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Rational control of doxorubicin (DOX)-loaded liposome morphol-
ogy was achieved by changing the cooling rate without altering the
composition. Slow cooling produced prolate liposomes containing
a linear DOX-sulfate fiber-bundle, whereas rapid freezing gave nearly
spherical liposomes with a curved DOX-sulfate fiber-bundle. In situ
SAXS and 'H NMR measurements revealed that the morphological
differences were determined by the sequence of DOX-sulfate fiber-
bundle formation and stiffness increase of the lipid membrane,
depending on the cooling rate.

The liposomal product Doxil®/Caelyx®, the first to load the
anticancer drug doxorubicin (DOX, Fig. S1, ESIt), was approved
by the U.S. Food and Drug Administration (FDA) in 1995.?
Over the past thirty years, seven anticancer liposomal products
have been approved, and more than ten are currently under-
going clinical trials.® Several generics of Doxil™/Caelyx® are
already on the market, while multiple DOX-loaded liposomal
formulations with enhanced functionality are in clinical trials.
Due to its historical significance and continued relevance, the
DOX-loaded liposome remains one of the most representative
nanoparticles in drug delivery systems (DDSs).

The physical properties of nanoparticles, including size,
morphology, charge, and surface coating, play a crucial role
in determining their biodistribution after administration.*
Evaluation of liposomal morphology is essential and has been
included in draft guidelines and reflection papers by the FDA
and the European Medicines Agency (EMA). Spherical lipo-
somes can undergo deformation when crystalline drugs such as
DOX,> topotecan,® and docetaxel” are loaded into their inner
aqueous phase. In Doxil®/Caelyx®, the linear fiber-bundle
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formation of a DOX-sulfate liquid-crystal in the inner aqueous
phase causes physical stretches of the lipid membrane, result-
ing in a well-known “coffee-bean”” morphology.® Doxil®, Cae-
lyx®, and their two generic products showed differences in
complement activation in human sera, which are believed to be
caused by morphological variations.® Modifying the composi-
tion, such as altering the loading buffer in the inner phase and
the lipid/DOX ratio, can change the liposome morphology
along with the DOX fiber-bundle size and shape and affect
in vitro and in vivo release, cellular uptake, and toxicity in
cancer cells."”* TLD-1 (Talidox, Innomedica, Bern, Switzer-
land), a DOX-loaded formulation currently in a phase-II clinical
trial, was designed with a smaller particle size than 70 nm and a
reduced lipid/DOX ratio to prevent deformation and maintain a
spherical shape. In the present study, we obtained different
DOX-loaded liposome morphologies by modifying the prepara-
tion conditions or controlling the cooling rate without altering
the composition. Furthermore, the underlying mechanism was
clarified by monitoring the DOX-sulfate and lipid membrane
phase changes during the cooling process using in situ 'H
nuclear magnetic resonance (NMR) and small-angle X-ray scat-
tering (SAXS) measurements.

Liposomes composed of HSPC/cholesterol (60 : 40 mol%) with
an approximate size of 100 nm were prepared by lipid film
hydration and extrusion processes (Scheme S1 and Fig. S2, ESIT).
DOX was loaded using the active loading method. Fig. 1 presents
the cryo-TEM images of liposomes after DOX loading at 10-
30 mol% concentrations at 65 °C, followed by cooling at different
rates. The encapsulation efficiency of DOX in each liposome was
confirmed to exceed 90% (Table S1, ESIT). By slow cooling (cooled
from 65 °C to 4 °C at 1 °C min™ "), a linear DOX-sulfate fiber-
bundle accumulated within the inner aqueous phase. At 10 mol%
loading, the liposome maintained a spherical shape, with negli-
gible effect of DOX-loading. The fiber-bundle edges attached to
the liposome membrane; however, the exerted force was insuffi-
cient to induce the membrane deformation because the fiber-
bundle was still thin. In liposomes with 20 mol% DOX loading,
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Fig.1 Cryo-TEM images of DOX-loaded liposomes (10-30 mol%) pre-
pared with (a) slow cooling (65 °C to 4 °C at 1 °C min~?%) and (b) rapid
freezing (65 °C to —196 °C with liquid nitrogen and re-heated to 4 °C).
Each bar represents 100 nm.

