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Amphiphilic tetraphenylporphyrinato—metal (Zn(II), Fe(II)) derivatives with four alkylphosphocholine
chains and an intramolecular coordinated axial imidazole (lipidporphyrins) produced stable colloidal solutions
in water. Electron microscopy showed rodlike fibers with a uniform thickness of 10 nm, which corresponds
to a double length of lipidporphyrin. The obtained fibers had some micellar characteristics and were
sensitive to neither addition of electrolyte (for example, NaCl) nor change in pH. Scanning force microscopy
(SFM) revealed evaporated fibers with a height of 2.8 nm on graphite. In the center of the fiber, there is
probably a tetragonal tube constructed by densely packed porphyrin planes. The red shift in the broadened
Soret band absorption by exciton interaction and the photophysical properties of the Zn(IT) complex fibers
suggested the formation of porphyrin J-aggregates. Furthermore, the first SFM images of the porphyrin
fibers under liquid conditions are given. A Benesi—Hildebrand analysis revealed that the unit aggregate
number for the Zn(II) complex was four, supporting a tetramer repeating structure. Fe(Il) complex fibers,
on the other hand, produced a kinetically stable Oz adduct reversibly at 25 °C. The coordination structures
of the axial imidazole and Oz molecule in the Fe(II) complex have been clarified by resonance Raman

4427

spectroscopy. The Oz-binding equilibrium and kinetic parameters were also evaluated.

Introduction

It has been of great interest to construct a three-
dimensional molecular structure using noncovalent bond
formation which involves self-assembling of amphiphilic
molecules in water.1~* A topic of current concern is now
being shifted from their topologies to specific functions
associated with their structures. Porphyrin amphiphiles
are one of the attractive building blocks for creating
functional molecular architecture in aqueous media.
Systematically aligned multiporphyrins will act as novel
hemoprotein analogues and/or photochemical devices
which should have different characteristics from those in
natural systems. The most prominent porphyrin in nature,
namely protoporphyrin IX, is an amphiphile with two
propionic acid side chains. It actually forms micelles in
water with a split Soret band absorption.5¢ The nano-
structure of this aggregate has, however, not been clarified
so far, because of its low stability. More recently, several
synthetic porphyrin amphiphiles have been self-organized
in bulk aqueous solution, producing well-defined struc-

* To whom correspondence should be addressed. Phone: +81
3-5286-3120. Fax: +81 3-3205-4740. E-mail: eishun@mn.waseda.
ac.jp.

T CREST investigator, Japan Science and Technology Corpora-
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tures (monomolecular fibers, platelets, and bimolecular
vesicles), in which the highly ordered porphyrin arrays
can, for example, act as light harvesting centers for
photoinduced charge separation.’®

If one designs the hemoprotein functions, one should
attach an axial base, for example, imidazole, covalently
to the parent porphyrinato—iron(Il), because it plays a
crucial role in displaying the biological activity of hemo-
proteins. Indeed, an imidazole directly attached onto the
porphyrin periphery has enhanced the stability of the O,
adduct and also avoided oxidation of the central Fe(II)
ion.10 A great deal of labor has been, however, required
to introduce an imidazolyl group into the porphyrin
structure during construction of a bulky cavity around
the Oz-binding site to prevent undesirable u-oxo dimer
formation.11 13 There has been no example of molecular
assembly consisting of amphiphilic porphyrins wherein
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the imidazole is actually attached to their structures. We
report herein for the first time long-lived fibers made of
tetraphenylporphyrinato—metal (Zn(II), Fe(Il)) deriva-
tives with four alkylphosphocholine groups on one side of
the ring plane and an imidazolylalkyl arm at the periphery
(lipidporphyrins). The images of scanning force microscopy
(SFM)under ambient conditions showed a uniform height
of the fiber on graphite, suggesting regular alignment of
therigid porphyrin planes in the center. The Zn(II) complex
fibers fluoresce strongly, and the Fe(II) fibers produce a
reversible Oz adduct in aqueous solution as do hemoglobin
and myoglobin. The coordination structure of the axial
imidazole and O; molecule in lipidporphyrinato—iron(II)
has been clarified by resonance Raman spectroscopy. The
Oq-binding equilibrium and kinetic properties were also
evaluated.
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Experimental Section

Methods and Materials. Infrared spectra were recorded with
a JASCO FT/IR-410 spectrometer. TH NMR spectra were
measured with samples dissolved in CDCl; or CD3OD using a
JEOL Lambda 500 spectrometer. Chemical shifts were expressed
in parts per million downfield from Me,Si as an internal standard.
FAB-MS spectra were obtained from a JEOL JMS-SX102A
spectrometer. UV—vis absorption spectra were recorded on a
JASCO V-570 spectrophotometer. Thin-layer chromatography
(TLC) was carried out on 0.2 mm precoated plates of silica gel
60 Fass (Merck). Purification was performed by silica gel 60
(Merck) or Sephadex LH-60 gel (Pharmacia) column chroma-
tography. Fluorescence emission spectra were measured with a
Hitachi F-4500. Circular dichroism (CD) spectra were obtained
with a JASCO J-720WI spectropolarimeter.

5,10,15,20-Tetrakis{a,a,0,0-0-(2,2-dimethyl-20-hydroxy-
icosanamide)phenyl}porphin, 8-(2-methylimidazolyl-1-yl)octa-
noic acid, and 2-chloro-2-oxo-1,3,2-dioxophospholane were pre-
pared according to the previously reported procedures.1415 All
solvents were purified by distillation before use. Other chemicals
were commercial high-purity grades and not further purified.
The water used was deionized using a ADVANTEC GS-200
system.
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We applied Vilsmeir formylation to join an w-imidazolylalkyl
arm to the S-pyrrolic position of 5,10,15,20-tetrakis{a,0,0,a-0-
(2,2-dimethyl-20-hydroxyicosanamido)phenyl}porphin (Scheme
1).15 The four hydroxyl terminals of the Cg; chains were first
protected by chloroacetyl groups, giving la. The Vilsmeier
reaction with its copper complex (1b) in refluxing CHCI; led to
creation of a formyl group at the 2-position of the porphyrin (2b:
34%). After demetalation in HySO4/CHyCl; (70%), the formyl
appendix was reduced to ahydroxymethylene group with NaBH,
(8a: 83%), which was coupled with 8-(2-methylimidazolyl-1-yl)-
octanoic acid by a mixed anhydride method with pivaloyl chloride,
affording 4a (57%). The chloroacetyl protections were selectively
removed with hydrazinedithiocarbonate at 0°C (5a: 45%).16The
four phosphocholine moieties were then introduced as hydrophilic
head groups to produce lipidporphyrin (6a). A zinc ion was finally
inserted to yield the lipidporphyrinato—zinc(II) complex (6e),
while the iron insertion was carried out before the phosphory-
lation. Experimental details of the syntheses, 1H NMR spectra,
and IR, UV—vis, and MS spectra are supplied as Supporting
Information.

Preparation of Aqueous Lipidporphyrin Solutions. (a)
Lipidporphyrinato~Zinc(I) or —Iron(I1l) Solution. A methanol
solution of 6¢ (or 6d) (50 uL, 1.2 mM) was, for example, rapidly
injected into deionized water (3 mL) heated to 70 °C ((CH;0H]
< 2vol %), and the obtained homogeneous solution (20 zM) was
incubated for 4 h at room temperature.

(b) Lipidporphyrinato~Iron(Il) Solution. A 4-fold molar excess
of aqueous ascorbic acid was first added to a 6d methanol solution
(504L, 1.2 mM) under a CO atmosphere. The color of the solution
immediately changed from brown to bright red, giving the
carbonyl iron(II) complex. The injection of this methanolic 6e
into water (3 mL, 70 °C) under CO and incubation for 4 h at room
temperature provided an agueous dispersion of CO-coordinated
6e (20 uM). Excess ascorbic acid was then removed by dialysis
with a cellulose tube in deionized water for 4 b at 4 °C to less
than 4 mol % of the 6e concentration. Light irradiation (incan-
descent lamp, 500 W) of this dispersion under argon allowed CO
dissociation, providing a red homogeneous aqueous solution of
the five-N-coordinated lipidporphyrinato—iron(II).

Transmission Electron Microscopy (TEM). The negatively
stained specimens for TEM and the vitrified specimens for cryo-
TEM were prepared as previously reported.® The obtained grids
were observed in a JEOL JEM-100CX electron microscope or a
Phillips CM12 using a Gatan cold stage model 626 at an
acceleration of 100 kV.

Scanning Force Microscopy (SFM). (o) Ambient Condi-
tions. A droplet of 6¢ fiber solution (1—5 uM) was pipetted onto
freshly cleaved highly oriented pyrolytic graphite (HOPG STM-
1, Advanced Ceramics Co.) or mica. After 1 min, excess fluid was
carefully blotted off with filtration paper and the HOPG was
air-dried for another 1 h. SFM measurements were carried out
using a Nanoscope III system (Digital Instruments Ine.) in the
tapping mode under ambient laboratory conditions. Silicon
cantilevers (length 125 ym) with a spring constant between 21
and 78 N/m and a resonance frequency in the range 260—410
kilz were used. The scanning rate was usually 1.0 Hz. Imaging
was performed displaying the amplitude signal and the height
signal, simultaneously.

(b) Liguid Conditions. For in situ SFM measurements under
liquid conditions, the specimens were prepared as follows. A
droplet of the 6¢ fiber solution (15 zM) was first put onto fresh-
ly cleaved HOPG. After excess fluid was blotted off, the HOPG
was immediately placed into the SFM unit equipped with a
MTFML liquid cell holder (Digital Instruments Inc.). During
SFM imaging in the tapping mode, the specimen was immersed
in deionized water in the liquid cell. SisN cantilevers (length
200 um) with a spring constant between 0.01 and 0.2 N/m and
a resonance frequency in the range 5—50 kHz were used.

Excited-State Lifetime Measurements. Singlet lifetimes
of 6¢ were measured using a Horiba NAES-500 single-photon
counter with a hydrogen lamp (excited at 300—400 nm, emission

(14) Matsushita, Y.; Hasegawa, E.; Eshima, K.; Tsuchida, E. Chem.
Lett. 1983, 1387.

(15) Tsuchida, E.; Komatsu, T.; Kumamoto, S.; Ando, K.; Nishide, H.
J. Chem. Soc., Perkin Trans. 2 1995, 747.

(16) van Boeckel, C. A. A ; Beetz, T. Tetrahedron Lett. 1983, 24, 3775.
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Scheme 1. Synthetic Scheme of Lipidporphyrinato—Zine(II) (6c) and —Iron(III) Bromide (6d) Complexes®
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¢ 1) meso-tetrakis{a,a,a,a-0-(2,2-dimethyl-20-hydroxyicosanamide)phenyl}porphin; (i) chloroacetyl chloride/CH:Cl, TEA; (ii)
CuCly/CHCls, CHaOH, TEA,; (iii) POCl3, DMF/CHCI;; (iv) conc H2SO4/CH,Cly; (v) NaBH,/CHClz, CHsOH; (vi) 8-(2-methylimidazolyl-
1-yloctanoic acid pivalic acid anhydride/THF, DMAP; (vii) hydradinedithiocarbonate/AcOH, 2,6-lutidine; (viii) 2-chloro-2-oxo-
1,3,2-dioxophospholane/CH;Cly, TEA; (ix) trimethylamine/DMF; (x) Zn(AcO)/CH3OH; (xi) FeBro/THF, 2,6-lutidine.

monitored at <400 nm). The samples were held in a cuvette
(optical path length 1 cm) and purged of dioxygen by argon
bubbling for 30 min. All experiments were carried out at 25 °C.

Triplet lifetime measurements were performed using a
Unisoku TSP-600 time-resolved spectrophotometer system with
a Continuum Surelite I-10 Q-switched Nd:YAG laser, which
generated a second-harmonic (532 nm) pulse of 6 ns duration
with an energy of 200 mJ per pulse (10 Hz). A 150 W xenon
arc-lamp was used as the monitor light source. The triplet decay
of 6¢c was monitored by transient absorption at 456 nm. The
concentration of 6¢ was normally 5 uM, and experiments were
carried out at 25 °C.

Estimation of Aggregate Size. When the aqueous solution
of the 6¢ fibers (10—25 uM) and the 1,2-bis(myristoyl-sn-glycero)-
3-phosphocholine (DMPC) vesicular solution (200 uM) were
mixed, the absorption spectrum of 6¢ changed slowly from the
aggregate type to the monomer one: the broadened Soret band
became sharp within 30 h at 35 °C. This observation indicates
the gradual incorporation of the 6¢ molecules into the DMPC
bilayer membrane. The isosbestic points observed show that only
two dominant species, an aggregate and a monomer, are in-
volved in the process. On the basis of a modified Benesi—
Hildebrand plot ofthe absorbance of the aggregate and monomer
equilibrium with the moderate ratio, the aggregate size was
estimated.18:20

Resonance Raman Spectroscopy. The obtained 6e (0.5 mL,
1.5 mM) solution in a quartz cuvette (optical path length 2 mm)
was used for resonance Raman spectroscopic measurements.
Dioxygenation was achieved by Oz bubbling into the solution for
1 min. Resonance Raman spectra were obtained with excitation
of the 457.9 nm line of an NEC GLG2162 Ar* ion laser in a
backscattering geometry at 25 °C. All the spectra were recorded
using a JASCO NRS-2000 laser Raman spectrometer equipped
with a CCD multichannel detector. Calibration of the spectrom-
eter was performed with indene.

0: and CO Binding Equilibrium and Kinetics. O; and CO
binding to the lipidporphyrinato—iron(II) was expressed by

kol
FeP + L T.ﬂl'— FeP-L (1)

(KL = knnL/ koﬁ'L

where FeP is lipidporphyrinato—iron(il) (6e) and Lis the gaseous
ligand, Oz or CO. The O; and CO binding affinities (gaseous

(17) Traylor, T. G.; Tsuchiya, S.; Campbell, D.; Mitchell, M.; Stynes,
D.; Koga, N. J. Am. Chem. Soc. 1985, 107, 604.

