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ABSTRACT: Water-soluble cyclodextrin (CyD)-complexed with porphyrin derivatives with different substituents in the meso-
positions showed different photodynamic activities toward cancer cells under illumination at wavelengths over 600 nm, the
most suitable wavelengths for photodynamic therapy (PDT). In particular, aniline- and phenol-substituted derivatives had
high photodynamic activity because of the efficient intracellular uptake of the complexes by tumor cells. These complexes
showed greater photodynamic activity than photofrin, currently the main drug in clinical use as a photosensitizer. These
results represent a significant step towards the optimization of porphyrin derivatives as photosensitizers.

Porphyrins have been widely investigated as potential pho-
tosensitizers (PSs).1-3 During photodynamic therapy (PDT),
an intravenously administered PS is allowed to accumulate
in a tumor. Selective light-irradiation is then used to pro-
duce reactive oxygen species (ROS) by photochemical reac-
tions between photoexcited PS and molecular oxygen.*
Therefore, water-solubilization of PSs is very important for
biological applications such as PDT. Water-soluble porphy-
rins and their derivatives have been synthesized by intro-
duction of hydrophilic moieties.'-3 However, the introduc-
tion of the hydrophilic moieties frequently results in insuf-
ficiently water-soluble porphyrin derivatives due to self-ag-
gregation of the compounds. Therefore, these porphyrin de-
rivatives are commonly injected into cells or the body as an
aqueous solution with dimethyl sulfoxide or ethanol solu-
tions, both of which are highly cytotoxic.5-7 An alternative
approach is to use solubilizing agents such as water-soluble
polymers,? cyclodextrins,®-11 or liposomes.? The complexes
of the porphyrin derivatives with cyclodextrins are espe-
cially easy to prepare with a mechanochemical high-speed-
vibration milling apparatus.1?-14 In this paper, we compare
the photodynamic activities of porphyrin derivatives with
different substituents in meso-positions, complexed with
trimethyl-B-cyclodextrin (TMe-B-CyD; Figure 1). Photody-
namic activities were evaluated with HeLa cells through ir-
radiation with visible-light at long wavelengths (610-740
nm), the optimal wavelengths for PDT.

Complexes of porphyrin derivatives (1-6) with TMe-3-
CyD (Figure 1) were formed as previously described.12-14
The formation of these materials was confirmed by UV-vis

absorption and 'H NMR spectroscopy (Figures 2, S1, and S2).

These spectra indicated that compounds 1-6 all formed

complexes with two TMe-B-CyDs. They were all soluble in
water and stable at room temperature (Figure 1).
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Figure 1. Compound structures and schematic illustration of
the TMe-B-CyD-complexed with porphyrin derivatives.

We first investigated the levels and kinds of generated
cytotoxic ROS and the stability of the TMe-f-CyD-com-
plexed with porphyrin derivatives under visible-light irra-
diation at a wavelength greater than 620 nm. Photoexcited
porphyrins transfer an electron to molecular oxygen (302)
to give superoxide anions (02z*-) (electron-transfer pathway
Type 1), and transfer energy to 302 to give singlet oxygen



