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ABSTRACT: With the aim of developing more stable Gd(III)—
porphyrin complexes, two types of ligands 1 and 2 with carboxylic
acid anchors were synthesized. Due to the N-substituted pyridyl
cation attached to the porphyrin core, these porphyrin ligands were
highly water-soluble and formed the corresponding Gd(III) chelates,
Gd-1 and Gd-2. Gd-1 was sufficiently stable in neutral buffer,

visible light
3
O,

presumably due to the preferred conformation of the carboxylate-
terminated anchors connected to nitrogen in the meta position of the

192

pyridyl group helping to stabilize Gd(III) complexation by the
porphyrin center. "H NMRD (nuclear magnetic relaxation dispersion)
measurements on Gd-1 revealed high longitudinal water proton
relaxivity (r; = 212 mM™ s7! at 60 MHz and 25 °C), which

water-soluble
& relaxivity

DNA damage
photocytotoxicity

originates from slow rotational motion resulting from aggregation in aqueous solution. Under visible light irradiation, Gd-1 showed
extensive photoinduced DNA cleavage in line with efficient photoinduced singlet oxygen generation. Cell-based assays revealed no
significant dark cytotoxicity of Gd-1, while it showed suficient photocytotoxicity on cancer cell lines under visible light irradiation.
These results indicate the potential of this Gd(III) —porphyrin complex (Gd-1) as a core for the development of bifunctional systems
acting as an efficient photodynamic therapy photosensitizer (PDT-PS) with magnetic resonance imaging (MRI) detection

capabilities.
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B INTRODUCTION

Porphyrins are one of the most common core molecules as
photosensitizers (PSs), both in biology (e.g., photosynthesis)
and in material sciences (e.g., photovoltaic systems). Since
these polyaromatic molecules are often hydrophobic, especially
as synthetic derivatives, much effort has been made to develop
water-soluble porphyrin materials by adding suitable water-
soluble moieties. This is particularly important for biological
applications such as photodynamic therapies (PDTs). Indeed,
most of the FDA-approved PDT-PS molecules are porphyrin-
based compounds, including Photofrin, Foscan, Laserphyrin,
and Motezafin lutetium," and can be excited by irradiation with
visible light to generate reactive oxygen species (ROS), as
active species to treat the diseased tissues. Key considerations
in the development of such PDT-PSs include (1) they can be
excited by a long wavelength of light that is less toxic and can
penetrate more deeply into the tissue, (2) they can generate
ROS in high quantum yield, and (3) they are nontoxic in the
absence of light.”~* Furthermore, researchers have developed
efficient PDT-PSs by (a) preparing polymeric PS molecules for
passive targeting based on the enhanced permeation retention
(EPR) effect by the macromolecules often found in
inflammatory diseases’ " or by (b) adding disease-targeting
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moieties to the PS cores to enhance the efficiency of PDT-PSs
in an active manner via the selective delivery of the PS
molecules to the specific tissues that need to be treated.””"*
One of the current challenges in PDT research is to add
imaging properties to the PSs to achieve image-guided PDT.
By observing the in vivo biodistribution of the PS molecules in
real time, it becomes possible to find the optimal timing for
light irradiation for the most efficient treatment. For this
purpose, bifunctional molecules with both photosensitizing
and imaging properties have been reported. The majority of
such molecules were made by connecting two types of
functional moieties (PS cores and imaging probes) through
the conjugation of these two parts.”~>* As an alternative
approach, it is desirable to develop bifunctional molecules that
can perform as both an imaging probe and a PDT-PS. In this
study, we have chosen magnetic resonance imaging (MRI) as
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Figure 1. (a, b) Structures of pyridinyl porphyrin derivatives 1 (a) and 2 (b) and their Gd(III) complexes Gd-1 (a) and Gd-2 (b). (c) Structures of

DOTA and GdDOTA.

an imaging modality and porphyrin as a PS core to design and
synthesize water-soluble porphyrins with coordinated Gd(III)
ion as bifunctional molecules for PDT-PSs and MRI-contrast
agents (MRI-CAs). Only few studies on such bifunctional
molecules have been reported.”

MRI is highly relevant as a noninvasive in vivo imaging
modality, since it provides in-depth high-resolution anatomical
information on living bodies including small animals and
humans without ionizing radiation. In the presence of MRI-
CAs, enhanced image contrast can be obtained.”® FDA-
approved MRI-CAs are all paramagnetic GA(III) chelates that
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induce significant T, contrast enhancement and provide great
benefits for 3D tomography visualization of tissues with high
resolution (ca. 1 mm). Typical clinically used MRI-CAs consist
of acyclic or cyclic poly(amino carboxylate) ligands, which
strongly coordinate to the Gd(III) with 8-donor atoms (O or
N) via Coulombic and dipole-cation interactions. For instance,
the acyclic diethylenetriaminepentaacetate (DTPA) coordi-
nates to Gd(III) through its three tertiary amines and five
carboxylates and the macrocyclic tetraamine-cyclododecane
tetraacetate (DOTA) complexes Gd(III) through four tertiary
amines and four carboxylates (Figure 1c). In terms of
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dissociation kinetics, macrocyclic chelates generally form more
inert complexes with Gd(III) due to the higher preorganization
of the ligand, which is appreciated as safer MRI-CAs by
preventing the leakage of free toxic Gd*" ions.”” In these
Gd(III) complexes, one coordination site of the metal is
available for an inner sphere water molecule, which is essential
in providing a good relaxation effect. The exchange of this
coordinated water molecule with bulk water largely contributes
to the relaxation enhancement observable in the MR images.
The modulation of this coordinated water can be used to
develop switchable contrast agents for the detection of specific
biomarkers in the body.”**’

