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Objectives. Chlorin and bacteriochlorin photosensitizers are effective agents for cancer
photodynamic therapy and fluorescence imaging. They are also excellent chelators forming
stable metal complexes. Besides, **Cu and °°Pd isotopes can serve as emitters for nuclear
medicine. Chelation of these metals with cyclen conjugates with chlorin and bacteriochlorin
photosensitizers can become a simple and universal strategy for the synthesis of diagnostic and
therapeutic radiopharmaceuticals for nuclear medicine. This article reports on the synthesis of
similar Cu and Pd complexes of cyclen conjugates with pheophorbide and bacteriopheophorbide
and the study of their photophysical properties.

Methods. Metalation of cyclen conjugates was carried out with palladium and copper acetates.
For bacteriochlorins, 6-O-palmitoyl-L-ascorbic acid was additionally used as a reducing agent.
MALDI mass spectrometry, which was carried out on a time-of-flight mass spectrometer Bruker
Ultraflex TPF/TOF and a Bruker Daltonics Autoflex II confirmed the structure of the compounds
obtained. Electronic absorption spectra were obtained on a Shimadzu 3101 spectrophotometer.
Fluorescence and phosphorescence spectra were obtained on a FluoTime 300 PicoQuant
spectrofluorometer.

Results. Photophysical studies of metal complexes showed that the introduction of palladium
cations quenches fluorescence and increases the quantum yield of singlet oxygen generation to
0.98 for the chlorin conjugate. Besides, it decreases the quantum yield of fluorescence to 0.10 and
increases the quantum yield of singlet oxygen generation to 0.72 for the bacteriochlorin conjugate.
Introducing a copper cation to cyclen conjugates with pheophorbide and bacteriopheophorbide
leads to photophysical characteristics quenching.

Conclusions. Due to the stability of the synthesized metal complexes in acidic media, as well
as the short metalation time (5, 20, 10, and 15 minutes) it is reasonable to expect the successful
development of effective imaging agents for positron emission tomography and radionuclide
therapy. In addition, the residual fluorescence of bacteriochlorins makes it possible to use
fluorescence diagnostics in combination with these methods.

Keywords: metal complexes, bacteriochlorins, chlorins, theranostics, cyclen, palladium, copper,
photodynamic therapy.
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Cunre3 u cpoiicTBa Cu- u Pd-koMIJIeKCOB KOHBIOTATOB
nuKJeHa ¢ ¢peopopouaom u daxkrepuodeodopongom

A.C. Cmupuos®, M.A. T'pun, A.®. MHpPpOHOB
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Ienu. ®omoceHcubUNUIAMOPbL HA OCHO8E XJIOPUHO8 U BAKMEPUOXTIOPUHO8 ABASIIoMECst 9pheK-
MUBHbLIMU azeHmamu 051 PomoOUHAMUUECKOU mepanuu U hayopecyeHmHol eU3yanusayuu
paxa. Kpome moeo, oHu npedcmagasiiom coboti omauuHble xeaamopbl, obpasyouue cmabuio-
Hble MemaloKoMNnaeKcsl, a usomonst “*Cu u 1°Pd moeym cayskums € kauecmee uznyuame-
nell 051 s10epHOll MeOuUUHbL. XenamuposaHue maKux Memasnio8 ¢ KOHb2amamu YUuKaieHd ¢
XJIOPUHOBBIMU U 6AKMEPUOXTOPUHOBLIMU (POMOCEHCUOUNUIAMOPAMU MOIHEM CMAMb NPOCMOu
U yHugepcanvHoll cmpamezuell cuHmesa OUaeHOCMUYUecKux U mepanesmuueckux paouogpapma-
uesmuuecKkux npenapamos ost ss0epHoli MeduyuHsl. B Hacmosiuiem ucciedoeaHuu coobuiaemaest
0 cuHmese no0obHsulx Cu- u Pd-Komniaexcoe KoHbO2amos8 yukieHa ¢ ¢peogpopbudom u baxmepuo-
peochopbudom u ucciedo8aHUU UX homodusuUUecKux ceolicma.

