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ABSTRACT: Discoidal high-density lipoproteins generated
by the apolipoprotein-mediated solubilization of membrane
lipids in vivo can be reconstituted with phospholipids and
apolipoproteins in vitro. Recently, it has been reported that
such particles can be prepared using the hydrolyzed acid form
of styrene−maleic anhydride copolymer (SMAaf) instead of
apolipoproteins, but characterization of its physicochemical
properties has remained less elucidated. In the present study,
with the aim of applying SMAaf-based lipid nanoparticles as
novel delivery vehicles of drugs and/or imaging agents, we
investigated the preparation conditions and evaluated the
physicochemical properties of lipid−SMAaf complexes. SMAaf induced spontaneous turbidity clearance of dimyristoyl-
phosphatidylcholine (DMPC) vesicles accompanied by the formation of smaller particles not only at the phase transition
temperature of DMPC but also above it. Such reductions in the turbidity were not observed with some other amphiphilic
synthetic polymers tested under the same experimental conditions. Size exclusion chromatography analyses showed that
homogeneously sized particles were prepared at lipid to SMAaf weight ratios of less than 1/1.5. Dynamic light scattering and
transmission electron microscopy revealed that gel-filtered DMPC−SMAaf complexes were approximately 8−10 nm in diameter
and discoidal in shape. The DMPC−SMAaf complexes were relatively stable even after lyophilization but were sensitive to pH
changes. Fluorescence techniques demonstrated that the gel to liquid-crystalline phase transition temperature of DMPC in the
discoidal complexes broadened significantly relative to that of liposomes, despite their common bilayer structure, which is a
typical feature of discoidal lipid nanoparticles. These results provide fundamental insights into discoidal SMAaf-based lipid
nanoparticles for the development of novel delivery vehicles.

1. INTRODUCTION

Plasma high-density lipoproteins (HDLs) are lipid−protein
complexes of nanometer sizes crucial for the transportation of
lipids in the blood circulation. In plasma, HDLs may exist as
either spherical or discoidal particles.1 Spherical HDL contains
a core of neutral lipids, such as triglycerides or cholesteryl
esters, surrounded mainly by phospholipid and cholesterol
monolayer and apolipoproteins. Discoidal HDL is predom-
inantly composed of phospholipid bilayer disc whose periphery
is circumscribed by apolipoprotein molecules. At the very
beginning of HDL generation, discoidal particles are formed,
after which they acquire neutral lipids and mature into spherical
particles. The most abundant apolipoprotein component of
plasma HDL is apolipoprotein A-I (apoA-I), which possesses a
series of amphipathic helical motifs in the amino acid
sequence.2 Discoidal HDL particles can be reconstituted with
phospholipids and apolipoproteins or even their analogues.3,4

Although discoidal HDL particles are structurally similar to
well-characterized model liposome membrane in terms of
bearing phospholipid bilayer, unique physicochemical and

biological properties of discoidal nanoparticles allow their use
in various nanobiotechnology applications. In particular,
discoidal nanoparticles, termed Nanodiscs, consisting of
membrane scaffold protein (MSP) are widely used for studies
of membrane proteins.5 Because MSP has been designed on the
basis of the human apoA-I sequence, Nanodiscs are essentially
identical to nascent HDL. In addition, the apoA-I mimetic
peptide has been shown to form discoidal particles that can
stabilize membrane proteins.6 Moreover, discoidal nano-
particles offer an ideal environment as a platform for poorly
water-soluble drugs. For example, the incorporation of
amphotericin B or curcumin into discoidal nanoparticles has
been shown to improve the solubility of these substances and
thereby enhance the efficacy of the drugs.7,8 Taken together
with the fact that HDL is a natural carrier of lipophilic
compounds in plasma, the application of discoidal nanoparticles
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is not limited only to their use as membrane mimics in the
realm of structural biology, but they can also be used as
transport/delivery vehicles of drugs.9

Initially, we sought to make use of discoidal HDL composed
of apolipoproteins or their mimetic peptides for bioimaging
applications. However, there are some limitations for clinical
application of such discoidal nanoparticles, particularly in terms
of productivity because proteins or peptides are expensive, and
regarding the safety because apolipoproteins are usually
obtained from plasma or Escherichia coli. Recently, it has been
revealed that a synthetic polymer, styrene−maleic acid, forms
discoidal nanoparticles similar to those of reconstituted HDL
(rHDL).10 HDL-mimicking lipid particles composed of
styrene−maleic acid instead of apolipoproteins are referred to
as SMALPs and are commercially available as Lipodisq.
Styrene−maleic acid polymer is biocompatible; consequently,
its lipid complexes can be used clinically.11,12 Nevertheless, the
detailed structural characterization of lipid−synthetic polymer
complexes is highly limited. In the present study, the
preparation conditions and physicochemical properties of
lipid−synthetic polymer complexes were investigated with the
goal of contributing to the future development of delivery
vehicles.