molecules (102) (energy-transfer pathway Type II).!> To
identify the reactive oxygen species, the presence of 10z and
02~ was analyzed with 9,10-anthracenediyl-bis(meth-
ylene)dimalonic acid (ABDA) and nitroblue tetrazolium
(NBT), respectively.’5>-18 Conversion to an endoperoxide
from ABDA by reaction with 102 leads to a decrease in ab-
sorbance at 380 nm (Figures S3 and S4). Generation of
formazan, reduced NBT by 02", is observed as an increase
in absorption at 560 nm (Figure S5). The decrease of ABDA
was plotted as a function of photoirradiation time of the
complexes in aqueous solutions. The TMe-f-CyD-com-
plexed with 1, 5, and 6 precipitated out not only after vigor-
ous bubbling of oxygen but also after photoirradiation, sug-
gesting that these complexes were destabilized by photoac-
tivation (Figures S3a, S4b, and S4c). As shown by their pre-
cipitation with oxygen gas bubbling and photoirradiation,
these complexes are unstable due to the effect of the sub-
stituents in the meso-positions.!® Therefore, compound 2
was employed as a neutral guest molecule in the place of 1.
The TMe-B-CyD-complexed with 2 was stable in water after
photoirradiation. Cationic 3 and anionic 4 were also stable
as complexes with TMe-f3-CyD after photoirradiation. The
absorption level of ABDA at 380 nm (the absorption maxi-
mum of ABDA) was plotted as a function of photoirradiation
time of the TMe-f-CyD-complexed with 2-4 (15 uM) in O--
saturated aqueous solutions (Figure 3a). The results show
that these TMe-f3-CyD complexes generated 102 in the order
of 3 > 2 = 4; however, the differences were very small. The
difference between 2 and 3 in the photoproduction abilities
of 102 simply reflects the amount of light absorption over
620 nm (Figure 2 inset, black and red lines).'” However, 4
displayed relatively high 102 photoproduction, despite the
low absorption over 620 nm (Figure 2 inset, blue line).
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Figure 2. UV-vis absorption spectra of the TMe-f-CyD-com-
plexed with 2 (black line), the TMe-B-CyD-complexed with 3
(red line), and TMe-B-CyD-complexed with 4 (blue line; [TMe-
B-CyD-complexed with 2-4] = 30 uM). All absorption spectra
were measured in H20 at 25 °C (1 mm cell).

In contrast, reduction of NBT by O2*- could not be de-
tected in the photoirradiated TMe-B-CyD-complexed with
2-4, even though formazan was readily detected in the pos-
itive control sample TMe-f-CyD-complexed with 2 in the
presence of NADH (Figure 3b).1° These results suggest that

ROS produced by the TMe-f-CyD-complexed with porphy-
rin derivatives of 2—-4 are mostly 10z, generated by a Type Il
reaction.

Next the photodynamic activities of the TMe-§3-CyD-
complexed with porphyrin derivatives were evaluated in
vitro on HeLa (human cervical carcimoma) cells. The cells
were
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Figure 3. Detection of 102 and O2*- generation by chemical
methods. (a) The ABDA bleaching method was used to detect
the generation of 102. The bleaching of ABDA was monitored as
a decrease in the absorbance at 380 nm ([TMe-B-CyD-com-
plexed with 2-4] = 15 pM, [ABDA] = 25 uM). (b) The NBT
method was used to detect generation of Oz°-. The amount of
formazan product, which was generated by reduction of NBT in
the presence of Oz2*-, was analyzed spectrophotometrically at
an absorbance of 560 nm. TMe-3-CyD-complexed with 2: black
line, TMe-B-CyD-complexed with 3: red line, TMe-f3-CyD-com-
plexed with 4: blue line, TMe-f3-CyD-complexed with 3 in the
presence of NADH (positive control): green line. ([TMe-3-CyD-
complexed with 2-4] =50 uM, [NBT] = 0.20 mM, [NADH] =0 or
0.50 mM). All samples were photoirradiated at wavelengths >
620 nm in Oz-saturated aqueous solutions. Error bars repre-
sent the mean * standard deviation (SD) for n = 3.

incubated with 0.02-0.4 uM of the TMe-B-CyD-complexed
with porphyrin derivatives for 24 h before photoirradiation
with wavelengths greater than 610 nm (610-740 nm) for
30 min. Photoirradiation was carried out under 9 mW cm-
light powerat the cell level. The cell survival rate was deter-
mined using a WST-8 assay with a Cell Counting Kit-8. The