(18) Collman, J. P.; Brauman, J. 1.; Iverson, B. L.; Sessler, J. L.;
Morris, R. M.; Gibson, Q. H. J. Am. Chem. Soc. 1983, 105, 3052.

pressure at half O; or CO binding for 6e, Py = 1/[KV]) were
determined by spectral changes at various partial pressures of
0z and CO, as in previous reports.815-18 For UV—vis absorption
spectroscopy, 6e concentrations of 20 uM were normally used.
The spectra were recorded within the range 350—700 nm. Oq
binding kinetics were measured with a competitive rebinding
technique provided by Gibson and Traylor using a laser flash
photolysis apparatus (a Unisoku TSP-600 system described
above).82.15-18 The O, and CO association and dissociation rate
constants (kop, ko) were determined as described previously.

Results and Discussion

Lipidporphyrinato—Zinc(II) Assembly. The UV—-
vis absorption spectrum of the monomeric Zn(IT) complex
(6¢) in methanol showed typical five-N-coordinated species
(Amax: 426, 520, 559, 598 nm) and followed Beer’s law in
the range 1 uM to 2 mM and 5-55 °C. In the TH NMR
spectrum of 6¢ in CD30D, all signals for the imidazole
ring and the neighboring methylene groups were signifi-
cantly upfield shifted (e.g., : 0.8 ppm, 2-CHj (Im)) by the
porphyrin ring current. These results show that the
covalent linkage between the axial base and the porphy-
rin periphery is long enough to allow Zn(II)—imidazole
coordination.

Upon rapid injection of the methanolic 6¢ into deionized
water, a bright-red homogeneous solution was obtained
(ICH30H] < 2 vol %). This solution did net change for
more than 6 months at room temperature, and ne
precipitation was observed. Transmission electron mi-
croscopy of the negatively stained and evaporated colloid
showed rodlike fibers with a uniform thickness of 10 nm,
which corresponded to the double length of 6¢ (Figure
1a). Cryomicroscopy of the vitreousice layer of this solution
also showed the same images (Figure 1b).

Most probably, 6¢ forms a micellar fiber in which the
hydrophobic tetraphenylporphyrin moieties with an in-
tramolecular coordinated imidazole are all forced together
into the center. If this is true, a low-density area of
lipophilic chains would be present on the periphery,
because only a few porphyrin boxes (1.3 x 1.3 x 1.4 nm?)
can occupy the middle of the thin fiber (Figure 1d, vide

(19) Benesi, H. A.; Hildebrand, J. H. J. Am. Chem. Soc. 1948, 71,

(20) (a) Song, X.; Geiger, C.; Leinhos, U.; Perlstein, J.; Whitten, D
G. J. Am. Chem. Soc. 1994, 116 4103. (b) Chen H; Fa.rahat M. S
Law, K.-Y.; Whitten, D. G. J. Am. Chem. Soc. 1996, 118, 2584.
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Figure 1. Transmission electron micrographs of the 6e fibers:
(a) negatively stained sample with phosphotangstate at pH 7;
(b) cryopreparation in vitreous ice without staining; (c) nega-
tively stained sample with uranyl acetate at pH 1; and (d)
proposed structure of the 6¢ (or 6e) fibers.

infra). Indeed, the alkylphosphacholine groups of the 6¢
fibers have some micellar characteristics: (1) the DSC
thermogram did not show any definite peak at 10~70 °C,
indicating no gel-to-liquid-crystal phase transition, and
(2) the *H NMR spectra of the fibers with D;O showed a
symmetrically sharp signal of the choline methyl group
at 3.4 ppm (Adyz: 100—60 Hz) independent of the
temperature range (30—70 °C). In contrast, the resonances
of the porphyrin planes and imidazole protons are rather
broadened even at 70 °C, representing a densely packed
porphyrin arrangement.

In the UV—vis absorption spectrum of the 6¢ fibers, the
most remarkable observation is the red-shifted Soret band
(Amax: 426 — 432 nm) with a shoulder (443 nm) relative
to that of the monomeric methanol solution (Figure 2).
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Figure 2. UV—vis absorption spectra of 6¢ at 25 °C.

The bandwidth at half-height (Aly,: 24 nm) was signifi-
cantly larger than that of the monomer (Aly:: 13.5 nm).
This broadened Soret band was constant with relative
intensities independent of concentration (1 xM to 2 mM)
and did not exhibit a shift with changing temperature
(6—70 °C), indicating the restrained mobility of the
porphyrin planes. The red shift of the Soret band should
be, therefore, due to exciton interactions, which are
attributed to a lateral arrangement (J-aggregate) of the
transition moments of the porphyrin chromophores.

The 6c fibers were not sensitive to the presence of
electrolytes. Sodium chloride (0.15 M), for example, caused
no precipitation. To our surprise, addition of hydrochloric
acid down to pH 1 also did not change their morphology
(Figure 1c) and the UV—vis absorption spectrum as well.
This implies that HCl cannot react with the coordinated
imidazole (no dissociation) and the central Zn(I1) ion (no
demetalation). The fiber’s center, constructed of tetra-
phenylporphyrin moieties with eight methyl groups on
each ring plane, is sufficiently shielded from the bulk
aqueous solution. The imidazole rings coordinated to the
porphyrin plane should be located in the hydrophobic core
of the fibers. Actually, monomerie 6¢ in CH;OH/H,0 (10/
1: vfv) dissociates the imidazole easily below pH 4, owing
to the protonation of the imidazole ring, producing four-
coordinated species (Amax: 425,557 nm), Addition of excess
methanol could only destroy the fibers. Its absorption
spectrum (1., 432 nm) was shifted relative to that of
the monomer (Ana: 426 nm) by increasing the methanol
concentration. Up to 30 vol % of methanol, which is a
critical concentration for the fiber formation, the structure
was gradually dissociated, and it completely disappeared
above 75 vol % of methanol.

SFM Measurements and Porphyrin Arrangement
in the Fiber. The aqueous 6¢ fiber solution was then
transferred to highly oriented pyrolytic graphite (HOPG)
and subjected to scanning force microscopy (SFM) under
ambient conditions. The paralilel stripes with a width of
15—20 nm became detectable (Figure 3a). They are
obviously images of dried and flattened 6c fibers on the
graphite surface. In contrast, the fibers were collapsed on
mica. We assumed that hydration is responsible for the
strong absorption of the fibers on the hydrophilic mica.
Zooming in to a smaller scan area (320 x 320 nm?2) on
HOPG reveals more detailed information (Figure 3b). The

(21) Hochstrasser, R. M.; Kasha, M. Photochem. Photobiol. 1964, 3,
317.
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Figure 3. SFM images (tapping mode) and proposed model of
the evaporated sample of the 6¢ fibers on HOPG. (a) Image size
is 1.17 x 1.17 pm?® (z-range: 20 nm). (b) Image size is 320 x
320 nm? (z-range: 20 nm) (vertical a—a distance: 2.8 nm). (¢)
Schematic illustration of the perpendicular cross section of the
dried fiber on the graphite surface. The black areas indicate
the tetraphenylporphyrin planes, where all Zn(II)-coordinated
imidazolylalkyl arms are forced together into the center,
producing a hydrophobic tetragonal porphyrin unit. They are
then laterally ordered to form a fiber.

measured heights of the evaporated fibers were regularly
2.8 nm (vertical distance between a and a in Figure 3b),
which should correspond to the diameter of the rigid fiber’s
center. For evaluation of the lateral size, one should
consider the horizontal broadening effect of the tip’s shape,
but it is not necessary for the vertical distance.?22 We

(22) Butt, H.-J.; Gerharz, B. Langmuir 1995, 11, 4735.
(23) Odin, C.; Aime, J. P.; Kaakour, Z, EL; Bouhacina, T, Surf. Sci.
1894, 317, 321.
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Figure 4. SFM image (tapping mode) and proposed model of
the water-immersed sample of the ¢ fibers on HOPG. (a) Image
size is 450 x 450 nm? (z-range: 10 nm) (vertical a—a distance:
5.6 nm). (b) Schematic illustration of the perpendicular cross
section of the fiber. The black areas indicate the tetraphen-
ylporphyrin planes, where axially coordinated imidazolylalkyl
arms are forced together into the center, producing a hydro-
phobic tetragonal porphyrin unit. The bottom part of the fiber
is bound to the hydrophobic HOPG surface, and the rest of the
fiber has a more dynamic micellar structure.

therefore proposed a tetragonal tube model constructed
by the porphyrin macrecycles (Figure 1d). In the middle
of the fiber’s section, four porphyrin planes are oriented
perpendicularly to each other, forming a tetragonal unit,
and the interior is occupied by Zn(I1)-coordinated imida-
zolylalkyl arms. The porphyrin planes are then aligned
laterally, producing long fibers. The heights of evaporated
fiber (2.8 nm) coincided to the sum of one side, and a double
thickness of the tetraphenylporphyrin moiety involved
four amide substituents en the ortho position of the
phenyl rings (2.9 nm) (Figure 3c¢).

SFM force curves generally show a much smaller
adhesion between the sample and the tip under liquid
conditions rather than under air.?* As expected, imaging
of the 6c¢ fibers immersed in water gave better resolution.
This is the first SFM picture of the fibrous porphyrin
assembly in aqueous media. The morphology was observed
to berather straight, which may indicate that these fibers
recognize the lattice axes of the graphite.?5 The height of

(24) (a) Hansma, H. G.; Vesenka, J.; Siegerist, C.; Kelderman, G.;
Morrett, H.; Sinsheimer, R. L.; Elings, V.; Bustamante, C. Science 1992,
256, 1180. (b) Guthold, M.; Bezanilla, M.; Erie, D. A,; Jenkins, B,;
Hansma, H. G.; Bustamante, C. Prac. Natl. Acad. Sci. USA 1994, 91,
12927,

(25) Manne, A.; Cleveland, J. P.; Gaub, H. E.; Stucky, G. D.; Hansma,
P. K. Langmuir 1994, 10, 4409.
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Figure 5. Visible absorption spectral changes of 6e fibers in
water at 25 °C.

the fiber now becomes 5,5 nm (vertical distance between
a and a in Figure 4a). The bottom molecules are probably
bound to the graphite, while the rest of the fibrous micelle
is more dynamic (Figure 4b). The measured distance is
exactly the same as the calculated value of the hemimi-
cellar rod adhered onto the surface (5.6 nm).

Excitation State Properties of the Lipidporphy-
rinato—Zinc(II) Fibers. The aqueous solution of the 6¢
fibers fluoresces, but the fluorescence emission intensity
was approximately 38% of the methanolic monomer
solution. The excitation spectrum of the fibers cor-
responded toits absorption pattern, clearly indicating that
the fluorescence emission originates from the aggregates.
Concomitantly, the excited singlet state lifetime of the
fibers was determined to be 3.6 = 0.9 ns, which was also
identical to that of the monomers (tr = 5.3 & 0.9 ns). The
decreasein fluorescence intensity suggests an acceleration
of the nonradiative decay from the first excited singlet
state presumably due to vibrational interaction in the
assembly.

Laser flash phetolysis was also carried out by nano-
second laser excitation. The transient absorption spectra
of the methanolic 6¢ monomer solution essentially dis-
played the triplet—~triplet (T—T) absorption in which the
dark decay obeyed first-order kinetics (zr = 350 us) and
was strongly accelerated by the presence of O,. Excitation
of the 6e fibers, on the other hand, gave only 5% of the
monomer signals with a short lifetime (zr ~ 30 us). These
observations in the excited singlet and triplet states are
quite similar to those of the porphyrin bilayered vesicles®?
and monolayered sheets,® which are made of lateral
porphyrin aggregates. Whitten has also reported a large
decrease in the zr for 5,10,15,20-tetrakis(o*-hexanami-
dophenyl)porphin J-aggregates with a small amount of
surfactant in aqueous media.?® By contrast, fluorescent
octopus-porphyrin fibers wherein the porphyrin rings
stacked with a relatively large distance of 1.1 nm showed
a long-lived T—T absorption.® Thus the 6c¢ fibers are
obviously classified as the former “J-aggregate” type. The
large quenching in the triplet state compared to their
fluorescence is presumably due to the increase in the rate
constant of triplet deactivation by the edge-to-edge ar-
rangement of the porphyrin planes in the fiber.8

Mixing of DMPC vesicular solution with the 6¢ fibers
leads to clean spectral changes from the aggregate to the

(26) Barber, D. C,; Freitag-Beestron, R. A.; Whitten, D. G. J. Phys.
Chem. 1991, 95, 4074.
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Figure6. Transmission electron micrographs of (a) negatively
stained samples of dioxygenated 6e fibers and (b) ferric state
6d micelles.
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Figure 7. Resonance Raman spectra ofthe 6e fibers in aqueous
solution with 457.9 nm excitation.

monomer. The isosbestic points observed in the dilution
process allow determination of the aggregate number by
a modified Benesi—Hildebrand analysis.!®% This was
found to be 4.1, representing four 6¢ molecules per unit
aggregate. From these results and SFM measurements,
the tetramer repeating structure in the fiber is conceivable.
On the other hand, no induced circular dichroism (ICD)
signal was observed for the aqueous solution of the 6¢
fibers, suggesting the tetramer units do not have any
chirality. ,

0;-Coordination Properties and Structures of the
Lipidporphyrinato—Iron(II) Fibers. The UV—vis ab-
sorption spectrum of the aqueous carbonyl—Fe(Il} complex
6e solution displayed a typical CO-coordinated low-spin
Fe(IT) species (Amax: 425, 540 nm) (Figure 5). Transmission
electron microscopy of the solution, which was negatively
stained by uranyl acetate, again showed long fibers with
a width of a double-layer thickness (10 nm) (Figure 6a).
The obtained fibers are stable similarly to the Zn(II)
complex fibers. In contrast, the ferric 6d in which the
axial imidazole coordination is dissociated from the central
Fe(I1I) formed only tiny round micelles with a diameter
of 10 nm (Figure 6b) which never changed to fibers. This
significantly indicates that the intramolecular imidazole
coordination to the central metal plays an essential role
in fiber formation.
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Table 1. O; and CO Binding Parameters of Lipidporphyrinato—Iron(Il) 6e at 25 °C

() CcO
system solvent PypfTorr 107 "kgn/M 1571 10 3%on/s 2 103PyfTorr 1078k, /M1 571
6e fiber water 25 47 2.5 4.8 4.0
Be methanol 6.7 17 6.2 1.2 15

Light irradiation of this colloid under nitrogen allowed
CO dissociation, affording the five-N-coordinated species,
which exhibit constant absorption spectra in the range 1
uM to 2 mM (A 444, 542, 567 nm). Upon exposure of
these fibers to O, the UV—vis absorption spectrum
immediately changed to that of a dioxygenated species
(Amax: 424, 549 nm). The dioxygenation was kinetically
stable and reversible at 25 °C, depending on the partial
O; pressure. We then employed resonance Raman spec-
troscopy to characterize the coordination structure of the
6e complex assembled in fibrous form (Figure 7). Under
argon, there is a medium band at 203 cm™!, which is
assigned to the Fe(II)-N(imidazole) stretching mode, v-
{Fe—NJ), on the basis of the similar assignment for other
porphyrinato—iron(II) systems.?” This result reflects the
intramolecular coordination of axial imidazole. After O,
bubbling, the deformation modes of the porphyrin ring (vg
and v,) were upshifted immediately from 380 and 1356
em™! to 412 and 1376 cm™L, respectively, indicating the
conversion of the five-coordinated high-spin state to the
six-coordinated low-spin state of the 6e complex.?’2® A
v(Fe—0,) vibration of dioxygenated 6e was also observed
at 561 cm™1. This frequency corresponds to an end-on type
O, coordination to the porphyrinato—iron(II), which is
similar to those of other synthetic tetraphenylporphyri-
nato—iron(Il) derivatives in organic solvents and of oxy-
hemoglobin in aqueous media.??3° All these shifts have
been observed reversibly dependent on the O, concentra-
tion. We thus conclude that the 6e fibers definitely bind
and release O; molecules in aqueous solution. The fibrous
morphology has remained during these dioxygenation
cycles. This is the first porphyrin fiber which can
coordinate O reversibly in an aqueous system. The
oxidation to an Fe(I1I) complex, however, took place (half-
lifetime: ca. 4 h). The oxidized fibers became shorter,
revealing again that the intramolecular imidazole coor-
dination largely governs the fiber’s structure.