2. EXPERIMENTAL PROCEDURES
2.1. Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

(DMPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) were purchased from NOF Corporation (Tokyo, Japan).
Prehydrolyzed styrene−maleic anhydride copolymer 3:1 (SMAaf;
molecular weight, Mw ∼ 9500) and poly(methacrylic acid) (Mw ∼
7750) were purchased from Sigma-Aldrich (St. Louis, MO).
Polyvinylpyrrolidone (Mw ∼ 46 600) was purchased from Wako
Pure Chemicals (Osaka, Japan). Pluronic F-127 was purchased from
Anatrace (Maumee, OH). 6-Dodecanoyl-2-dimethylaminonaphthalene
(Laurdan) was purchased from AnaSpec (Fremont, CA). Lissamine
Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(Rhodamine-PE) and 1,2-bis(1-pyrenebutanoyl)-sn-glycero-3-
phosphocholine (dipy-PC) were obtained from Molecular Probes
(Eugene, OR).
Because the term “SMA” is generally used for its anhydride form,

the hydrolyzed acid form is referred to as SMAaf in this paper to
differentiate the two. The extinction coefficient of SMAaf was
determined for quantification using a Shimadzu UV-2450 spectropho-
tometer (Kyoto, Japan). The absorbance at 268 nm, which is derived
from the aromatic ring of styrene,13 increased in a concentration-
dependent manner (Figure 1). The large amount of absorption near
225 nm is probably derived from maleic acid.14 The calculated value
for the extinction coefficient of SMAaf in 1.0 M NaOH was 0.866 (mL

mg−1 cm−1). Concentrations of other polymers with no characteristic
absorbance were determined by actual weight value. No fluorescence
derived from SMAaf was detected under our experimental conditions
mentioned below.

2.2. Phospholipid Solubilization Assay. Phospholipids were
dried under vacuum, dispersed in 10 mM sodium phosphate buffer
(pH 7.4) with vigorous vortex mixing, and subjected to five freeze−
thaw cycles. The kinetics of phospholipid vesicle solubilization after
the addition of synthetic polymers were monitored by right-angle light
scattering performed on a Hitachi F-2500 spectrophotometer (Tokyo,
Japan), as previously described.15 Excitation and emission wavelengths
were set at 600 nm. Phospholipid vesicles (final concentrations of 50
μg/mL) were incubated at a lipid to synthetic polymer weight ratio of
1/2, unless otherwise noted, for 10 min at 15, 25, or 35 °C. The
presence of trace amount of fluorescent probes did not affect the
solubilization of phospholipid vesicles. Phospholipid concentrations
were determined using a colorimetric enzymatic assay kit for choline
(Wako Pure Chemicals).

2.3. Size Exclusion Chromatography (SEC). Lipid−SMAaf
complexes were prepared by the self-assembly method at 25 °C
overnight in a manner similar to that used for the phospholipid
solubilization assay. Isolation of lipid−SMAaf complexes from larger
particles and free SMAaf was performed on a Superdex 200 prep grade
XK 16/600 column (GE Healthcare, Buckinghamshire, UK) at a flow
rate of 1.0 mL/min controlled by a Biologic FPLC (Bio-Rad, Hercules,
CA). Ultraviolet (UV) absorbance at 280 nm, presumably attributable
to the light scattering, was monitored. Fluorescence of a trace amount
(1.0 mol %) of Rhodamine-PE incorporated into phospholipid was
concomitantly measured.

2.4. Dynamic Light Scattering (DLS). Size distributions of the
lipid−SMAaf complexes were determined by using DLS measurements
at 25 °C performed on a Zetasizer Nano ZS (Malvern, Worcestershire,
UK) equipped with a He−Ne laser as a light source. Data were
collected for 50−70 s and averaged for three scans. The number-
average diameters were obtained by assuming that the particles were
spherical and undergoing Brownian motion.

