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Abstract: Visible- and red-light responsive vesicles were
prepared by incorporating a ruthenium aqua complex
having two alkyl chains on tridentate and asymmetrical bi-
dentate ligands (proximal-2: [Ru(Ctpy)(C,opyqu)OH,1*™,
Cotpy =4'-decyloxy-2,2';6',2"-terpyridine,  C,opyqu=2-[2'-
(6'-decyloxy)-pyridyllquinoline). The ruthenium complex of
proximal-2 with closed alkyl chain geometry and a cylin-
der-like molecular shape exhibited photoisomerization to
distal-2 with an open alkyl chain geometry and a cone-like
shape, both in an aqueous solution and in vesicle disper-
sions. We observed that light irradiation of giant vesicles
containing proximal-2 induced diverse morphological
changes.

- /

Controlling morphologies of molecular assemblies by external
stimuli is an important issue in the development of their nu-
merous applications."? In particular, structural changes of vesi-
cles through light stimulation are an attractive target in the
design of drug delivery systems and chemical reactors.*™® Or-
ganic photochromic compounds showing cis-trans photoiso-
merization (such as stilbene and azobenzene derivatives) have
often been incorporated into molecular assemblies.”"" In
most cases, UV light has been used to drive morphological
changes, but it is well known that irradiation of UV light often
induces DNA damage and cell death."? Alternatively, the use
of visible or near-infrared (NIR) light is attractive because of
their high tissue permeability and the availability of abundant
sunlight energy. In this context, polypyridyl ruthenium com-
plexes are potential candidates as visible-light-responsive sur-
factants, because these complexes are thermodynamically
stable, and show visible-light-induced ligand substitution!'>'*
and photoisomerization,"*?? which have been recently applied
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to photoinduced motions of large structures®>?* Furthermore,
these ruthenium complexes have been identified as molecular
catalysts™?” and bioactive molecules.®**" Thus, functionaliza-
tion of vesicles containing ruthenium complexes will expand
their applications as photoreactive vesicles.

Some recent articles have described lipid vesicles incorporat-
ing ruthenium complexes with hydrophobic moieties. Koshiya-
ma et al. investigated water oxidation catalysis by a ruthenium
complex embedded within vesicles in the dark.*® Bonnet et al.
used the photoinduced ligand substitution reaction to release
bioactive ruthenium complexes from vesicles by visible or NIR
light irradiation.®*** In these studies, however, there were no
morphological changes in the vesicles under light irradiation.

We recently reported irreversible®=® and reversible photo-
isomerizations® of mononuclear ruthenium aqua complexes
having an asymmetric bidentate ligand (Scheme 1). The rever-
sibility of the reaction is controlled by intramolecular hydrogen
bonding between the aqua ligand and the pendant moiety of
the bidentate ligand.®®

Herein, we describe the visible-light-induced morphological
changes in giant multilamellar vesicles. We synthesized a new
series of ruthenium aqua complexes with long alkyl chains on
tridentate and/or bidentate ligands for incorporation into
vesicles, as shown in Scheme 2. The morphological changes
were induced by the molecular photoisomerization of
proximal-2 embedded within the vesicles (proximal-2:
[RU(C,otpy)(Ciopyqu)OH,I> T,  C,stpy =4'-decyloxy-2,2';6,2"-ter-
pyridine, C;pyqu =2-[2'-(6"-decyloxy)-pyridyl]-quinoline). We

Scheme 1. Irreversible and reversible photoisomerizations of ruthenium
aqua complexes.**363%
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Scheme 2. Ruthenium complexes used in this work, and the photoisomeriza-
tion equilibrium between proximal-2 and distal-2.

observed that the morphological changes in vesicles were
driven by red light (635 nm), which can permeate mammalian
tissues. For comparison, we prepared two kinds of ruthenium
complex with a single alkyl chain: proximal-1; [Ru(tpy)-
(Coopyqu)OH,I* T (tpy =2,2;6',2"-terpyridine), and 3; [Ru(tpy)-
(Ciotpy)]*>T. Control experiments suggested that photodissocia-
tion of the aqua ligand in proximal-2, followed by geometrical
change of the two alkyl chains, was an important factor in driv-
ing the morphological changes.

In mixed aqueous solutions, both proximal-1 and proximal-2
showed photoisomerization equilibria with the corresponding
distal isomers, according to 'H NMR measurements (Figure 1;
Supporting Information, Figure S1). The ratio of the proximal
and distal isomers in the photostationary state was 54:46 and
40:60 for complexes 1 and 2, respectively. The quantum yields
for forward and back photoisomerizations for proximal- and
distal-2 were determined to be 3.7x10°3 and 2.5x1073, re-
spectively, using monochromic light at 508 nm.