results are summarized in Figure 4. Under dark conditions,
the TMe-f3-CyD-complexed with porphyrin derivatives of 2—
4 show no cytotoxicity to the HeLa cells (Figure 4a). The
TMe-B-CyD that remained in the HeLa cells did not influence
the results because the toxicities of $-CyD and their deriva-
tives followed the general trend DMe-f3-CyD>>3-CyD>TMe-
B-CyD.2 Furthermore, the TMe-B-CyD-complexed with 4
showed no photodynamic activity. In contrast, the TMe-f3-
CyD-complexed with 2 and 3 showed photodynamic activi-
ties in a dose-dependent manner, with half maximal inhibi-
tory concentration (ICso) values of 0.15 and 0.08 uM, respec-
tively (Figure 4b). The TMe-§3-CyD-complexed with 4 had a
very low photodynamic activity in spite of a similar struc-
ture to TMe-fB-CyD-complexed with 2. Because the TMe-f-
CyD-complexed with 2 and 4 generate a similar amount of
102, we suggest the phenol moieties of 2 play a key role in
intracellular uptake of the complex by HeLa cells. Detail of
this intracellular uptake is described below. In these TMe-
B-CyD complexes, the order of the photodynamic activity
was 3 > 2 >> 4. The ICso values of the TMe-f3-CyD-complexed
with 2 and 3 are lower than that of photofrin, presently used
as the main drug in clinical photosensitizers. Here, the mo-
lar numbers of photofrin were converted to moles of por-
phyrin units because photofrin consists of hematoporphy-
rin esters and ethers containing monomers, dimers and oli-
gomers. Figure 4b shows ICso value of 2.1 uM for photofrin
under the same conditions as described above. The TMe-§3-
CyD-complexed with 2 and 3 had approximately 14 and 26
times higher photodynamic activities than photofrin, re-
spectively.
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Figure 4. (a) Cell viability with the TMe-f3-CyD-complexed with
2 (purple line), 3 (orange line) and 4 (green line) in the dark
and TMe-f3-CyD-complexed with 2 (blue line), 3 (red line) and
4 (black line) under photoirradiation (610-740 nm) for 30 min
at different concentrations. (b) Cell viability with photofrin in
the dark (black line) and under photoirradiation (red line)
(610-740 nm) for 30 min at different concentrations. Cell via-
bility was confirmed by the WST-8 method. Error bars repre-
sent the mean + standard deviation (SD) for n = 3.

The ROS in HeLa cells were identified through analyses
of the inhibitory effect of L-histidine as a 102 scavenger and
D-mannitol as a hydroxyl radical scavenger, respec-
tively.2122 Figure 5 shows that the photocytotoxicity of the
TMe-B-CyD-complexed with 2 and 3 was effectively inhib-
ited by L-histidine but was only weakly inhibited by D-man-
nitol. These results indicate that 0. played a major role in
the photodynamic activity of the TMe-f3-CyD-complexed
with 2 and 3 against HeLa cells.
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Figure 5. Inhibitory effect in the presence of ROS scavengers on
the photodynamic activities of the TMe--CyD-complexed with 2
and 3. The photodynamic activities of the TMe-f3-CyD-complexed
with 2 and 3 (0.8 uM) were measured in the absence (gray bar)
and presence of 50 mM L-histidine (red bar) or 50 mM D-mannitol
(blue bar). Error bars represent the mean + standard deviation
(SD) forn =3.

The intracellular uptake by HeLa cells of the TMe-3-CyD
complexed with 2-4 was observed with fluorescence mi-
croscopy at the emission wavelength of the porphyrin de-
rivatives. As shown in Figure S6, all the TMe-f-CyD com-
plexed with 2-4 possessed fluorescence peaks around 650
nm when they were excited at the wavelength (Aex = 540
nm) used in the fluorescence microscopy. The fluorescence
quantum yields were estimated to be 11.0% for 2, 5.5% for
3, and 9.2% for 4. Although these values have some scatter,
we judged that this would not affect the fluorescence mi-
croscopy results. The cells were incubated with the TMe-f3-
CyD-complexed with 2-4 at a concentration of 0.8 uM on a
glass dish for 24 h in air with 5% CO2 at 37 °C (Figure 6).
Because fluorescences were observed by treatment with
the TMe-f-CyD-complexed with 2 and 3, neutral 2 and cati-
onic 3 were taken up into HeLa cells (Figure 6b and 6d). Be-
cause the polar and hydrophilic groups of the compounds
prohibit the transfer from the CyD cavities into the lipid
membranes via an exchange reaction,!? it is thought that
compounds 2 and 3 released from the TMe-B-CyD cavities
may not be directly incorporated into the plasma mem-
branes of the HeLa cells. In contrast, anionic 4 was not taken
up into HeLa cells (Figure 6f). To understand the mecha-
nism of uptake of 2 and 3 by the cells, we investigated tem-
perature dependence of uptake, as it is well-known that en-
docytosis can be inhibited at low temperatures.