2.5. Transmission Electron Microscopy (TEM). A carbon-
coated copper grid (400 mesh) was subjected to hydrophilic
treatment. Freshly prepared lipid−SMAaf complexes were adsorbed
onto the grid and negatively stained with 2% (w/v) ammonium
molybdate (adjusted to neutral pH). The grid was examined using a
JEM-2200FS transmission electron microscope (JEOL, Tokyo, Japan)
operated at 200 kV. Zero energy-loss images obtained using an in-
column filter (omega filter) with a slit width of 14 eV were recorded
on a K2 summit direct electron detection camera (Gatan, Inc.,
Pleasanton, CA) operated in counting mode. A dose fractionation
mode and the motion-correction technique were utilized to
compensate for specimen motion.16 Each single exposure image was
composed of 25 subframes recorded every 0.2 s.

2.6. Stability Test. The stabilities of lipid−SMAaf complexes kept
at 4 or 37 °C were evaluated for a period of 7 days at a phospholipid
concentration of 100 μg/mL. To assess the stabilities against
lyophilization, 800 μL of lipid−SMAaf complexes was freeze-dried in
a Model FDU-1200 chamber (EYELA, Tokyo, Japan). The samples
were frozen, dried under vacuum, and rehydrated to their original
volume with ultrapure water. To assess the stabilities against pH
changes, 950 μL of lipid−SMAaf complexes in 10 mM sodium
phosphate buffer (pH 7.4) was mixed with 50 μL of dilute phosphoric
acid. The final pH values of the solutions were measured using a
standardized pH meter.

2.7. Generalized Polarization (GP) Measurements. GP
measurements of Laurdan were performed at an excitation wavelength
of 340 nm, and the spectra were recorded from 400 to 600 nm at every
5 °C interval from 5 to 40 °C on a Hitachi F-7000 spectrophotometer.
Laurdan was added to lipid particles prior to the evaporation at a
probe to phospholipid molar ratio of 1/200. Samples were diluted to
10−30 μM phospholipid concentration and constantly stirred during
measurements. GP values were obtained by calculating the dual-
wavelength ratio of the emission intensities at 440 nm (I440) and 490
nm (I490).

17

Figure 1. Absorption spectra of SMAaf in 1.0 M NaOH. The
concentrations used were 1.0, 0.5, 0.25, and 0.125 mg/mL in
descending order. (inset) Linear relationship between the SMAaf
concentration and the absorbance at 268 nm. Plots are represented as
the mean ± SEM (N = 12).
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2.8. Pyrene Excimer Formation Measurements. Pyrene
excimer formation experiments were performed using an excitation
wavelength of 342 nm, and the spectra were recorded from 350 to 600
nm at every 5 °C interval from 5 to 40 °C on a Hitachi F-7000
spectrophotometer. Pyrene-labeled lipid particles containing 0.1 mol %
dipy-PC were diluted to 10 μM phospholipid concentrations and
constantly stirred during measurements. The emission intensities at
377 nm (monomer, Im) and 479 nm (excimer, Ie) were chosen to
determine the excimer to monomer fluorescence intensity ratio (Ie/
Im).

3. RESULTS

3.1. Solubilization of Phospholipid Vesicles by SMAaf.
Spontaneous lipid solubilization caused by apolipoproteins has
been widely examined by determining the time-dependent
decrease in light scattering intensity due to the formation of
rHDL.18 The typical time courses of lipid solubilization by
synthetic polymers are shown in Figure 2. In the absence of any
polymers, the light scattering intensity derived from the lipid
vesicles was almost unchanged at any temperatures tested. At

Figure 2. (A) DMPC vesicle solubilization by SMAaf at different ratios at 25 °C (blue for 1/1, black for 1/2, red for 1/3, and closed for no SMAaf).
(B) DMPC vesicle solubilization by SMAaf at various temperatures (blue for 15 °C, black for 25 °C, red for 35 °C). (C) POPC vesicle solubilization
by SMAaf at various temperatures (blue for 15 °C, black for 25 °C, red for 35 °C, and closed for no SMAaf at 25 °C). (D) DMPC vesicle
solubilization by other polymers at 25 °C (black for SMAaf, green for poly(methacrylic acid), pink for polyvinylpyrrolidone, and orange for Pluronic
F-127).