The O3 and CO binding affinities (Py3%, P1,,C0: gaseous
pressure at half O; or CO binding for the porphyrinato~
iron(I)) of the 6e fibers were determined on the basis of
the UV—vis spectral changes by O; or CO titration. The
isosbestic points were maintained in all cases. Further-
more, the O; and CO association and dissociation rate
constants (k,,, k.5) were explored by laser flash photolysis
(Table 1).82:11-13 The P40 value of the fibers (25 Torr) was
4-fold lower than that of the monomer in methanol solution

(27) Hori, H.; Kitagawa, T. J. Am. Chem. Soc. 1980, 102, 3608.

(28) Desobois, A.; Momenteau, M.; Lutz, M. Inorg. Chem. 1989, 28,
825.

(29) Wu, J.; Komatsu, T.; Tsuchida, E. J. Chem. Soc., Dalton Trans.
1998, 2503.

(30) Hirota, S.; Li, T.; Philips, G. N., Jr.; Olson, J. S.; Mukai, M.;
Kitagawa, T. J. Am. Chem. Soc. 1996, 118, 7845.

(6.7 Torr). Kinetically, this arises mainly from the low
kO value of the fibers in comparison to that of the
monomer. This might be caused by steric hindrance of the
flexible long alkyl chains on the porphyrin planes. The O
binding profile did not show any cooperativity like that
of hemoglobin; the Hill coefficient was 1.0. It is, however,
rather remarkable that one fiber with a length of 1 yum
(Mw: 8.5 x 10¢ Da), for instance, does bind an equivalent
amount of O, to the porphyrin components, that is
approximately 2.6 x 10® molecules under O, atmosphere
([0O2] = 760 Torr) at 25 °C, while one hemoglobin (Mw:
6.45 x 10 Da) coordinates only four O; molecules under
the same conditions. This self-assembled fiberis definitely
anew type of three-dimensional porphyrin structure with
a capability of O; transport in an aqueous system.

Conclusions

The synthesized lipidporphyrin complexes are new
amphiphilic building blocks involving a porphyrinato—
metal with an intramolecular coordinated axial base in
aqueous media. The self-assembled fibers of 6¢ show
fluorescence but extraordinarily short triplet lifetimes that
are normally due to the edge-to-edge alignment of the
porphyrin macrocycles. The hydrophobic tetraphenylpor-
phyrin moieties of 6¢ (or 6e) with an axially coordinated
imidazolylalkyl arm probably preduce a unique tetragonal
tube which performs a key role in the fiber formation.
Furthermore, the N-coordinated high-spin Fe(II) complex
6e fiber can bind an equivalent amount of O; molecules
depending on the number of porphyrin components. This
lipidporphyrinato—iron(II) fiber is a new type of synthetic
O; carrier and will also be able to perform some of the
catalytic activities of other hemoproteins. To develop a
light-initiated function of the porphyrin assembly, a study
of the photoinduced electron-transfer reactions of the
hybrid lipidporphyrinato—zine(Il) and —iron(111) fibers is
now under way.
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ABSTRACT: Lipidporphyrinatoiron(Il) complexes are tetrakis(o-substituted)phenylporphinatoiron(Il) de-
rivatives which can be easily dispersed in water by molecular assembling. The most remarkable aspect of
lipidporphyrinatoiron(Il) assemblies is their reversible binding of dioxygen under physiological conditions (in
aqueous media, pH 7.3, 37 °C) like hemoglobin and myoglobin. In these structures the O,-binding properties
are largely influenced by the molecular environment around the coordination site. Tetrakis(o-pivalamido)-
phenyiporphinatoiron(IT) with a covalently linked axial imidazole (lipidporphyrinatoiron(II), 1) is incorporated
into recombinant human serum albumin (tHSA), providing a totally synthetic O,-carrying hemoprotein
(tHSA-1). Electrospray ionization mass spectrometry revealed the molecular mass of this non-covalent
albumin—porphyrin hybrid. The O, rebinding after laser flash photolysis represented a three-phase decay,
suggesting that each porphyrin is embedded into different cavities in the albumin structure. On the other hand,
amphiphilic lipidporphyrinatoiron(II) with four alkylphosphocholine chains (2) is self-organized in aqueous
solution to produce bimolecular fibers with a uniform thickness of 10 nm. This fiber also gave a stable O,
adduct, and the O, rebinding after laser flash irradiation showed monophasic kinetics. Up to 20 vol% of
methanol, which is a critical concentration for fiber formation, the morphology was gradually dissociated into
spherical micelles, and the stability of the dioxygenated species suddeniy decreased to 10% of that of the fibers.
Copyright © 2000 John Wiley & Sons, Ltd.

KEYWORDS: lipidporphyrinatoiron(Il); molecular environment; molecular assembly; human serum

albumin; dioxygen binding; electronspray ionization mass spectroscopy; laser flash photolysis

INTRODUCTION

The unique binding aspects of dioxygen to protoheme
in hemoglobin are governed by the specific micro-
environment around the coordination site, i.e. heme-
pocket, and dynamic structural changes of the
tetrameric proteins, i.e. globin chains. Although the
O,-binding mechanism of hemoglobin has been
clarified in detail, it is still difficult to achieve the
cooperative O,-binding profile using synthetic poly-
mers. However, the hydrophobic atmosphere con-
structed by a synthetic molecular assembly, e.g. a

*Correspondence to: E. Tsuchida, Department of Polymer
Chemistry, Advanced Research Institute for Science and Engineer-
ing, Waseda University, Tokyo 169-8555, Japan.
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phospholipid bilayer membrane, can prevent unfavor-
able electron transfer of the porphyrinatoiron(ll),
affording a stable O, adduct in aqueous solution [1—
3]. In this paper we report the molecular environment
effect on O, binding to tetrakis(o-substituted)phenyl-
porphinatoiron(Il) derivatives with a covalently linked
axial imidazole (lipidporphyrinatoiron(ll)) in two
types of molecular assembling systems.

Human serum albumin (HSA) is the most abundant
plasma protein and plays two major roles in the
bloodstream, namely (i) maintaining the colloidal
osmotic pressure and (ii) transporting numerous
endogenous and exogenous compounds. Indeed, serum
albumin can bind a great variety of metabolites and
organic molecules [4-7]. Hemin released from hemo-
globin is also transported to the liver by albumin for
metabolic processing. Interest in this molecular binding
led to association studies of serum albumin with
several porphyrin derivatives [8-11]; however, little
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attention has been paid to the physiological applica-
tions of these albumin—porphyrin hybrids [12, 13].

Unexpectedly, the three-dimensional structure of
this very usual protein has been recently clarified. In
1989, Carter et al. first reported a structure of HSA to
6.0 A derived from tetragonal crystals obtained from
defatted commercial albumin [14]. Three years later,
monoclinic crystals of recombinant HSA (tHSA) were
also prepared and the structure was solved to 2.8 A
[15,16]). The 585 amino acids consist of a unique
heart-shaped structure which can be approximated as
an equilateral triangle (8§nm X 3nm). HSA has
homologous repeating domains (I, II and III) with
nine loops formed by 17 disulfide linkages, and each
domain is constructed of two subdomains (IA, IB,
etc.). The majority of the compounds are bound at one
or both sites within specialized cavities of subdomains
IIA and HIA with typical equilibrium constants (K)
ranging from 10° to 10* M~! [4-6]. We have recently
found that water-insoluble lipidporphyrinatoiron(IT)
with a covalently linked imidazole (1) is incorporated
into HSA or recombinant HSA (tHSA) [17-20]. The
obtained albumin—1 hybrid can coordinate dioxygen
reversibly under physiological conditions (in aqueous
media, pH 7.3, 37°C) in a similar fashion to
myoglobin.

On the other hand, it is of current interest to
construct a three-dimensional molecular structure
using self-assembling of amphiphilic porphyrins in
water [21-25]. Systematically aligned multiporphy-
rins will act as novel hemoprotein analogues and
photochemical devices. More recently, several syn-
thetic porphyrin amphiphiles have been self-organized
in bulk aqueous solution, producing well-defined
structures (monomolecular fibers, platelets and bimol-
ecular vesicles) in which the highly ordered porphyrin
arrays can act as light-harvesting centers for photo-
induced charge separation and as active sites for
hemoproteins [26-30]. We have reported long-lived
fibers made of lipidporphyrinato-metals (Zn(II),
Fe(II)) with four alkylphosphocholine groups on one
side of the ring plane and an imidazolylalkyl arm at the
periphery (2) [31]. The 2 fibers also produce a
reversible O, adduct in aqueous media. In the above
two systems the molecular environment effect on O,
binding to the lipidporphyrinatoiron(Il) complexes is
described.

EXPERIMENTAL
Materials and Spectroscopy Apparatus

The lipidporphyrinatoiron(Il) derivatives (1 and 2;

Copyright © 2000 John Wiley & Sons, Ltd.

Fig. 1) were synthesized by the previously reported
procedures [31, 32]. rtHSA (25 wt%) was provided by
Yoshitomi Pharmaceutical Industries Ltd. The water
used was deionized using an Advantec GS-200
system. The rHSA-incorporated 1 and self-assembled
fibers of 2 were prepared according to the previously
reported procedures [20, 31]. HSA-1(n) denotes HSA
incorporated with n (1-8) molecules of 1. UV-vis
absorption spectra were recorded on a Jasco V-570
spectrophotometer. Electrospray ionization time-of-
flight mass spectrometry (ESI-TOFMS) measurements
were carried out using a Perceptive Biosystems
Mariner.

Transmission Electron Microscopy (TEM)

The negatively stained specimens for TEM and the
vitrified specimens for cryo-TEM were prepared as
previously reported [28]. The obtained grids were
observed in a Jeol JEM-100CX electron microscope or
a Phillips CM12 using a Gatan cold-stage model 626
at an acceleration voltage of 100kV.

O;-binding Equilibrium and Kinetics

O, binding to lipidporphyrinatoiron(I) was expressed
by

FeP + O, % FeP(0) 1)
ff

(K = kon/ koff )

The O,-binding affinity (gaseous pressure at half O,
binding for lipidporphyrinatoiron(Il), P, = 1/K) was
determined by the spectral changes at various partial
pressures of O, [2, 33]. Porphyrin concentrations of
20 uM were normally used for UV-vis absorption
spectroscopy. The spectra were recorded within the
range 350-700 nm. The O,-association and -dissocia-
tion rate constants (k,, and k.g) Were measured by a
competitive rebinding technique using a Unisoku
TSP-600 laser flash photolysis apparatus [2, 33, 34].

RESULTS AND DISCUSSION

Incorporation of Lipidporphyrinatoiron(Il) into
rHSA

Incorporation of hydrophobic lipidporphyrinato-
iron(II) with a covalently linked imidazole (1) into
HSA or rHSA provides a new type of albumin-
porphyrin hybrid which can reversibly bind dioxygen

J. Porphyrins Phthalocyanines 4, 81-87 (2000)



O, BINDING TO LIPIDPORPHYRINATOIRON(II) COMPLEXES 83

|
“NY l
\|/ é \N+/
N+ T -
( 0RO NP
o N« O _
Q _ { o#-0
00 o o
Q 0:P-0
o)
o

Fig. 1. Structure of lipidporphyrinatoiron(Il) complex with covalently linked axial imidazole.

under physiological conditions [17-20]. From a
guantitative analysis of the free porphyrin in the
rHSA~1 solution, the maximum binding number of
compound 1 to an albumin was determined to be
eight [19]. Furthermore, the binding sites were
estimated to be subdomains IB-IIA, IIA and IIIB of
HSA with binding constants (K) from 10° to 10* M
[19].

The isoelectric points (pl) of rtHSA-1 (1/THSA = 1-
8 (mol/mol)) were all 4.8, i.e. exactly the same as that
of rHSA [19,20]. This observation indicates that
lipidporphyrinatoiron(Il) (1) without any ionic residue
interacts non-specifically with a hydrophobic cavity of
rHSA, so that its surface charge distributions are not
changed. Based on circular dichroism (CD) spectro-
scopy [19, 20], the association of 1 did not cause any
secondary or tertiary structural change of rHSA. Thus
we can conclude that hydrophobic interaction is the
major molecular force of the binding of 1 to rHSA.

Electrospray ionization mass spectrometry (ESI-

Copyright © 2000 John Wiley & Sons, Ltd.

