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The results of a solvo-controlled self-assembly process involving a novel non-ionic proto

protoporphyrin forms stable, uniformly-sized multilamellar micro-vesicles of ap
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methanol leading to inverse self-assembled structures.
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Introduction

Vesicles are important three-dimensional assemblieg
studied for their potential application in drug 4
‘nanoreactors’ for chemical reaction enhanceme
systems for biomembranes.!"! Inspired by
examples of amphiphilic polymers and s
neously form vesicles of various sizes a

cular building blocks based o
erene, cyclodextrin, cycloph

depend on the use of dis-
persive (van der Waals, m—m g, etc) and electrostatic (e.g.
H-bonding) interactions as welPas inherent geometry to achieve
the thermodynamic stability of the resultant spheres..'! In
contrast, relatively few neutral synthetic porphyrin molecules are
known to self-assemble into vesicles,' despite the significance of
three-dimensional cyclic multiporphyrin arrays found in the light
harvesting complexes of plants and purple bacteria.
Protoporphyrin IX is the iron-free form of heme, one of the
most common natural forms of porphyrin. Amphiphiles based
on protoporphyrin IX can be constructed through ester or amide
linkages to the two propylenic carboxylic acid groups on the
outer periphery.'” Glyconamide derivatives of protoporphyrin
IX have been shown to form micellar fibres under aqueous
conditions, although little other examples, particularly in com-
peting organic media, are known.[*™ As the limited number of
examples grows, it remains an important objective to deepen the
understanding of such processes and to tailor the self-assembly
process for suitable applications in which the dye and/or

© CSIRO 2010

_ Memical properties of the porphyrin can be exploited.
erefn, we report on the formation of two different nanosized
pherical constructs based on protoporphyrin-triethylene glycol
1 (Proto-NTEG) (Fig. 1) from organic solvent.

Results and Discussion

Proto-NTEG 1 consists of three important regions. The first
region (coloured red in the schematic of Fig. 1) is the hydro-
phobic aromatic core of the porphyrin, which is utilized to
optimize the dispersive interactions between the protoporphyrin
cores within any three-dimensional construct. The second
region incorporates amide bonds which are designed, based on
our yoctowell work, [ to participate in intermolecular hydrogen
bonding, rigidifying the surface of any three-dimensional con-
struct in a cooperative fashion. The third region (shaded blue in
the schematic in Fig. 1) bears amphiphilic polyether groups
capable of being influenced by solvophobic effects. For exam-
ple, 2-methoxy(2-(2-(2-(ethoxy(ethoxy(ethanol)))))) is mis-
cible in methanol but immiscible in hexanes. Proto-NTEG 1
was prepared in one step from commercially available proto-
porphyrin IX and 2-methoxy(2-(2-(2-(ethoxy(ethoxy(ethana-
mine))))))!”) under amide coupling conditions (EDCI and
HOBY). Purification by column chromatography then re-pre-
cipitation in hexane resulted in a violet crystalline material in
94% yield.

UV-vis Absorption, Fluorescence, and Dynamic Light
Scattering Measurements

Proto-NTEG 1 does not dissolve in either water or cyclohex-
ane, but easily dissolves in chloroform, yielding a transparent
reddish solution. The UV-visible absorption spectrum of 1 in
CHCIl; (Fig. 2) shows the distinctive porphyrin Soret band at
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Fig. 1. Schematic representation of the self-assembl ious solvent mixtures:
(a) micellar formation in chloroform/methanol (6:4 v/, (b) vesicles are ed with Proto-NTEG in
cyclohexane/chloroform (10:1 v/v).
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Fig. 2. (a) UV-vis absorpti pectra of Proto-NTEG 1 (1 x 10~ *M): broken lines=CHCls, solid line = cyclohexane/CHCI; (10:1 v/v) at 25°C,

b) apparent hydrodynamic radius distributions of spherical vesicles of 1 in cyclohexane/CHCl; (10:1 v/v) (1 x 10~ M) at 6 = 30°.
pp ydrody! P y

