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Abstract

Effective photosensitizers are particularly important factor in clinical photodynamic therapy
(PDT). However, there is scarcity of photosensitizers for simultaneous cancer photo-diagnosis
and targeted PDT. Herein, two novel dimethyl 2-(guanidinyl)ethylamino chlorin es
photosensitizers were synthesized and their efficacy in PDT in A549 tumor was investigated. It
was showed that compounds 3 and 4 have a long absorption wavelength in the near infrared
region and strong fluorescence emission with slow photo-bleaching rate and markedly strong
ability of O, generation. They exhibited lower cytotoxicity and higher photo-cytotoxicity in
vitro compared to the known anticancer drug m-THPC in MTT assay in A549 lung cancer cell
lines. Compound 4 exhibit better inhibition effect than compound 3 and the ICso value of
compound 4 was 0.197 uM/L under 2 J/cm? laser irradiation, while compound 3 showed better
anti-tumor effects compared to compound 4 in vivo. Intracellular ROS generation was found to
be responsible for apoptotic cell death in DCFDA assay. Subcellular localization confirmed the
damage site of compounds 3 and 4 in PDT. These findings suggest that the two novel
photosensitizers might serve as potential photosensitizers for improved therapeutic efficiency of
PDT.
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Introduction

Guanidines are amongst the strongest organic bases in which after protonation, positive charge is
stabilized by the resonance in the aromatic 6x-electron Y-delocalised system.[1] This capability
ensures that the guanidine subunit is present in physiological conditions in its protonated form,
thus increasing water solubility of the molecule. Described physicochemical properties make
guanidine derivatives important in molecular recognition processes in biological systems,
especially by acting via hydrogen bonding with carboxylates[2] and phosphates.[3] Compounds
with guanidine functionalities are often potential drug candidates due to their ability to interact
with many biological substrates and display interesting biochemical properties[4] including
antimicrobial, antiviral and antitumor[5,6] activity. Of our particular interest are guanidine
derivatives which were employed in photodynamic therapy (PDT)[7]. For instance, porphyrin
guanidine and bisguanidine derivatives of the PDT agent verteporfin (Visudyne)[8] and
guanidine and biguanide derivatives of tetraphenyl porphyrin[9] were prepared and showed an
increased localization to the mitochondria with improved cytotoxicities. Our continued interest in
the study of porphyrin-based PDT photosensitizers[10-13] led to the design of porphyrin
derivatives with guanidinium mitochondria-targeting moieties, which at the same time introduce
a positive charge and increase the hydrophilicity of the main compound.

PDT, as an emerging minimally invasive treatment modality for oncological and non-oncological
applications is receiving more and more attention in clinical practice.[14] Singlet oxygen (*Oy) is
the major cytotoxic agent in most photosensitizers for clinical cancer treatment and also plays a
critical role in treatment of various diseases.[15] For better cancer PDT, besides physicochemical
properties, selectivity to carcinomas, specific subcellular organelle-targeting, and high cellular
uptake are also required for photosensitizers.[16,17] Therefore, research of photosensitizer drugs
that meet these requirements is essential for development of PDT.

Here we report the results of PDT antiproliferative activity of two novel chlorin es guanidine
conjugates which were designed to improve the mitochondrial targeting effects and increase the

bioavailability.

Results and discussion
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Synthesis

Chlorin-es 13*-diaminoethylcarboxamide 2 was prepared by reaction of dimethyl pheophorbide a
with ethylenediamine following the procedure of Smith et al.[18] (Scheme 1). When amine 2
was subjected to guanidinylation with 1H-pyrazole-1-carboxamidine reagent 6, guanidine
conjugate of chlorin es 3 was obtained in 67 % yield. Guanidine conjugate 3 can also be prepared
in two synthetic steps, by the guanidinylation/deprotection sequence. In this synthetic route,
guanidinylation of amine 2 with N,N'-di-Boc-1H-pyrazole-1-carboxamidine reagent 7[19]
afforded N,N'-di-tert-butyloxycarbonylguanidine product 4 in 70 % vyield. Deprotection of 4 was
achieved by the employment of trifluoroacetic acid.[20]
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Scheme 1. Synthesis of 2-4. Conditions: i) 5, dry THF, RT, 24h, 44%, ii) 6, DMF, DIEA, RT, 3d,
67 %, iii) 7, DMF, DIEA, RT, 3d, 70%, iv) TFA, DCM, RT, 3h, 88%

Photophysical properties
Most porphyrin guanidine and bisguanidine derivatives have a strong absorbance at Q-band

which enables excitation by long-wavelength light with high penetrability.[21,22] The UV-vis
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absorption spectra of compound 3 and 4 were recorded in DMSO. The results showed that UV-

vis spectrum of compound 3 was similar to compound 4. Compounds 3 and 4 exhibit five
distinct spectral peaks with maxima at 664, 608, 529, 501, and 403 for compound 3 and 664, 609,

529, 501, and 403 in compound 4, respectively (Fig. 1). Molar extinction coefficients were

calculated in Table 1.

