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P Y Nineteen poorly water-soluble mt-conjugated molecules were evaluated in terms of their ability to be stably incorporated

DOI: 10.1039/x0xx00000x into lipid membranes. The resulting lipid membrane-incorporated n-conjugated guest molecules (LMIGs) were classified into

four categories, including (i) those that formed stable LMIGs; (ii) those where some of guest molecules precipitated; (iii)
www.rsc.org/ those that formed small self-aggregates consisting of lipids and/or guest molecules; and (iv) those that leaked some of the
guest molecules into the bulk water. Compounds belonging to category (ii) were confirmed by UV-vis absorption analysis. In
contrast, compounds belonging to categories (i), (iii) and (iv) were discriminated based on their 'H NMR spectra and the
broadening or disappearance of the peaks of the guest molecules and the lipids in LMIGs and large liposomes. Several LMIGs
could be converted from one category to another using other lipids. Furthermore, the guest molecules belonging to category

(iv) were successfully predicted using the octanol-water partition coefficient, which was calculated by simulation.

1. Introduction O
Liposomes have recently attracted considerable interest as
suitable materials for the development of drug-delivery systems O

(DDSs), where therapeutic agents can be encapsulated by a

vesicle or polymeric material (e.g., DNA) can be adsorbed on the @_C D_C
outside of a vesicle.!™ The advantages of liposomes include \ 7/ \
their lower cost, ease of large-scale manufacture and ability to 3
evade immune and inflammatory responses.l® However, it is =N N= N/ \ o
not yet known whether poorly water-soluble nt-conjugated drug \ / \ / —
molecules can be incorporated into lipid membranes. There are
two main factors involved in determining the stability (or
formation) of lipid membrane-incorporated m-conjugated guest
molecules (LMIGs), including (i) the affinity of the guest

6
molecule for the alkyl chains of the lipids; and (ii) the self- 8
aggregation of the guest molecules in the lipid membranes. 10
Factor (ii) can affect the long-term stability of LMIG solutions, COOH COOH
which can be improved by inhibiting the self-aggregation of the
11,12 . : 1 COOH HO
guest molecules.'*? |n contrast, factor (i) determines whether
12
all of the guest molecules can form LMIGs. In the case of there NH, » NH,
being low affinity between the guest molecules and the alkyl CHO
chains of the lipids, the hydrophobic guest molecules can OO OO
precipitate from solution outside of the lipid membranes by
conventional methods. However, we recently succeeded in 14
L
(o]

preparing LMIGs from several hydrophobic guest molecules
without the formation of any precipitates from the prerequisite

cyclodextrin complexes using the exchange method in lipid 17 18 19 O
membranes.726 However, the use of guest compounds bearing o
CHiCH) O, o M
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a hydrophilic moiety could result in some leakage from the lipid
membranes. This type of leakage is a very important factor for
the preparation of LMIGs based on guest molecules or drugs
and liposomes. Schwarzenbach et al. recently reported a
method for determining the liposome-water distribution ratios
(log Kipw) of substituted phenols and several other
compounds.?’31  Although this value can be useful for
evaluating the affinity of a guest molecule for lipid and cell
membranes, it still remains difficult to determine whether guest
molecules have been successfully incorporated into liposomes
at high concentrations. In this paper, we have 'H NMR
spectroscopy to determine the leakage percentages of guest
molecules from liposomes. The results of this study have shown
that LMIGs were not only labilized by the guest molecules
towards leaking their guest molecules into water but that they
also formed small self-aggregates with lipids. Furthermore, we
have investigated the relationship between the equilibrium and
the octanol-water partition coefficient (log Pow) for some model
small m-compounds (1-19) and confirmed the threshold values
log Pow for these systems.?®

2. Experimental
2.1. Experimental materials

trans-Stilbene (1), 4-styrylpyridine (2), 4-phenylpyridine (4),
4,4’-bipyridyl (5), 2,2’-bipyridyl (6) and 2,3-
naphthalenedicarboxylic acid (12) were purchased from Wako
Pure Chemical Industries Ltd (Tokyo, Japan). Biphenyl (3), 1,4-
di(4-pyridyl)benzene (7), 2-naphthol (8), naphthalene-2,7-diol
(9), 1,1’-bi-2-naphthol (10), 2-naphthoic acid (11), 6-hydroxy-2-
naphthoic acid (13), 2-naphthalenecarbaldehyde (14),
naphthalene-1-amine (15), naphthalene-1,8-diamino (16),
coumarin (17), 6-methylcoumarin (18) and phthalide (19) were
purchased from Tokyo Chemical Industries Co., Ltd. (Tokyo,
Japan). 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were
obtained from NOF Corp. (Tokyo, Japan) and Avanti Polar Lipids,
Inc. (Alabaster, AL, USA), respectively