MS) is a gentle method for transferring protein ions
from solution into the gas phase and accurately
determining their molecular masses [35, 36]. A feature
of ESI-MS is its ability to detect non-covalent
interactions between proteins and molecular partners
[37]. A typical ESI time-of-flight mass spectrum (ESI-
TOFMS) of multiply charged ions of rHSA is shown
in Fig. 2(a). Deconvolution of these data yields a
molecular weight of 66 505 Da, which corresponds to
the theoretical molecular mass of 66 451. On the other
hand, the ESI-TOFMS of the rHSA-1(4) hybrid
showed additional broadened signals in the range of
high molecular mass (Fig. 2(b)). Although some of the
incorporated 1 is dissociated from the albumin host
during ionization, these high-molecular-weight frag-
ments demonstrate the formation of the rHSA-1
complex. The calculated mass of THSA-1(4) is 71
806, therefore the intense peak maxima at 4261, 3989
and 3750 coincided with the rtHSA-1 charge states
+17, +18 and 419 respectively. Unfortunately, the

J. Porphyrins Phthalocyanines 4, 81-87 (2000)
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Fig. 2. ESI-TOF mass spectra of multiply charged ions of (a)
rHSA and (b) rHSA-1(4).

deconvolution of these data proved unsuccessful
because of the broadness of the peaks.

O,-binding Properties of rHSA-
Lipidporphyrinatoiron(II)

The UV-vis absorption spectral changes of the rHSA-
1 solution upon exposure to dioxygen and argon were
reversible in phosphate-buffered saline solution (pH
7.3) (Fig. 3).

The O,-association and -dissociation rate constants
(kon and ko) were then explored by laser flash
photolysis. The absorption decays accompanying O,
recombination were composed of three phases of first-
order kinetics, and the curves of the absorption decays
(AA(?)) were fitted by a triple-exponential equation
[20]

AA(t) = Cy exp(—kiz) + Cy exp(—kat)
+ Cs exp(—kst) (2)

where k,, k, and k5 are the apparent rate constants for
each reaction. The minor (less than 10%) component
ky, which is the fastest rate constant, was always
independent of the O, concentration. It is presumably
correlated with a base elimination reaction [38]. From
the slopes of linear plots of &, and ks versus O,
concentration, two association rate constants for fast

Copyright © 2000 John Wiley & Sons, Ltd.
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Fig. 3. UV-vis absorption spectral changes of rHSA~1 in
phosphate-buffered saline solution (pH 7.3) at 25°C,

O, rebinding (kon) and slow O, rebinding (k. )were
obtained (Table 1). The k., values are three times
larger than those of k. The ratio of the fast reaction
and the slow reaction was approximately two for
rHSA-1(4) and three for rtHSA-1(8). In the case of
tHSA-1(1), kon (3.2 x 107 M~ 's™!) was the only
major component. Thus we concluded that the O,
association to 1 embedded into certain domains of
serum albumin is significantly affected by the mol-
ecular environment around each porphyrin complex,
e.g. steric hindrance by the protein residues and
polarity.

The O,-binding affinities (P,,, gaseous pressure at
half O, binding for porphyrinatoiron(Il)) of rHSA-1
were determined on the basis of the UV-vis spectral
changes by O, titration. According to the results of the
kinetics experiments, the P, ,, values were divided into
two components: K =(Py;,)" ! and K' = (P'12)" L. The
obtained P, and P/, are almost identical for rHSA~
1(4) and rtHSA-1(8) (Table 1).

Stability of O, Adduct of Lipidporphyrinatoiron(I)
Fibers

Amphiphilic lipidporphyrinatoiron(Il) (2) is self-
organized in aqueous media to form long-lived

J. Porphyrins Phthalocyanines 4, 81-87 (2000)
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Tabie 1. O,-association rate constants and O,-binding
affinities of lipidporphyrinatoiron(Il) at 25°C (pH 7.3)

107k 10°%Ke Pip Pin
M 'sTh M'sTYH  (Torr) (Torr)
rHSA-1(4) 32 10 14 13
rHSA-1(8) 34 9.5 14 13
2 fibers 4.7 - 25 -
2 in methanol 17 - 6.7 -
Hb(T-state)o® 0.29 - 40 -

2 pH 7, 20°C, from Ref. 39.

micellar fibers [31]. Transmission electron micro-
scopy of the solution showed long fibers with the
width of a double-layer thickness (10 nm) (Fig. 4(a)).
Based on the results for the corresponding zinc(II)
complex fibers, it is concluded that the iron(fl)
complex 2 also produces a similar fiber in which the
hydrophobic tetraphenylporphyrin moieties with an
intramolecular coordinated imidazole all produce J-
aggregates at the center (Fig. 5) [31]. In the middle of
the fiber section, four porphyrin planes are oriented
perpendicularly to each other, forming a tetragonal
unit, and the interior is occupied by iron(If)-coordi-
nated imidazolylalkyl arms. The porphyrin planes are
then aligned laterally, producing long fibers.

Upon exposure of these fibers to dioxygen, the UV-
vis absorption spectrum immediately changed to that

Fig. 4. Transmission electron micrographs of 2 fibers: (a)
negatively stained sample with uranyl acetate; (b) cryo
preparation in vitreous ice without staining.

Copyright © 2000 John Wiley & Sons, Ltd.

G———10 nm————

Fig. 5. Proposed structure of 2 fiber.

of an O,-adduct species (M\max 424, 549 nm). The
dioxygenation was stable and reversible at 25°C,
depending on the partial O, pressure. The fibrous
morphology remained during these dioxygenation
cycles. Oxidation to the iron(IIl) complex, however,
took place (half-lifetime ca 4 h).

The 2 fibers were not sensitive to the presence of
electrolytes; sodium chloride (0.15M) caused no
precipitation. Addition of excess methanol could only
destroy the fibers. The absorption spectrum (Apay
424 nm) of the carbonylated 2 fibers was blue-shifted
to that of the monomer (A\y.x 420 nm) by increasing
the methanol concentration (Fig. 6). Up to 20 vol% of
methanol, which is a critical concentration for fiber
formation, the structure was gradually dissociated into

Absorbance

| ¥ - l : l ' 1
350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 6. UV-vis absorption spectral changes of carbonylated
2 fibers in aqueous media upon addition of methanol at
25°C.
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Fig. 7. Changes in half-lifetime of O, adduct and Soret band
absorption maximum of 2 fibers on addition of methanol.

spherical micelles, and the stability of the dioxyge-
nated species suddenly decreased to 10% of that of the
fibers (Fig. 7). It can therefore be concluded that the
fiber structure, which involves the hydrophobic por-
phyrin core at the center, is necessary for stable O,
adduct formation.

In contrast with tHSA-1, the O, rebinding to the 2
fibers after laser flash photolysis was monophasic,
indicating that all the porphyrin units are aligned in the
same fashion and located in a uniform molecular
environment. The Py, value of the fibers (25 Torr) was
four times lower than that of the monomer in methanol
solution (6.7 Torr) (Table 1). Kinetically, this arises
mainly from the low k., value of the fibers in
comparison with that of the monomer. This might be
caused by steric hindrance of the flexible long alkyl
chains on the porphyrin planes.

CONCLUSIONS

The microenvironment around the lipiporphy-
rinatoiron(Il) (1) in the albumin obviously retarded
the irreversible oxidation of the central iron(Il) ion,
because 1 homogenized with Triton X-100 in water
was rapidly oxidized upon exposure to dioxygen.
Furthermore, the O,-binding affinity of 1 in rHSA is
rather high relative to the value supposed. Since Py,
of 1 is 38 Torr in toluene solution at 25 °C, the value in
water should become approximately 300 Torr as
inferred from the O, solubility. This result clearly
shows that the polar amide environment in the albumin
peptide causes an increase in polarity around the
coordination sphere of 1. In addition, the two-phase
kinetics of O, association to rHS A—1 may indicate two

Copyright © 2000 John Wiley & Sons, Ltd.

types of orientation of the tetrapivalamide substituents
on the porphyrin plane. If the O,-binding side of the
porphyrin plane, namely the pivalamide side, faced the
center of the albumin molecule, the O,-association
rate should be decreased. On the other hand, the
stability of the Oj-adduct species of lipidporphy-
rinatoiron(II) (2) fibers is largely affected by the
aggregate morphology. The half-lifetime for the O,
adduct of the 2 micelles is only one-tenth of that for
the bimolecular long fibers. In the tubular structure of
the tetragonal porphyrin units the mobility of the
porphyrin plane is restrained and the obtained
hydrophobic core plays a role in the prevention of
oxidation of dioxygenated species.
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Photoirradiation into the LMCT band (A_: 362 nm) of
self-assembled amphiphilic tetraphenylporphyrinato-iron(IIT)
(lipidporphyrinato-iron(III)) chloride with hyaluronic acid
leads to reduction of the central ferric ion in saline solution (pH
7.4, 25 °C); the obtained lipidporphyrinato-iron(II) can
reversibly bind and release dioxygen.

If the redox behavior of the iron center of the heme com-
plex, which plays crucial roles in biological systems, can be
controlled by light-irradiation, this chemistry allows the photo-
manipulation and/or photo-resuscitation of the activities of nat-
ural hemoproteins. From this point of view, the photochem-
istry of ferric porphyrins, especially the photoreduction of the
central Fe(Il) ion in aqueous media is of current interest.!-2
The Fe(II)porphyrins generally coordinate a counter anion and
show a ligand-to-metal charge-transfer (LMCT) transition in
the near UV region. It has been known that photoirradiation
into this LMCT band leads to reduction of the metal center
involving radical dissociation.>> Hendrickson and co-workers
revealed the photoreduction of the tetraphenylporphyrinato-
iron(III) halide ([Fe(III)TPP]*Cl) by LMCT irradiation and
photocatalytic hydrocarbon oxidation.® The produced chloride
radicals, however, recombine with Fe(II)porphyrin in water,
and the ferrous complex cannot be accumulated. We have
recently found that an amphiphilic Fe(II)TPP derivative with
an intramolecularly coordinated axial imidazole (lipidporphy-
rinato-iron(I1I), 1b)’ forms a fibrous aggregate with hyaluronic
acid, and its central Fe(III) ion coordinates Cl- in saline solu-
tion. This paper describes, for the first time, a clean photore-
duction of self-assembled lipidporphyrinato-iron(II) fibers
under semi-physiological conditions (pH 7.4, in saline, 25 °C).
The obtained lipidporphyrinato-iron(II) (1a) aggregate is able
to reversibly bind and release dioxygen like hemoglobin. The
reduction mechanism was also evaluated using laser flash pho-
tolysis experiments.

M: Fe(ll) I1a
Fe(inCl 1b
(o]
R: —'i‘c?(CHz)15'0";"0'(0“2)2‘“(0“3)3

H CHg o}

Upon the rapid injection of methanolic 1b into phosphate
buffered saline (pbs; 1 mM, pH 7.4, [NaCl]: 0.15 M), a homo-
geneous solution was produced ([1b]: 10 uM, {CH,OH} < 0.3
vol%). The remaining methanol was completely removed by
dialysis in pbs for 15 h at 4 °C. Transmission electron

microscopy (TEM) of the evaporated 1b solution showed
spherical micelles with a diameter of 10 nm. The UV-vis.
absorption spectrum showed that the dominant species of 1b at
pH 7.4 was the five-coordinated Fe(IIl) high-spin complex
with axial chloride.®® We assigned the distinct band at 362 nm
(e: 2.5 x 10* M-'cm!) as a LMCT transition between the cen-
tral Fe(IIT) and CI-, based on the following results. (i) This
band significantly shifted to the lower energy with the decreas-
ing electronegativity of the halides (I' < Br < CI'), while the
Soret or Q-bands, which are ®-n* transitions, were not
affected.® (ii) The entire absorption spectrum changed with
increasing pH and finally showed the five-coordinated Fe(III)
complex with axial OH- at pH 10.° This spectral change was
reversible and the pKa value was determined to be 7.7. From
the absorption pattern, the formation of the six-coordinated
Fe(III) low-spin complex with axially bound imidazole and Cl
was excluded. 01!

Upon photoirradiation of this 1b micellar solution with a
250 W high-pressure Hg arc-lamp (365 nm) under an argon
atmosphere, a negligible change in the absorption spectrum
was observed. In contrast, the co-existence of a small amount
of hyaluronic acid (21 mg L', [unit]: 100 uM), which is a
scavenger of free radicals in biological systems, led to com-
plete photoreduction of the central ferric ion (Figure 1). After
photoirradiation for 45 min, the UV-vis. spectrum of 1b
changed to that of a five-N-coordinated high-spin Fe(II) com-
plex (1a) (Kmax: 443, 542, 566 nm). The well-defined isos-
bestic points (431, 462, 531, 584 nm) throughout the measure-
ment revealed that no side reactions occurred; the quantum
yield (®) was 7.0 x 103.)2 The addition of hyaluronic acid to
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Figure 1.  Visible absorption spectral changes in photo-
reduction of 1b fibers in phosphate buffer saline (pH 7.4, [NaCl]:
0.15M) at 25 °C.

Copyright © 1999 The Chemical Society of Japan
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Figure 2. TEM of evaporated agueous solution of the
self-assembled 1b with hyaluronic acid; short fibers before
photoirradiation (bar; 100 nm).

the 1b solution in the dark induced no absorption change, indi-
cating the polysaccharide neither affects the coordination struc-
ture nor reduces the Fe(Ill) center. Irradiation into this CT band
only causes the reduction of the ferric complex in the presence of
hyaluronic acid. As expected, the complete reduction was not
observed at pH 10. Glucose also showed efficacy for the pho-
toreduction as well, but a large excess amount (0.15 M) was
needed for achieving a 100% reduction. Other mucopolysac-
charides (chondroitin sulfic acids, efc.) were also examined,
but they were not as efficient compared to hyaluronic acid.

Interestingly, the addition of hyaluronic acid induced a
remarkable morphology change in the 1b aggregate from the
spherical micelles into the unique short fibers (Figure 2). The
width of the fiber is estimated to be 5 nm, corresponding to the
molecular length of 1b (4.6 nm). The fibers are presumably
made of the polysaccharide chain combined with lipidpor-
phyrins. These co-assembled structures of 1b and hyaluronic
acid may be responsible for the effective photoreduction
process. On the other hand, addition of small amount of glu-
cose did not induce any morphology change of the 1b micelles.

Laser flash photolysis at 355 nm (THG of Nd:YAG) of the
deaerated aqueous 1b solution with hyaluronic acid showed
that the photoreduction was finished within the duration of the
laser pulse; the transient absorption spectral pattern measured
at 50 ns after the pulse was in good agreement with the differ-
ence spectrum (five-N-coordinated Fe(Il} complex minus
Fe(III) complex with CI') (Figure 3). These results suggest that
the primary reaction step appears to be the homolytic cleavage
of the ferric ion and the axial CI', and that the imidazole arm
immediately coordinates to the Fe(II) center within 50 ns. The
produced chloride radical probably reacted with the active
hydrogen in hyaluronic acid and the reduced ferrous complex
was accumulated.!

