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ABSTRACT: This work describeed synthesis and investigation of a novel water-soluble lipoyl-substituted porphyrin
derivative and its Mn(IlI)-complex for mitochondria-targeting activities. The freebase derivative was obtained
in moderate yield from alkylation of 5,10,15,20-tetra(4-pyridyl)porphyrin followed by amidation with lipoic acid
anhydride. Mn-metallation of the freebase derivative quantitatively produced the target Mn(III)-porphyrin. Both
lipoyl-substituted porphyrin and Mn(III)-complex were fully characterized by NMR spectroscopy, mass spectrometry,
absorption spectrophotometry, and emission spectrophotometry. Both compounds were considered to have low
cytotoxicity with ICg, values of 29-49 and more than 78 pM, respectively, against the HaCaT and HDFa cells. In
addition, mitochondria- targeting evaluation suggested that these target porphyrin derivatives exhibited accumulation,

specifically in the mitochondria of the HaCaT cells.
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INTRODUCTION

Mitochondria is a main cellular organelle that performs
many important cellular functions. Many cellular ac-
tivities such as energy production (ATP), metabolism,
homeostasis, the cycle of cell growth, replication and
death are controlled by mitochondrial function to keep
body work properly [1-3]. Mitochondrial disorders
caused by effects of oxidative stress from mitochon-
drial activities can lead to many diseases [4-7]. Hence,
the mitochondria become an attractive potential target
for the treatment of various human diseases.

Nowadays, numerous porphyrin compounds are
of great interest as antioxidants for biomedical appli-
cations due to their high chemical stability, easy to
enhance biological activity through structural modifi-
cation, low toxicity, and rapid body clearance [8-10].
In addition, many studies demonstrated that cationic
porphyrins have ability to localize and accumulate in
the mitochondria [11,12]. While electrostatic inter-
action between the cationic porphyrins and negative
charges of mitochondrial membrane is a driving force,
lipophilicity on a porphyrin ring is another factor that
affects their transport across the mitochondrial mem-
brane [13, 14]. Some metal complexes of porphyrins,
especially manganese, have been reported not only as
remarkable mitochondrial targeting agents due to their
highly positive charge in the porphyrin rings [15-18],
but also as effective antioxidants in the mitochondria
[19-22].

Apart from this, a-Lipoic acid (ALA), one of well-
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known biomedically active compounds, plays a vital
role in the human mitochondria [23,24]. ALA can
act as an effective antioxidant in preventing mitochon-
drial dysfunction from oxidative stress [25, 26], works
as a cofactor for many enzyme complexes includ-
ing mitochondrial respiratory enzymes [27], and has
been shown to maintain the mitochondrial function as
well [28].

The present study focused on the synthesis and
characterization of a new porphyrin derivative and
its Mn(III)-complex bearing N-lipoyl pyridinium meso
substituents as mitochondrial targeting agents. Pos-
itively charged pyridinium moieties increased water
solubility of the porphyrin which, consequently, en-
abled applications in aqueous media of cell environ-
ments. The target molecules are expected to exhibit
low cytotoxicity and high specificity to the mitochon-
dria which will be beneficial for the development of
future generation of therapeutic agents.

MATERIALS AND METHODS

All reagents and solvents used in the experiments
were analytical grade, purchased from Sigma-Aldrich
(USA), Fluka (Switzerland), or Merck (Germany) and
used as received without further purification. All 'H-
NMR spectra were determined using a Varian Mercury
NMR spectrometer operating at 400 MHz for 'H nu-
clei, and '3C-NMR spectra were determined using a
Bruker NMR spectrometer operating at 100 MHz for
13C nuclei. Mass spectra were recorded using a Mi-
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croflex MALDI-TOF mass spectrometer (Bruker Dalton-
ics) with a-cyano-4-hydroxycinnamic acid (CCA) as a
matrix. Absorption spectra and emission spectra were
measured at room temperature using a Cary 60 UV-vis
spectrophotometer and a Varian Cary Eclipse spectro-
fluorometer, respectively. The maximum absorption
wavelength was used as excitation wavelength of each
porphyrin.