Figure 3. SEC profiles of DMPC−SMAaf complexes monitored by UV absorbance at 280 nm (dashed line) and Rhodamine fluorescence (solid
line). The DMPC to SMAaf weight ratios were (A) 1/0.5, (B) 1/1, (C) 1/1.5, and (D) 1/2.
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25 °C, the addition of SMAaf caused the solubilization of
DMPC vesicles in a manner similar to apolipoproteins (Figure
2A). The dependences of the lipid to SMAaf weight ratios were
initially examined at 25 °C (Figure 2A). The time courses at
DMPC to SMAaf weight ratios of 1/2 and 1/3 were nearly
identical, although that of 1/1 was slightly slower. To ascertain
the importance of the gel to liquid-crystalline phase transition
temperature (Tm), DMPC solubilization was further examined
at 15 and 35 °C (Figure 2B). Unlike apolipoproteins,
solubilization of DMPC vesicles also occurred at temperatures
much above the Tm (35 °C), but not below it (15 °C). These
results prompted us to investigate whether such spontaneous
lipid solubilization occurs with POPC, of which the Tm is below
0 °C. Unexpectedly, no apparent changes in the light scattering
intensity of POPC vesicles were observed by the addition of
SMAaf at any temperature tested (Figure 2C). In the presence
of other amphiphilic polymers, such as poly(methacrylic acid),
polyvinylpyrrolidone, or Pluronic F-127, no significant changes
in the light scattering intensity of DMPC vesicles were
observed at 25 °C (Figure 2D), which suggested that lipid
solubilization is highly dependent on polymer structure.
3.2. Preparation Conditions of DMPC−SMAaf Com-

plexes. Comparison of the SEC profiles of lipid−synthetic
polymer complexes provides insight into particle sizes and
homogeneity. Although the absorption intensity of SMAaf at
280 nm is extremely weak, small peaks derived from free SMAaf
appeared near 110 min (data not shown). Given the average
Mw, free SMAaf should have eluted as a monomer. When
complex formation was performed at a lipid to SMAaf weight
ratio of 1/0.5, the main peak appeared near 40 min (Figure
3A), which showed larger particle sizes of approximately 30−
100 nm in diameter. This peak was assumed to be derived from
SMAaf-free unincorporated or SMAaf-poor lipid particles
because of a lack of SMAaf available for complex formation.
On the other hand, at a lipid to SMAaf weight ratio of 1/1, the
peak derived from DMPC−SMAaf complexes appeared at
approximately 60 min (Figure 3B) with a relatively broad
shoulder on the left side of the peak. Although a peak near 110
min was apparently observed, it disappeared when monitored
by Rhodamine-PE fluorescence, which showed that these
fractions contained no lipids. At lipid to SMAaf weight ratios of
1/1.5 and 1/2, the peak patterns were similar and the peak
positions were almost identical (Figures 3C,D). The SEC
profiles were highly reproducible. Further characterizations
were performed using DMPC−SMAaf complexes prepared at a
lipid to SMAaf weight ratio of 1/2.
3.3. Characterization of DMPC−SMAaf Complexes.

Fractions surrounding the peak were collected and further
analyzed. DLS measurements revealed that the DMPC−SMAaf
complexes were monodispersed, and the particle diameters
were approximately 8−10 nm, which corresponds to the size of
native HDL (Figure 4A). To ascertain whether these nanosized
complexes were discoidal, the morphologies of the complexes
were visualized using TEM. Similar to the images of rHDL
particles composed of apolipoproteins, the TEM showed
typical patterns of circular and rectangular mixtures (Figure
4B). These images corresponded to the top and side views of
the particles, suggesting that the overall shape is discoidal.
Discoidal morphology of DMPC−SMAaf complexes has been
assumed on the basis of spin-label electron paramagnetic
resonance spectroscopy findings.10 Of note, many circular
assemblies have appeared to have a toroidal shape, possibly
because of enhanced electron density on the edge of the

discoidal particles. No evidence of rouleaux formation by the
stacking of discoidal particles, which is an artifact of using
phosphotungstic acid for negative staining,19 were found.
Uranyl staining, which is usually performed in TEM
observations for rHDL particles, was avoided because the
DMPC−SMAaf complexes are highly sensitive to the solution
pH, as described below.