Upon exposure of dioxygen to the aqueous solution of the
photoreduced 1a, the UV-vis. absorption spectrum changed to
that of the dioxygenated species (A, , : 425, 548 nm). The o,
coordination was reversible at 25 °C depending on the O,-par-
tial pressure and the O,-binding ability was almost identical to
that of the 1a fibers which were prepared by the previously
reported procedure involving the chemical reduction of the
Fe(III) center.”

In conclusion, photoirradiation into the LMCT band of the
self-assembled 1b fiber with hyaluronic acid leads to a clean
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Figure 3. Transient absorption spectrum of aqueous Ib

solution with hyaluronic acid (21 mgL") under argon (pH 7.4,
[NaCi]: 0.15 M) at 50 ns after the laser pulse. The spectral
pattern is in good agreement with the difference spectrum of
five-N- coordinated Fe(ll) complex minus Fe(III) complex.

reduction of the central ferric ion. Hyaluronic acid strings in
the fibers are presumably very effective as a radical scavenger
in this reaction.
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Abstract

A tetraphenylporphyrin derivative having four alkylphosphocholine groups and a covalently-bound axial imidazole (lipidpor-
phyrin) is easily self-organized in water to form spherical micelles or bilayer membranes with phospholipid molecules. The
photoinduced electron transfer reactions between lipidporphyrinato-zinc(II) (1) and -iron(III) (2) complexes in these molecular
assemblies were studied by fluorescence spectroscopy and laser flash photolysis. A mixture of 1 and 2 (molar ratio: 1/1) produced
non-fluorescent micelles. The red-shifted Soret band absorption, relative to that of the methanolic monomer solution, suggests the
formation of the photodeactive complex made of 1 and 2 in the ground state. On the other hand, both chromophores were
homogeneously dispersed into the bilayer membrane of 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC), and the
reductive electron transfer from the excited singlet state of 1 to 2 was observed. While this resulted in a significant decrease in the
vield of intersystem crossing, the gradual quenching of the excited triplet state of 1 by 2 was also measured. In both cases, the
corresponding Stern—Volmer plots showed a linear relationship and yielded quenching rate constants of 1.2 x 10! and 6.2 x 10*
M~" s~ via the excited singlet state and the triplet state, respectively. In the presence of excess triethanolamine as a sacrificial
reagent, the intermolecular electron transfer became partly irreversible, giving an intramolecularly imidazole-coordinated Fe(l)
complex which is capable of reversibly binding dioxygen like hemoglobin. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: Electron transfer; Zinc complexes; Iron complexes; Lipidporphyrin complexes; Phospholipid bilayer membrane

1. Introduction namely in molecular assembly systems in aqueous me-

dia [7].
Studies on electron and energy transfer reactions On the other hand, we have found that self-assem-
between different metalloporphyrins, e.g. iron and bled amphiphilic tetraphenylporphyrinato-iron(II)
other metal complexes, have been a topic of great derivatives (Fe(II)-lipidporphyrin) and phospholipid

interest because of the importance of their performance
in biological systems [1-4]. Covalently linked metal-
loporphyrin dimers with different metal centers, in
which the orientation and distance between the two
porphyrins are strictly fixed, have been synthesized, and
their photochemical properties in organic solution were
evaluated [5,6]. However, a few studies have reported
the intermolecular electron transfer reactions between
different metalloporphyrins in biological conditions,

* Corresponding author. Tel.: + 81-3-5286 3120; fax: + 81-3-3205
4740.

E-mail address: eishun@mn.waseda.ac.jp (E. Tsuchida)

! CREST investigator, JST.

vesicles embedding Fe(II)-lipidporphyrin can reversibly
bind and release dioxygen under physiological condi-
tions like a hemoglobin and myoglobin [8,9]. However,
the irreversible auto-oxidation of the central Fe(Il) ion
slowly takes place in all of the dioxygenated complexes,
which results in the deactivation of the O,-binding
ability. If the oxidized Fe(III)-porphyrin can be reduced
by light irradiation, facile regeneration of the O,-bind-
ing ability will be realized. In this paper, we describe
the photoinduced electron transfer reactions between
the Zn(II)- and Fe(IIl)-lipidporphyrins having a cova-
lently bound axial imidazole embedded into the phos-
pholipid bilayer membrane. In the presence of
triethanolamine as a sacrificial agent, a part of the

0020-1693/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
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electron transfer from the excited state of the Zn(II)
complex to the Fe(II1) complex became irreversible and
then accumulation of the Fe(Il)-lipidporphyrin was
observed.
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2. Experimental
2.1. Materials and general methods

2-[8-(2-Methylimidazole - 1 - yoctanoyloxymethyl}-
5,10,15,20-tetrakis {o, o, 0,0-0-[2,2 - dimethyl - 20- ({[2-tri-
methylammonio]ethoxy} phosphonatoxy)icosanamide]-
phenyl} porphinato-zinc(II) (1) and -iron(III) (2) were
prepared according to the previously reported proce-
dures [9d]. 1,2-Dimyristoyl-sn-glycero-3-phosphatidyl-
choline (DMPC) was purchased from the Nihon Oil
Fat Co. Other chemicals were purchased from the
Kanto Chemical Co. All solvents were commercial
high-purity grades used for spectroscopy. The water
was deionized using an Advantec GS-200 system. Spec-
trophotometric measurements were performed with a
Jasco UV-570 spectrophotometer. Dynamic light-scat-
tering measurements were carried out using a submi-
cron particle analyzer (Coulter Electronics N4-SD).

2.2. Preparation of aqueous lipidporphyrin solutions

2.2.1. Self-assembly dispersion
Methanol solutions of the lipidporphyrins (< 20 pl)

with different 1/2 ratios were injected rapidly into
a phosphate buffer (PB) solution (10 mM, pH 74,
3 ml) at 70°C and the obtained homogeneous
solution was incubated for 4 h at room temperature

(r.t.).

2.2.2. Phospholipid vesicle dispersion

A methanolic mixture of DMPC/1/2 (molar ratio:
500/1/0-5; <30 pl) was injected into the PB (3 ml)
and the obtained solution was subsequently homo-
genized by a probe-type sonicator (Nihon Seiki
UP-600) for 5 min under argon. The final con-
centrations of DMPC/1/2 were 1000/2/0-10 uM.
The homogeneous solution was then incubated for 4 h
at r.t.

2.3. Transmission electron microscopy (TEM)

The negatively stained specimens for TEM were pre-
pared according to previously reported procedures
[9b,10]. The obtained grids were observed in a Jeol
JEM-100CX electron microscope at an accelerating
voltage of 100 kV.

2.4. Fluorescence lifetime measurement

The fluorescence emission spectra of 1 were measured
with a Hitachi F-4500. Fluorescence lifetimes were mea-
sured using a Horiba NAES-500 single photon counter
with a hydrogen lamp (excited at 300—400 nm, emission
monitored at > 500 nm). The samples were held in a
cuvette (optical path length 1 cm) and purged of dioxy-
gen by argon bubbling for at least 30 min. All experi-
ments were carried out at 20°C, which is below the

gel-to-liquid crystal transition temperature of DMPC
(23°C) [11].

2.5. Laser flash photolysis

Triplet lifetime measurements were performed using
a Unisoku TSP-600 time-resolved spectrophoto-
meter system with a Continuum Surelite I-10 Q-
switched Nd-YAG laser, which generated a second-
harmonic (532 nm) pulse of 6 ns duration with an
energy of 200 mJ (10 Hz). A 150 W Xenon arc lamp
was used as the monitor light source. The solutions
were also bubbled with argon for 30 min before
the laser flash photolysis. The triplet—triplet absorption
decay of 1 was monitored by its transient absorption at
470 nm. The decay of the triplet state was almost
constant when the molar ratio of 1 to DMPC was
< 1/500. This ratio was therefore employed throughout
our experiments.
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3. Results and discussion
3.1. Self-assembled lipidporphyrin aggregate

The injection of the methanolic 1 and 2 (molar ratio:
1/1) into the PB provided a bright-red homogeneous
solution. TEM of the negatively stained and evaporated
colloid showed spherical micelles with a diameter of 10
nm (Fig. 1(a)), which corresponds to the double length
of the lipidporphyrin (4.6 nm). The hydrophobic te-
traphenylporphyrin moieties with an axial imidazole are
presumably all forced together into the center of the
micelle. In the UV-Vis absorption spectrum of this
micellar solution, the remarkable observation is the
red-shifted Soret band (/... 431 >435 nm) and Q
bands (e.g. Ay. 563 — 567 nm) relative to those of the

Fig. 1. Transmission electron micrographs of negatively stained sam-
ples of (a) 1/2 micelles (molar ratio: 1/1) and (b) DMPC vesicles
embedding 1 and 2 (molar ratio: 500/1/1).
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Fig. 2. UV-Vis absorption spectra of the aqueous solution of (a) 1
micelles, (b) 2 micelles, (c) 1/2 micelles (molar ratio: 1/1), and (d) the
superposition of the spectra of (a) and (b).
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Fig. 3. Fluorescence emission spectra of (a) 1/2 micelles (molar ratio:
1/1), (b) monomeric 1 in methanol, and (c) DMPC vesicles embed-
ding 1. [1}: 1 pM.

superimposed spectrum for the individual monomer
solutions (Fig. 2). Furthermore, this micelle showed
almost no fluorescence as compared with the methano-
lic 1 monomer solution (Fig. 3). This quenching would
be atiributed to the formation of the photodeactive
complex of the two chromophores in the ground state.

3.2. Phospholipid vesicle embedding lipidporphyrins

3.2.1. Morphology and structure

The lipidporphyrins were easily organized with an
excess amount of 1,2-dimyristoyl-sn-glycero-3-phos-
phatidyicholine (DMPC) in the PB by ultrasonication
to produce small unilamellar vesicles with diameters of
30-40 nm (Fig. 1(b)). The particle diameters agreed
with the average size (3548 nm) determined by a
light-scattering experiment. Incorporation of the lipid-
porphyrins into the bilayer membrane of the DMPC
vesicles was confirmed by gel permeation chromatogra-
phy (Sepharose CL-4B) monitored by the absorptions
of 1 at 432 nm and the phospholipid having unsatu-
rated fatty acid residues added as a probe® at 255 nm.
The elution curves coincided with each other, which
means that the porphyrins are incorporated into the
bilayer membrane.

2 A very small amount of the phospholipid, 1,2-di(octadeca-2',4'-
dienoyl)-sn-glycero-3-phosphocholine, was added as a probe for the
vesicles.
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3.2.2. Absorption and excitation spectral properties

A dispersion of the DMPC vesicles embedding 1
showed an absorption spectrum very similar to that of
the methanolic monomer (not shown). The sharp ab-
sorption peak of the vesicle dispersion suggests that
there is no interaction of the neighboring 1 complexes in
the bilayer membrane. The shape of the fluorescence

I
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Fig. 4. (a) UV-Vis absorption spectrum of DMPC vesicles embed-
ding 1 and 2 (molar ratio: 500/1/1) and (b) the superposition of those
of DMPC vesicles embedding individual chromophores subtracted by
that of vacant DMPC vesicles as a blank.
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Fig. 5. Stern—Volmer plots of (a) fluorescence-lifetime quenching and
(b) triplet-state quenching of 1 by 2 in the DMPC membrane.

spectrum is well identified with that of the methanolic
monomer solution except for its slight red shift. The
intensity is, however, twice as large as that in methanol
(Fig. 3). These results indicate that 1 is homogeneously
dispersed in the bilayer membrane and surrounded by a
hydrophobic molecular environment. Concomitantly,
the fluorescence lifetime for 1 in the vesicle was found to
be 2.5 + 0.1 ns, which was also in fair agreement with
that of the monomer in methanol (5.3 +0.9 ns) [9d].

3.2.3. Singlet quenching

The UV-Vis absorption spectrum of the vesicles
embedding both 1 and 2 is almost identical with the
superposition of those of the vesicles incorporating
individual chromophores from which is subtracted that
of the vacant DMPC vesicles as a blank (Fig. 4). This
result suggests that there is no interaction between the
two chromophores in the DMPC membrane. However,
the quantum yield of the fluorescence of this hybrid
vesicle significantly decreased; a little increase of 2 led to
effective quenching of the fluorescence. The decrease in
the fluorescence intensity would be ascribed to the
electron transfer from the excited singlet state (S,) of 1
to 2. The Stern—Volmer plots for the fluorescence
lifetime are shown in Fig. 5(a) in which a linear correla-
tion was obtained in the range of the corresponding 2
concentration. From the slope, the apparent Stern—
Volmer constant, K,,, was calculated to be 1.7 x 10°
M~ Under the assumption that the rate constant for
the sum of all competing processes corresponds to the
reciprocal singlet lifetime, the quenching rate constant
was calculated to be 6.7 x 10> M ~! s~ !, This quantita-
tive evaluation led to an unreasonably high value.
Therefore, the real concentration of 2 in the DMPC
bilayer membrane should be considered for the interpre-
tation of the Stern--Volmer plots. The rate constant
corrected by the inner volume of the membrane was
estimated to be 1.2 x 10! M ~! s~ or less?®, because the
space in which the porphyrin moieties exist in the
vesicles is limited around the center of the membrane.
Although the rate constant is high, the quenching in the
present system would not be static because the iron
complex in the corresponding range did not cause a
spectroscopic shift in the absorption band of 1. This
quenching cannot be interpreted in terms of dynamic
and static quenching as in homogeneous organic solu-
tions. The rate constant, which is much larger than the
order of the diffusion-controlled value, shows that the
electron transfer via the excited singlet state occurs by
tunneling of the excited electron to the acceptor

3 The volume was estimated from the diameter of the vesicle, the
thickness of the bilayer membrane and the areas occupied by a
DMPC and a lipidporphyrin molecule in each compact film (0.6 and
2.8 nm? per molecule, respectively) (see Ref. [9d]).
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Fig. 6. Difference absorption spectra of DMPC vesicles embedding 1
and 2 (molar ratio: 500/1/5) in water containing triethanolamine (10
vol%) on photoirradiation (> 500 nm) under argon.

molecule when the nearest neighboring 2 exists in the
quenching sphere of 1. The fixed location and orienta-
tion of the porphyrin moieties in the gel-state mem-
brane probably allow the proportionate quenching of
the fluorescence lifetime of 1 up to the high concentra-
tion of 2.