Non-commercial compound

The 5,10,15,20-tetra(4-pyridyl) porphyrin (compound
1) [29] (see Supplementary data for full characteriza-
tion) and tert-butyl-N-(2-bromoethyl)carbamate [30]
were synthesized according to a previous literature
procedures.  Lipoic acid anhydride solution [31]
was prepared following a previous report with
slight modification by using acetonitrile instead of
dichloromethane.

Synthesis of
5,10,15,20-tetrakis(4-N-(2-aminoethyl)
pyridyl) porphyrin (compound 2)

A mixture of compound 1 (0.020 g, 0.032 mmol)
and tert-butyl-N-(2-bromoethyl)carbamate (2.0080 g,
8.960 mmol) was stirred at 120°C for 12 h. After
cooling the mixture to room temperature, a brown
solid was washed with DME ethanol and then acetone
in an ultrasonic bath. Subsequently, crude product was
precipitated in 6% H,O in acetone, and purple-brown
solid (0.020 g, 56%) was obtained. "H-NMR (D, 0) &:
4.10 (t, J = 8.0 Hz, 8H), 5.43 (t, J = 8.0 Hz, 8H),
9.14 (d, J = 4.0 Hz, 8H), 8.97-9.40 (br, 8H), 9.53 (d,
J = 4.0 Hz, 8H); '3*C-NMR (D,0) 6:39.6, 58.5, 115.8,
134.1, 143.8, 159.1. The pD value = 7.63. MALDI-
TOE-MS obsd 794.782; caled mass 795.010 ((M]*, M
= C,gHgoNy,); Aaps (H,0) 426, 521, 556, 586, 641 nm;
Aem (H,0, Ay =426 nm) 711 nm (see Supplementary
data for full characterization).

Synthesis of compound 3

A solution of compound 2 (20 mg, 0.018 mmol) in
water (2 ml) was added to a solution of lipoic acid
anhydride at room temperature under N, atmosphere.
After 18 h, the resulting mixture was filtered to remove
solid byproduct. The solution was poured into acetone
to precipitate. The solid was washed several times with
acetone to obtain purple-brown solid (25.0 mg, 74%).
'H-NMR (DMSO-d6) &: —3.09 (s, 2H), 1.21-1.47 (m,
16H), 1.48-1.67 (m, 16H), 1.99-2.11 (m, 4H), 2.22
(t, J = 7.2 Hz, 8H), 2.65-2.75 (m, 4H), 2.79-2.90
(m, 4H), 3.94 (br, 8H), 5.02 (by, 8H), 8.49 (t, J = 8.0
Hz, 4H), 9.00 (d, J = 4.0 Hz, 8H), 9.21 (s, 8H), 9.55
(d, J = 4.0 Hz, 8H); *C-NMR (DMSO0-d6) &: 24.9,
28.4, 34.0, 35.1, 37.8, 55.8, 61.3, 115.8, 132.1, 143.9,
156.4, 173.5; MALDI-TOF-MS obsd 1548.650; calcd
avg mass 1548.222 M]*, M = CgoHogN15,0,54);5 Agps
(H,0) (¢) 430 (1.1x10%), 525, 560, 593, 649 nm; A,
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(H,O, Ay =430 nm) 658, 721 nm (see Supplementary
data for full characterization).

Synthesis of compound Mn-3

Manganese(II) chloride tetrahydrate (38 mg,
0.19 mmol) was added to a solution of compound 3
(10 mg, 0.0053 mmol) in DMF (2 ml) with one drop
of triethylamine (TEA) at room temperature under
N, atmosphere. The reaction was monitored by
fluorescence spectroscopy until the emission bands
at 658 and 721 nm were completely disappeared
(approximately 2 h). Then, the mixture was
precipitated by adding diethylether. The solid was
washed with diethylether and ethanol to obtain a
dark-brown solid (9 mg, 83%). MALDI-TOF-MS obsd
1601.134, 1789.296; caled mass 1601.144 ([M]*,
M = CgHy,MnN,,0,5,), 1789.306 ([M+CCA]*,
M+CCA = CyoH,,,MnN,;0,S,); A, (H,0) 331, 378,
400, () 464 (7.7 x 10%), 563 nm (see Supplementary
data for full characterization).