the fiber-bundle thickened and deformed the liposome, corres-
ponding to the characteristic “coffee-bean” morphology. DOX
crystallization primarily contributed to thickening the fiber-
bundle, because the lipid membrane restricted linear elongation.
However, elongation was not entirely suppressed because the
increased force exerted by the thickened fiber-bundle allowed for
membrane extension, which deformed the liposome morphol-
ogy. Fiber-bundle thickening was even more pronounced at
30 mol% DOX loading, resulting in a prolate-shaped liposome.
In contrast, by the rapid freezing process (cooled from 65 °C
to —196 °C by liquid nitrogen and re-heated to 4 °C), spherical
liposomes containing a curved fiber-bundle (ring- and U-shape)
accounted for the vast majority. Considering that a DOX fiber-
bundle forms a linear strained morphology in bulk water,’ the
curved fiber-bundle was specifically formed within the nano-
confined space of the liposomal inner phase. This morphology
transformation of the DOX fiber-bundle within the liposome
can be regarded as one of the cell-size space effect (CSE), where
the characteristics and phase transition of nucleic acids, pro-
teins, and polymers confined in a microscopic space often
differ from their bulk-state behavior.'>"® At 10 mol% DOX
loading, the curved fiber-bundles containing ring- and U-
shaped ones remained thin and did not deform the lipid
membrane, allowing the liposome to retain its spherical shape.
Even with increased DOX loading to 20 and 30 mol%, the
thickened ring-shaped fiber-bundles did not deform the lipo-
somes. The ends of the fiber-bundle fused to form enclosed
rings and prevented direct contact with the lipid membrane.
The thickening of the U-shaped fiber-bundle exerted force on
the lipid membrane by pushing the lipid membrane with the
attached edges of the fiber-bundle. This induced the transition
of the liposome morphology from spherical to oblate, although
the deformation was much suppressed compared with prolate
liposomes prepared with slow cooling. By the fast cooling
process (cooled from 65 °C to 4 °C by water bath at 4 °C,
Fig. S3a, ESIf), which uses an intermediate cooling rate
between slow cooling and rapid freezing, a mixture of spherical

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) SAXS profiles at 25 °C in the full (@ = 0.1-4.0 nm™% and

expanded (g = 1.5-3.0 nm™) region and (b) schematic representation of
a DOX-sulfate fiber-bundle with 3D hexagonal lattice: a = b = 3.18 nm and
¢ = 2.02 nm. The scattering parameter g is defined by 4nsin6/. (26,
scattering angle; 4, the wavelength of X-rays).

liposomes containing a curved fiber-bundle and prolate lipo-
somes containing a linear fiber-bundle was observed. These
results show that increasing the cooling rate reduces the
fraction of typical linear-bundle liposomes while increasing
the unique curved-bundle liposomes.

The DOX-loaded liposomes (30 mol%) prepared under dif-
ferent cooling rates were evaluated using SAXS measurement at
25 °C (Fig. 2). DOX-sulfate precipitates prepared in bulk water
(Scheme S2, ESIY) exhibited a Bragg peak at ¢ = 2.3 nm ™. This
peak corresponds to the (Akl) = (100) peak of a three-dimensional
hexagonal lattice of the DOX-sulfate liquid-crystal, with unit cell
dimensions of @ = b = 3.18 nm and c¢ = 2.02 nm'® (Fig. 2b). The
peak intensity was considerably lower for the rapid freezing than
the slow cooling. The lower peak intensity could be attributed to
the transformation of fiber-bundles from a linear to a curved
shape. The primary mechanism should be a decrease in the
crystallinity of the DOX-sulfate liquid-crystal. The arrangement of
DOX molecules in the fiber-bundle could be disordered by
bending, and the curved fiber-bundle resulted in lowered peak
intensity compared to a linear fiber-bundle. Another possible
mechanism is a difference in the crystal habit. A thinner, longer
fiber-bundle reduced the peak intensity at ¢ = 2.3 nm ™", given the
fewer (100) faces in the hexagonal lattice. Since the curved fiber-
bundle was thinner and longer than linear ones formed in the
confined liposomal inner space, this difference could also con-
tribute to the observed lower peak intensity.