Memoobst. MemanniupogaHue KOHbI02AMO8 WUKAEHA NPO8OOUIOCL AUeMAaAmamu NAaNA0Ust U Meou,
0Nt 6aKmMepuUoXI0pPUHO8 OONOSTHUMENLHO UCNO0b308aANU 6-O-nantbmumoun-L-ackopburogoil Kuc-
Jlomel 8 Kauecmee goccmaHogumens. Cmpykmypy hnoayueHHsblX coeOuHeHUll noomeepicoanu
¢ nomowwbto MALDI-macc-cnekmpomempuu, KOmopyro npoeoousl HA 8PemMsi-NpPosemHoOM MACC-
cnexmpomempe Bruker Ultraflex TPEF/ TOF u Bruker Daltonics Autoflex II. DnekmpoHHble cneKkmpbl
no21oweHust peeucmpuposanu Ha cnekmpogomomempe Shimadzu 3101. Cnekmpbl payopecyeH-
uuu u gpocghopecuyeHyuu boLiu noayuersl Ha cnekmpogayopumempe FluoTime 300 PicoQuant.
Pesynoemamet. Pomogusuueckue ucciedo8aHUst MEMAIIOKOMNIEICO8 NOKA3AU, UMO 88edeHUe
KAMUOHO08 NANNIA0USL NPUBOOUM K MYUEHUIO (PAYOPEeCUEeHUUU U YBENUUEHUID K8AHMOB020 8blLX0-
da cuHenemHozo Kuciopooa 0o 0.98 051 XNOPUHO8020 KOHBIO2AMA, A MAKNKE YMEHbULEHUIO KEAH-
moeoeo 8bixooa payopecyeryuu 0o 0.10 u ysenuueHuro K8aHmMo8o20 8blx00a CUHRAEMHO020 KUC-
sopoda 0o 0.72 ons baxmepuoxaiopuHozo KoHblozama. BeedeHue KamuoHa meou K KOHblozamam
uukrneHa ¢ gpeogpopbudom u baxmepuogeogopbudom npugooum K myuleHuro pomogusuueckux
XapaKxmepucmux.

Barcnrouenue. Ycmoliuugocms CUHMEIUPOBAHHBIX MEMAIIOKOMNIEKCO8 8 KUCAbLX cpedax, a
maroke Hebonbuloe spemst memannuposarus (5, 20, 10 u 15 muH coomgememeeHH0) no3goisiem
oxxudams ycneuwlHoe co30aHuUe 9PpheKmusHblX SU3YANUSUPYHOULUX A2EHMOE OJIst NO3UMPOH-
HO-9MUCCUOHHOU momozpagpuu U paduoHyKAUOHOU mepanuu, a 0CMAmouHAasl YAyopecueHyust
6aKMepuUoxXIOPpUHO8 Oesldem 803MONHBIM NPUMEHEHUE PAYOPeCcUeHMHOU OUAZHOCMUKU 8 KOM-
buHayuu ¢ OAHHBbIMU MEeMOOaMU.

Knroueesle cnoea: mMemailoKOMNAEKChbl, 6aKMEPUOXTOPUHDBL, XTOPUHbBL, MEPAHOCMUKA, UUKEH,
nasanaoutl, meoo, @/T.

Jna yumupoeanusa: Cvupuos A.C., [pun M.A., MuponoB A.®. Cunres u cBoiictBa Cu- u Pd-KoMIIeKcoB KOHBIOraToOB LIMKJIEHA
¢ peoopbuom u H6akrepuodeodopounom. Tonkue xumuueckue mexnonoeuu. 2019;14(6):95-103. https://doi.org/10.32362/2410-

6593-2019-14-6-95-103
Introduction

Various physical methods can be used for the
molecular imaging of malignant neoplasms. Among
them, an important place is occupied by single photon
emission computed tomography (SPECT), positron
emission tomography (PET), magnetic resonance
imaging (MRI), and fluorescence diagnostics (FD).
Each of these image processing methods has both

merits and demerits. Combining different methods
makes it possible to overcome the existing limitations.
Compounds possessing different, but complementary
physical properties play an important role in this. In
this case, it is possible to combine two modal units, for
example, a fluorescent dye and a chelator containing
Gd, with the formation of a bifunctional agent for
simultaneous use in FD/MRI. This type of agents is
designed for 1:1 ratio (e.g., a bimetallic complex with