2.2. Preparation of lipid membrane-incorporated guest molecules
(LMIGs)

Solutions of DMPC or DPPC (4.00 x 10~ mol) and compounds 1-
19 in chloroform (0.1 mL) were concentrated on a rotary
evaporator at 40 °C. The compositions of the mixtures were as
follows: [1-19]/[DMPC] = 5.0, 10.0 and 20.0 mol%. Pure water
(1.0 mL) was added and the aqueous mixture was agitated on a
vortex mixer for 1 min. To resulting multilamellar vesicles were
subjected to eight freeze-thaw cycles and extruded eleven
times (LiposoFast-Basic; Avestin Inc., Ottawa, Canada) through
two stacked polycarbonate membranes (pore size 50 nm) to
afford unilamellar vesicles. The final lipid concentration was 4.0
mM.

2.3. Cryogenic-Temperature Transmission Electron Microscopy
(Cryo-TEM)
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Cryo-TEM samples were prepared using a universal cryofixation
and cryopreparation system (Leica EM CPC, Wetzlar, Germany).
The isolated chamber was humidified to near saturation prior
to the introduction of the sample to avoid the evaporation of
water from the sample. Sample droplets (2—3 mL) were placed
on a microperforated cryo-TEM grid and absorbed on to a filter
paper. This process resulted in the formation of thin liquid films
of 10-300 nm in thickness that freely spanned the micropores
of a carbon-coated lacelike polymer layer supported by a metal
mesh grid. After a minimum hold time of 30 s, the sample grid
assembly was rapidly vitrified with liquid ethane at its melting
temperature (—163 to —170 °C). A hold time was adopted to
relax any deformations in the flow that may have occurred
during the blotting process. The vitreous specimen was kept
under liquid nitrogen prior to being loaded into a cryogenic
sample holder (Gatan 626-DH). Imaging was performed on a
JEOL JEM-3100 FEF instrument operating at 300 kV (Tokyo,
Japan). The use of a minimal dose system (MDS) was
necessitated by the electron radiation sensitivity of the sample
being probed. Images were recorded on a Gatan 794 multiscan
digital camera (Gatan Inc., Pleasanton, CA, USA) and processed
using version 3.8.1 of the DigitalMicrograph software (Gatan
Inc., Pleasanton, CA, USA). The optical density gradients of the
background, which are normally ramp-shaped, were digitally
corrected using a custom-made subroutine that is compatible
with DigitalMicrograph.

3. Results and discussion
3.1. Formation of LMIGs by the premixing method

Lipid membrane-incorporated compounds 1-19 (LMI1-19)
consisting of dimyristoylphosphatidylcholine (DMPC) were
prepared according to a previously reported premixing method
(Scheme S1).1932 Briefly, the LMIGs were prepared by dissolving
the lipids and the guest molecules in a suitable organic solvent,
followed by concentration of the resulting mixture to give a
residue, which was extracted with water. Most of the benzene
derivatives were evaporated during the concentration step
together with the organic solvents. For this reason, we used
naphthalene, biphenyl
analogues as guest molecules.
previously.33:34

and coumarin derivatives or their
LMI1 has been reported

3.2 Aqueous solubilization of guest molecules

3.2.1 The effect of adding pyridyl groups. 4-Styrylpyridine
(2), 4-phenylpyridine (4), 4,4’-bipyridine (5), 2,2’-bipyridine (6)
and 1,4-di(4-pyridyl)benzene (7) were used as guest molecules
to investigate the impact of adding a hydrophilic pyridyl moiety.
The solubilities of compounds 2 and 4-7 in the liposomes were
determined by measuring the absorbance values of [2, 4-
7]/[DMPC] at 308, 256, 240, 281 and 282 nm, respectively, after
subtracting the scattering of the DMPC liposomes (Figs. 1 and
S1). The dashed lines shown in Fig. 1 represent the extrapolated
absorbance values corresponding to the dissolution of 100% of
the guests in water. The absorbance values of LMI2, 4-6 lay on
the extrapolated lines below 10 mol%. It is noteworthy that

This journal is © The Royal Society of Chemistry 20xx



similar results have been observed for stilbene (1) and biphenyl
(3), neither of which contains a pyridyl moiety. These results
therefore suggest that the inclusion of a pyridyl moiety scarcely
affected the formation of the LMIGs. In contrast, the
absorbance of LMI7 was saturated above 5 mol% (Fig. 1 green
circle), indicating that the maximum tolerated ratio of 7 was less
than 5 mol%, making it lower than those of the other pyridyl
derivatives prepared by the premixing method.