Giant vesicles containing ruthenium complexes were pre-
pared by hydration of films containing the ruthenium com-
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Figure 1. Left: "H NMR spectra of proximal-2 (1.1 mm) in a mixed aqueous
solution (D,0/CD;0D/d-acetone =4:2:1) under light irradiation with a 100 W
halogen lamp (1> 380 nm, 70 mW cm ). Right: kinetic profiles of proximal-2
(m) and distal-2 (@) under light irradiation, where the ratio of proximal and
distal isomers was estimated from peak areas at 6.59 ppm and 6.87 ppm.
The sample solution was prepared by dissolving proximal-
[Ru(C,tpy)(Ciopyqu)ClICl in the mixed solution prior to the measurements.
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plexes and phospholipids. The vesicles prepared from proxi-
mal-2 and DOPC (abbreviated as proximal-2/DOPC; DOPC=
1,2-dioleoyl-sn-glycero-3-phosphocholine) are shown in Fig-
ure 2A,B and the Supporting Information, Figure S2. The aver-
age size of the vesicles was 15 um and giant multilamellar vesi-
cles larger than 50 um were observed. The dark color of the
vesicle in Figure 2B arises from the concentric lipid layers (see
below). On the other hand, vesicles prepared from DOPC alone
gave multilamellar structures with an average size of 24 um
(Figure 2C; Supporting Information, Figure S3). Vesicles proxi-
mal-1/DOPC and 3/DOPC are shown in the Supporting Infor-
mation, Figures S4 and S5, and their average sizes were 20 and
9 um, respectively.

The absorption spectra for the vesicle dispersions of proxi-
mal-2/DOPC showed an absorption band at 537 nm, which is
assigned as metal-to-ligand charge transfer (MLCT) transitions
(Supporting Information, Figure S6). The absorption spectra
changed slightly under the light irradiation of a 100 W halogen
lamp (1 >380 nm), with isosbestic points at 276, 303, 435, and
582 nm. The absorbance change at 537 nm was fitted with
a single exponential curve. After light irradiation, the vesicle
dispersions were evaporated at 45°C within 5 min, and the
product of the photoreaction was checked by 'H NMR spec-
troscopy (Supporting Information, Figure 57).4” The formation
of the distal isomer was confirmed in the spectrum of the vesi-
cle dispersions, similar to the case with photoisomerization in
the solution. Thus, photoisomerization of proximal-2 occurred
in the vesicles despite the fact that the photoisomerization re-
action requires photodissociation of an aqua ligand and re-co-
ordination by a solvent water molecule.>®

The real-time morphological changes of the giant vesicles
were monitored using a digital microscope. For vesicles proxi-
mal-2/DOPC, various morphological changes were observed
under visible light irradiation, as depicted in Figure 2. The vesi-
cle in Figure 2A showed increases and decreases in size to
give an obscure lamellar structure (see the time courses of size
changes in Supporting Information, Figure S9). On the other
hand, distortion and budding were observed for the vesicle in
Figure 2B. The shape of the vesicle in Figure 2B at 112 min
was traced by small granule vesicles (Supporting Information,
Figure S10). Vesicles prepared from 10 mol% proximal-2 on
DOPC also exhibited various morphological changes, including
budding and division into two vesicles (Supporting Informa-
tion, Figure S11).

We then tested morphological changes of the giant vesicles
under red-light irradiation (635 nm). We prepared vesicles con-
taining DOPC, proximal-2, and rhodamine-DOPC as a fluores-
cent dye (rhodamine-DOPC:1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(lissamine rhodamine B sulfonyl). The vesi-
cles in Figure 3A,C displayed fluorescence from their edges,
and multilamellar structures were clearly observed from digital
microscopy. On the other hand, a dark colored vesicle in Fig-
ure 3F displayed fluorescence from interior (Figure 3E), indicat-
ing the presence of concentric layers (onion-like structures; see
the sliced fluorescence images of vesicles in the Supporting In-
formation, Figures S12 and S13). For vesicles depicted in
Figure 3, we observed morphological changes of vesicles

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Microscopic images of vesicles under light irradiation with a 100 W halogen lamp (4 >380 nm, 120 mW cm?). A), B): proximal-2/DOPC (DOPC:

100 nmol, proximal-2: 20 nmol (20 mol %), water 0.1 mL).
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Figure 3. Confocal fluorescence microscopy (A, C, and E), and digital micros-
copy (B, D, and F) images of giant vesicles containing DOPC (100 nmol),
proximal-2 (20 nmol), and rhodamine-DOPC (10 nmol) under irradiation with
a diode laser (635 nm, 20 mW). The fluorescence microscopy was measured
with excitation at 559 nm. Scale bar: 30 um.

around 60-110 min under continuous red-light irradiation with
a diode laser (635 nm, 20 mW). The vesicle in Figure 3A,B ex-
hibited budding from the left edge at 110 min. The vesicle in
Figure 3C,D exhibited budding at 60 min and then division
and distortion at 110 min. The onion-like vesicle in Figure 3E
also exhibited budding from right edge at 60 min. This is the

Chem. Eur. J. 2016, 22, 2590 - 2594 www.chemeurj.org
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C) Vesicles prepared form DOPC alone (DOPC: 100 nmol, water 01 mL).

first example of morphological changes in giant vesicles by
light stimuli in the phototherapeutic window (600-1000 nm).