Cell culture

Following the standard procedure [32], Human der-
mal fibroblast, adult (HDFa) and Human keratinocyte
(HaCaT) cell lines were cultured in DMEM (Gibco,
USA) containing 10% (v/v) fetal bovine serum (FBS)
(Gibco, USA) and 1% (v/v) antibiotic antimycotic
(Gibco, USA) at 37°C in 5% CO,. Cells at early
passages (below 30 passages) were used in cell ex-
periments to avoid complications of replicative senes-
cence. After the HFDa and HaCaT cell lines reached
90% confluence, cells were sub-cultured using 0.25%
trypsin/EDTA (Gibco, USA).

Cytotoxicity test (cell viability)

The cellular cytotoxicity was studied by cell viability as-
say using PrestoBlue™ reagent (Invitrogen, USA) [33].
HDFa and HaCaT cell lines were seeded into 96-well
plates at density of 5 x 10° cells/well in 100 ul of
complete medium and incubated at 37°C under 5%
CO, atmosphere for 12 h. Cells were washed by phos-
phate buffered saline (PBS) twice and treated with
various concentrations of Dulbecco’s Modified Eagle
Medium (DMEM) which served as the control, ALA
(121-727 pM), compound 3 (13-80 pM), and Mn-3
(13-78 uM) for 24 h. Then, 10 pl of PrestoBlue™
reagent was added into cell and incubated for 30 min.
Fluorescence was measured using a microplate reader
at 560 and 590 nm (Thermo, Varioskan flash, Eng-
land). The percentage of cell viability was calculated
by normalizing to a control group (DMEM).

Mitochondria targeting evaluation

The mitochondria targeting activity was determined
by cell imaging using a LSM 800 confocal microscope.
Following a previously published report [34], the Ha-
CaT cells were seeded in 24 wells (Corning) plate at a
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density 10° cells per well, and then incubated at 37 °C
under 5% CO, for 12 h. The cells were separately
treated with 50 mg/1 of DMEM, ALA, compound 3,
and Mn-3 and incubated at 37°C under 5% CO, for
6 h. Protocol of JC-1 staining was applied from Cha-
zotte B [35]. Cells were washed with PBS. Then, JC-
1 and Hoechst 33342 (10 and 5 pg/ml, respectively)
(MERCK, Calbiochem) were loaded in each well and
incubated for 15 min. After that, the cells were
washed with PBS, and images were taken by a LSM
800 confocal microscope (Carl Zeiss, Jena, Germany)
using 40 x lens with excitation at 488 and 561 nm
and emission filters of 505-550 nm for a green channel
and 575-630 nm for a red channel. The images were
collected and analyzed by ZEN software version 2.1.

RESULTS AND DISCUSSION
Synthesis

Synthesis of compound 2 was carried out by reacting
compound 1 [29] with an excess amount of tert-butyl-
N-(2-bromoethyl) carbamate [30] at 120°C for 12 h.
During the alkylation reaction, the decarboxylation of
tert-butyl carbamate (BOC) moiety was occurred due
to high temperature presented, resulting in the direct
formation of compound 2 (Scheme 1). In this stage,
based on matrix-assisted laser desorption ionization-
time of flight mass spectrometry (MALDI-TOF-MS), for-
mation of several different N-alkyl pyridyl-substituted
porphyrins and some byproducts from polymerization
of the aminoethyl side chains were detected. Com-
pound 2 was then purified by washing the crude prod-
uct with DME ethanol and then acetone in an ultra-
sonic bath resulting in purple-brown solid in 56% yield.
The structure of compound 2 was confirmed by NMR
and MALDI-TOF-MS. Compared with compound 1, the
'H-NMR spectrum of compound 2 showed additional
two triplet signals of the protons on aliphatic chains at
3.95 and 5.28 ppm, and the protons signals on pyrrole
and pyridinium rings of compound 2 slightly shifted
to downfield, possibly due to the inductive effects
from pyridinium ring. A singlet signal of two inner
protons in the porphyrin ring and amine protons of
compound 2 were absent due to hydrogen-deuterium
exchange. The integration ratio of aromatic region
to aliphatic region was 3:2, in consistence with the
structure of compound 2. According to '*C-NMR
spectrum of compound 2, aromatic carbons exhibited
signals at 115.8-159.1 ppm, while signals of aliphatic
carbons of aminoethyl groups were found at 39.6 and
58.5 ppm. In addition, MALDI-TOF mass spectrum of
compound 2 exhibited molecular ion peaks [M]" at
794.782.