1.0 B
08
® 06 ST
o .
(8]
c
(]
s /
g 04 3and 6
<
[ ]
02
0-0 > N 1 1 1
0 5 10 15 20

[G)/[DMPC] / mol%
Fig. 1 UV-vis absorption spectra of the LMIGs ([2-7]/[DMPC] = 2.5, 5.0 and 20.0 mol%,
[2-7] = 0.2 mM). The absorbance (Abs) at A,y versus [G]/[DMPC] in the LMIGs. The Apax
values were 308, 253, 256, 240, 281 and 282 nm for LMI2 (black circle), LMI3 (purple
circle), LMI4 (red circle), LMIS (blue circle), LMI6 (orange circle) and LMI7 (green circle),
respectively. All of these absorption spectra were obtained by subtracting the light
scattering of the DMPC liposomes and were measured in water at 25 °C (1 mm cell).

3.2.2. The effect of adding a hydrophilic group to the
naphthalene derivatives. Compounds 8-16 are naphthalene
derivatives containing a variety of different hydrophilic groups.
The absorbance values of LMI8 and LMI9 bearing hydroxy
groups were consistent with the extrapolated lines for
concentrations of less than 10 mol%, but deviated from the lines
at a concentration of 20 mol%. A similar trend was also
observed for LMI14 bearing a formyl group (Fig. 2 black, purple

and green circles). The absorbance peaks of 20 mol% solutions

of LMI8, LMI9 and LMI14 did not show any peak broadening (Fig.

S2A, S2B and S2F). Furthermore, no precipitation was observed
in these samples. This deviation was therefore attributed to
compounds 8, 9 and 14 not being incorporated into the
liposomes at 20 mol%, with the compounds being removed by
filtration through the membranes (pore size 50 nm) during the
extrusion process. In contrast, the absorbance values of LMI10
bearing two naphthol units; LMI11 and LMI13 bearing carboxy
groups; and LMI15 and LMI16 bearing amino groups were
consistent with the extrapolated lines up to a concentration of
20 mol% (Figs. 2, S2C—E, S3A and S3B). These results indicated
that these guest molecules were well dispersed in water in the
presence of liposomes up until a concentration of 20 mol%.
Although several attempts were made to solubilize compound
12 bearing two carboxy groups in several organic solvents, the
concentrations of 12 were too low to allow for the preparation
of LMI12 using the premixing method.

This journal is © The Royal Society of Chemistry 20xx

3.2.3. The effects of lactone derivatives. To evaluate the
effect of adding a lactone moiety, we examined the water-
solubilization properties of coumarin (17), 7-methylcoumarine
(18) and phthalide (19). The solubilities of compounds 17-19
were determined based on the absorbance of [17-19]/[DMPC]
at 320 nm using the procedure described above for compounds
1-16. The absorbance values of LMI17-19 were all consistent
with the extrapolated lines for concentrations below 10 mol%,
suggesting that most of the molecules of 17-19 had successfully
dissolved in the water (Figs. 3 and S3C-E).
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Fig. 2 UV-vis absorption spectra of the LMIGs ([8-11 or 13-16]/[DMPC] = 2.5, 5.0 and
20.0 mol%, [8-11 or 13-16] = 0.2 mM). The absorbance (Abs) at Ay versus [G]/[DMPC]
in the LMIGs. The A, values were determined to be 229, 235, 231, 250, 287, 242 and
223 nm for LMI8 (black circle and dashed line), LMI9 (purple circle and dashed line),
LMI10 (red circle and dashed line), LMI11 (blue circle and dashed line), LMI13 (orange
circle and dashed line), LMI14 (green circle and dashed line), LMI15 (black square and
solid line) and LMI16 (red square and solid line), respectively. All of the absorption
spectra were obtained by subtracting the light scattering from the DMPC liposomes and
were measured in H,0 at 25 °C (1 mm cell). [DMPC] = 4.0 mM for 8, 9, 11 and 13-16,
[DMPC] = 2.0 mM for 10.
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Fig. 3 UV-vis absorption spectra of the LMIGs ([17-19]/[DMPC] = 2.5, 5.0 and 20.0 mol%,
[17-19] = 0.2 mM). The absorbance (Abs) at Ay.x versus [G]/[DMPC] in the LMIGs. The
Amax Values were determined to be 278, 278, 231 and 239 nm for LMI17 (black circle),
LMI18 (red circle) and LMI19 (blue circle), respectively. All of the absorption spectra were
obtained by subtracting the light scattering from the DMPC liposomes and were
measured in H,0 at 25 °C (1 mm cell). [DMPC] = 4.0 mM.
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3.3 Determination of formation of LMIGs by *H NMR analyses

