
consequence, for Po.pgs (Equation (15)). Thus, it should
be assumed that in addition to [H5Ce60/0]05,, some other
ionic forms of chlorin e are involved in the proposed inter-
phase equilibrium shown by Scheme 5. Using the method
of fitting parameters of interfacial equilibrium it was found
that this form is the [H6Ce6+/0] pps cation. Taking into
account the sum of the current equilibrium concentrations
of [HsCeq""]pss (blue line, Figure 10) and [HeCes™]pps
(green line, Figure 10) gives a sigmoid curve (Equation
(17)), which tangent line is a linear pH dependence of expe-
rimental Py, pps values (Figure 10), and the value of po.,pps
=13.77.

pBS : (17)

[HSCG:GO/O]
P _ Oct , (15)
Oct/PBS C() _':H5Ce60/0:|0ct
p _ Poe/prs ™ ([HSC%O/O} * [H6ce6+/0])
o (it T, oo, e [h,0o )
where

Poct/pBs ([HSC%O/O] + |:H6C66+/0:|)PBS - [HSC%O/O :'Oct (18)

In the extreme acidic region at pH < 3, where the sum (19) tends to zero, Equation (20) is valid

([HaCee [+ HyCe? [+ HyCee” [+ [HyCe” ) >0 (19)

PBS

Pocipss = Poupps &t PH<3 (20)
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Figure 10. Theoretical pH dependences of Pg,,pps for HsCeg®

(blue line), for H¢Ce, ™ (green line) and their sum (red line). The
dots on the black line are experimental values Py, pps/pH
obtained for chlorin ¢4 by different authors: a — 10/6.7, 4/7.1,
3/7.6;1'b - 2.88/7.4;5% ¢ — 1.88/7.4,5%31 d — 1.68/7.4.1'")

The obtained result indicates that the interface equilib-
rium (Scheme 4) "does not distinguish” between HsCeg"
and HsCes™ in PBS. Obviously, the mechanism of chlorin
e interface equilibrium between octanol-1 and PBS
requires further detailed investigation. The conclusion
about the participation of the H¢Ces " cation in the chlorin
e interface equilibrium between octanol-1 and PBS allows
us to highlight the key milestones of the chlorin e interac-
tion with the cancer tumor and its subsequent transport
through the lipid membrane of a cancer cell consisting of
lipophilic and hydrophilic layers:

1. Accumulation of H¢Ces”
space, characterized by hyperacidity.

2. Increased adsorption of H¢Ces* on the cancer
cells surface due to the high concentration of sialic acid
and, as a result, a negative surface charge.

3. Effective transport of chlorin e through the
phospholipid membrane, consisting of lipophilic and
hydrophilic layers, due to easy recharge between HsCee,
which is able to accumulate in the lyophilic layer, and
HGCeJ/O, which is able to accumulate in the lyophobic
layer of phosphate groups.

Thus, protonation of chlorin platform is the most
likely reason for the high selectivity of photosensitizer
Fotoditazin® accumulation in tumor tissue.

% in the intercellular

/0
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Conclusions

Chlorin ¢4 (H,Ceg) meets almost all the basic require-
ments for an optimal photosensitizer (PS) based on photo-
physical, biological and chemical — engineering criteria.
The key feature of H,Ces is its inexhaustible natural raw
material base. H,Ce is a unique molecular structure with
pH-dependent charge and lipophilicity. It consists of a
bulky alkyl-substituted chlorin platform and three close-
packed residues of methanoic, ethanoic and propanoic acids
at the molecule periphery. In aqueous solution, the H,Ceq
molecule undergoes stepwise pH-dependent acid-base
ionization at three peripheral carboxyl groups and one
intracyclic nitrogen atom of the chlorin platform, forming a
series of amphiphilic ions: HzCeé(m, HzCeGO/'Z, HzCe60/',
H2Ce600, H2Ce6+/ 0, characterized by close wvalues of
protolytic equilibrium constants. In the physiological and
more acidic pH range corresponding to the microenviron-
ment of cancer cells, there is an equilibrium mixture of five
acid-base forms of chlorin e;. As a result, the smart PS
chlorin eq4 is able to adjust to a substrate of any polarity. The
equilibrium of chlorin es between octanol-1 and PBS
involved (HyCes™)oer and (HyCes™ + HyCeg™)pss, as a
result of easy recharge between H,Ce® and H,Ces'"° at the
interface. This interfacial equilibrium monotonously shifts
towards octalol-1 as the pH decreases, reaching the limiting
value of distribution coefficient P*,,pps=13.77. Protonation
of the chlorin platform is likely the main reason for the high
selectivity of the photosensitizer Fotoditazin® towards
malignant neoplasms and its rapid diffusion across the lipid
membrane of cancer cells.
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