We have chosen the porphyrin skeleton as a core for the
ligand structures because it provides two functions: photo-
sensitivity and Gd(III) complexation. Previously reported
examples of MRI-CAs with porphyrin structures, such as the
conjugates of porphyrin and Gd(III)-DOTA chelates, provided
excellent relaxation enhancement and photoinduced ROS
generation.'”** On the other hand, molecules with a porphyrin
as a ligand for Gd(III) complexation have been reported, but
without assessment of their stability.’*""

In the present study, two types of water-soluble pyridyl
porphyrin derivatives 1 and 2 were designed as ligands for
Gd(III), with substitution at the meta or para positions of the
pyridyl group with carboxylate-terminated anchors (Figure
la,b). We expected that these ligands would form Gd(III)
complexes (Gd-1 and Gd-2) through 8-coordination sites: four
central nitrogen atoms of the porphyrin core and four oxygens
of carboxylic acids in the termini of the anchors. Distinct from
the stable metal complexation of porphyrins with smaller metal
ions such as Fe(Ill) and Mg(II), which form a flat
coordination environment in the porphyrin center, it is
known that Gd(III), which has a relatively large ionic radius,
only adopts a pyramidalized coordination mode in the
porphyrin center with a sitting-atop form, often resulting in
low complexation stability.”> To strengthen the Gd(III)
coordination at the porphyrin center, anchor groups with a
terminal carboxylic acid were added to the porphyrin core.
Two porphyrins with 3-pyridyl substituent (compound 1) and
4-pyridyl substituent (compound 2) were designed as ligands
for GA(III) complexation (Figure 1). In addition to the
terminal carboxylates, which were expected to stabilize the
Gd(III) complexation of porphyrin ligands, it was expected
that four cationic N-substituted pyridyl groups will provide
water-solubility to the molecules. In the presence of an
appropriate length of the alkyl chain (Cs for 1 and C, for 2) in
the carboxylate anchors, relatively stable complexes Gd-1 and
Gd-2 were obtained. Based on the stability test of these
complexes, Gd-1 showed sufficient stability in aqueous phase
at neutral pH, while possessing significant r, relaxivity and
photosensitivity, suggesting that this molecule may be a core of
the MRI-PDT-theranostic drugs.

B EXPERIMENTAL SECTION

Synthesis of 1

To a solution of N,N,N,N-tetra(5-ethoxy-S-oxopentyl)-5,10,15,20-
tetra(3-pyridyl)-21H,23H-porphine tetrabromide (S2) (180 mg,
0.124 mmol) in water (4 mL), a solution of LiOH monohydrate
(156 mg, 3.72 mmol) in water (2 mL) was added. The reaction
mixture was stirred at room temperature for 4 h until hydrolysis was
completed as monitored by silica gel TLC (saturated KNO;—H,0—
MeCN (1:1.5:8)). After the solvent was evaporated, crude mixture
was dissolved in MeOH—MeCN (1:1), filtered, concentrated in vacuo,
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and purified by reversed phase flash chromatography (C18 column
with a gradient mixture of MeCN (0.1% TFA)—H,O (0.1% TFA)
(5:95 to 95:5) as an eluent). Product was triturated in S mL of Et,O
to provide a hygroscopic purple powder 1 (151 mg, 0.113 mmol, y =
91%); IR (ATR) v,,, (cm™"): 3320 (N—H), 3048 (C—H), 2933 (C—
H), 1661 (C=0), 1503, 1405, 1169, 1110, 977, 912, 827, 797, 719,
692, 680; '"H NMR (400 MHz, CD,0D) Jy; 10.08 (4H, br s, o-py),
9.59 (4H, d, J = 6.2 Hz, p-py), 947 (4H, d, ] = 8.0 Hz, o-py), 9.17
(8H, br s, f-pyrrole), 8.65 (4H, t, ] = 7.0 Hz, m-py), 5.02—5.08 (8H,
m, NCH,CH,CH,CH,), 2.49-2.59 (8H, m, NCH,CH,CH,CH,),
2.32-2.46 (8H, m, NCH,CH,CH,CH,), 1.85-1.96 (8H, m,
NCH,CH,CH,CH,); *C NMR (100 MHz, CD;0D) §. 175.26,
148.58, 147.08, 144.63, 141.75, 138.46, 128.13, 126.80, 113.06, 61.91,
48.23, 32.48, 30.60, 21.12; HRMS (MALDI/ESI*) m/z calcd for
[CeoHesNgOg]™: 1023.4763, found: 1023.4755 ([M + H]*); UV—vis:
Amax Inm] (& [M™'em™]): 419 (236 000), 516 (13 000), 553 (2400),
584 (4700), 647 (628).