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2019;14(6):95-103

96



Alexander S. Smirnov, Mikhail A. Grin, Andrey F. Mironov

a 1:1 Gd/Cu ratio) [1]. In the case of MRI and PET,
due to the different sensitivity of the methods, this
system can be used only upon diluting the radioactive
isotope with “cold” copper ions. Tei et al reported the
synthesis of a heterodimeric polyaminocarboxylate ligand
DO3A-AAZTA (1,4,7,10-tetraazacyclododecane-1,4,7-
triacetic acid — 1,4-bis(carboxymethyl)-6-[bis(carboxy-
methyl)]amino-6-methylperhydro-1,4-diazepine) and
its hetero-ditopic Gd(III)-Ga(III) complex for use as a
contrast agent in MRI/PET [2]. Guerin and coworkers
described the synthesis of a series of new bimodal
probes combining zinc phthalocyanine (ZnPc) to form
fluorescence and ®#¥Ga/1,4,7,10-tetraazacyclododecane-
N,N',N",N'"-tetraacetic acid (DOTA) or *Cu/l,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA) for
PET images [3]. Kim et al describe the synthesis of
a bimodal Gd(III)/"**I-RGD-DOTA probe for SPECT/
MRI [4]. Desbois and colleagues obtained dimeric
ligands with two different chelating macrocycles: one
based on a DOTA derivative for Gd(III) complexation
to enhance the contrast in the MRI method and
another using a corrin macrocycle for *Cu chelation
in radionuclide visualization [1]. Waghorn et al used
1Pd as a radioisotope for radionuclide therapy (RT)
in their work. They showed that hematoporphyrin
with *Cu and '"Pd isotopes has significant tropism
regarding tumors, mainly those localized in
mitochondria [5].

Interestingly, a chelating DOTA-like tetraaza-
macrocycle can be used for the complexation of various
metal ions usually leading to stable heterobimetallic
complexes. For example, the gadolinium complex of
DOTA is currently used as an extravascular contrast
agent for MRI [6].

Various chelating ligands were suggested for copper
radionuclides, such as polyaminocarbonoxylates, cyclic
polyamines, tetraazamacrocycles and bis-thiosemi-
carbazones [7]. Selection of the reagents depends
on the stability of the formed complexes. Acyclic
chelates do not have sufficient kinetic stability.
Therefore, macrocyclic ligands are preferred [8]. The
thermodynamic stability of the respective classes
of ligands for Cu(Il) complexes decreases in the
following order: hexa aza cages > tetraazamacrocycles
> polyaminophosphonates > polyaminocarboxylate
macrocycles > acyclic aminocarboxylates [7]. DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid) is the most commonly used macrocyclic chelator
of metals, including ®Cu, in radiopharmaceutical
studies [9]. However, DOTA is not an ideal ligand
for ®Cu because of the slow reaction kinetics [10].
1,4,7-Triazacyclononane-1,4,7-triacetyl acid, as well
as cross-bridged 1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetraaceticacid are more stable as compared to
DOTA, but they require harsh conditions of radioactive

labeling [11]. The most common %Cu complex is
diacetylbis(N-4-methylthiosemicarbazone) (ATSM)
[12]. The lipophilic molecules of this complex are
selectively absorbed by hypoxic tissues and therefore
may be used to detect such areas with cardiac system
disorders.

On the other hand, the rapid complexation of
metal ions with a ligand is an important criterion in
the development of radiopharmaceuticals, because in
some cases the lifetime of a radioisotope is comparable
with the time of the complex’s preparation and use.
This is a serious limitation of many radioactive
labeling techniques, in which long incubation times
(up to 1 hour) and an excess of the ligand are used
to achieve a sufficient complexation yield. In some
cases, the presence of an excess of the ligand in the
compositions is undesirable, because many target
agents have their own biological activity.