3.4. Stability of DMPC−SMAaf Complexes. The
colloidal stability of the DMPC−SMAaf complexes stored
under nitrogen either at 4 or 37 °C was assessed by DLS. At
both temperatures, no significant changes in the particle
distributions were observed over a period of at least 7 days
(Figures 5A,B), which indicated that the DMPC−SMAaf
complexes remained stable. From an experimental point of
view, these results were advantageous because we did not need
to expend freshly prepared particles in haste. Freeze-drying is a
more promising way of obtaining pharmaceutically useful
formulations with a long shelf life. Thus, the changes in particle
diameters upon freeze-drying of DMPC−SMAaf complexes
were also evaluated. Figure 5C compares the size distributions
of the DMPC−SMAaf complexes before dehydration and after
rehydration. Although marked increases in the size distributions
occurred only occasionally, the distribution pattern tended to
shift to slightly larger sizes with freeze-drying in most cases, as
shown in Figure 5C, suggesting that the DMPC−SMAaf
complexes were fairly stable against freeze-drying. Because we
unexpectedly found that acidification caused a marked increase
in turbidity, the stability of DMPC−SMAaf complexes against
pH changes was tested (Figure 5D). Solutions of DMPC−
SMAaf complexes were rendered acidic by adding dilute
phosphoric acid to solutions prepared at pH 7.4. When the

Figure 4. (A) Size distributions of DMPC−SMAaf complexes at 25
°C. (B) TEM image of DMPC−SMAaf complexes.
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solution pH reached below 6.6, which is roughly corresponding
to the pKa (where Ka is the acid dissociation constant) of maleic
acid, a prominent secondary peak was observed so that the
average diameters became noticeably larger, which suggested
that the DMPC−SMAaf complexes were sensitive to solution
pH.
3.5. GP Measurements. To gain information about the

membrane properties of the DMPC−SMAaf complexes,
Laurdan fluorescence, which is sensitive to the polarity and
dynamics of the environment, was used.20 In DMPC vesicles,
the emission spectrum of Laurdan was red-shifted upon
heating, which reflected the transition from the gel to liquid-
crystalline phase (data not shown). Specifically, at 5−20 °C, the
emission spectrum of the DMPC vesicles was dominated by an
emission maximum at 440 nm, which indicated the existence of
the gel phase. As the temperature increased above 25 °C, the
emission maximum became centered at a wavelength of about
490 nm. In contrast, gradual decreases in the emission
maximum at 440 nm of the DMPC−SMAaf complexes were
observed upon heating, which was similar to the case observed
for the DMPC vesicles, but no apparent emergence of the
emission maximum with 490 nm occurred (Figure 6A). The
temperature dependence of the Laurdan GP values was
monitored (Figure 6B). In the DMPC vesicles, the typical
behavior of Laurdan GP was observed with an abrupt decrease
at the transition temperature near 25 °C. On the other hand, a
modest decrease of Laurdan GP was observed in the DMPC−
SMAaf complexes, which was markedly more gradual than that
observed in MSP Nanodiscs.21 These results were consistent
with the differential scanning calorimetry results showing that
lipids incorporated into the DMPC−SMAaf complexes did not
undergo a highly cooperative phase transition and had a
broader phase transition than the MSP Nanodiscs did.10

3.6. Pyrene Excimer Formation Measurements. Pyrene
shows two typical components of the emission spectra derived
from excited monomers at shorter wavelengths and dimers
(excimers) at longer wavelengths. Excimers are formed when a
molecule in the excited state collides with a molecule in the

ground state.22 Formation of intramolecular excimers is a
characteristic feature of dipy-PC molecules. An increase in
membrane fluidity enhances the collision frequency between
pyrene moieties, which thereby increases the Ie/Im value. Thus,
dipy-PC detects the changes in the membrane dynamics
accompanied by the transition from the gel to liquid-crystalline
phase from a different aspect. The concentrations of dipy-PC
were set to 0.1 mol % to minimize the effect of intermolecular
excimer formation. The emission spectra of dipy-PC in the
DMPC−SMAaf complexes are shown in Figure 7A. Only slight
excimer fluorescence was observed at 5 °C, but the broad, red-
shifted peak around 480 nm was enlarged at 40 °C, relative to
the sharp peak at 377 nm. Figure 7B shows the temperature
dependences of the Ie/Im values of the DMPC vesicles and
DMPC−SMAaf complexes. The Ie/Im values of the DMPC
vesicles increased abruptly near the transition temperature,
whereas those in the DMPC−SMAaf complexes broadened or
eliminated the transition in a manner similar to the Laurdan GP
measurements. Decreased membrane fluidity in the DMPC−
SMAaf complexes at higher temperatures was attributed to the
existence of boundary lipids remaining in a more ordered state,
as is the case with rHDL particles composed of apolipoproteins.
However, such highly rigid membrane properties of DMPC−
SMAaf complexes even at physiological temperature may be a
unique characteristic never observed in MSP Nanodiscs.21