Synthesis of Gd-1

To a solution of compound 1 (15 mg, 0.011 mmol) in water (4 mL,
adjusted to pH 6.3), Gd,0; (425 mg, 1.17 mmol) was added. The
reaction mixture was refluxed for 68 h at pH 6.3. The reaction process
was monitored by UV—vis spectroscopy. After completion of the
reaction, the reaction mixture was cooled to room temperature and
filtered through a syringe filter (0.4S um) to remove excess Gd,0O;.
Subsequently, the pH was adjusted to 9.0 to precipitate Gd(OH)s,
which was filtered off (0.45 ym syringe filter). The pH of the solution
was adjusted to 7.0 and filtered and the filtrate was concentrated in
vacuo. The obtained crude mixture was purified by SEC (Sepharose
CL-4B) with an eluent of Milli-Q water to remove a trace amount of
starting material and then Milli-Q water containing 0.1% Et;N to
elute the product. Product was triturated with Et,O to provide a
hygroscopic bright red powder Gd-1 (13.1 mg, 0.0105S mmol, y =
93%); IR (ATR) Uy Lem™']: 3094 (C—H), 2959 (C-H), 1677
(C=0), 1565, 1422, 1353, 1193, 1177, 1125, 1104, 960, 836, 798,
720, 680, 519; HRMS (ESI*) m/z caled for [CeoHs,GdNgOg]**:
587.6765, found: 587.6778 ([M + H]**); UV—vis: A, [nm] (e
[M~'em™"]): 429 (184 000), 517 (3700), 556 (11 300), 588 (2700).

Synthesis of 2

To a solution of $4 (33 mg, 0.021 mmol) in water (2 mL), a solution
of LIOH monohydrate (26.5 mg, 0.63 mmol) in water (1 mL) was
added. The reaction mixture was stirred at room temperature, and the
reaction was monitored by a silica gel TLC (saturated KNO;—H,0—
MeCN (1:1.5:8)) to observe the completion of hydrolysis after 4 h.
After the solvent was evaporated, the crude mixture was dissolved in a
mixture of MeOH and MeCN (1:1) and filtered, and solvents were
concentrated in vacuo. The crude mixture was purified by reverse
phase chromatography in the same manner as for 1 above. The
product was triturated in 5 mL of Et,O to provide a hygroscopic
purple powder 2 (26.5 mg, 0.018 mmol, y = 86%); IR (ATR) v,
[em™']: 3317 (N—H), 3052 (C—H), 2936 (C—H), 2864, 1672 (C=
0), 1636 (C=0), 1562 (C—N), 1511, 1458, 1404, 1198, 1174,
1128, 970, 799, 719; "H NMR (400 MHz, CD,0D): 6 9.50 (8H, dd,
] = 6.5 and 3.7 Hz, o-py), 9.16 (8H, brs, f-pyrrole), 9.02 (8H, d, ] =
6.5 Hz, m-py), 5.04 (8H, t, J = 7.7 Hz, NCH,), 2.36—2.51 (16H, m,
NCH,CH,CH,CH,CH,CH,), 1.61-1.86 (24H, m,
NCH,CH,CH,CH,CH,CH,); 3C NMR (100 MHz, CD,0D) &
176.11, 158.38, 158.13, 143.26, 143.20, 143.17, 132.98, 129.85,
129.73, 115.67, 115.23, 61.81, 33.29, 31.10, 28.25, 25.73, 24.35;
HRMS (MALDI/ESI*) m/z caled for [CgH;oNgOg]*: 1135.6015,
found: 1135.6013 ([M + H])*; UV—vis: A, [nm] (¢ [M'em™]):
425 (131000), 520 (11 000), 558 (5300), 586 (5300), 641 (2086).

Synthesis of Gd-2

To a solution of compound 2 (14 mg, 0.0097 mmol) in water (7 mL,
adjusted to pH 6.3), Gd,O5 (280 mg, 0.77 mmol) was added, and the
reaction mixture was refluxed for 96 h at pH 6.3. The reaction process
was monitored by UV—vis spectroscopy. After completion of the
reaction, the mixture was cooled to room temperature and filtered
through a syringe filter (0.45 ym) to remove excess Gd,O;. A further
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Figure 2. UV—vis spectra of porphyrin ligands 1 and 2 and their corresponding Gd(III) complexes Gd-1 and Gd-2 in HEPES buffer (pH 7.4) at

12.5 uM.

purification process was performed in the same manner as Gd-1 above
to provide a hygroscopic brown powder Gd-2 (2.8 mg, 0.0021 mmol,
y =21%); IR (ATR) vy [em™]: 3119, 3052 (C—H), 2938 (C—H),
2863, 1675 (C=0), 1634 (C=0), 1558 (C—N), 1409, 1201, 1173,
1123, 999, 836, 799, 720; HRMS (ESI*) m/z caled for
[CesHruGd,NgOs]>*: 429.4957, found: 4294957 ([M + 2H]*);
UV—vis: A, [nm] (¢ [M™'em™]): 436 (162 000), 525 (3500), 561
(13 500).

ICP-OES Measurement

ICP-OES measurements were performed to quantify the Gd content
and to gain information concerning the stoichiometry of the complex.
An aqueous solution of Gd-1 was diluted and digested in 2% HNO,
solution prior to the ICP-OES analysis. As standard, a 1000 ppm
solution of Gd(III) in 2% HNO; was diluted to S0—2000 ppb and
used for the calibration. Measurements were performed on an Ultima
Expert ICP-OES (Horiba Ltd., Kyoto, Japan).