3.3.1 Formation of lipid membrane-incorporated aromatic
compounds bearing pyridyl groups. Compounds 1-6 dissolved
in water in the presence of the DMPC liposomes at a
concentration of [1-6]/[DMPC] = 10 mol%, making it possible to
confirm the formation of the LMIGs by 'H NMR analysis at 10
mol% (Figs. 4B—4G and S4). The 'H NMR spectra of the LMIGs
did not contain any peaks that could be assigned to DMPC or
the guest molecules in the LMIGs because of the extreme
broadening of the signals following the formation of the
liposomes (Fig. 4A). The appearance of any peaks assignable to
DMPC or the guest molecules would therefore indicate that the
DMPC and guest molecules had been released from the
liposomes. The peak intensities in Figs. 4A—4G and S4 were
normalized relative to the value of DMSO (0.4 mM), which was
adopted as an internal standard. As shown in Fig. 4B, no signals
were observed for DMPC or 1, indicating that all of the
molecules of DMPC and 1 had formed LMI1 (Scheme 1A).
Similar results were observed for compounds 2 and 3 (Fig. 4C
and 4D). Fig. 4E-4G shows that the addition of compounds 4-6
to a solution of DMPC liposomes did not lead to the appearance
of any new peaks in the range of 0.8-1.4 ppm, which were
attributed to the alkyl chains of free DMPC, but did result in the
appearance of several new peaks assignable to 4-6. These
results clearly indicated that several molecules of 4-6 had
leaked from the lipid membranes into the bulk aqueous
environment, where they had dissolved without the assistance
of DMPC (Scheme 1D). The leakage percentages of 4-6 were
determined to be 5, 59 and 36%, respectively, based on the
peak intensities of compounds 4-6 relative to the DMSO peak.
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Fig. 4 Partial *H NMR spectra of (A) the DMPC liposome, (B) LMI1, (C) LMI2, (D) LMI3, (E)
LMI4, (F) LMI5 and (G) LMI6 in D,0 at 25 °C (e: free guest molecule). [1-6]/[DMPC] =
10.0 mol%, [DMPC] = 4.0 mM, [DMSO] = 0.4 mM.

3.3.2. Formation of lipid membrane-incorporated
naphthalene derivatives. With the exception of 12, compounds

8-16 dissolved in D,O containing DMPC at a concentration of

4| J. Name., 2012, 00, 1-3

less than 10 mol%, allowing their *H NMR spectra to be
measured at 10 mol%. As shown in Figs. 5C, 5D, 5H, S5 and S6,
several new broad peaks were observed in the *H NMR spectra
of LMI10, 11 and 16 bearing hydroxy, carboxy or amino groups
in the range of 0.8-1.4 ppm, which were attributed to the alkyl
chains of DMPC. If the DMPC liposomes remained as large
hollow particles with a diameter greater than 70 nm, then these
broad peaks would not be observed because of the extreme
broadening of the signals. These results therefore suggested
that some of the DMPC liposomes had collapsed, with some of
DMPC lipids forming small aggregates such as micelles or very
small liposomes with 10, 11 or 16 (Scheme 1C). Given that the
peak intensities of DMPC are greatly dependent on the size of
its aggregates, it is not possible to determine the concentration
DMPC in a small aggregate based on the peak intensities in the
range of 0.8-1.4 ppm. However, because larger peaks were
observed in the range of 0.8-1.4 ppm for LMI10, compound 10
was adjudged to have destabilized the DMPC liposomes to a
much greater extent than compounds 11 and 16. In contrast,
the 'H NMR spectra of compounds 8, 9 and 13-15 contained no
peaks assignable to DMPC in the range of 0.8-1.4 ppm, despite
being similar in structure to compound 11 (Fig. 5A, 5B, 5E, 5F
and 5G). Furthermore, no peaks assignable to 8, 9 and 13-15
were observed by 'H NMR analysis in the range of 7.0-9.0 ppm,
which suggested that the vast majority of these compounds had
been successfully incorporated into the lipid membranes. This
result therefore indicated that LMI8, LMI9 and LMI13-15 were
stable once they had formed (Scheme 1A).
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Fig. 5 Partial *H NMR spectra of (A) LMI8, (B) LMI9, (C) LMI10, (D) LMI11, (E) LMI13, (F)
LMI14, (G) LMI15 and (H) LMI16 in D,0 at 25 °C (e: DMPC lipid). [8-11 or 13-16]/[DMPC]

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name

=10.0 mol%, [DMPC] = 4.0 mM, [DMSO] = 0.4 mM. The insets show the region of 0.5—-
2.0 ppm.