As shown in Fig. 2, when compounds 3 and 4 were excited at wavelength of 400 nm, the

maximum emission wavelength was 668 nm. Their fluorescence emission wavelength has red

shift by 4 nm compared to maximum absorption wavelength. Fluorescence intensity of

compound 4 was relatively higher than compound 3 (Tablel). The results indicated that

compounds can be used for further studies as pre-drugs for fluorescence diagnosis and

photodynamic therapy.
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Fig. 1. (a) UV-vis absorption spectra of compounds 3 (1 - 20 uM) in DMSO, (b) UV-vis
absorption spectra of 4 (1 - 20 uM) in DMSO. (c, d) The linear relationship between
concentration and absorbance of compound 3 and 4 at 664 nm.
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Fig. 2. The 3D fluorescence spectra of compounds 3 and 4 (5 uM) in DMSO.

Photochemical properties

Singlet oxygen is the main toxicity agent and the main cause of photo-bleaching, hence
monitoring of photo-bleaching could provide a quantifiable measure of the singlet oxygen
production.[23] Under 650 nm laser irradiation, the absorbance of compounds 3 and 4 decreases
little (Fig. 3a and 3b). They exhibited lower photo-bleaching rate (Fig. 3c). This indicated that
compounds 3 and 4 were sufficiently stable under laser irradiation in the medium. Among all
ROS, singlet oxygen (*O,) is widely concerned because of its high chemical reactivity derived
from its characteristic electronically excited state.[24] Reactive oxygen species (ROS) plays an
important role in cell signaling and stress response especially in the field of PDT for cancer
treatment.[25] The practicability of DPBF to detect *O, produced by compounds 3 and 4 were
evaluated. The absorption intensity of the solution at 413 nm obviously decreased after each
laser irradiation (Fig. 3d and 3e). Compounds 3 and 4 have relatively higher ROS yields
compared to m-THPC (0.47), among which 3 has the strongest ability to generate 'O (Fig. 3f
and Table 1).
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Fig. 3. Photochemical properties of photosensitizers. (a) Changes in absorption spectra of
compound 3 at 650 nm. (b) Changes in absorption spectra of compound 4 at 650 nm. (c¢)
Photobleaching rate of compounds 3 and 4. (d) Photodecomposition of DPBF by 'O, after
irradiation of compound 3 in DMF. (e) Photodecomposition of DPBF by 'O, after irradiation of
compound 4 in DMF. (f) The plot for the generation rate of 'O (3, 4, m-THPC) in DMF.

Table 1. The absorption wavelength, the molar extinction coefficient &, the fluorescence
excitation and emission of compounds 3, 4 and m-THPC; the generation rate (K) and yields (®a)
of singlet oxygen.
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Cellular uptake and cytotoxicity assays in vitro

The cellular uptake of compounds 3 and 4 in A549 cells at various incubation times were also
quantified (Fig. 4a). The intracellular concentrations of compounds 3 and 4 increased rapidly in
the first 2 h, reached a plateau at about 12 h, and maintained within 24 h. The uptake amount of
compound 4 was higher than compound 3. This might suggest that the compounds can rapidly
enter the cell through cell membrane.

Some research findings have suggested that the cytotoxic effect of the photosensitizer is
basically due to the intrusion of photosensitizer in the cytoplasm and other organelles. Then
photosensitizer could cause damage to the internal organelles of the cells and initiate different
immunological reactions.[26,27] The cytotoxicity of the compounds 3 and 4 were evaluated
against the A549 cells. As depicted in Fig. 4, compounds 3 and 4 were non-cytotoxic at low
concentrations as m-THPC in the dark. As expected, the laser irradiation enhanced the
photosensitizer effect for all samples loading compound compared with no laser irradiation.
Meanwhile, compounds 3 and 4 indeed displayed an increased inhibition of cell growth in a
concentration- and light-dose-dependent manner. Compounds 3 and 4 showed higher photo-
toxicity compared to m-THPC under irradiation. When the dose of light was constant, the cell
viability decreased as the drug concentration increased. Increased light dose at the same drug
concentration, cell viability decreased. Under 2 J/cm? irradiation, the half-maximal inhibitory
concentration (1Cso) of compound 3 was approximately 0.545 uM, while that of the compound 4
was 0.197 uM. Because of higher cellular uptakes of compound 4, the I1Cs values of compound
4 were lower than that of compound 3 (Table 2). The in vitro cytotoxicity results indicated that
compounds 3 and 4 were effective in PDT and could be potent photosensitizers for PDT
treatment.