Subsequent amidation of compound 2 with lipoic
acid anhydride solution [31] at room temperature for
18 h was achieved, yielding in 74% water-soluble
purple-brown solid of compound 3. Compared with
the 'H-NMR spectrum of compound 2, the appearance
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Scheme 1: Synthesis of compounds 3 and Mn-3.

of a triplet signal of the amide protons at 8.49 ppm
and the multiplet signals of lipoyl protons around
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1.21-2.90 ppm in the H-NMR spectrum confirmed the
formation of compound 3. In addition, the protons on
the pyrrole and pyridinium rings of compound 3 ex-
hibited signals at 9.14-9.53 ppm, while characteristic
singlet signal of two inner protons in the porphyrin
ring appeared at —3.09 ppm. Based on '3C-NMR,
a signal of carbonyl carbons of the amide groups of
compound 3 was found at & 173.5 ppm, while those of
the lipoyl groups appeared at & 24.9-55.8 ppm. The
signals of the aromatic carbons and the alkyl chains
on the aminoethyl groups of compound 3 were in a
similar region as those of compound 2. Moreover, a
MALDI-TOF mass spectrum of compound 3 showed its
molecular ion peak [M]" at m/z 1548.650.

To obtain the desired water-soluble Mn-3, com-
pound 3 was metallated by manganese(II) chloride
tetrahydrate in the presence of triethylamine in DMF at
room temperature for 2 h, yielding in 83% dark-brown
solid of Mn-3. The formation of Mn-3 was confirmed
by UV-visible spectroscopy and MALDI-TOF-MS. Com-
pared with the absorption spectrum of compound 3,
the maximum absorption band was shifted from 430
to 464 nm. The two absorption bands at 378 and
400 nm are characteristic bands of Mn(III) species.
In addition, disappearance of an emission spectrum
of compound 3 indicated complete metallation. Fur-
thermore, a MALDI-TOF mass spectrum showed its
molecular ion peaks [M]* at m/z 1601.134.

Cytotoxicity

The cytotoxicity of target porphyrin derivatives were
evaluated by cell viability assay tested on human ker-
atinocyte immortal (HaCaT) and human dermal fi-
broblasts adult (HDFa) cell lines. According to proper-
ties of the porphyrins and ALA, we expected to develop
this molecule for the future generation of applying-
on-skin therapeutic agents. Epidermal keratinocytes
and HDFa, as part of the outermost layer of the skin
and directly exposed to the molecules, may receive
side effects. Thus, it is valuable to study dermal
toxicity of porphyrins and ALA as a main exposure of
nanoparticle to human body. Different concentrations
of ALA (121-727 uM), compound 3 (13-80 uM), and
Mn-3 (13-78 uM) were administered to cell cultures
in Dulbecco’s modiiiAed Eagle’s medium (DMEM),
and the cells were incubated in the dark for 24 h.
Then, PrestoBlue reagent was added into the cells
and incubated for another 30 min, resulting in the
formation of fluorescence dye. The percentage of cell
viability was calculated with normalized fluorescence
signal, compared with a control group as shown in
Fig. 1.

Results showed that the cell viability of both Ha-
CaT and HDFa cells treated with ALA was slightly
increased with the increased concentration of ALA
indicating that ALA exhibited no cytotoxicity in the
concentration range studied in this experiment and
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might increase enzymatic activity that caused cell pro-
liferation. When the cells were treated with com-
pound 3, decreases in cell viability of both HaCaT
and HDFa cells were observed. From the graphs,
compound 3 exhibited ICs, values of 29 uM and 49 M
against HaCaT and HDFa cells, respectively, while the
IC5, value against both cell lines was higher than
78 uM upon treatment with Mn-3. This observation
suggested that the Mn-chelation of the porphyrin unit
could decrease cytotoxicity against the HaCaT and
HDFa cells. As in previous reports, Mn-complexes
of pyridinyl porphyrins showed low toxicity against
various types of cells [20, 21]. Moreover, this decrease
in cytotoxicity possibly related to their essential role
in development, activation of certain metalloenzymes,
energy metabolism, and immunological system func-
tion [36].