403nm (¢=3.41x 10°Lmol 'em ") accompanied by four
less intense Q-bands at 503, 538, 573, and 627 nm. The addition
of a solution of 1 in chloroform to cyclohexane (10 volume
equivalents) leads to significant changes in the absorption
spectrum as illustrated by broadening of the Soret band and loss
in fine structure of the Q bands (Fig. 2). The broadness and
asymmetry of the absorption bands of 1, upon the addition of
cyclohexane supports its aggregation.[®! Dynamic light scatter-
ing experiments on 1 (1 x 10~*M) in cyclohexane/CHCls (10:1
v/v) supports the presence of nanosized aggregates from solu-
tion. These aggregates give a narrow distribution range for the
apparent hydrodynamic radii. It appears that the hydrodynamic
radius (Ry) of the aggregates derived from the characteristic
line width have little angular dependence, suggesting the

presence of spherical aggregates. The average Ry values of the
aggregates were found to be ~90 + 12 nm."”) No aggregates of
Proto-NTEG 1 were observed in CHCI; solution by this
technique.

Atomic Force Microscopy and Transmission Electron
Microscopy Measurements

In order to gain more structural information, the aggregates
formed in cyclohexane were examined by both atomic force
microscopy (AFM) and transmission electron microscopy
(TEM) techniques. For AFM imaging, samples were spin-
coated onto silica wafers and analyzed in the tapping mode.
Fig. 3 shows images of the results obtained. The mean dimen-
sions of the near symmetrical aggregates can be estimated at
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Fig. 3. An AFM height image of 1 upon spin-cast on silica wafer shows spherical aggregates: (a) height image;
(b) cross-section analysis of a magnified region from image (a).

~75nm in diameter with a height of ~65nm. The average
diameter of these particles is therefore significantly larger than
the molecular dimension of Proto-NTEG 1 (~2 nm) consistent
with the supramolecular vesicular aggregation proposed in
Fig. 1. The smaller particle size determined by AFM as com-
pared to DLS is most likely due to the fact that the AFM tip
distorts the particles on the surface.™

Compound 1 produces well defined and regular spheres by
TEM (Fig. 4) with a mean diameter of 60—-70 nm for larger
spheres and an estimated membrane thickness of ~2.5-3 nm.
The membrane thickness is commensurate with the structure
shown in Fig. 1, in which the solvophobic polyether chains form
the main body of a vesicle bilayer leaving the porphyrin to
solvate. In addition, the TEM images indicate that the vesicles
are completely dispersed and do not tend to associate with each

other. The fact that both AFM and TEM measurements 1re Fig. 4. (a) TEM images of Proto-NTEG 1 vesicles, (b) magnification of a

Esicle to identify the interlamellar spacing between two adjacent layers.

Experimental
Synthesis Proto-NTEG 1

o > Protoporphyrin IX (100mg, 0.17mmol) and HOBt (71 mg,
Accelssory P Ubh,catlon)' AFM 1 0.53 mmol) were combined in DMF (10 mL) under an argon
solution mix spin-coated ont . atmosphere. The solution was cooled to 0°C, stirred for 40 min,
deflned and regular aggregatg maller dlgmeter then EDCI (100 mg, 0.53 mmol) was added and the solution was
(Fig. 5). The helght, of the #E8 it ’ y 1 was estimated stirred for a further 60 min at 0°C. 2-(2-(2-Methoxyethoxy)
to be ,~5 —6nm (Fig. o proximately an order of ethoxy)ethanamine!® (87 mg, 0.53 mmol) was added in DMF
magnitude smalle_r than ggregates fqrmed from (2mL) at once and the resulting solution was stirred for addi-
cyclohexane solution. Thesc geates appear relatively mono- 01214y at 0°C, then warmed to room temperature and left to
dispersed in their size and teffff'not to aggregate appreciably. stir for a further 24 h. After this time, the reaction solvent was
While the structure is unknown, the results obtained are con- removed by rotary evaporation under reduced pressure. The
sistent with a more micellar structure (Fig. 1a) and also con- gummy reaction mixture was taken up in dichloromethane
sistent with a self-assembly process recently reported by us fora (100 mL) and washed with 10% NaHCOj solution (3 x 20 mL)
naphthalene diimide derivative in a similar solvent mix.[* 0.1 M HCI (1 x 20 mL), followed by w;ter (20mL), and brine;
(20mL). The organic solvent was dried over sodium sulfate,
filtered, and concentrated using a rotary evaporator. Purification