An extensive class of natural and synthetic
porphyrins occupies a prominent place among
numerous chelating ligands. This is due to the high
affinity of these compounds to various metals and
increased tropism for malignant neoplasms [13].
The metal complexes of porphyrins and of their
hydrogenated analogues (chlorinsandbacteriochlorins)
are widely used in photodynamic therapy (PDT) for
cancer. The well-known photosensitizer Padeliporfin
(a Pd complex of bacteriochlorin) is used for the
fluorescence diagnostics and therapy of various
tumor types [14]. Porphyrins and their hydrogenated
analogues are promising chelators and vehicles to
deliver copper radioisotopes to diseased tissues [15].
They have the ability to chelate metal ions through a
system of four nitrogen atoms in the macrocycle with
an ionic radius of about 70 pm (the ionic radius of Cu**
is 72 pm). Although the complexes are characterized
by the high values of stability constants, they have
relatively poor formation kinetics. This limitation
was removed by using a mechanism including a
SAT (sitting-a-top) complex formation [16]. The
chelating properties are substantially independent
of the type and number of substituents in the ring,
which allows using a suitable amphiphilic conjugate
for PET-imaging.

In this work, we developed methods for the
preparation of palladium and copper complexes
with derivatives of natural chlorins with DOTA, the
synthesis of which we previously described [17], as
potential diagnostic and therapeutic radiopharmaceuticals
for nuclear medicine. The use of 'Pd and *Cu isotopes
in the porphyrin macrocycle followed by the introduction
of Gd or Ga into the cyclic cavity will make it possible to
obtain multifunctional probes for combining diagnostic
and therapeutic methods (PD/RT/PET, PD/MRI/PDT,
etc.).
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Results and Discussion

The introduction of metal cations into chlorin and
bacteriochlorin macrocycles fundamentally changes
the properties of the structures and is a promising
direction to generate contrast agents for diagnostics
and therapy. It is known that the bathochromic
shift of the main absorption band Q in the series
porphyrins—chlorins—bacteriochlorins is accompanied
by a decrease in the intrinsic fluorescence of
these compounds. The introduction of metals into

Pd(CH3COO0),
CH,Cl,

"H " Pd(CH,c00),

CooH3907

CH,Cl,/MeOH
Ar

R
i

porphyrins and chlorins, but not into bacteriochlorins,
extinguishes fluorescence, which greatly limits the
possibility of studying such structures in further
biological tests. As shown previously, the presence
of two coordination cavities in conjugates 1 and 4
makes it possible to obtain homo- and heteronuclear
metal complexes. The latter can be in demand in
fluorescence diagnostics, magnetic resonance,

and positron emission tomography as well as in
radionuclide therapy and photodynamic therapy for
cancer [17].
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Scheme. Introduction of metal ions into the coordination sphere for conjugates
of methylpheophorbide a and methylbacteriopheophorbide a with cyclen.

A regioselective introduction of the palladium
cation into the chlorin macrocycle of conjugate 2 was
carried out under mild conditions without heating
using palladium acetate (Scheme). The reaction’s
progress and the formation of metal complex 2
were monitored by the hypsochromic shift of the
absorption band from 664 to 624 nm. Similarly, the
reaction was carried out to obtain copper complex 3.
The formation of the metal complex was monitored
by the hypsochromic shift of the absorption band
from 664 to 640 nm (Fig. 1).

The presence of palladium and copper cations in
conjugates 2 and 3 was clearly confirmed via MALDI
mass spectra by the presence of molecular ions and
signal groups corresponding to the main isotopes of
palladium and copper.

It follows from Table 1 data that when the Pd*
cation is introduced into the chlorin macrocycle,
the initial conjugate 1 fluorescence is significantly
suppressed, while the photosensitizing activity of the
metal complex 2, which was estimated on the basis
of the quantum yield of singlet oxygen generation
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Fig. 1. Absorption spectra for methylpheophorbide a conjugate with cyclen (1),
Pd complex of chlorin-cyclen conjugate (2), and Cu complex of chlorin-cyclen conjugate (3).

(®,) using 1,3-diphenylisobenzofuran (DPIBF) as
a chemical trap, it increased to 98%. This makes it
possible to conclude that the photodynamic potential

of this metal complex is high. The introduction of Cu*
cation, in turn, results in the characteristic suppression
of the main photophysical characteristics, ®, and ®,.