Mitochondria targeting evaluation

In this study, the mitochondria targeting activities
of compound 3 and Mn-3 were determined by cell
imaging using a LSM 800 confocal microscope. The
HaCaT cells were chosen because of their high capacity
to proliferate. In order to indicate positions of cells,
nuclei of the HaCaT cells were stained with Hoechst
33342 dye (as seen in the blue fluorescence in Fig. 2).
As for mitochondria staining, JC-1 dye was loaded into
the HaCaT cells. Generally, JC-1 dye accumulated
in mitochondrial matrix exhibits green fluorescence.
The transport of various molecules into the mitochon-
dria affects mitochondrial membrane potential and,
hence, causes aggregation of JC-1 dyes, which exhibits
intensed red fluorescence. Fig. 2A shows that the
images of the HaCaT cells treated with only DMEM
(control) mainly exhibited green fluorescence with red
fluorescence at some parts, indicating that DMEM was
slightly accumulated in the mitochondria. Similarly,
the cells treated with ALA showed green fluorescence
(Fig. 2B), suggesting that ALA did not significantly
accumulated in the mitochondria. On the contrary,
Fig. 2C shows that the compound-3 treated cells ex-
hibited higher intensity of red fluorescence, compared
with the cells treated with ALA. The result suggested
that compound 3 could effectively accumulate in the
mitochondria, likely due to electrostatic attraction
between positively charged porphyrin and negatively
charged environment of the mitochondrial inner mem-
brane.

Moreover, upon the treatment with Mn-3, the cells
clearly exhibited green and red fluorescence in the
same extent as that observed in the cells treated with
compound 3 (Fig. 2D), suggesting that Mn-3 could be
accumulated in the mitochondria in a similar manner
as compound 3. Thus, it can be concluded that the Mn-
chelation of compound 3 did not significantly increase
the mitochondria-targeting ability, but rather played a
role in maintaining the cell viability.
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Fig. 1 Cell viability of: (a), HaCaT cells; and (b), HDFa cells treated with various concentrations of ALA (black solid line),
compound 3 (red dash line) and Mn-3 (blue dot line) at (ALA on the upper x-axis, compound 3 and Mn-3 on the lower x-axis)

(A) DMEM

(B)ALA

(C) Compound 3

(D) Mn-3

Fig. 2 Images of the HaCaT cell colonies (left) and separate
cells (right) treated with: (A), DMEM; (B), ALA; (C), com-
pound 3; (D), Mn-3.

CONCLUSION

The new water-soluble porphyrin derivatives bearing
the lipoyl meso-substituents with and without man-
ganese central metal were successfully synthesized.
Both compounds exhibited low cytotoxicity in the Ha-
CaT and HDFa cells. In comparison to the freebase
derivative, the Mn-chelation on the porphyrin unit
tended to decrease the cell cytotoxicity, while did not
give significant effect on the mitochondria-targeting
activity. Both target porphyrin derivatives exhibited
specific accumulation in the mitochondria. The low cy-
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totoxicity and the high specificity to the mitochondria
of the target Mn-chelated porphyrins should be ben-
eficial in the development of several new therapeutic
approaches in the future.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found at http://dx.doi.org/10.2306/scienceasial513-1874.
2022.113.
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Fig. $2 'H-NMR spectrum of compound 2 in D,0. The pD value is calculated from the measured pH value with the equation:
pD = pH + 0.40.
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Fig. $3 '3C-NMR spectrum of compound 2 in D, 0. The pD value is calculated from the measured pH value with the equation:
pD = pH + 0.40.
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Fig. S4 MALDI-TOF-MS of compound 2.
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Fig. S6 Emission spectrum of compound 2 in H,O.
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Fig. S7 H-NMR spectrum of compound 3 in DMSO-d6.
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Fig. S9 MALDI-TOF-MS of compound 3.
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Fig. S11 Calibration curve of compound 3 in H,O (A, = 430 nm).
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Fig. S12 Emission spectrum of compound 3 in H,O.
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Fig. S14 Absorption spectrum of compound Mn-3 in H,O.
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Fig. S15 Calibration curve of compound Mn-3 in H,O (A, = 464 nm).
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