3.2.4. Triplet quenching

The transient spectra of the DMPC vesicle embed-
ding 1 after nano-second laser excitation (/.,: 532 nm)
displayed a triplet—triplet (T—T) absorption (4,,,: 470
nm). The dark decay obeyed first order kinetics (71 =
3.9 ms) which was 11-fold longer than that for the
methanolic monomer (z1 =350 ps). In the case of the
DMPC vesicles embedding 1 and 2, the triplet decay
showed predominantly first-order kinetics. The intensity
of the T—T absorption of 1 became significantly smaller
with the increasing concentration of 2. This is due to
the electron transfer from the S, state of 1 to 2, which
occurs in competition with the intersystem crossing.
Part of the S, state of 1 is quenched, while the others,
which are quite separated from 2, can undergo intersys-
tem crossing and thus the excited triplet state was
observed. Stern—Volmer plots of the relative triplet
lifetime (7,/7r) versus the quencher concentration
again showed a linear relationship in the concentration
range 0—10 pM for 2 (Fig. 5(b)). From the slope, the
corrected quenching rate constant was 6.2 x 10* M !
s~ '. For the interpretation of this low value compared
to that in homogeneous solvents (generally, 105—-10'°

M~1!s~1[12], we have to consider the viscosity of the
DMPC bilayer membrane in which the diffusion con-
stant under the gel-to-liquid crystal phase transition
temperature becomes 10%times smaller [13]. In our
heterogeneous system, the triplet quenching constant
can be interpreted as being controlled by the diffusion
reaction in the DMPC membrane.

Upon photoirradiation of the DMPC vesicle embed-
ding the two chromophores in the presence of tri-
ethanolamine (TEA) as an electron donor, sacrificial
photoreduction of 2 was observed. The obtained ab-
sorption difference spectra are shown in Fig. 6. After
the irradiation for 40 min, the final spectrum was
characterized by three peaks at 446, 542 and 567 nm
and two valleys at 413 and 477 nm. They represent the
conversion of the ferric porphyrin to the five N-coordi-
nated ferrous porphyrin, which will act as an effective
dioxygen transporter.

4. Conclusions

The self-assembled micelles made of 1 and 2 showed
negligible fluorescence and T—T absorption, which are
due to the formation of the photodeactive complex
between the two chromophores in the ground state. On
the other hand, DMPC vesicles embedding the two
chromophores at moderate ratios represented photoin-
duced electron transfer. Because of the low mobility
and high dispersibility of the lipidporphyrins anchored
into the gel state of DMPC membrane, the Stern-
Volmer plots for the fluorescence lifetime showed a
straight line up to high concentrations of the quencher;
the quenching rate constant was estimated to be 1.2 x
10'* M ~! s~ . The electron transfer presumably occurs
by a tunneling mechanism when the nearest neighbor-
ing 2 exists in the quenching sphere of 1. A Stern—
Volmer analysis of the triplet quenching again exhibited
a linear relationship. The estimated quenching constant
was 6.2 x 10* M~! s~ !, which was rate-limiting by the
diffusion reaction in the DMPC membrane. The elec-
tron transfer allows sacrificial electron transport from 1
to 2 in the presence of TEA. This hybrid vesicle embed-
ding Zn(1I)- and Fe(IlI)-lipidporphyrins is expected to
act as a light-initiated O,-carrying system in aqueous
medium.
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TECHNICAL NOTES

Photoreduction of Autooxidized Albumin—Heme Hybrid in Saline
Solution: Revival of Its O.-Binding Ability
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Recombinant human serum albumin (rHSA) incorporating 2-[8-{ N-(2-methylimidazolyl)}octanoyloxy-
methyl]-5,10,15,20-tetrakis(a, 0, 0,a-0-pivalamido)phenylporphinateiron(Il)s (Fe(I)Ps) [rHSA—Fe(II)P]
is a synthetic hemoprotein which can bind and release O, reversibly under physioclogical conditions
(saline solution [NaCll: 150 mM, pH 7.3) as do hemoglobin and myoglobin. However, the central
ferrous ions of Fe(I)Ps are slowly oxidized to Os-inactive ferric forms. Based on the UV—vis. absorption
spectroscopy, the majority of the autooxidized Fe(III)Ps in albumin are determined to be six-coordinate
high-spin complexes with a proximal imidazole and a chloride anion, which show ligand-to-metal charge
transfer (LMCT) absorption at 330 nm. Interestingly, photoirradiation of this LMCT band under an
argon atmosphere led to reduction of the central ferric iron of Fe(III)P, allowing the revival of the
Oz-binding ability. The ratio of the photoreduction reached a maximum of 83%, which is probably
due to the partial dissociation of the axial imidazole. The same photoirradiation under a CO atmosphere
provides the corresponding carbonyl rHSA—Fe(II)P. Laser flash photolysis experiments revealed that
the reduction was completed within 100 ns. The quantum yields (®) of these photoreductions were

approximately 0.01.

INTRODUCTION

The ferrous complexes of protoporphyrin IX in hemo-
globin (Hb) are slowly oxidized even in the bloodstream,
converting to the Og-inactive ferric forms. If one can
reduce these iron(III) complexes by light irradiation, this
becomes the easiest way to revive their Oy-binding
abilities. From this point of view, reduction of the
porphyrinatoiron(III)s has been of great interest for
several decades. The ferric complexes of porphyrins
normally coordinate with counteranions and show a
ligand-to-metal charge transfer (LMCT) transition in the
near UV region. It has been shown that, in organic
solvents, photoirradiation of this LMCT absorption led
to reduction of the central metal involving a radical
dissociation (Bartocci et al., 1980; Brault et al., 1980;
Hoshino et al., 1992,1998; Inamura et al., 1985; Ward et
al., 1982). Henderikson et al., for example, revealed the
clean photoreduction of tetraphenylporphinatoiron(III)
halide ([Fe(III)TPP]*X~) by 855-nm irradiation in ben-
zene (Henderikson et al, 1987). In aqueous media,
however, the produced radicals easily react with the
formed porphyrinatoiron(II), so that the ferrous complex
is not accumuiated. Only when hyaluronic acid coexists
in phosphate-buffered saline solution, the self-organized
fibers of amphiphilic Fe(III)TPP derivative could be
reduced by the LMCT irradiation (Komatsu et al., 2000b).

On the other hand, recombinant human serum albu-
min (rHSA) incorporating eight 2-[8-{N-(2-methylimid-
azolyl) }octanoyloxymethyl]-5,10,15,20-tetrakis(o, o, 0,0

* To whom the correspondence should be addressed. CREST
investigator, JST. Phone: 481 3-5286-3120; Fax: +81 3—3205—
4740. E-mail: eishun@mn.waseda.ac.jp.

10.1021/bc000106j CCC: $20.00

o-pivalamido)phenylporphinatoiron(II) (Fe(II)P) [rHSA—
Fe(IDP] is a synthetic hemoprotein which can bind and
release O, under physiological conditions (in aqueous
media, pH 7.3, 37 °C) as do Hb and myoglobin (Mb)
(Komatsu et al., 1999; 2000a; Tsuchida et al., 1997; 1999).
The 6§ wt % solution of this albumin—heme hybrid
satisfies the physiological requirements for a red blood
cell substitute. In fact, administration of this solution into
hemorrhagic shock rats showed an increase in the renal
cortical Os-tensions and skeletal tissue O,-tensions
(Tsuchida et al., 2000). Nevertheless, the remaining
problem with this rHSA—Fe(I)P is also the relatively
short lifetime as an O,-carrying vehicle. Autoxidation of
the central ferrous ion of Fe(IDP takes place slowly
through a proton-driven process (Momentau et al., 1994).
We report herein for the first time the unique coordina-
tion structure of Fe(III)P in albumin and the photore-
duction of rHSA-Fe(III)P by LMCT excitation, which
allows revival of the Oj-binding ability. Laser flash

n: 2, X: none
n: 3, X:CI

Fe(lhP
Fe(linpP
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photolysis experiments also revealed that the reduction
was completed within 100 ns.

EXPERIMENTAL PROCEDURES

Materials and Preparation. The synthetic heme, 2-[8-
{N-(2-methylimidazolyl) }octanoyloxymethyl}-5,10,15,20-
tetrakis(o-pivalamido)phenylporphinatoiron(II) (Fe(I)P)
and the rHSA—Fe(II)P solution [rHSA/Fe(IDP = 1/8 (mol/
mol), in phosphate-buffered saline (pH 7.4)] was prepared
according to our previously reported procedures (Ko-
matsu et al., 2000; Tsuchida et al., 1995). The recombi-
nant human serum albumin (rHSA; 25 wt %) was
obtained from the WelFide Corporation (Sumi et al.,
1993). FeP concentrations of 20 uM were normally used
for the UV—vis. absorption spectral measurements (Shi-
madzu V-570 spectrometer) within the range of 300—700
nm. Upon addition of the rHSA—Fe(IDP solution to Og,
the absorption spectrum showed the typical Oz-adduct
of Fe(IDP (Amax: 426, 552 nm). After incubation of this
dioxygenated rHSA—Fe(II)P at 40 °C for 24 h, all the Fe-
(IDP sites in rHSA are oxidized, giving THSA-Fe(IIT)P
with absorption maxima at 330, 423, and 565 nm.

Photoreduction of Fe(II)P Incorporated into
rHSA. The photoirradiation of this oxidized rHSA-Fe-
(IIDP solution was performed with a 250-W ultrahigh-
pressure Hg arc-lamp (Ushio UCH-250) under an argon
or a CO atmosphere in a dark room (25 °C). The Hg lamp
was held in a special lamp housing (Koken Kogyo LHX-
150), which was connected to a PSX-75 power supply. The
light filtered by a U-370 colored filter was irradiated into
the THSA-Fe(III)P solution in a 10-mm cuvette with a
constant distance of 7.5 cm. The UV-vis. absorption
spectra of the solutions were measured at several inter-
vals. The reduction rates were calculated from the Soret
band absorption (A;) divided by that of the 100% reduced
form for the deoxy state (Agesy at 443 nm) or carbonyl
state (Acarboxy at 427 nm). The quantum yield (@) was
determined by the well-established procedure with an
oxalight Fe(Il) complex (Michaelson et al.).

Transient Absorption Spectroscopy. The transient
absorption spectra after the laser flash photolysis were
measured using an ICCD detector (ANDOR DH520-18F-
WR) with an imaging monochromator (ORIEL MS-257).
The excitation laser pulse was generated from the THG
(355 nm; pulse width, 5 ns) of a Nd:YAG laser (Spectron
SL803G-10). The pulse xenon flash lamp (10 W, 10 Hz,
100 ns pulse width) was used as the monitor light source.
The path length of the cuvette was 10 mm, and all
measurements were carried out using a two-channel
simultaneous detection system (Tokyo Instruments, Ltd.)
at 25 °C.

Resonance Raman Spectroscopy. Resonance Ra-
man spectroscopy measurements were performed using
a laser Raman spectrometer equipped with a CCD
multichannel detector (JASCO NRS-2000). Excitation
was carried out with the 457.9 nm line of an NEC
GLG2162 Art ion laser in a backscattering geometry at
25 °C. The FeP concentrations of 1 mM in special liquid
cells were normally used for the measurements.

RESULTS AND DISCUSSION

Coordination Structure of Autooxidized Fe(III)P
in Albumin. Although the rHSA-Fe(II)P hybrid can
bind molecular O; reversibly under physiological condi-
tions, the central ferrous ions of the Fe(II)Ps are slowly
oxidized to Oy-inactive ferric forms by a proton-driven
process (Momentau et al., 1994). This oxidation, namely
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Figure 1. UV-vis absorption spectral changes in photoreduc-
tion of rHSA-Fe(III)P in phosphate-buffered saline (150 mM
NaCl, pH 7.3) solution under argon atmosphere at 25 °C.

Table 1. Absorption Maxima of yHSA-Fe(III)P Solution
with Sodium Halide (150 mM) at 25 °C

electron negativity LMCT (nm) Soret(nm) Q (nm)

F- 4.0 330 423 566
Cl- 3.0 330 423 565
Br~ 2.8 332 422 569
I- 2.5 333 422 569

autoxidation, generally obeyed the first-order kinetics
with a half-life of ca. 8 h at 25 °C (Tsuchida et al., 1997).
The UV—vis absorption spectrum of the final compound
showed maxima at 330, 423, and 565 nm. We have
reported that the amphiphilic Fe(II)TPP derivative
formed a five-coordinated high-spin complex with a
chloride anion (Cl-) in phosphate-buffered saline solution
(Fleischer et al., 1971; Komatsu et al., 2000b). However,
this is not true for rHSA-Fe(II)P. On the basis of the
absorption pattern, we determined that the dominant’
species of Fe(IIDP in rHSA is an octahedral six-
coordinate high-spin ferric complex with a ClI- and an
intramolecularly coordinated imidazole nitrogen (Figure
1, 3) (Shantha et al., 1998; Walker et al., 1976). In
general, this type of six-coordination with sterically
hindered imidazole, such as 1,2-dimethylimidazole (1,2-
Me;Im), is formed when a large excess of imidazole is
present in the solution, because of the extremely low
equilibrium constant of 1,2-DMIm to [Fe(III)TPP]*Cl-;
3.4 M~ (Walker et al., 1976). However, in albumin, each
Fe(IIT)P molecule is incorporated into the small space of
the hydrophobic domain, so that the six-coordination to
the ferric complex is presumably formed. We assigned
the small absorption band at 330 nm to a ligand-to-metal
charge transfer (LMCT) transition between the central
ferric ion and the Cl~ (Shantha et al., 1998). In the case
of the five-coordinate high-spin [Fe(III)TPP]*Cl-, the
LMCT absorption maxima shift to the lower energy with
the decreasing electronegativity of the halides (I~ < Br-
< CI7), while the Soret and Q-bands, which are x—x"
transitions, are not affected (Hendrikson et al., 1987;
Komatsu et al., 2000). However, the Ap.. of the LMCT
absorption of the six-coordinated Fe(III)P in rHSA was
constant versus the electron negativity of the counter-
anions ([X~]: 150 mM) (Table 1).