4. DISCUSSION
4.1. Preparation Conditions for Lipid−SMAaf Com-

plexes. Regarding liposomes as delivery vehicles, POPC is one
of the most widely used phospholipid components.23 Under
our preparation conditions, SMAaf did not solubilize POPC
vesicles. It has been reported that lipid−SMAaf complexes can
be prepared from vesicles composed of POPC containing 10
mol % phosphatidylglycerol (PG).24 PG is a negatively charged

Figure 5. Changes in the size distributions of DMPC−SMAaf
complexes stored at (A) 4 °C or (B) 37 °C. Slashed peak: after
storage. (C) Effect of lyophilization on the size distributions of
DMPC−SMAaf complexes. Slashed peak: after lyophilization. (D)
Effect of solution pH changes on the number-average diameters of
DMPC−SMAaf complexes. Figure 6. (A) Representative Laurdan emission spectra in DMPC−

SMAaf complexes at an excitation wavelength of 340 nm from 5 to 40
°C in ascending order of temperature beginning at the top. (B) GP
values of Laurdan measured in DMPC vesicles (closed circles) and
DMPC−SMAaf complexes (open circles) as a function of temperature.
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phospholipid often used to enhance the efficiency of rHDL
formation by apolipoproteins.25 Alternatively, freeze/sonication
cycles might have improved the efficiency of lipid−SMAaf
complex formation. The previous finding that lipid to polymer
weight ratios of smaller than 1/1.25 were required for complete
solubilization of POPC/PG vesicles24 was consistent with the
present observation that homogeneously sized particles could
be prepared at a lipid to SMAaf weight ratio of less than 1/1.5,
although the size of the nanoparticles was much larger (radius:
30 nm) than that of the DMPC−SMAaf complexes in our
study.
Another recent study showed that SMAaf is a highly efficient

membrane-solubilizing agent and does not preferentially
solubilize specific lipid species.26 The possible reasons for
such discrepancies across studies are uncertain, but the most
critical differences might be the SMA polymer used (a styrene
to maleic acid ratio of 2/1 vs 3/1), as discussed below. It is also
likely that the differences in the pH of the buffer (pH 8.0 vs
7.4) affect the solubilizing ability, but our preliminary
observations showed no effective clearance of POPC vesicles,
even at pH 8.0. Differences in the lamellarity and size of vesicles
might affect the efficiency of solubilization. Thus, we cannot
completely rule out the possibility that lipid−SMAaf complexes
are formed with POPC by SMAaf-induced spontaneous lipid
solubilization. Although another standard method for preparing
rHDL, a cholate dialysis method, may enable the creation of
POPC−SMAaf complexes, it would be unfavorable from a
practical application perspective.
4.2. Structural Requirement of Polymers for Complex

Formation. Amphipathic helical structures are needed for
apolipoprotein to form rHDL, in which the nonpolar faces of
the amphipathic helices orient toward lipids, and the polar faces
orient toward the aqueous phase. The combination of a
hydrophobic styrene moiety and charged maleic acid moiety