Relaxometric Measurements

'H NMRD (nuclear magnetic relaxation dispersion) profiles of
aqueous 1.97 mM Gd-1 solution (pH = 7.0) were measured at 25 and
37 °C on a Stelar SMARtracer Fast Field Cycling NMR relaxometer
(0.00024—0.24 T, 0.01—10 MHz 'H Larmor frequency) (Sterlar s.r,
Mede, Italy) and a Bruker WP80 NMR electromagnet adapted to
variable-field measurements (0.47—1.88 T, 20—80 MHz) and
controlled by the SMARtracer PC-NMR console. The temperature
was controlled by a VT'C91 temperature control unit and maintained
by a gas flow. The temperature was determined according to previous
calibration with a Pt resistance temperature probe. The Gd**
concentration of the sample was verified by ICP-OES measurement.
The relaxivity at 400 MHz was determined on a Bruker Advanced
NMR spectrometer.

70 NMR Studies

Variable-temperature '’O NMR measurements of an aqueous solution
of Gd-1 were performed on a Bruker Advanced 400 MHz
spectrometer using a 10 mm BBFO probe (9.4 T, 542 MHz) in
the temperature range of 5—75 °C. The temperature was calculated
according to published calibration routines with ethylene glycol and
MeOH. Acidified water (HCIO,, pH 3.3) was used as a diamagnetic
reference. Transverse 7O relaxation times were obtained by the Carl-
Purcell-Meiboom-Gill spin—echo technique, and longitudinal relaxa-
tion rates were measured by an inversion recovery method. To
eliminate susceptibility corrections to the chemical shifts, the sample
was placed in a glass sphere fixed in a 10 mm NMR tube. To improve
sensitivity, H,"’0O (10% H,'7O, CortecNet) was added to achieve
~1% 7O content in the sample. The pH of the sample was 7.0, and
the Gd-1 complex concentration was 6.75 mmol-kg™".

160

DNA Cleavage Assay

The supercoiled pBR322 DNA (New England Biolabs) was used as a
substrate. A mixture of pBR322 DNA (12.5 pg-mL™") and Gd-1 (0.1
mM) in 10 mM Tris-HCI (pH 8.0) was placed in the 96-well micro
plate and irradiated with a green LED light (dominate wavelength:
527 nm, 25 mW per well) using a Lumidox Gen II Apparatus
(Analytical Sales & Services, Inc., Franders, NJ, USA). Each sample
was mixed with Gel Loading Dye Purple (New England Biolabs, Inc.)
and subjected to the agarose gel electrophoresis. Subsequently, the gel
was stained with GelRed Nucleic Acid Gel Stain (Biotium, Inc.,
Fremont, California, USA) and visualized and photographed using a
ChemiDoc MP transilluminator (Bio-Rad Laboratories, Inc.,
Hercules, California, USA). The photographed images were analyzed
using ImageJ>* to quantify the relative amount of intact DNA (Form
I) and nicked circular DNA (Form II).

ESR Spin-Trapping Method for the Detection of '0,

The generation of 'O, was detected by an ESR method using 4-oxo-
TEMP as a spin-trapping reagent. Rose Bengal was used as a standard
'0, generator. To a 20 uL solution of each porphyrin (0.5 mM in
D,0), 4 uL of 4-0xoTEMP (0.5 M in D,0), 10 uL of phosphate
buffer (pH 7, 0.3 M in D,0), and D,0 (16 uL) were added and
mixed well under an aerobic condition. Each mixture was irradiated by
green LED light at a distance of 3 cm for 0, 1, 2, S, and 10 min and
immediately subjected to ESR measurement. The generation of 'O,
was detected by an ESR signal of 4-oxo-TEMPO, formed by the
reaction of 'O, and 4-oxo-TEMP.

Photocytotoxicity Assay

After preincubation for 24 h, cells (U20S, HeLa, UMUC-3, and
HCT116) were exposed to the chemicals (Gd-1: 10 or 40 uM, Gd-2:
10 uM, or TMPyP4:10 uM) solubilized in culture medium (100 xL)
for 24 h. Subsequently, the cells were washed twice with PBS(—) and
were exposed to green LED using Lumidox II illuminator (527 nm, 95
mW per well, Analytical Sales and Services, Inc.) for 0 to 30 min. Cells
were incubated in fresh medium for an additional 24 h, and cell
viability was tested by the MTS assay (CellTiter 96 AQueous One
Solution Cell Proliferation Assay, Promega).

B RESULTS AND DISCUSSION

Design and Synthesis of Ligands 1 and 2 and Their Gd(lIl)
Complexes (Gd-1 and Gd-2)