4N

Lipid Guest

(B)

29

Precipitate

Solved in water

Scheme 1 Schematic illustration of (A) stable LMIG [category (i)], (B) the precipitation of
the guest molecules released from LMIG [category (ii)], (C) the formation of small
aggregates between the guest molecules released from LMIG and the lipids [category
(iii)] and (D) the dissolution of the guest molecules released from LMIG in water [category

(iv)].

ARTICLE

guest molecules precipitate from solution (Scheme 1B); (iii)
some of the guest molecules form small aggregates such as
micelles or very small liposomes with the lipids (Scheme 1C);
and (iv) some of the guest molecules are released from the lipid
membranes (Scheme 1D). For category (i), the guest molecules
would have a high affinity for the acyl chains of the lipids. In
contrast, the guest molecules in category (ii) would have a lower
affinity for the acyl chains of the lipids than those in category (i).
The fullerenes and porphyrins prepared in the current study
using the premixing method would therefore belong in category
(ii).2+23 However, given that LMIfullerenes and LMIporphyrins
can also be prepared using an exchange method with
cyclodextrins,'172¢ the guest molecules in category (ii) would be
incorporated into the lipid membranes if they were included in
cyclodextrins. Categories (iii) and (iv) will be discussed in detail
in the following sections.

Table 1 Log Pow and leakage percentage values for compounds 1-19

3.3.3. Formation of lipid membrane-incorporated lactone
derivatives. As shown in Figs. 6A—6C and S7, the 'H NMR spectra
of LMI17-19 contained several new peaks in the range of 6.4—
8.2 ppm, which were assignable to compounds 17-19. In
contrast, no new peaks were observed in the range of 0.8-1.4
ppm for compounds 17-19. These results suggested that the
DMPC liposomes did not collapse in the presence of these guest
compounds and that several molecules of 17-19 had leaked
from the lipid membranes to the bulk water, where they
dissolved without any assistance from DMPC. The leakage
percentages of 17-19 were determined to be 49, 40 and 100%,
respectively, based on the peak intensities of compounds 17—
19 relative to DMSO (Table 1). The leakage percentage of 18
(40%) was lower than that of 17 (49%), most likely because of
the hydrophobicity of the methyl group in 18. In contrast, the
leakage percentage of 19 (100%) was much higher than those
of 17 and 18. The reason for this difference will be discussed in
detail below in the section 3.4.3.
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Fig. 6 Partial 'H NMR spectra of (A) LMI17, (B) LMI18 and (C) LMI19 in D,0 at 25 °C (e:

free guest molecule). [17-19]/[DMPC] = 10.0 mol%, [DMPC] = 4.0 mM, [DMSO] = 0.4 mM.

Compound log Pow?® Leakage percentage? Category
DMPC liposome DPPC liposome
1 4.83 0 (i)
2 3.34 0 (i)
3 3.98 0 (i)
4 2.59 5 0 (iv) and (i)
5 1.20 59 72 (iv) and (iv)
6 1.28 36 15 (iv) and (iv)
7 2.86 = (i)
8 2.71 0 (i)
9 1.98 0 (i)
10 4.44 0 (iii) and (i)
11 3.13 0 2 (iii) and (iv)
12 2.04 -4 (ii)
13 2.39 0 (i)
14 2.87 0 (i)
15 2.17 0 (i)
16 0.88 0 2 (iii) and (iv)
17 1.39 49 46 (iv) and (iv)
18 1.85 40 37 (iv) and (iv)
19 0.99 100 29 (iv) and (iv)

9Log Pow was calculated using version 11.02 of the Advanced Chemistry
Development Software (ACD/labs., Toronto, Canada). ’The leakage values were
determined by 'H NMR spectroscopy. ‘Some of the guest molecules
precipitated out for [G]/[DMPC] = 10 mol%. “The guest molecules did not
dissolve in any organic solvents.