We examined the effect of photodissociation of an aqua
ligand on the morphological changes of the vesicles. We earlier
reported that photoisomerization reactions were highly sup-
pressed by deprotonation of the aqua ligand (Ru—OH,—Ru—
OH) because the ruthenium hydroxo complex is inactive to-
wards photoisomerization.***%3* We prepared vesicles contain-
ing proximal-2/DOPC in an aqueous NaOH solution (10 mm),
and for comparison, the vesicles were also prepared in 5 mm
Na,SO,. In the NaOH solution, the MLCT absorption band of
the proximal-2/DOPC displayed a red-shift of 43 nm from that
prepared in water or an aqueous solution of 5mm Na,SO,.
Under basic conditions, only 10% of vesicles showed size in-
creases, and neither budding nor division of vesicles were ob-
served after light irradiation (Supporting Information, Fig-
ure S14). On the other hand, 80% of vesicles proximal-2/DOPC
in 5 mm Na,SO, showed size increases or budding (Supporting
Information, Figure S15). These results suggest that photodis-
sociation of the aqua ligand in proximal-2 is essential for the
morphological changes in the vesicles. These results further-
more imply that the light induced morphological changes can
be controlled by the external environment (pH change).

The percentages of the vesicles showing changes in their
morphologies under light irradiation are shown in Figure 4. For
proximal-2/DOPC, the percentages increased as the amount of
proximal-2 increased (0-20 mol%). On the other hand, the per-
centages were lower than 11% for vesicles prepared from
DOPC, proximal-1/DOPC, and 3/DOPC. Because the absorption
spectrum of proximal-2 resembled that of proximal-1 (Support-
ing Information, Figure S16), the morphological changes of
vesicles should not be induced by heating of the vesicle dis-
persions under light irradiation. The above data suggest that
photoisomerization with geometrical change of alkyl chains is
a key factor driving the morphological changes.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Percentage of vesicles (> 10 um) showing morphological change
after 30 min visible-light irradiation (1 >380 nm, 120 mW cm?). The percen-
tages of the morphological changes were calculated from the results of opti-
cal microscopic images.

The morphological changes of proximal-2/DOPC can be ex-
plained by the difference in the molecular shapes of both iso-
mers. The ruthenium complex with a closed alkyl chain geome-
try, proximal-2, possesses a cylinder-like molecular shape, with
a 1.0 nm head and 1.1 nm tail according to density functional
theory (DFT) calculations (Supporting Information, Figure S17),
which is similar to that of DOPC.*"*? The similar molecular
shapes of proximal-2 and DOPC would allow the formation of
giant multilamellar vesicles under the experimental conditions.
On the other hand, distal-2 possesses a cone-like structure
with a 1.1 nm head and 2.6 nm tail. The mixing of cylinder-like
and cone-like surfactants can induce membrane stress and the
transition of lamella into a nonlamellar phase.*"*? We specu-
lated that formation of distal-2 can cause membrane stress in
the bilayer structures.

To examine the membrane stress caused by the formation
of distal-2, we prepared vesicles from lipid films containing
DOPC and both proximal-2 and distal-2. The size and morphol-
ogy of the vesicles (proximal-2 and distal-2)/DOPC (Supporting
Information, Figure S18) were quite different from those pre-
pared from proximal-2/DOPC (Supporting Information, Fig-
ure S2). Most of vesicles were smaller than 5 pm, and vesicles
larger than 15 pm were not observed. Thread-like vesicles
were found on their morphologies, which were not seen in
proximal-2/DOPC  vesicles before light irradiation. These
thread-like vesicles were often found after photoirradiation of
proximal-2/DOPC vesicles (Supporting Information, Figure S10).
We therefore consider that photoisomerization to distal-2 in
the bilayer induces membrane stress and morphological
changes of giant vesicles.

In conclusion, we have prepared a ruthenium aqua complex,
proximal-2, that shows photoisomerization in vesicle disper-
sions. Visible light irradiation of the vesicles containing proxi-
mal-2 induced diverse morphological changes. The morpho-
logical changes were driven by the use of red light (635 nm),
which lies within the phototherapeutic window.
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