In situ SAXS measurements were conducted to understand
the formation process of linear-bundle liposomes during slow
cooling (Fig. 3). The profile before incubation (yellow) almost
coincided with that of empty liposomes. During the incubation
at 65 °C (red), the peak intensity in the range of g = 0.1-
0.4 nm ™" and 2.0-4.0 nm™ " increased rapidly, which could be
due to the rapid loading of DOX into the liposomal inner phase.
No Bragg peaks were detected, suggesting that the loaded DOX
was in a non-crystalline state. During the subsequent slow
cooling process at 1 °C min~ ' (blue), the scattering intensity
around ¢ = 0.1-0.4 nm™ " increased, while that around g = 1.0-
4.0 nm " decreased. Additionally, a Bragg peak at g = 2.3 nm ™"
appeared. These changes reflected the fiber-bundle formation
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Fig. 3 Overlapped in situ SAXS profiles (g = 0.1-4.0 nm™Y) during (a)
incubation at 65 °C for 30 min and (b) cooling from 65 °C to 25 °C at the
rate of 1 °C min™™. The yellow profile before incubation, which is a mixture
of empty liposomes and DOX-HCl solution at 25 °C, is also shown in (a). (c)
Enlarged view (g = 1.5-3.0 nm™) of (a) and (b) combined.

by crystallization of DOX-sulfate. The changes became more pro-
nounced upon further cooling to 25 °C. Notably, drastic changes
were observed between 65-50 °C, indicating that fiber-bundle
formation predominantly occurred within this temperature range.

To evaluate the molecular-state changes in both the fiber-
bundle of DOX-sulfate and the liposomal membrane of the
lipid, in situ "H NMR measurements were conducted during the
heating and cooling processes for the DOX-loaded liposomes
(30 mol%) prepared via the slow cooling process (Fig. 4). First,
we examine the changes in DOX peaks (shown in red). During
heating, no DOX peaks were detected below 60 °C. The peaks
were too broad to be detected due to strong 'H-'H homo-
nuclear dipole interaction because DOX-sulfate could have low
molecular mobility in a liquid-crystalline fiber-bundle. DOX
peaks began to appear at 70 °C and sharpened at 80 °C,
reflecting its enhanced molecular mobility. In the differential
scanning calorimetry (DSC) profile of DOX-sulfate precipitates
in bulk water (Fig. S4a, ESIT), the melting started around 60 °C
and was completed below 80 °C. Similarly, DOX-sulfate liquid
crystals within the liposomal inner phase could melt between
60-80 °C. To further understand the molecular state of DOX-
sulfate in the inner phase, its '"H NMR spectrum at 70 °C was
compared with that of DOX-HCI dissolved in bulk water
(Fig. S5, ESIt). The peaks of DOX-sulfate in the inner phase
appeared at a higher magnetic field, especially for aromatic
peaks, and exhibited broader shapes. Concentrated DOX mole-
cules in the confined inner phase could interact with each other
through n-n stacking interactions,’” and the mobility was
suppressed, although it could exist in a liquid state. During
cooling, DOX-sulfate peaks disappeared at 50 °C, indicating the
recrystallization into liquid-crystalline fiber-bundles. Notably,
the peak intensities of DOX-sulfate at 60 °C and 70 °C during
cooling were higher than those at the same temperature during
heating. The representative spectra at 60 °C for heating and
cooling are shown in Fig. 4b. These results indicate that, even at
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Fig. 4 (a) In situ *H NMR spectra during heating and cooling processes of
DOX-loaded liposomes (30 mol%) prepared with slow cooling and (b)
enlarged spectra of 60 °C during (orange) heating and (blue) cooling
processes.

a slow cooling rate of 1 °C min~', some DOX-sulfate did not

recrystallize at these temperatures and remain in a
supercooled-liquid state. This can be further supported by the
DSC results of DOX-sulfate precipitates prepared in bulk water
(Fig. S4, ESIY), where the temperature of DOX-sulfate crystal-
lization was dependent on the cooling rate. These results show
that the fiber-bundle formation via DOX-sulfate crystallization
during cooling occurs at the minute scale or slower.