We then employed resonance Raman spectroscopy to
detect the vibration stretching mode of the porphyrin ring
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(v2) which is expected in the 15411554 cm™! for the six-
coordinated high-spin [Fe(III)TPP]*Cl~(1,2-Me,Im) ana-
logue (Parathati et al., 1987). The obvious absorption
appeared in this region as double peaks at 1566 and 1547
cm~! (not shown). The latter is likely to be the v, band of
the six-coordinate Fe(III)P in albumin.

Photoreduction of Autooxidized Fe(IIT)Ps in Al-
bumin. The 365-nm irradiation of the saline solution of
rHSA-Fe(IIIP under argon atmosphere led to reduction
of the central ferric ion; the visible absorption spectrum
changed to the typical five-N-coordinate high-spin Fe-
(IDP complex (Amay: 443, 542, and 565 nm) within 15 min
(Figure 1). The isosbestic points (431, 461, 524, and 580
nm) throughout the measurement revealed that no side
reactions occurred.

The following two results indicate that the photore-
duction of rHSA-Fe(IID)P occurs through the intramo-
lecular electron transfer initiated by LMCT excitation.
(i) In the absence of NaCl (in deionized water), the
reduction proceeded by only 20%, suggesting that a
Cl™ is essential for this reaction. (ii) The Soret band
irradiation also reduced the ferric center, but by less than
40%. Irradiation of the LMCT band causes only the
efficient reduction of the autooxidized rHSA-Fe(III)P.
Shantha and co-workers revealed that the coordination
of 2-methylimidazole to [Fe(III)TPP}*Cl~ results in a
clean photoreduction of the central ferric ion by 407-nm
irradiation (Shantha et al., 1998). They also inferred that
a photoreactive state with a Ag.. at 315—335 nm is
responsible for this reduction.

For accumulation of the reduced Fe(II)P, a radical
scavenger should be present in the solution to avoid the
back electron transfer. Actually, irreversible photoreduc-
tion of the molecular fibers of the amphiphilic Fe(III)-
TPP derivative occurred only in a phosphate-buffered
saline solution containing a small amount of hyaluronic
acid (Komatsu et al., 2000). We can therefore assume that
the albumin host itself, for instance, the amino acid
residues located nearby Fe(II)P, immediately traps the
chloride radicals after the charge separation, then the
reaction becomes irreversible. The most probable candi-
dates are tyrosine and tryptophan. It is also remarkable
that the photoreduction rate was not affected by the kinds
of halide ions (I-, Br-, Cl-, F).

Upon exposure of the aqueous solution of the photore-
duced rHSA-Fe(IDP to O, the UV—vis absorption
spectrum changed to that of the dioxygenated complex
(Amax: 426, 552 nm). The O coordination reversibly
depended on the O.-partial pressure. An interesting
observation is that the photoreduction rates reached a
maximum of 83% (Figure 2). This is probably due to the
base elimination in the ferric state; the imidazolyl group
once dissociated from the central iron cannot coordinate
again to the iron(IIl) center. This is consistent with our
previously reported results on the reduction of the
autooxidized rHSA-Fe(III)P by ascorbic acid with red
blood cells (Tsuchida et al., 2000).

Photoirradiation into the LMCT band of the rHSA-Fe-
(IIDP under CO atmosphere provides carbonyl rHSA—
Fe(ID)P (Amax: 427, 540 nm) (Figure 3). CO coordinates
with Fe(II)P immediately after the photoreduction of the
central ferric ion, affording the stable carbonyl complexes.
‘The reduction rate was estimated to be 93% under CO
atmosphere. The real concentration of the carbonyl Fe-
(IDP in rHSA should not be as high, around 83%, because
the Soret band absorption includes that of the five-
coordinated Fe(INP(CO) complex without axial imidazole
bonding, which has a large molecular coefficient.
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Figure 2. UV-vis absorption spectral changes in photoreduc-
tion of rHSA-Fe(IIDP in phosphate-buffered saline (150 mM
NaCl, pH 7.3) solution under CO atmosphere at 25 °C.
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Figure 3. Relationship between the reduction rate and the
irradiation time of rHSA-Fe(IINP in in phosphate-buffered
saline (150 mM NaCl, pH 7.3) solution at 25 °C.

Laser flash photolysis at 355 nm (THG of Nd:YAG) of
the deaerated aqueous rHSA-Fe(III)P solution showed
that the photoreduction was finished within the duration
of the laser pulse; the transient absorption spectral
pattern measured at 100 ns after the pulse was in good
agreement with the difference spectrum of the rHSA—
Fe(II)P solution minus the autooxidized rHSA-Fe(III)P
solution (Figure 4). The primary reaction step appears
to be the homeolytic cleavage of the axial Cl-, and Fe-
(IDP with intramolecularly coordinated axial imidazole
is immediately formed. The produced chloride radical
should have reacted with the active hydrogen in the
amino acid residues of rHSA.

The quantum yields (®) of this photoreduction system
were determined to be 0.01 under a CO atmosphere and
0.008 in argon. Because the LMCT excitation state
(LMCT*) is located above the S; and S, states, the
photoexcited species has two pathways for decaying
(Figure 5). The first is quenching to the S; state with a
rate constant of k4, and the second one yields Fe(IDP via
intramolecular electron transfer. Of course, the former
decay is major, and the charge recombination to Fe(III)-
P+Cl~ with a rate constant of %y is also a facile reaction
which returns to the ground state. However, if the
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Figure 4. Transient absorption spectrum of rHSA-Fe(II)P in
phosphate-buffered saline (150 mM NaCl, pH 7.3) solution at
100 ns after the laser flash photolysis (3565 nm) at 25 °C. The
spectral pattern is in good agreement with the difference
spectrum of rHSA—Fe(II)P minus rHSA-Fe(IIDP.
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Figure 5. Transient states and interconversion pathways for
photoreduction of rHSA-Fe(ITDP.

albumin cage traps the chloride radical, the photoinduced
electron transfer to the ferric ion becomes irreversible.
That is to say, the low quantum yield of this photore-
duction is due to the high probabilities of (i) the deactiva-
tion of LMCT* to S;, and (i) back electron transfer
between the ferrous ion and the chloride radical.

CONCLUSIONS

The autooxidized Fe(III)P in the albumin hybrid
formed a unique six-coordinate high-spin ferric complex,
which shows the LMCT absorption at 330 nm. Photoir-
radiation of this band under an argon atmosphere led to
a clean reduction of Fe(III)P to revive its Os-binding
ability. The partial Fe(III)P which eliminates the axial
base could not be reduced, because of the imidazole
rebinding is probably interfered by the steric hindrance
of the amino acid residues in the albumin interior. The
relatively low quantum yield of this photoreduction may
increase in the serum solution, because the biological
system contains some scavengers for radicals. Picosecond
laser flash photolysis experiments to reveal the detailed
mechanism of this photoreduction are now in progress.
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An amphiphilic (tetraphenylporphyrinato)iron(Ill) derivative with four alkylphosphocholine groups and a proximal
imidazole [(lipidporphyrinato)iron(Ill); 1a] was self-assembled in phosphate-buffered saline (pH 7.3, [NaCl} = 0.15 M)
to form spherical micelles with a diameter of 10 nm. The obtained solution showed a distinct absorption band at 362 nm,
which was assigned to the ligand-to-metal [C1 to iron(II)] charge transfer (LMCT) transition. Light irradiation into this
CT band under an Ar atmosphere did not induce any changes in the UV-vis absorption spectrum. On the other hand, the
addition of glucose (150 mM) to the solution led to complete photoreduction of the central iron(Ill) ion, giving a five-N-
coordinated high-spin iron(ll) complex. It has also been found that a small excess amount of hyaluronic acid (funits] =
100 nM) showed the same effect. The photoreduction was only seen by LMCT irradiation in the presence of the saccha-
ride. It probably occurred via intramolecular electron transfer from C1 to iron(Ill), and the produced chlorine radical
was scavenged by the saccharide, which prevented a back electron transfer reaction (the quantum yields; ca. 0.007). In-
terestingly, hyaluronic acid changed the morphology of the 1a assembly from the micelle to a thin fiber. This co-aggre-
gated structure with hyaluronic acid would be responsible for the effective photoreduction of 1a. The viscosity of the fi-
ber solution significantly decreased during the photoreduction, which suggests that radical trapping induces depolymer-
ization of the hyaluronic acid. Laser flash photolysis experiments showed that the reduction and the imidazole associa-
tion to the iron(Il) center are completed within 50.ns after a laser pulse. The photoreduced (lipidporphyrinato)iron(ll) fi-
bers can reversibly bind and release O, similar to the same fibers which were prepared by chemical reduction using
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ascorbic acid.

The photochemistry of Fe(Ill) porphyrins, especially pho-
toreduction of the central iron(Ill) ion, has been extensively in-
vestigated over the past two decades, because of considerable
interest in the photomanipulation of the native hemoproteins'
activities.”’® A counter anion generally coordinates the Fe(Ill)
porphyrin and shows a ligand-to-metal charge transfer (LM-
CT) transition in the UV region, which is often responsible for
photoinduced electron transfer from a ligand to a metal.'® In
contrast to the fact that many of the previous studies concern-
ing the photoreduction of metalloporphyrins have required ex-
ternal sensitizers,''™¢ photoexcitation of the LMCT excitation
provides a clean reduction through intramolecular electron
transfer. For instance, the alcoholate complexes of the Fe(IlI)
porphyrins in aqueous or nonaqueous alkaline alcohols under-
go photocleavage of the Fe™O bond to give Fe(Il) porphyrins
and alkoxy radicals.! In a benzene solution, the chloro(tet-
raphenylporphyrinato)iron(Il) [FemCl(tpp)] can be reduced to
the iron(ll) complex upon LMCT irradiation.%’ The mecha-
nism of this photoreduction was postulated to be photolysis of
the Fe™C1~ bond. This basic photochemistry for the Fe(Ill)
porphyrins has been expected to be adapted to control of func-
tions of natural hemoproteins and the model hemes under
physiological conditions. However, such a development has

# CREST investigator, JST.

never been realized, because the produced radicals easily re-
combine with the Fe(Il) porphyrin in water. Gilbert et al. only
reported the irreversible photoreduction of the carboxy(por-
phyrinato)iron(Ill) complexes in aqueous solution containing a
large excess amount of carboxylic acid or amino acid.%*

We have recently found that the (tetraphenylporphyri-
nato)iron(Il) derivative with four alkylphosphocholine groups
and an axially coordinated imidazole [(lipidporphyri-
nato)iron(Il); 1b, Chart 1] formed tubular fibers in water, and
can reversibly bind and release O, like hemoglobin and myo-
globin.'” The only drawback of this fiber as an O, transporter
is its relatively short lifetime of the O,-adduct complex. The
O2-biniding capability is slowly inactivated accompanying au-
tooxidation of the central iron(l) ion by a proton-driven pro-
cess.!® If we can reduce the autooxidized iron(Hll) center by
light irradiation, this method would become the simplest way
to revive their O,-binding abilities and to maintain their activi-
ty for a longer time. This paper describes the photoreduction
of the self-assembled (lipidporphyrinato)iron(lll) complex (1a,
Chart 1) in phosphate-buffered saline by LMCT excitation.
The co-aggregated saccharide prevents back electron transfer
and allows the photoreduction to be irreversible. The resulting
1b fiber permitted a reversible O, binding.
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Chart 1.

Experimental

Materials and General Methods. 2-[8-(2-Methylimidazole-
1-yloctanoyloxymethyl]-5,10,15,20-tetrakis{ &, @, &, &-0-[2,2-
dimethyl-20~({ [2-trimethylammonicjethoxy } phosphonatoxy)-
icosanamide]phenyl}porphyrinatoiron(Jll) (1a) was prepared ac-
cording to our previously reported procedures.!”” The hyaluronic
acid sodium salt (from human umbilical cord) and amylose were
purchased from Sigma Chem. Co. Glucose and other chemicals
were obtained from the Kanto Chem. Co. and used without further
purification. The water was deionized using an ADVANTEC GS-
200 system.

Preparation of Aqueous (Lipidporphyrinato)iron(Ill) Solu-
tion. A methanol solution of 1a (< 5 pL) was injected into
phosphate buffered-saline (PBS; 1 mM, pH 7.3, [NaClj = 150
mM, 2.5 mL) and the obtained homogeneous solution was incu-
bated for 4 h at room temperature. The remaining methanol
({ICH;0H] < 0.2 vol%) was completely removed by dialysis with
a cellulose tube in PBS for 1 h (2 times) and for another 15 h at 4
°C. The final concentration of 1a was normally adjusted to 10 pM
based on its molar extinction coefficient (&4 5.8 X 10 M™
cm™), and saccharides were directly added to this solution. The
samples were held in a cuvette (optical path length 10 mm) and
degassed by Ar bubbling for at least 30 min. Spectrophotometric
measurements were performed using a JASCO UV-570 spectro-
photometer.

Transmission Electron Microscopy (TEM). Negatively
stained specimens for TEM were prepared according to our previ-
ously reported method.'*?° The obtained grids were observed us-
ing a JEOL JEM-100CX electron microscope at an accelerating
voltage of 100 kV.

Photoreduction of (Lipidporphyrinato)iron(I) Fibers.
Continuous light irradiations were performed with 2 250 W ultra-
high-pressure Hg arc-lamp or a 150 W xenon arc-lamp under an
Ar atmosphere in a dark room (25 °C). The light was filtered with

cut-off filters (HOYA B-390, L-42, U-360, Y-50) to isolate the de--

sired wavelength region. The filtered light was irradiated into a
solution of 1a contained in a 10-mm cuvette at a distance of 75
mm from the center of the light source. The UV-vis absorption
spectra of the solution were measured at regular intervals. The
quantum yield (@) was determined using the ferrioxalate actino-
metric procedure.?!

Transient Absorption Spectroscopy. The transient absorp-
tion spectra after nano-second laser flash photolysis were mea-
sured using an ANDOR DH520-18F-WR ICCD detector with an
ORIEL MS-257 imaging monochromator. The excitation laser
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pulse was generated from the THG (355 nm; pulse width, 5 ns) of
a Spectron SL803G-10 Nd:YAG laser. A pulse xenon flash lamp
(10 W, 10 Hz, 100 ns pulse width) was used as the monitor’s light
source. The path length of the cuvette was 10 mm, and all mea-
surements were carried out using a two-channel simultaneous de-
tection system (Tokyo Instruments, Ltd.) at 25 °C. The femto-sec-
ond transient absorption spectra were measured by a Ti:sapphier
laser system.” An excitation light pulse was obtained by amplify-
ing a femtosecond Ti:sapphier laser (Mira 900 Basic, Coherent)
pulse with a Q-switched YAG-pumped conventional regenerative
amplifier (TR70-10, Continuum). The fundamental output from
the regenerative amplifier (780 nm, 3—4 mJ/pulse, fwhm 170 fs,10
Hz) was frequency-doubled (390 nm) and used as an excitation
light source. The residual of the fundamental output was focused
into a quartz cuvette containing H,O to generate a white-light con-
tinuum as the probe light.