3.4 Abundance of the guest molecules in lipid membranes

These phenomena can be classified into four different
categories when [G]/[lipid] = 10 mol%, including (i) most of the
guest molecules form stable LMIGs (Scheme 1A); (ii) some of the

This journal is © The Royal Society of Chemistry 20xx

3.4.1 Formation of small aggregates. Compounds 10, 11
and 16 were included in category (iii) (Table 1). Although the
guest molecules in category (iii) labilized the LMIGs in the same
way as those belonging to categories (ii) and (iv), the guest
molecules in the labilized LMIGs were not solely released from
the liposomes but were also included in the small aggregate
released by the fission of the liposomes. We initially considered
that the dipole moments of the guest molecules could play an
important role in determining whether they formed aggregates.
However, this hypothesis was discarded when we established
that 14 (3.0 D) formed no aggregate despite having larger dipole
moment than 11 (2.5 D). Although the underlying mechanism of
this process currently remains unclear, there are similarities

J. Name., 2013, 00, 1-3 | 5
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between these phenomena and the formation of micelles
following the surfactant-mediated collapse of liposomes under
aqueous conditions.3>3® Furthermore, it has been reported that
the incorporation of some guest molecules can lead to a
decrease in the diameter of the liposome.3738 Such decreases in
the diameter can be caused by local increases in the curvature
of the liposome, which occur as a geometric consequence of the
incorporation of a cone-like guest molecules into a phospholipid
bilayer. We analyzed the LMIGs in category (iii) by dynamic light
scattering (DLS) and cryogenic transmission electron
microscopy (cryo-TEM) analyses to determine whether the
small aggregates formed in these cases were micelles or very
small liposomes. The results of the DLS measurements revealed
that the hydrodynamic diameters (Dny) and polydispersity
indices of the liposomes barely changed for [G]/[lipid] = 10
mol% (Table 2). This result suggested that while some of the
liposomes had collapsed to form small aggregates most of them
remained unchanged. This idea was also supported by the
following two experimental results. Although we were unable
to accurately calculate the peak intensities of DMPC because of
considerable peak broadening, the percentages of DMPC in the
small aggregates were estimated to be approximately 25, 7 and
8% for 10, 11 and 16, respectively. These results showed that
less than 25% of the liposome had broken down to form small
aggregates. The cryo-TEM images revealed that fewer
liposomes were observed in the presence of 10 ([10]/[DMPC] =
10 mol%) than there were in the absence of 10 (Fig. 7).
Furthermore, the size of the liposomes remained almost
constant regardless of the presence or absence of 10 (Fig. 7).
We supposed that the aggregates were too small to be
observed by cryo-TEM.

Journal Name

Fig. 7 Cryo TEM images of (A) DMPC liposome and (B) LMI10. [10]/[DMPC] = 30.0 mol%,
[DMPC] = 1.0 mM.

Table 2 Hydrodynamic diameters (D) of the DMPC liposome, as determined by
dynamic light-scattering at 25°C in the absence and the presence of the guest molecules
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Fig. 8 Partial 'H NMR spectra of (A) TX-100, DMPC-TX-100 mixtures with [TX-
100]/[DMPC] = (B) 10.0, (C)30.0 and (D) 1000 mol% and (E) LMI10 with [10]/[DMPC] =
30.0 mol% in D,0 at 25 °C (e: guest molecule, ®: TX-100 and e: DMPC lipid in the small
aggregates). [DMPC] = 1.0 mM, [DMSO] = 0.1 mM.

or surfactant.
Guest [G]/[DMPC] Hydrodynamic Polydispersity
molecule / mol% diameter / nm index
- 0 88 0.12
10 10 83 0.11
10 30 101 0.16
11 10 79 0.18
16 10 91 0.10
TX-100 10 135 0.30
TX-100 30 74 0.32
TX-100 1000 8 0.27
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It is well known that liposomes can collapse and form
micelles after the addition of a large amount of a suitable lysing
agent (e.g., ethanol) or a surfactant under aqueous
conditions.3?49 If the model described in category (iii) is correct,
we would expect compounds 10, 11 and 16 to act as surfactants.
With this in mind, we compared the effects of adding the
nonionic surfactant triton-X 100 (TX-100) to LMI10. For [TX-
100]/[DMPC] = 10 mol%, *H NMR analysis revealed the slightly
broadened peaks of TX-100, as shown in Figs. 8B and S8B
(purple circles). When the concentration was increased to 30
mol%, *H NMR analysis showed that there was a considerable
increase in the broadening of the peaks in the range of 0.8-1.4
ppm (Figs. 8C and S8C, green mark). These peaks were
attributed to the formation of small aggregates composed of
DMPC and TX-100. The broad peaks assignable to the DMPC
lipids were similar to those observed in LMI10, LMI11 and LMI16.
However, DLS measurements revealed that the Dy, value of the
liposomes decreased slightly from 88 to 74 nm following the
addition of TX-100 (30 mol%) (Table 2), which was similar to the
changes observed for guest molecules 10, 11 and 16 in category
(iii). In contrast, much sharper peaks were observed for both TX-
100 and DMPC in the range of 0.8-1.4 ppm after the TX-100-
mediated collapse of all of the liposomes ([TX-100]/[DMPC] =