Secondly, the peak changes in lipid acyl chains within the
liposomal membrane (shown in blue) were analyzed.'® During
heating, the peak intensity around 0.9 and 1.3 ppm increased
with noticeable peak sharpening. The sharpening was particu-
larly pronounced around 50 °C close to the HSPC transition
temperature of solid-ordered phase (so) to liquid-disordered
phase (I3) at 53.6 °C."*?° Previous studies have reported that acyl
chains within the cholesterol-rich phase or the liquid-ordered (Z,)
phase exhibited broad transitions centered around the phase
transition temperature of pure phospholipids.*’ Thus, the
enhanced mobility of acyl chains in the HSPC/cholesterol
membrane upon heating could occur around 50 °C with a broad
temperature range. During cooling, the peak intensity decreased,
accompanied by peak broadening. Notably, almost no significant
thermal hysteresis was observed; the peak shapes of the lipid acyl
chains remained consistent at equivalent temperatures during
heating and cooling (represented as Fig. 4b). This suggests that,
in slow cooling of 1 °C min ", the lipid membrane rapidly
reached its energetic equilibrium state at each temperature.
Previous papers supported this observation, showing that the
lipid membrane transition of DSPC, a main component of HSPC,
occurs within a timescale of seconds.”

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 A proposed mechanism of the morphological change of DOX-
loaded liposomes prepared with (a) slow cooling and (b) rapid freezing.
The solid blue arrow shows the fiber-bundle formation and elongation via
DOX-sulfate crystallization, while the dotted black arrow indicates the
stiffness increase by phase transition of the lipid membrane.

Based on the results above, a mechanism of morphological
change of DOX-loaded liposomes as a function of cooling rate is
proposed (Fig. 5). The sequence of DOX-sulfate fiber-bundle
formation via crystallization and stiffness increase of the lipid
membrane via phase transition could determine the final
morphology. DOX was loaded into the liposomal inner phase
at 65 °C via an ionic ammonium sulfate gradient, forming DOX-
sulfate. Given its highly concentrated state and melting tem-
perature range (60-80 °C), DOX-sulfate could exist as either a
liquid or supercooled-liquid state. The DOX-sulfate crystallized
into a liquid-crystalline fiber-bundle during the cooling process.
In bulk water, the DOX fiber-bundle exhibited a string-like
morphology,” which can be explained by its preferential crystal-
lization along the c-axis (elongation) rather than the a and b axis
(thickening). Similarly, the DOX-sulfate fiber-bundle in the lipo-
some inner phase could begin to elongate. However, elongation
was hindered when the fiber-bundle edges were attached to the
inner leaf of the lipid membrane. When the cooling rate was slow
(Fig. 5a), most DOX-sulfate formed rigid liquid-crystalline fiber-
bundles mainly between 65-50 °C, before the liposomal
membrane increased the stiffness around the phase transition
temperature of 53.6 °C. The fiber-bundle could solidify linearly,
gradually extending the soft liposomal membrane, ultimately
producing a prolate liposome containing linear fiber-bundles.
In contrast, when the cooling rate was relatively high in the rapid
freezing process (Fig. 5b), the sequence of DOX-sulfate fiber-
bundle formation and the stiffness increase of the liposomal
membrane were reversed. Immediately after cooling, DOX-sulfate
temporarily existed as a supercooled-liquid state because its
crystallization occurs on a minutes scale or slower. Meanwhile,
the lipid membrane rapidly reached thermal equilibrium due to
its second-scale phase transition. Thus, the stiffness of the lipid
membrane formerly increased, and a rigid spherical liposome
was formed. The steric hindrance of the rigid lipid membrane
prevents DOX-sulfate from crystallizing in a linear direction,
instead forming curved bundles with a less ordered arrange-
ment of DOX-sulfate (suggested in Fig. 2). The formation of
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DOX-sulfate fiber-bundles and the stiffness increase of the lipo-
somal membrane occurred competitively during fast cooling with
an intermediate cooling rate. As a result, a mixed population of
linear-bundle liposomes and curved-bundle liposomes are
observed (Fig. S3b, ESIT).

In summary, we have found that the morphology of DOX-
loaded liposomes can be precisely controlled solely by changing
the cooling rate after DOX loading. Specifically, the curved-
bundle liposomes containing ring- and U-shaped DOX-sulfate
fiber-bundles, whose deformation was much suppressed com-
pared with typical linear-bundle liposomes, were selectively
obtained with a rapid cooling rate. Furthermore, we identified
that the sequence of DOX-sulfate fiber-bundle formation (occur-
ring on a minute-scale or slower) and the stiffness increase of the
lipid membrane (occurring on a second scale) during cooling
governs the final morphology of the DOX-loaded liposome. This
finding helps in designing liposomal formulations other than
DOX-loaded liposomes.
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