The lengths of alkyl anchors with carboxylate termini in the
porphyrin-based ligands 1 and 2 were selected with the aid of
molecular modeling to afford the highest complexation stability

https://doi.org/10.1021/cbmi.3c00007
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in the corresponding Gd(III) chelates Gd-1 and Gd-2 (Table
S1, Section 1 in the SI).**** Compounds 1 and 2 were
synthesized from tetrapyridylporphyrins (S1 and S$3) as
starting materials. The N atoms of S1 or S3 at meta or para
position were alkylated by the corresponding bromide with
terminal ethyl ester to provide S2 or S4 (Schemes S1 and S2,
Section 2 in the SI). After subsequent deprotection of the
terminal carboxylates by LiOH, ligands 1 and 2 were obtained
and purified by reversed phase HPLC. The final Gd(III)-
chelation step was performed by refluxing the ligand 1 or 2 in
the presence of an excess amount of Gd,O; in aqueous
solution (pH 6.3) for 3 or S days. After the reaction completed,
the remaining free Gd** was removed as precipitates of
Gd(OH); at pH 9 together with excess Gd,O; precipitates.
The resulting Gd(III) complexes Gd-1 and Gd-2 were further
purified by Sepharose CL-4B size exclusion chromatography
(SEC) using water (in the presence of 0.1% Et;N) as an eluent.
The obtained fractions corresponding to complexes Gd-1 and
Gd-2 were collected and analyzed by HR-ESI-MS (Figure S11
and $24 in the SI), which provided molecular ion peaks,
respectively, at [M + H]** for Gd-1 and [M+2H]** for Gd-2,
indicating that both complexes contained 1 atom of Gd** per
porphyrin ligand molecule (1 or 2). It was also confirmed that
there was no peak corresponding to free porphyrin ligand (1 or
2) nor to other complexes with multiple numbers of Gd**
atoms per ligand observed in the ESI-MS spectra. The results
indicated that the fraction obtained by SEC purification was
sufficiently pure without containing any free ligand or different
mode of Gd(III) complexes (e.g,, 1 to 2 complexation of Gd**
and porphyrin ligands). The one-to-one complexation mode of
Gd-1 was also confirmed by ICP-OES for the quantification of
Gd amount to further indicate that the purity of the complex
was >99% (for details, see Section 3 in the SI).

Figure 2 shows normalized UV—vis absorption spectra of
free ligands (1 and 2) and their complexes (Gd-1 and Gd-2).
Upon Gd(III) complexation, clear changes in Q-bands were
observed in both Gd-1 and Gd-2. Changes in the four Q-bands
of 1 (516, 553, 584, and 647 nm) and 2 (520, 558, 586, and
641 nm) to the ones for GA(III) chelates (Gd-1: 517, 556, and
588 nm; Gd-2: 525 and 561 nm) indicated that the metal
complexation with ligands 1 and 2 involved coordination via
the pyrrolic nitrogen atoms at the porphyrin center. In
addition, the observed red shift of the Soret bands (from 419
to 429 nm and from 425 to 436 nm, respectively, for Gd-1 and
Gd-2) suggested that the metalation proceeded with a sitting
atop (SAT) structure.”®*” The complexation was also
investigated by FT-IR-ATR measurements in the solid state
(Figure S25). The bands corresponding to the N—H stretches,
observed in free ligands 1 and 2 at 3320 and 978 or at 3317
and 980 cm™’, respectively (Figure S25a,c), were not observed
in complexes Gd-1 and Gd-2 (Figure S25b,d). This further
indicates that the metal was coordinated to the porphyrin core
through the central N atoms. Simultaneously, two additional
peaks were observed upon complexation at ca. 1560—1565 and
1410—1420 cm™, presumably related to Gd(III) complexation
by the terminal carboxylic acid groups of the anchors
connected to the pyridyl nitrogen atoms. In comparison to 1
and Gd-1, the spectra of 2 and Gd-2 were much broader,
presumably related to the increased aggregation of 2 and Gd-2.
This may be due to the geometrically favorable cation—7z
interaction of the para position that is observed for other
water-soluble porphyrins with cations at the para position.
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Stability of Gd-1 and Gd-2

During the purification step of each complex by SEC, Gd-2
was obtained in rather low yield (21%), presumably due to
partial decomplexation during chromatography. In contrast,
Gd-1 was obtained with an excellent yield (93%), probably due
to its higher stability in comparison to Gd-2. There was a clear
difference in the stability of Gd-1 and Gd-2 in pH 5.5
phosphate buffer; while complex Gd-2 was immediately
decomplexed (data not shown), complex Gd-1 was stable in
the same buffer for at least 1 h as observed by UV—vis spectra.

The stability of complex Gd-1 in aqueous solution was
assessed in more detail by UV vis measurements (Figures
$26—S35). While Gd-1 was stable in pH 5.5 phosphate buffer
for a short interval (1 h), decomplexation of Gd-1 was
prevalent after 24 h (Figure S26a). The further stability tests of
Gd-1 at higher pH showed, however, that this complex was
stable at pH 6.8, 7.4, and 9.4 (in HEPES buffer) at least for
168 h (Figure S26b—d). In the experiments in phosphate
buffer at pH 6.0, 6.4, 6.6, and 6.8 and in citrate buffer at pH 6.5
and 6.8, the spectral changes corresponding to the partial
decomplexation were observed below pH 6.5, indicating that
the complex Gd-1 was sufficiently stable at pH 6.8 or higher
(Figures S27—28). The repeated thermal hysteresis (repeated
cycles of S0 and 4 °C for 30 min each) did not cause any
decomplexation of Gd-1 (Figure S29). We found that
decomplexation of Gd-1 took place at pH 7.0 in the presence
of one equivalent of Zn(II) or complexing agent EDTA, which
were observed as a drop of relaxivity at 60 MHz (Figure S37).
The addition of a large excess of sodium citrate tribasic and
other competing metal ions such as Ca(1I) and Mg(II) did not
affect the stability of Gd-1 (Figures S30—S33). Storing at
higher concentration (45 mM) at 4 °C in phosphate buffered
saline (PBS, pH 7.4) did not cause any significant
decomplexation or increased aggregation of Gd-1 at least for
72 h (Figure S34). Further, we have confirmed that Gd-1 was
stable at pH 7.0 under visible light irradiation conditions (528
nm) in the presence of oxygen (Figure S35).