This journal is © The Royal Society of Chemistry 20xx
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1000 mol%) (Figs. 8D and S8D). Furthermore, after all of the
DMPC liposomes had collapsed based on their peak intensities,
the Dy, value was determined to be 8 nm by DLS (Table 2), which
clearly indicated that all the DMPC molecules had formed very
small micelles with TX-100. The broadening of the peaks in Fig.
8C indicated that the small aggregates formed between DMPC
and TX-100 at 30 mol% were larger than the micelles formed by
TX-100. The results observed for TX-100 strongly support the
formation of small aggregates in LMI10, LMI11 and LMI16
(Scheme 1C). The small aggregates formed by the addition of 10
were also not complete small micelles but rather large micelles
or small liposomes. In fact, for [10]/[DMPC] = 30 mol%, the
peaks in the range of 0.8—1.4 ppm became sharper than those
observed at 10 mol%. Unfortunately, it was not possible to
investigate the effects of adding more 10 because it was not all
incorporated in the lipid membranes for [10]/[DMPC] > 50 mol%
by UV-vis absorption analysis.

3.4.2 We
considered that the formation of small aggregates could be
attributed to the lability of the DMPC liposomes. These spectra

Inhibiting the formation of small aggregates.

were measured at 25 °C, which is above the phase transition
temperature (T,) between the gel and liquid-crystal phases of the
DMPC liposomes (Ty, = 23 °C). To determine the effect in the gel
phase with the tight packing of the hydrophobic chains, we
carried out 'H NMR measurement involving LMI10 at a
temperature below the T,, of LMI10. As shown in Figs. 5C, 9A 9B,
S9A and S9B, the H NMR spectrum of an LMI10 solution
recorded at 20 °C showed that the peaks observed in the range
of 0.8-1.4 ppm were not as broad as those observed at
temperatures of 25 and 30 °C (>T,»). The result indicated that
while the gel phase of the DMPC liposomes could prevent the
formation of small aggregates, it could not do so completely.
Based on this result we prepared LMI10 consisting of DPPC,
which has been reported to form much more stable liposomes
than DMPC. Figs. 9C-9E and S9C-S9E show the 'H NMR spectra
of LMI10 consisting of DPPC liposomes at 25, 37 (body
temperature) and 50 °C, respectively. The intensities of the
broadened peaks in the range of 0.8-1.4 ppm increased with
increasing temperature, indicating that the temperature has a

This journal is © The Royal Society of Chemistry 20xx

(A)
° 5
(S—_/\b
)
(B)
(S_ﬁ,o\dov__
)
©)
(o
)T
(D)
( 9 o
)
o
(E)
o)
o O O (
)
(F)
(
) )
T T T [ T T T T 7 T T [T T Tt T [ T T T T
9.0 8.0 7.0 2.0 1.0 0.0

ppm
Fig. 9 Partial 'H NMR spectra of LMI10 consisting of DMPC in D,0 at (A) 30 °C and (B)
20 °C and LMI10 consisting of DPPC in D,0 at (C) 25 °C, (D) 37 °C and (E) 50 °C followed
by cooling to (F) 25 °C (e: guest molecule and e: DMPC lipids in the small aggregates).
[10]/[lipid] = 10.0 mol%, [lipid] = 4.0 mM, [DMSO] = 0.4 mM.