=

—&— compound 3
—&— compound 4

Concentration per cell (PM)

100 =

T
~ 80
S \T
<
z = \
-
E 60 = i I
= 1IN
s X
= 40+ . L T
o] —0O—Dark % ¥
o} , . @ *\T %
—O—4+0.5)/cm’” Y X fx
7 P
209 _A—4+1Y/em® \l
—7—4+2T/cm’ :‘: e
0 L) L] L] L] L] L]
o 0.1 03 0.5 0.7 0.9

concentration(uM)

Page |8

b 120
100 = X & a
—die———
e Gl \\T
E I
z L -
:-_: 60 = x k¥
_g 2
= l\T,
= 40 XL 1
@ = T k¥
&) —{0—Dark
—0O—3+0.5)/cm’
209 —A—3+1/em’ S 44
—/—3+2T/cm’ =
o L] L] L] L]
0 0.1 0.3 0.5 0.7 0.9
concentration(uM)
d 120

80 =

I
100 = IS;Y; i\lh

e
S
z T
= 6o 3 | &%
) \_ 1
E i3
> I \\s*}\ *%
E 40 - 4 kk
o] —0O=—Dark
—O—m-THPC+0.5)/cm’
209 —A— m-THPC+1J/em’
—/—m-THPC+2J/cm’
o L] L] L) L] L] L]
0 0.1 03 0.5 0.7 0.9
concentration(uM)

Fig. 4. (a) Intracellular accumulation of compounds 3 and 4. (b, ¢, d) The cell viability of A549
cells treated by 3, 4 and m-THPC at the concentrations of 0.1-0.9 uM with different light dose

(dark, 0.5, 1, 2 J/em?) in MTT assay. ** P<0.01.

Table 2. The ICsp Values of compounds toward A549 Cells

ICso(ULM)
Compound
0.5 J/em? 1 J/em? 2 Jem?
3 1.264 0.886 0.545
4 0.542 0.397 0.197
m-THPC 1.099 0.779 0.702

Intracellular Reactive Oxygen Species (ROS) generation

The effect of compounds 3 and 4 on intracellular ROS generation was investigated by DCFH-
DA dye as an indicator.[28,29] The dye cleaved by the intracellular esterase is converted into
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highly fluorescent 2,7-dichlorofluorescein (DCF) on oxidation by intracellular ROS or ROS
generated in situ, emitting green light.[30] The higher green fluorescence corresponded to the
higher intracellular ROS generation. After incubating with 1 uM compound for 4 h and DCFH-
DA for 20 min, the cells in PDT groups were irradiated with 650 nm laser (2 J/cm?). As
illustrated in Fig. 5, green fluorescence could be observed in PDT groups, while no fluorescence
could be traced in other groups indicating that compounds 3 and 4 could generate ROS under
laser irradiation. Compound 4 - PDT group exhibited a relative higher ROS generation in A549
cells compared to compound 3 - PDT group. We found that intracellular ROS generation was
consistent with cytotoxic tests. These results indicated that the cytotoxicity of A549 cells after
PDT was due to the generation of intracellular ROS.
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Fig. 5. The intracellular ROS generation induced by compounds 3 and 4 with 2 J/cm? 650 nm
laser in A549 cells detected by fluorescent microscopy (x200) with DCFH-DA as a probe. Scale
bar: 100 pum.

Subcellular localization
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Photodynamic therapy (PDT) involves a set of complex factors that include the photosensitizing
agent, light, oxygen and various biological targets within the tissue.[31] Subcellular localization
in A549 cells was investigated by confocal laser scanning microscopy.[32] A549 cells were
incubated with compounds for 4 h, and then subcellular organelle was labeled with Mito-Tracker
Green (MTG), Lyso-Tracker Blue (LTB), and ER-Tracker Green (ETG) before the imaging
experiment, respectively. Fig. 6 demonstrated that the red fluorescence of compounds 3 and 4
overlapped with Mito-Tracker Green, Lyso-Tracker Blue, and ER-Tracker Green[DiOC6(3)],
indicating that compounds 3 and 4 were accumulated and localized in mitochondria, lysosome
and endoplasmic reticula. These results promise an enhanced performance of PDT.