We have demonstrated a novel solvent-controlled approach in the of the crude material was carried out on a flash silica gel chro-

upon evaporation of the solvent.
Mixing of 1 in a more polar solvent
6:4 v/v) also leads to a commensurat,

Conclusion

self-assembly a novel non-ionic porphyrin amphiphile into uni- matography (SiO;) column eluting first with chloroform, fol-
formly-sized, multilamellar micro-vesicles in more non-polar lowed by 2% methanol in chloroform to give a dark violet
solvent mixes and micellar aggregates in more polar solvent mixes. crystalline material of the title compound 1 (80 mg, 94%),

We believe the solvo-control operates as a result of the differing mp >300°C. 8y (CDCls, 400 MHz) —4.07 (br s, 2H), 2.21 (s,
properties of glycol units in cyclohexane and methanol solution. 12H), 2.4-2.6 (m, 8H), 3.03-3.52 (m, 20H), 3.56 (s, 6H), 4.23 (t,
Further investigations on the photochemical communication J17.7,4H), 6.14 (d,J 7.6, 2H), 6.89 (d, J 7.8, 2H), 8.17 (m, 2H),
between the interior and exterior spaces of the vesicles will be of 9.97 (m, 1H), 10.00 (m, 3H). 6¢ (CDCl;, 125MHz) 173.3,
great interest for examining their potential application in molecular 142.1,137.5,137.4, 135.9, 129.8, 120.0, 97.7, 95.4, 96.7, 71.6,
photonics and artificial photosynthesis and are underway. 71.5, 69.8, 69.7, 69.6, 69.5, 69.3, 69.2, 58.8, 36.8, 21.7, 12.8,
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(a) AFM image of 1 upon spin-cast on silica wafer shows spherical micellar aggregates in CHCl;/MeOH

(6:4 v/v), (b) cross-section analysis of a magnified region from image (a), provides a height of 5-6 nm.

12.7,11.8, 11.7. Jimax (CHCl3)/nm (log ) 403 (5.16), 503 (4.03),
538 (3.94), 6573 (3.61), 627 (3.36). m/z (LD) 853.3 (M+H)™,
8752 (M+Na)*. m/z (HRMS-ESI-TOF) Anal. Calc. for
Cu4sHesNOs (M) 852.4786. Found 852.4785.

UV-vis Absorption Spectroscopy

Stock solutions (concentration 1 x 107>M) of proto-TEG1
were prepared in spectroscopic grade chloroform. For spectral
measurements, a sample of this solution (0.2 mL) was delivered
to 2 mL of CHClIs, cyclohexane, or CHCI3;/MeOH (6:4 v/v) in a
cuvette by micropipette. The solutions were allowed to equili-
brate for 2h before the spectroscopic measurements. UV-vis
absorption spectra were recorded on a Perkin—Elmer La
40p spectrophotometer.

TEM

using an AFM from nt Technologies (5500 AFM).
Micromach Ultrasharp ppobes with silica wafer coating for
enhanced reflectivity (NSC15/AIBS), with a typical resonance
frequency of 325 kHz and a force constant of 40Nm™ ', were
used for imaging. A sample of Proto-NTEG 1 was prepared
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