provides the amphiphilic nature of SMAaf. It is conceivable that
differences in the hydrophilic/hydrophobic balance (such as the
styrene to maleic acid ratio) might affect the formation of
discoidal nanoparticles. As required for apolipoproteins, high
hydrophobicity is also required for polymers to insert effectively
among the lipids, but too much hydrophobicity inhibits
solubilization, possibly because of self-association.27 Further-
more, it is possible to insert polymers with small pendant
groups into liposomal membranes regardless of the packing
defects.26 For such reasons, SMAaf with a styrene to maleic acid
ratio of 2/1 might be more appropriate for efficient
solubilization. Unlike apolipoproteins with variously charged
side chains, common charged groups in synthetic polymers lead
to conformational transitions from the extended to the globular
state in keen response to the solution pH. Such characteristic
behaviors are referred to as hypercoiling, and SMAaf is a
representative example of hypercoiling polymers.28 Poly(2-
ethacrylic acid), another synthetic polymer classified as a
hypercoiling polymer, has been shown to interact with
phospholipids and form discoidal nanoparticles with reductions
in pH.29,30 Because the ethyl group is less hydrophobic than
styrene, it is postulated that the hydrophobicity of the polymer
is insufficient for formation of discoidal nanoparticles at neutral
pH. Only when the solution pH decreases will the hydro-
phobicity increase because of partial protonation of the carboxy
group and, thus, enable the polymer to disrupt the liposomal
membrane. Poly(methacrylic acid), closely resembling but even
less hydrophobic than poly(2-ethacrylic acid), might also have
induced spontaneous turbidity clearance of DMPC vesicles
under more acidic conditions. Further investigation may enable
us to find more optimal polymer for the formation of discoidal
nanoparticles applied as novel delivery vehicles.

4.3. Potential Applications of SMAaf as Therapeutic
Agents for Cardiovascular Disease. Epidemiological studies
have shown that HDL is protective against cardiovascular
disease.31 One of the protective functions of HDL arises from
its central role in reverse cholesterol transport in which cellular
lipid efflux mediated by apolipoprotein is the first step. The
ability of apolipoprotein to solubilize phospholipid bilayers has
been linked to the ability to promote cellular lipid efflux.32

Thus, apoA-I and its mimetic peptides are currently being
developed as therapeutic agents for cardiovascular disease. In
fact, infusion of a genetic variant of apoA-I has been attempted
to reduce cardiovascular risk.33 Furthermore, rHDL contributes
to cardioprotective effects partly by serving as an acceptor for
cellular free cholesterol.34 In this context, SMAaf and lipid−
SMAaf complexes can be also developed as therapeutic agents
for cardiovascular disease. However, because the composition
of HDL determines its functional properties rather than the
levels of circulating HDL, the effectiveness of these complexes,
if any, should be assessed cautiously.

4.4. Perspectives on Bioimaging Applications of
Lipid−SMAaf Complexes Relative to Those of Lip-
osomes. Lipid−SMAaf complexes are considered to be
superior to liposomes as delivery vehicles of drugs and/or
imaging agents in some respects. For example, lipid−SMAaf
complexes can be prepared with highly homogeneous size
distribution only by mixing, without using a particular sizing
procedure. In addition, colloidal properties of lipid−SMAaf
complexes that are resistant to freeze-drying without a
lyoprotectant are pharmaceutically attractive. Higher stability
against lyophilization than that of liposomes may likely arise
because of the absence of an internal aqueous phase.

Figure 7. (A) Representative dipy-PC emission spectra in DMPC−
SMAaf complexes at an excitation wavelength of 342 nm at 5 °C (solid
line) and 40 °C (dashed line). (B) Ie/Im values of dipy-PC measured in
DMPC vesicles (closed circles) and DMPC−SMAaf complexes (open
circles) as a function of temperature.
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Furthermore, surface modifications to avoid recognition as
foreign particles may not be required for lipid−SMAaf
complexes because of the nature of HDL-mimicking lipid
particles.
Disruption of lipid−SMAaf complexes in a pH-sensitive

manner also can be advantageous. For example, HDL-sized
nanoparticles delivered to tumor acidic microenvironments
(pH 6.0−7.0) can be enlarged and retained. Furthermore,
considering the applications as drug carriers, pH-induced
disruption of the particles may be useful for drug release
from the platform at mildly acidic pH as observed within the
intracellular environments, such as endosomes. In fact, SMA-
loaded liposomes have been shown to be attractive, new pH-
sensitive vehicles that allow cytoplasmic delivery of therapeutic
agents.35

Discoidal rHDL composed of apoA-I has been exploited as
an imaging probe of atherosclerosis by making use of the innate
function of HDL to interact with macrophages.36 SMAaf is
biologically inert; consequently, SMAaf-based nanoparticles
exert no particular functions utilized for cellular uptake, which
perhaps contribute to reducing their nonspecific accumulation.
Lipid−SMAaf complexes can be modified to target specific cells
by attaching a ligand. Thus, lipid−SMAaf complexes might
offer a promising alternative not only as platforms for
membrane proteins but also as delivery vehicles. We are
currently investigating the efficacy of the installed functionality
and in vivo biodistribution of lipid−SMAaf complexes.
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