much greater influence on the formation of the small
aggregates than T,,. After cooling at 25 °C (Figs. 9F and S9F), the
spectrum returned to what it was before heating (Fig. 9C),
indicating that the formation of the small self-aggregates was a
reversible process. In contrast, LMI11 and LMI16 gave new
broadened peaks in the range of 7.0-9.0 ppm (Figs. 10D, 10E,
S10D and S10E). These results indicated that the more stable
DPPC liposomes had prevented the formation of small
aggregates to a much greater extent than the DMPC liposomes,
whereas 11 and 16 were released from the DPPC liposomes and
consequently included in category (iv). Furthermore, the peaks
observed in the 'H NMR spectra of LMI5, 6 and LMI17-19 in the
ranges of 7.0-9.0 ppm did not disappear after cooling at 25 °C
(Figs. 10B, 10C, 10F—H, S10B, S10C and S10F—H), indicating that
5, 6 and 17-19 remained in category (iv) even by use of DPPC
liposomes. In contrast, the broadened peaks observed in the 'H
NMR spectra of LMI4 in the ranges of 0.8-1.4 and 7.0-9.0 ppm
disappeared after cooling at 25 °C (Figs. 10A and S10A),
indicating that most of the guest molecules formed stable
LMIGs in the same manner as those in category (i).
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Fig. 10 Partial 'H NMR spectra of (A) LMI4, (B) LMI5, (C) LMI6, (D) LMI11, (E) LMI16, (F)
LMI17 (G) LMI18 and (H) LMI19 consisting of DPPC in D,0 at 25 °C (e: guest molecule).
[4,5,6,11,16, 17, 18 or 19)/[DPPC] = 10.0 mol%, [DPPC] = 4.0 mM, [DMSO] = 0.4 mM.

3.4.3 Relationship between the abundance of the
compound in the lipid membrane and its log Pow value. The log
Pow value of a guest molecule is usually defined as the ratio of
its concentrations in the two phases of a biphasic mixture
composed of 1-octanol and water. Although the log P,y values
of guest molecules are usually determined experimentally, it is
also possible to estimate these value using several commercially
available computer programs.3!

For log Pow > 1.9, most of the compounds belonged to
category (i) (Fig. 11, black) and formed stable LMIGs. Although
compound 4 (log Pow > 2.59) was category (iv) (Fig. 11, red), the
leakage percentage of 4 was 5%. For log Pow < 1.9, most of the
compounds belonged to category (iv) (Fig. 11, red) except for
compound 16. Thus, although this value cannot be used to
explain the behaviors of all of the guest compounds, the
threshold for the leakage of the guest molecules was
determined to be approximately 1.9. The threshold toward the
DMPC and DPPC liposomes is almost same (Fig. 11, open red
squares and triangle).
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Fig. 11 Comparison of the leakage percentages of the guest molecules with the log P,
values of compounds 1-6 (circle), 8-16 (square) and 17-19 (triangle); DMPC (closed) and
DPPC (open) liposomes; categories (i) (black), (iii) (blue) and (iv) (red), in D,0O at 25 °C.
[G]/[lipid] = 10.0 mol%, [lipid] = 4.0 mM, [DMSO] = 0.4 mM.

4. Conclusions

LMIGs can be classified into four different categories, including
(i) systems where most of the guest molecules have been
incorporated into liposomes to form stable LMIGs; (ii) systems
were some of the guest molecules precipitate from solution; (iii)
systems were some of the guest molecules form small self-
aggregates with lipids; and (iv) systems were some of the guest
molecules leak from the lipid membranes and dissolve in the
bulk water. Compounds 7 and 12 were included in category (ii)
together with the fullerenes and porphyrins in the LMIGs that
were prepared by the premixing method. In the premixing
method, thin membranes are formed following the
concentration of an organic solution of the lipids and guest
molecules. The guest molecules included in category (ii)
therefore formed larger self-aggregates of the guest molecules
than any of the other guest molecules because of their poor
solubility in organic solvents. Compounds belonging to
categories (i), (iii) and (iv) could be distinguished based on their
1H NMR spectra because all of the peaks belonging to the guest
molecules and the lipids disappeared completely in their LMIGs.
Compounds 1-3, 8, 9 and 13-15 were included in category (i) in
the DMPC liposomes and formed stable LMIGs. All of these
compounds had relatively high log Pow values (> 1.9). Although
compound 4 had similarly high log P, value (2.59), it showed
some leakage (leakage percentage = 5%). In contrast, it was
difficult to categorize compounds 10, 11 and 16, which were
ultimately included in category (iii). These behaviors of these
systems appeared to be influenced by a local increase in the
curvature as a geometric consequence of the incorporation of
cone-like guest molecules into the phospholipid bilayers.
Compounds 5, 6 and 17-19 were all included in category (iv)
with relatively low log Pow values (< 1.9). The border between
categories (i) and (iv) was defined by log P, values in the range
of 1.9-2.0 towards DMPC and DPPC liposomes. Further work
towards better defining these categories is currently underway

This journal is © The Royal Society of Chemistry 20xx



in our laboratories using several other guest molecules and
lipids.
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