Relaxivity Measurements of Gd-1

Based on the sufficient stability shown above, the paramagnetic
relaxation enhancement properties of Gd-1 were evaluated by
relaxivity measurements at variable magnetic fields (0.01—400
MHz) and at two temperatures (25 and 37 °C, Figure 3).
Proton relaxivity is defined as the paramagnetic enhancement
of the water proton relaxation rate referred to 1 mM Gd(III)
concentration, and it directly translates to MRI efficiency.
Relaxivity is dependent on a large number of parameters, the
most important being the number of water molecules directly
coordinated to the metal ion (hydration number, q), the
exchange rate of this water with the bulk (k,), and the
rotational correlation time of the complex (7). The relaxivity
values are remarkably high for Gd-1; at 20 MHz and 37 °C, r,
is about four times higher than that of typical small molecular
weight complexes such as the clinical agent GAIDOTA (Table
1). The shape of the NMRD profiles, with a bump centered at
~60 MHz, qualitatively indicates that rotation is slower than
expected for a small molecular weight complex. This is likely a
consequence of an aggregation phenomenon in the solution,
which is commonly observed even for water-soluble porphyr-
ins. Indeed, the same observation was previously reported for
porphyrins decorated with Gd(III) complexes.'”**~**

For a better analysis of the relaxivities, the NMRD (Nuclear
Magnetic Relaxation Dispersion) data have been comple-
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Figure 3. (a) Transverse (red 4) and longitudinal (blue A) 7O
reduced relaxation rates and (b) reduced 7O chemical shifts
measured in a Gd-1 solution at 6.75 mM, pH 7. (c¢) 'H NMRD
profiles of the Gd-1 complex (1.97 mM in 0.1 M HEPES (pH 7.3))
recorded at 37 °C (green @) and at 25 °C (black @). The lines
correspond to the fit as explained in the text.

mented by a variable temperature '’O NMR study that allowed
the direct assessment of the water exchange and the rotational
dynamics of Gd-1, two features directly interfering in the
relaxation efficiency of paramagnetic metal chelates. Indeed,
the transverse '’O relaxation rates contain information on the
water exchange process, while longitudinal 'O relaxation is
related to the rotational dynamics of the complex. The reduced
transverse (1/T,,) and longitudinal (1/T,) '"O relaxation
rates have been determined for an aqueous solution of Gd-1
(6.75 mM, pH 7). The temperature dependency of 1/T,,
indicates that above ~298 K the system is in the fast exchange
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Table 1. Experimental Relaxivities, r;, and Calculated
Parameters Characterizing the Water Exchange and the
Rotational Dynamics of Gd-1 in an Aggregated State and
the Small Molecular Weight Reference Compound
GdDOTA

Gd-1* GdDOTA"
r1 (20 MHgz, 37 °C) [mM ™' s7'] 1546 3.83
k2% [s71] (8.1 £ 0.5) x 10° 4.1 x 10°
AH* [K)/mol] 27.5+ 0.5 49.8
7 [ps] 850 + 35 (from NMRD) 77
930 + 28 (from 7O NMR)
Eg/kJ/mol 28.1 + 0.5 16.1

“This work. Ref 38.

regime, while at lower temperatures, it is in the slow exchange
regime. The 7O NMR and the NMRD data have been
analyzed together by using the Solomon-Bloembergen-Morgan
theory of paramagnetic nuclear relaxation” to obtain the
characteristic parameters for the description of the water
exchange process (k.,>® and the activation enthalpy AH*) and
the rotational dynamics (7z**® and the activation energy Ey),
which are listed in Table 1, together with the corresponding
values for GADOTA. Only the high field relaxivities (>4 MHz)
have been included in the analysis. It is common to fit only the
high field part of the NMRD profile, as at low magnetic fields,
the SBM theory fails in describing electronic parameters and
rotational dynamics of slowly rotating objects. In the fit, we
assumed one inner sphere water molecule, in accordance with
the expected coordination of four porphyrin nitrogens and four
carboxylates to the metal ion. The value of the scalar coupling
constant calculated is A/# = —3.4 MHz, which is in the usual
range for GA(III) chelates, suggesting that the assumption of
one inner sphere water is correct. A complete description of
the analysis, including the equations used for the fitting of the
experimental '’O and NMRD data as well as the full set of the
fitted parameters, can be found in the SI.