After TMe-B-CyD-complexed 2 and 3 was added, HeLa
cells were incubated for 30 min at 4 °C (Figure S7). The re-
sults clarified that the fluorescence of 2 and 3 (Figure S7d
and S7h) was not observed, in contrast with that of the up-
take at 37 °C (Figure S7b and S7f). This result indicated that
2 and 3 were taken up into the HeLa cells by endocytotic
processes. Consequently, the result suggests that TMe-3-
CyD-complexed with 2 and 3 did not decompose after up-
take by HelLa cells. The results indicate that (i) intracellular

uptake of the neutral TMe-B-CyD-complexed with 2 in-
creased due to interactions between the phenol moieties
and the surface of the HeLa cells, (ii) uptake of the cationic
TMe-B-CyD-complexed with 3 increased because of electro-
static interactions with the anionic cellular surface, while
(iii) that of the neutral TMe-B-CyD-complexed with 2 de-
creased with the absence of phenolic hydroxy groups, and
(iv) uptake of the anionic TMe-f-CyD-complexed with 4 de-
creased because of electrostatic repulsion. These results are
consistent with those described in previous reports.2324
However, why was the neutral TMe-3-CyD-complexed with
2 taken up into HeLa cells? To investigate the effect of the
phenol moiety, we used a TMe-3-CyD-complexed with 5,
with anisole moieties. Although the neutral TMe-B-CyD-
complexed with 5 was also taken up into HeLa cells (Figure
6h), the fluorescence intensity was considerably weaker
than that of the TMe-f3-CyD-complexed with 2. This result
indicates that a hydroxy group in the phenol moieties of 2 is
important for interaction with the surface of HeLa cells. Alt-
hough the details are not yet clear, we suggest the existence
of phenol receptors on HeLa cells. To show the existence of
phenol receptors, we tried to evaluate the inhibitory effect using
phenol. However, this led to cell death due to the high cytotox-
icity of phenol.



Figure 6. Phase contrast (g, ¢, e, and g) and fluorescence (b, d,
f, and h) images of HeLa cells after being treated with (a and b)
the TMe-f-CyD-complexed with 2, (c and d) the TMe-B-CyD-
complexed with 3, (e and f) the TMe-f-CyD-complexed with 4,
and (g and h) the TMe-f3-CyD-complexed with 5 for 24 h at
37 °C. The scale bar represents 50 pm.

In summary, we have demonstrated that the photody-
namic activity of TMe-B-CyD-complexed with 2 and 3 was
remarkably greater than that of TMe-B-CyD-complexed
with 4 toward HeLa cells under photoirradiation with
wavelengths greater than 610 nm. The TMe-3-CyD-com-
plexed with 2 and 3 were approximately 14 and 26 times
higher, respectively, in photodynamic activities than photo-
frin. The reasons for the high photodynamic activities of the
TMe-B-CyD-complexed with 2 and 3 can be attributed to
high intracellular uptake into HeLa cells, rather than high
102 photoproduction abilities of the compounds. The fact
that only a small amount of neutral TMe--CyD-complexed
with 5-were taken up into the HeLa cells suggests that the

phenol moieties in 2 are important for interaction with the
surface of HeLa cells. Our findings therefore afford useful in-
formation to optimize the molecular design of TMe-§3-CyD-
complexed with porphirin derivatives as photosensitizers.
Future research will include the development of TMe-f3-
CyD-complexed with porphyrin derivatives with other sub-
stituents in meso-positions, for example hydroxy- and meth-
oxy-substituted benzenes such as catechol, guaiacol, or 1,2-
dimethoxybenzene.
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