Table 1. Quantum yields for fluorescence (®,) and singlet oxygen generation (®,)

of the chlorin-cyclen conjugate and its Pd complex

Compound Fluorescence quantum yield @, Smg&z;ﬁgngle; eglzn(;rAatlon
0.266+0.005 0.71
0.0005 0.98
3 _ _

Next, we obtained the palladium and copper
complexes of bacteriopheophorbide a conjugate with
cyclen 4. Previously, Scherz with coworkers showed
that the introduction of a metal into bacteriochlorins
is much faster in the presence of reducing agents
[18]. Using these data, we treated conjugate 4 with
palladium acetate in the presence of 6-O-palmitoyl-
L-ascorbic acid. The reaction was controlled
spectrophotometrically by the hypsochromic shift of
the main absorption band from 522 to 515 nm, as well
as by the reduction of fluorescence intensity, which
indicated the formation of Pd complex 5. Similarly,
metalation was performed with copper acetate. The
bathochromic shift of the spectrum in the band from
758 to 767 nm as well as the almost complete absence
of fluorescence, indicate the formation of Cu complex
6 (Fig. 2, Fig. 3).

The presence of palladium and copper cations in
conjugates 5 and 6 was clearly confirmed via MALDI
mass spectra by the presence of molecular ions and

groups of signals corresponding to the main isotopes
of palladium and copper.

It follows from the data of Table 2 that
introducing the Pd?** cation into the bacteriochlorin
macrocycle results in a slight decrease in conjugate 5
fluorescence, and the fluorescence lifetime remains
unchanged. The combination of such parameters in
Pd complex 5 maintains its therapeutic and diagnostic
potentials. In turn, the introduction of the Cu?
cation quenches the photophysical characteristics of
complex 6 while maintaining residual fluorescence
with a maximum identical to compound 4, which is
due to the partial introduction of copper according to
the SAT mechanism [5].

Conclusions

Due to the stability of the synthesized metal
complexes in acidic media, as well as the short
metalation time (5, 10, 20, and 15 min., respectively)
it is reasonable to expect successful development of
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Fig. 2. Absorption spectra of methylbacteriopheophorbide a conjugate with cyclen (4), of the Pd complex
of bacteriochlorin-cyclen conjugate (5), and of the Cu complex of bacteriochlorin-cyclen conjugate (6).
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Fig. 3. Fluorescence spectra of methylbacteriopheophorbide a conjugate with cyclen (4),
of the Pd complex of bacteriochlorin-cyclen conjugate (5), and of the Cu complex of bacteriochlorin-cyclen conjugate (6).

Table 2. Quantum yield of fluorescence (®,), of singlet oxygen generation (®,) and fluorescence lifetime (t)

for methylbacteriopheophorbide a conjugate with cyclen (4), for the Pd complex of bacteriochlorin-cyclen conjugate (5),
and for the Cu complex of bacteriochlorin-cyclen conjugate (6)

Compound Fluorescence quantum yield @, Fluorescence lifetime, T, ns Smg;taz)grie;igﬁ; gzltlon
4 0.13 1.75 0.68
5 0.1 1.79 0.72
6 0.0013 - -
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effective visualizing agents for PET and radionuclide
therapy (RT). At the same time, the virtual absence of
fluorescence excludes the use of the compounds 2, 3,
and 6 in the fluorescence diagnostics.

Therefore, the combination of physicochemical,
photophysical, and spectral characteristics along with the
short time of cyclen conjugates with pheophorbide and
bacteriopheophorbide metalation with palladium and
copper promotes the further study of metal complexes of
natural chlorins for use in nuclear medicine.

Materials and Methods

Electronic absorption spectra were obtained on
a Shimadzu 3101 spectrophotometer. Fluorescence
and phosphorescence spectra were obtained on a
FluoTime 300 PicoQuant spectrofluorometer. Mass
spectra were obtained on Bruker Ultraflex TPF/TOF
and Bruker Daltonics Autoflex 11 time-of-flight
mass-spectrometers using the MALDI method;
2,5-dihydroxybenzoic acid (DHB) and trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propylidene]
malononitrile (DCTB) were used as matrices.

Solvents were purified and prepared according to
standard procedures. All reactions were carried out
using degassed solvents under protection from direct
light in an argon atmosphere. For preparative TLC,
silica gel 60 (Merck) 2020 cm plates with a layer
thickness of 1 mm were used. Analytical TLC was
performed on Kieselgel 60 F245 plates (Merck).