The water exchange rate, k.’*°, is double of that for
GdDOTA, but this difference will not affect the relaxivity since
it is still limited by rotation. The most important information
on this analysis concerns the slow rotational dynamics,
confirmed by the value of the rotational correlation time,
7 = 850 ps. Slow rotation is also indicated by the
longitudinal 7O relaxation rates. These were acquired at a
higher concentration (6.75 mM) than the NMRD data (1.97
mM), and they indeed provide a slightly longer rotational
correlation time, 73 = 930 ps. We also recorded the relaxivity
of Gd-1 at variable concentrations between 0.1 and 6.4 mM
and found an important concentration dependency, consistent
with aggregation (Figure 4), which was observed also by DLS
measurement (Figure S36). Even in the most diluted samples
(down to 0.02 mM concentration), the relaxivity continues to
decrease with decreasing concentration, suggesting that
aggregation is still present. The measurement of relaxivities
at lower concentration becomes technically problematic;
therefore, we cannot characterize the monomer state. In any
case, the slower rotation is responsible for the high relaxivity of
the complex. Further, the transverse relaxivity, r,, was
measured at two Gd-1 concentrations, at 60 MHz and 25
°C. The values are the following: r, = 27.0 mM ™' s™" and r; =
214 mM™' s at 48 mM and r, = 23.9 mM ' s and r, =
194 mM~' 57! at 2.4 mM concentration.
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Photo DNA Cleavage by Gd-1

For the preliminary evaluation of complex Gd-1 as a PS,
photoinduced DNA-cleaving tests were performed under
visible light irradiation. A standard assay method using
pBR322 supercoiled plasmid DNA was used to evaluate the
oxidative damage of DNA by photoexcited Gd-1. A green LED
(dominate wavelength: 527 nm, 25 W per well) was used as a
light source, where Gd-1 has an absorption intensity. As a
result, significant DNA cleavage by Gd-1 was observed in an
irradiation-time-dependent manner (lanes 3 and 4, Figure 5).
No significant DNA cleavage was observed in the absence of
light (lane 2) or Gd-1 (lanes S and 6) clearly indicating that
photoexicitation of Gd-1 was necessary to cleave DNA.

Gd1 () ) () (4) =) )
light () (=) (+) (++) (+) (++)
Form Il —»
(nicked)

Form | —»
(supercoiled)

1 2 3 4 5 6

Figure 5. Photoinduced DNA cleavage by Gd-1. DNA used in the
assay: pBR322 supercoiled DNA (0.125 ug; 6.25 ugmL™"); Gd-1: 0.1
mM in 15 mM Tris-HCI buffer (pH 8.0); light irradiation: green-LED
(527 nm, 25 W per well) for S min (+) or 10 min (++). Form I: intact
DNA. Form II: nicked DNA.

ROS Generation by Gd-1 under Photoirradiation

From the DNA cleavage test above, it was expected that
reactive oxygen species (ROS), especially singlet oxygen ('O,)
generated by type II energy transfer reaction, may act as a key
active species to cause the DNA cleavage by the photo-
sensitizers.”””~*" To confirm this mechanism in the photo-
induced DNA cleavage by Gd-1, the ESR spin-trapping
methods were employed to detect the ROS generation under
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irradiation of green LED lights (dominate wavelength: 528
nm; luminous flux: 9 Im).

The generation of 'O, was evaluated by ESR using 4-oxo-
TEMP as a spin-trapping reagent (Figure 6e).*> The complex
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Figure 6. (a—d) X-band ESR spectra for 'O, adduct of 4-oxo-TEMP
(4-0x0-TEMPO) generated from Gd-1 (a), 1 (b), Gd-2 (c), and 2
(d) under photoirradiation. Reaction conditions: Gd-1, 1, Gd-2, or 2:
0.2 mM; 4-0xo-TEMP: 40 mM; in 60 mM phosphate buffer (pH 7, in
D,0); light irradiation: green-LED (dominate wavelength: 528 nm;
luminous flux: 9 Im) for 10 min. Measurement conditions:
temperature 296 K, microwave frequency 9.375 GHz, microwave
power 1 mW, modulation amplitude 4.00 G, modulation frequency
100 kHz, scan time 20.5 s. (e) General scheme for the photoinduced
DNA cleavage by a photosensitizer (S).

Gd-2 and free ligands 1 and 2 were also tested for 'O,
generation. Upon green light irradiation, the specific ESR
signals corresponding to 4-oxo-TEMPO, the 'O, adduct of 4-
oxo-TEMP, were observed in aqueous solutions of Gd-1
(Figure 6a). The amount of 'O, generation in Gd-1 was higher
than in Gd-2 (Figure 6¢) and greater than a positive control
Rose Bengal, a well-known 'O, generator (Figure S38).
Interestingly both free ligands 1 and 2 showed higher
generation of 'O, than their corresponding complexes (Figures
6, S38, and S39) presumably due to higher absorption intensity
at 527 nm (Figure 2).

Cytotoxicity

As a preliminary test on the biocompatibility of Gd-1, a
cytotoxicity assay was performed. The effects of these
complexes on cell growth and cell cycle progression were
examined on three types of cancer cell lines: HCTI116
(colorectal carcinoma), U20S (osteosarcoma), and UMUC-
3 (bladder carcinoma) by monitoring the increase of the cell
numbers (Figure S40). As reference compounds, Gd-2 and
tetra N-methyl pyridyl porphyrin (TMPyP4) were used. As
results, Gd-1 did not show any effect on cell growth of any
tested cell line at the concentration of 1 uM (Figure S40). No
effect was observed in UMUC-3 at the concentration of 10

https://doi.org/10.1021/cbmi.3c00007
Chem. Biomed. Imaging 2023, 1, 157—-167


https://pubs.acs.org/doi/suppl/10.1021/cbmi.3c00007/suppl_file/im3c00007_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.3c00007/suppl_file/im3c00007_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.3c00007/suppl_file/im3c00007_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.3c00007/suppl_file/im3c00007_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00007?fig=fig6&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.3c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