Fig. 6. The subcellular localization in A549 cells co-stained with Mito-Tracker, Lyso-Tracker,
and ER-Tracker. Scale bar: 20 pm.

Therapeutic effects of the photosensitizers in vivo

Next, the efficacy of the photosensitizer drugs for PDT against A549 tumor in Balb/c nude
model was assessed. This type of tumor is associated with poor prognosis and is difficult to cure.
Therefore, we hoped to find effective photosensitizer to inhibit tumor growth. This experiment
was divided into low dose group (0.15 mg/kg) and high dose group (0.4 mg/kg). The compound
was injected intravenously into mice and irradiation with a 650 nm laser at tumor site. The
images of tumors changes were recorded (Fig. 7). We found that the tumor growth in PDT group
was relatively slower than in the control group. Tumor growth in drug alone group was same as
the control group. Meanwhile, the therapeutic effect was evaluated by monitoring the tumor
volume (Fig.s 8a and 8b). After 13 d post-PDT, the A549 tumor was ablated and weighed (Fig.
9). The tumors in the PDT group were significantly smaller than the control and positive drug
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groups at 0.15 mg/kg dose. At the low dose, compound 3-PDT group has a better tumor
inhibition than the compound 4-PDT group. At the dose of 0.4 mg/kg, the tumors in the
compound 3-PDT and compound 4-PDT groups were completely inhibited. The activity decrease
of compound 4 compared with 3 in vivo may be caused by the introduction of two boc groups
which increased the molecular weight related to the calculation of the administration dosage, and
the boc groups could be removed during delivery in blood system and in the week acid tumor
microenvironment.

In addition, tumors were dissected and histopathological examination (H & E) and TUNEL at 24
h after treatment was carried out. The tumor treated with the compounds under irradiation
exhibited a wide range of tissue damage in histological sections, while most tumor cells showed
no obvious change in the other groups. The cells showed apoptosis (green fluorescence) and
necrosis in PDT groups (Fig. 10). These results indicated that compounds 3 and 4 were effective
for A549 cancer in PDT.

Before PDT 1d 3d 5d 7d

control

0.15mg/kg
m-THPC+120J/cm?

0.15mg/kg
3+120J/cm?2

0.15mg/kg
4+120J/cm?

4
4
]

Fig. 7. PDT efficacy of 0.15 mg/kg compounds 3, 4 in A549 tumor-bearing BABL/c nude mice.
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Fig. 8. (a) Tumor volume at different time points after 0.15 mg/kg compounds (3, 4, m-THPC)
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Fig. 10. Representative H&E and TUNEL images of PDT treated tumors under various
conditions (control; light alone; drug alone and the PDT group, light dose 120 J/cm?, 650 nm).
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Conclusions

In summary, two novel dimethyl 2-(guanidinyl)ethylamino chlorin es photosensitizers were
synthesized and their efficacy in photodynamic therapy in A549 tumor was investigated.
Absorptions of compounds 3 and 4 were inthe near infrared region with the absorption
maximum at 664 nm and fluorescence emission at 668 nm, their fluorescence emission have red
shift by 4 nm. The new compounds were able to significantly elevate the O, generation
compared to m-THPC (0.47). In the photo-bleaching experiment, compounds 3 and 4 exhibited
lower photo-bleaching rate. Besides, compound 4 showed the highest intracellular accumulation
and intracellular ROS. In vitro, compounds 3 and 4 exhibited higher photo-toxicity and lower
dark toxicity than m-THPC to tumor cells. In view of their good performance, compounds 3 and
4 were selected to proceed with further PDT in vivo experimentation. Interestingly, compound 3
showed better tumor inhibition than compound 4. This might be related to the metabolism of
compounds in the mice. Subcellular localization confirmed that compounds 3 and 4 induced
severe intracellular, oxidative, photodynamic damage in lung-cancer cells through the
destruction of cellular organelles such as mitochondria, lysosomal and endoplasmic reticulum.
Therefore, compounds 3 and 4 might be potential photosensitizers for the photodiagnosis and

photodynamic therapy of cancer.

Supplementary material
Materials and methods as well as synthetic details for compounds 3 and 4 (experimental

procedures and spectroscopic characterization) are given in Supplementary material.
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