Pd complex of pheophorbide a methyl ester with
cyclen (2). Twenty-five mg of methyl pheophorbide a
with cyclen (1) and 10 mg of palladium acetate were
dissolved in 4 ml of CH,Cl,. The reaction’s progress
was monitored spectrophotometrically by recording the
reaction’s mixture absorbance spectrum every 5 min.
After the completion, the mixture was transferred
to a separating funnel with water and extracted with
DCM (2x20 ml) to remove excess metalation agent.
The organic layer was dried with anhydrous sodium
sulfate, and the solvent was removed in the vacuum
of a water-jet pump. The resulting product was
dissolved in a minimal amount of DCM and purified
by preparative TLC using a DCM/methanol mixture
(v/v 30:1). The purified conjugate was recrystallized
from hexane. Yield: 23.75 mg. Electronic spectrum,
A, hm (x107, M 'em™): 390 (100), 500 (10), 621
(18). Mass spectrum (MALDI), m/z: 893.157 (M").

Cu complex of pheophorbide a methyl ester
with cyclen (3). Twenty-five mg of conjugate 1 in
4 ml of CH,CIl, and 4 mg of copper acetate were
dissolved in 2 ml of CH,OH. The reaction mixture
was stirred under argon. The reaction’s progress was
monitored spectrophotometrically by recording the
reaction’s mixture absorbance spectrum every 5 min.

The reaction was completed after 10 minutes. The
mixture was transferred to a separating funnel with
water and extracted with DCM (2x20 ml) to remove
excess copper acetate. The organic layer was dried with
anhydrous sodium sulfate, and the solvent was removed
in the vacuum of a water-jet pump. The resulting product
was dissolved in a minimum of DCM and purified by
preparative TLC using DCM/methanol mixture (v/v 30:1).
The purified conjugate was recrystallized from hexane.
Yield: 22.25 mg. Electronic spectrum, A, nm (ex1073,
M-ecm™): 388 (100), 502 (12), 638 (35). Mass spectrum
(MALDI), m/z: 667.875 (M™).

Pd complex of bacteriopheophorbide a
methyl ester with cyclen (5). Twenty-five mg of
bacteriopheophorbide a methyl ester conjugate with
cyclen (4) and 17 mg of palladium acetate were dissolved
in 4 ml of CH,Cl, and mixed with a solution of 76 mg of
6-O-palmitoyl-L-ascorbic acid in 8 mL of CH,OH. The
reaction mixture was stirred under argon. The reaction’s
progress was monitored spectrophotometrically. The
reaction was completed was completed after 20 minutes.
The mixture was diluted with water and extracted with
DCM (2x20 ml) to remove excess metalation agent.
The organic layer was dried with anhydrous sodium
sulfate, and the solvent was removed in the vacuum of
a water-jet pump. The resulting product was dissolved
in a minimum of DCM and purified by preparative TLC
using DCM-methanol mixture (v/v 30:1). The purified
conjugate was recrystallized from hexane. Yield: 21.25 mg.
Electronic spectrum, A, nm (ex107°, M 'em™): 351
(75), 515 (43), 750 (112). Mass spectrum (MALDI), m/z:
900.033 (M").

Cu complex of bacteriopheophorbide « methyl
ester with cyclen (6). Twenty mg of conjugate 4 and 7 mg
of copper acetate were dissolved in 4 ml of CH,Cl,
and mixed with a solution of 38 mg of 6-O-palmitoyl-
L-ascorbic acid in 4 ml of CH,OH. The reaction
mixture was stirred under argon. The reaction’s
progress was monitored spectrophotometrically. The
reaction was completed after 15 minutes. The mixture
was transferred to a separating funnel with water
and extracted with DCM (2x20 ml). A trace amount
of water from the organic layer I was removed by
sodium sulfate and the solvent was evaporated under
a vacuum. The resulting product was dissolved in a
minimal amount of DCM and purified by preparative
TLC using DCM-methanol mixture (v/v 30:1).
Conjugate 6 was recrystallized from hexane. Yield:
17.2 mg. Electronic spectrum, A, nm (ex1073,
M-em™): 389 (100), 542 (75), 767 (245). Mass
spectrum (MALDI), m/z: 858.529 (M™).
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