(a)

100 ¢ U20s |
T 075 \Z\‘I/l—’_‘
Z T
e
3 050 | I\ T
(7] i
= 1
8 025 | ]
0.00 — &
0 5 10 15 20 25 30
irradiation time [min]
UMUC-3
©
2
<
=
(7]
8 T
I
0.00 4 - l ; - i
0 5 10 15 20 25 30

irradiation time [min]

100 & ) HelLa
E 0.75 | \}/
>
IS
2 050 -

8025 T |

0.00 B S T—

0 5 10 15 20 25 30
irradiation time [min]

(d) HCT116]

1.00 ¢ ;_L z =

K T —
'®©0.75 | T [ —e—Nodrug
2 ! Gd2_10uM
5 Gd1_10uM
2050 1 \] Gal1_40uM
3 —e—TMPyP4_10uM
©0.25 1
0.00 o—o <
0 5 10 15 20 25 30

irradiation time [min]

Figure 7. Effects of light irradiation on the growth of four types of cancer cells treated with Gd-1, Gd-2, and TMPyP4. Cells (U20S (a), HeLa (b),
UMUC-3 (c), and HCT116 (d)), preincubated with Gd-1 (10 or 40 uM) or Gd-2 (10 uM), were exposed to the green LED light (528 nm, 95
mW per well) for 0, S, 10, 15, and 30 min and subjected to the MTS assay for measuring the viability. As controls, cells were treated in the absence
of drug (no drug) or in the presence of TMPyP4 (10 uM). Values are means + SD (1 = 4). Gray, Gd-1 (10 uM); yellow, Gd-1 (40 zM); orange,
Gd-2 (10 uM); light blue, TMPyP4 (10 uM); blue, no drug (negative control).

uM, while Gd-1 slightly retarded the cell growth in HCT116
and U20S. The growth inhibitory effect was smaller than the
control experiment with TMPyP4 in UMUC-3 but was bigger
than the control TMPyP4 in HCT116 and U20S. It was
technically difficult to estimate the effect of Gd-1 on the cell
growth above 10 yM due to its high fluorescent intensity.
Interestingly, the Gd-2 complex with lower stability did not
show any significant effect on cell growth at the concentrations
up to 50 M in all the cell lines. The effect of TMPyP4 may be
related to its function to intercalate into guanine quadruplexes
(G4) that may inhibit ongoing DNA replication or could alter
the expression of oncogenes known to be regulated by G4 in
cancer cells. Similarly, the effect of Gd-1 may also be related to
its G4 binding.43 Moreover, taken together with the fact that
Gd-1 generated 'O, much more efficiently than Gd-2 under
visible light irradiation (Figure $), the cell growth inhibition by
Gd-1 may be also related to the effect of light, as cells were
exposed to traces of light, which could not be avoided during
the experimental procedure.

Effect to Cell Cycle Progression

To obtain further insight into the effect of Gd-1 on the cells,
the impact on the cell cycle progression was examined by
analyzing the DNA contents in U20S and HeLa (human
cervical adenocarcinoma) cells, both of which are commonly
used for detection of changes in cell cycle progression (Figure
§41)."* Cell cycle distributions did not significantly change
in the presence of both Gd-1 (10 uM) and Gd-2 (5 M) in
either cell line, indicating that there were little inhibitory
effects on DNA replication and on mitotic events by these
Gd(III) complexes.
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Photocytotoxicity

Finally, photocytotoxicity of Gd-1 was investigated using green
LED light on four types of cancer cell lines (U20S, HelLa,
UMU-3, and HCT116). As references, TMPyP4 and Gd-2
were tested. As shown in Figure 7, in all cell lines, both Gd-1
and Gd-2 exhibited significant photocytotoxicity dependent on
the time of light irradiation. Among them, Gd-1 showed
stronger photocytotoxicity than Gd-2, in line with the results
that Gd-1 has a higher ability of 'O, generation as shown in
Figure S. Gd-1 exhibited photocytotoxicity almost identical
with that shown by the control compound TMPyP4, most
notably on U20S, UMU-3, and HCT116. Taking into account
that Gd-1 showed low cytotoxicity in the absence of light, it
was suggested that Gd-1 can be a good candidate as a core for
the PDT-PS molecule.

B CONCLUSIONS

Two water-soluble porphyrin-based Gd(III) chelates, Gd-1
and Gd-2, were synthesized. The introduction of carboxylate
anchors increased the stability of Gd(III)—porphyrins
complexes, especially in the case of Gd-1. The 'H NMRD
study of Gd-1 showed high r| relaxivities indicating that Gd-1
has good relaxation efficacy, which is related to the aggregation
of the compound in aqueous solution. The complex Gd-1
revealed extensive photoinduced DNA cleavage and 'O,
generation, suggesting that it can be a potential candidate as
a PDT-PS drug. Significant cytotoxicity was not observed with
Gd-1 in the dark, while clear photocytotoxicity was shown
under visible light irradiation. Overall, the Gd-1 complex
combines good r, relaxivity and efficient ROS generation with
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corresponding photocytotoxicity, important for theranostic
drugs for MR image-guided PDT.
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