Electron Spin Resonance (ESR) Spectroscopy. (a) (Lip-
idporphyrinato)iron(Ill) solution. The deaerated PBS solution
of 1a (0.2 mM) or 1a/hyaluronic acid in a quartz sample tube was
immersed in a Dewar flask filled with liquid nitrogen; they were
applied to a JEOL JES-TE200 spectrometer equipped with a 100
kHz field modulator.

(b) (Lipidporphyrinato)iron(H) solution after photoirradia-
tion. A deaerated PBS solution of 1a/hyaluronic acid was irradi-
ated with high-pressure Hg arc-light for 5 min. It was immediate-
ly transferred to a flattened quartz cell (width: 1 mm) under an ar-
gon atmosphere, and observed under the ambient condition.

Viscosity Measurements. The viscosity of a PBS solution of
1a/hyaluronic acid was measured with a capillary viscometer (Os-
cillatory Capillary Rheometer and Density Meter, OCR-D, Anton
Paar) at 25 °C with a shear rate range of 1-332 s™! (capillary di-
ameter and length of 0.9948 and 100.2 mm, respectively).

Results and Discussion

The phosphate buffered-saline solution (PBS; 1 mM, pH
7.3, [NaCl} = 150 mM) of the iron(Ill) 1a complex was homo-
geneous and stable for more than 6 months without any precip-
itate. Transmission electron microscopy (TEM) of the ob-
tained colloid showed spherical micelles with a diameter of 10
nm (the molecular length of 1a is 4.6 nm) (Fig. 1a). This is in
contrast to the corresponding iron(il) 1b complex, which pro-
duces unique tubular fibers in water.!” Most probably, the imi-
dazolylalkyl arm of la dissociates from the central iron(Tl)

Transmission electron micrographs of negatively
stained samples of (a) iron(Il) 1a micelles and (b) iron(Il)
1b fibers with hyaluronic acid.

Fig. 1.
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and acts as an amphiphilic chain at the porphyrin periphery.
That is, the iron(Ill) 1a is more hydrophilic than the iron(Tl) 1b,
which may prevent long fiber formation.

In the UV-vis absorption spectrum of the 1a solution, a dis-
tinct band has appeared at 362 nm in the blue region of the
Soret band (424 nm). Sauslick et al. reported that FemCl(tpp)
showed a similar absorption band in the UV region, which was
a ligand-to-metal charge-transfer (LMCT) transition between
the central iron(Ill) and a chioride anion (C17).%7 Og the basis
of the following three experimental results, we also assigned
this peak (& 2.5 X 10* M™' cm™!) as a LMCT band of Fe—
CI”. (i) The absorption maximum significantly shifted to the
lower energy region with a decrease in the electronegativity of
the coordinated halide anions (I" < Br~ < CI™), while the
Soret and Q bands, which are attributed to the n-n* transitions,
were not affected (Fig. 2). (ii) The absorption spectral pattern
was dependent on the pH, due to a ligand exchange of the cen-
tral iron(Ill) (Fig. 3). The spectrum of the five-coordinated
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Fig. 2. Spectral changes of Fe™-X~ (X: Cl, Br, I) as a func-
tion of electron negativity of the counter anion X~ (energy
differences were calculated versus Fe™-17).
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Fig. 3. Absorption spectral changes of the PBS solution of
1a complex at various pH values (4.0, 5.0, 6.0, 7.0, 7.5,
8.0, 8.5,9.0 and 10.1).
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iron(ill) complex with a C1™ at pH 4 (Amax: 362, 424, 510, 577
nm) changed with an increase in the PH, and finally reached
that of the five-coordinated complex with an OH™ at pH 10
(Amax: 335, 422, 577 nm).>** These spectral changes were re-
versibly observed (pK,: 7.7). Under physiological pH (7.3),
more than half of 1a was the iron(Il) high-spin complex with a
CI™. The probable six-coordinated Fe(lll) complex with both
an axially coordinated imidazole and a Cl~ was excluded, be-
cause the binding constant of 1,2-dimethylimidazole to the
Fe(Il) porphyrin was extremely low.*? (iii) ESR spectrosco-
py also supported the five-coordinated structure of the micellar
aggregated 1a. The spectrum of the 1a solution (0.2 mM) at
77 K exhibited the typical shape of the high-spin Fe"Cl(tpp),
and the obtained g values (g, = 5.3062 and &y = 1.9945) were
all in good agreement with those in a previous report.?’

The photoirradiation of this 1a micelle solution by the 365
nm-line of a high-pressure Hg arc-lamp under an Ar atmo-
sphere did not induce any changes in the UV-vis absorption
spectrum.  On the other hand, the addition of glucose (150
mM) to the solution led to complete photoreduction of the cen-
tral iron(Ill) ion. This absorption change was completed within
45 min, and the final spectrum suggested the formation of a
five-N-coordinated iron(Il) high-spin complex (A...: 443, 536,
566 nm) (Fig. 4). The well-defined isosbestic points (431, 462,
533, 589, 603, 625 nm) throughout the measurement reveal
that no side reactions occurred. The reduction yield clearly de-
pended on the amount of dissolved glucose, and a relatively
high concentration (> 150 mM) was necessary for 100% re-
duction. Furthermore, it has been found that hyaluronic acid
was much more effective compared to glucose. Only a small
coexistence (21 pgL™", [unit] = 100 pM) of hyaluronic acid
achieved complete photoreduction, which also gave the spec-
trum of the five-N-coordinated iron(Il) high-spin complex
(Amax: 443, 538, 565 nm) similar to that in Fig. 4.2 The addi-
tion of glucose or hyaluronic acid in the dark led only negligi-
bly small changes in.the absorption and ESR spectra, which
exhibited the typical shape of the high-spin iron(Ill) complex,
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Fig. 4. UV-vis absorption spectral changes of the PBS solu-
tion of 1a complex (10 uM) with glucose (150 mM) upon
irradiation at 365 nm under an Ar atmosphere.
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as seen in the homogeneous 1a solution. These results suggest
that the co-existence of saccharide neither affects the coordina-
tion structure of 1a nor reduces the central iron(li) ion.

The photoactive region of the absorption spectrum of the 1a/
hyaluronic acid solution was then evaluated by light irradiation
in the three wavelength regions: (a) < 400 nm, (b) 420-510
nm, and (c) > 500 nm. Irradiation of the CT band [region (a)]
only led to an effective reduction of the iron(Ill) complex
(Fig. 5). This wavelength dependence was quite similar to
Hendrickson’s result.> The obtained initial rates of the reduc-
tion for each case were 1.7 X 1073, 1.7 X 10™*and 2.7 X 1073
s”!, respectively. Based on these findings, we can postulate
that the irreversible photoreduction of 1a is due to scavenging
of the chlorine radicals (C1°) produced by photocleavage of the
Fe™CI~ bond. It is also known that hydroxyl (porphyri-
nato)iron(Ill) can be photoreduced upon irradiation with light,
A > 300 nm.”® Therefore, the other species, hydroxyl(lipid-
porphyrinato)iron(Ill), is also photoactive in the same manner
as well. If the formed radical is trapped by hyaluronic acid, the
disproportionation involving the oxygen atom of the glycoside
group should be caused by the abstraction of hydrogen from
the polysaccharide backbone.*® Indeed, mucopolysaccharides
are easily to be attacked by free radicals on the hydrogen at the
carbon-5 adjacent to the carboxyl group.*’ Consequently, the
mechanism of this irreversible photoreduction can be proposed
as shown in Fig. 6. The LMCT excitated state (LMCT*) is lo-
cated above the S; and S; states in energy, and the photoexcited
species has two pathways for decay. The first is relaxation to
the S, state, and the second affords Fe(Il) porphyrin via in-
tramolecular electron transfer. A part of the formed CI° that
escapes from the solvent cage reacts with the active hydrogen
of the neighboring hyaluronic acid, and then the iron(ll) 1b
complex could accumulate. However, the charge recombina-
tion to Fe™Cl(Lp) is a facile reaction which returns to the
ground state. The quantum yields (&) of this photoreduction
for the la/hyaluronic acid became 0.007, which is consistent
with the former reported values of the photoreduction by
LMCT excitation.” That is, the low quantum yield of this sys-
tem is presumably due to the high probabilities of the deactiva-
tion of LMCT™ to S,, and back electron transfer from the
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Fig. 5. Photoreduction of 1a complex with hyaluronic acid

(funit] = 100 pM) in PBS solution by different wavelength
light irradiation.
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iron{I) ion to the chlorine radical.

Interestingly, the TEM of the la/hyaluronic acid solution
showed the formation of unique thin fibers with a width of 5-
10 nm (Fig. 1b). The co-existence of a small amount of hyalu-
ronic acid obviously changed the morphology of the 1a assem-
bly from the micelle to the fiber, which is probably made of a
polysaccharide coil combined the 1a molecule. On the other
hand, a larger excess amount of glucose should be necessary
for complete photoreduction (vide supla), and no clear struc-
ture could be observed in the TEM of the 1a/glucose solution.
Gulcose is homogeneously dispersed in PBS in contrast to hy-
aluronic acid. Hence, the fibrous co-aggregate structure com-
posed of 1a and hyaluronic acid would be responsible for the
radical trapping and the effective photoreduction.

Our attempt to detect the radicals by ESR spectroscopy un-
fortunately failed. No radicals were observed, probably due to
their short lifetimes.®® However, the ring opening and the
cleavage of the glycosidic linkage should induce a decrease in
viscosity.”® Indeed, the viscosity of the PBS solution of 1a/hy-
aluronic acid was simultaneously decreased as the photoreduc-
tion proceeded (Fig. 7).

The efficacy of other saccharides on the photoreduction of
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Fig. 6. Transient states and interconversion pathways for
photoreduction of 1a. Fe(Lp): (lipidporphyrinato)iron.
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Fig. 7. The time dependence of viscosity and photoreduction
ratio of the central iron(Ill) ion of the PBS solution of 1a/
hyaluronic acid.
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the 1a complex was compared (Fig. 8). The 100% reduction
occurred only when hyaluronic acid or glucose coexisted.
Amylose ([unit] = 100 pM), chondroitin 6-sulfate ([unit] =
100 pM), and glucronic acid (0.1 mM) did not contribute very
much to the photoreduction of the central iron(lll). These dif-
ferences in the reduction behavior can be interpreted by the
disparity in the rate of saccharide dehydrogenation, which
competes with the recombination between the photolytically
produced 1b and the chlorine radical.

In order to analyze the photoreduction and imidazole bind-
ing to the reduced central iron(1II), laser flash photolysis exper-
iments were carried out. The deaerated la/hyaluronic acid fi-
ber solution showed that the reduction of the central iron(lll)
occurred within the duration time of the nano-second laser
pulse. The transient absorption spectrum measured at 50 ns af-
ter the pulse was in good agreement with the difference spec-
trum of the five-N-coordinated iron(I) complex minus the
iron(lll) complex (Apa: 443 nm, Ay: 414 nm).?® This result
reveals that the axial base immediately associates with the
photoreduced iron(II) jon, following the radical-scavenging by
the saccharide. Femto-second laser flash photolysis was also
performed (Fig. 9). We could not detect the LMCT™* excitation
of the la/hyaluronic acid fiber, but bleaching of the ground
state was seen in the Soret band region, and a broad band of the
triplet state of the m-t™ transition appeared around 455 nm.
Within 100 ps, the bleaching of the ground state in the Soret
region was recovered and the transient absorption disappeared
with a slight delay. The lifetime of the excited state was calcu-
lated to be approximately 11 ps. These spectral changes are
consistent with those of Fe™Cl(tpp), which shows a T-T life-
time of 50 ps and no fluorescence.® It can be concluded that
fiber formation with hyaluronic acid does not influence the ex-
cited triplet lifetime of the 1a complex, itself.

By bubbling O, gas through the photoreduced 1b fiber solu-
tion, the UV-vis absorption spectrum changed to that of the O,-
adduct complex (Aya: 425, 548 nm) in a fashion similar to the
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Fig. 8. Photoreduction of 1a complex with several saccha-
raides in PBS solution by 365 nm-irradiation; O: glucose
150 mM, @: hyaturonic acid 21 mg/L ([unit] = 100 pM),
A: amylose 25 mg/L ({unit] = 100 pM), B: condroitin 6-
sulfate 23 mg/L ({unit] = 100 pM), A: glucronic acid 0.1
mM.
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Fig. 9. Transient absorption spectra of the PBS solution of
1a/hyaluronic acid. The sample was excited at 390 nm,
and the shallow basin on the top of the 455 nm band at 3 ps
is attributed to the Raman scattering of water.

1b fiber, which was prepared by a previously reported proce-
dure using chemical reduction of the central iron(ll) with
ascorbic acid.”® The O, coordination was reversible at 25 °C
depending on the O,-partial pressure, and the O,-binding abili-
ties were identical to those of the 1b fibers prepared with
ascorbic acid.

Conclusion

Photoirradiation into the LMCT band of the self-assembled
1a complex with hyaluronic acid led to a reduction of the cen-
tral iron(Ilf), providing a five-N-coordinated iron(f) 1b com-
plex, which could reversibly bind and release O,. Hyaluronic
acid plays a vital role as a radical scavenger. The abstraction
of hydrogen atoms from the saccharides by the produced chlo-
rine radical, following the photoinduced homolysis of the Fe™—
Cl™ bond, is a key step for accumulating the iron(Il) complex.
This is supported by a decrease in the viscosity of the 1a/hy-
aluronic acid fiber solution during photoreduction, which
means the depolymerization of hyaluronic' acid by radical
scavenging. The laser flash photolysis experiments revealed
that the photoreduction of the central iron(Il) ion and the imi-
dazole association were completed within 50 ns. Further in-
vestigation and the application of this photoreduction for syn-
thetic hemoproteins are now underway.
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