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ABSTRACT

We previously established a nanoparticle-based drug delivery system (DDS) for high-dose
ascorbic acid therapy by self-assembly of a lipid-modified ascorbic acid derivative, | -ascorbyl
2,6-dipalmitate (ASC-DP). The particles’ morphology should be modified for effective DDSs.
Here, we modulated the morphology of self-assembled ASC-DP nanoparticles using two
different PEGylated lipids, distearoylphosphatidylethanolamine-polyethylene glycol (DSPE-
PEG) and cholesterol-polyethylene glycol (Chol-PEG), with various PEG molecular weights.

At the preparation molar ratio of 10:1 (ASC-DP/PEGylated lipid), rod-like nanoparticles
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emerged in the ASC-DP/DSPE-PEG system, whereas the ASC-DP/Chol-PEG system yielded
tube-like nanoparticles. The internal structures of both rod-like ASC-DP/DSPE-PEG and tube-
like ASC-DP/Chol-PEG nanoparticles were similar to that of repeated ASC-DP bilayers. The
particles’ surfaces featured PEGylated lipids, which stabilized the structure and dispersion of
the nanoparticles. For both systems, the particle size increased slightly with increasing the
PEGylated liquid’s PEG molecular weight. Increasing the PEG molecular weight decreased
the inner tunnel size of tube-like ASC-DP/Chol-PEG nanoparticles. A mechanism has been
proposed for the rod-to-tube transformation. Surface-layer free-energy changes owing to the
mixing of multiple lipids and PEG chain repulsion are thought to underlie the inner tunnels’
formation. The rod-to-tube morphology of self-assembled ASC-DP nanoparticles can be
modulated by controlling the PEGylated lipids’ structure, including the lipid species and the

PEG chain length.

KEYWORDS: Morphology control, Self-assembly, PEGylated lipid, Cylindrical

nanoparticles, Organic nanotube, High-dose ascorbic acid therapy

INTRODUCTION

Ascorbic acid, also known as ascorbate and vitamin C, is widely used in nutrition,!
cosmetics,? and foods,? owing to its excellent antioxidant effect. Ascorbic acid has been shown
to have antitumor activity and has garnered significant attention as a novel complementary
therapy for cancers.* > Parenteral administration (i.v. injection) of ascorbic acid selectively
damages tumor cells without adversely affecting normal cells.® However, to achieve the

antitumor effect of ascorbic acid, high-dose administration is required.* > The pro-oxidant
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property of ascorbic acid at a high dose has been suggested to account for its antitumor
activity.” Yun et al.® demonstrated that cancer cells increasingly take up the oxidized form of
ascorbic acid when exposed to high levels of ascorbic acid, leading to oxidative stress and
eventually cell death. In addition, ascorbic acid is easily decomposed by light, heat, and metal
ions. Therefore, effective and stable drug delivery systems (DDSs) are desirable for delivering
ascorbic acid to tumors.

Nanoparticles have been widely employed as DDSs for targeted cancer therapy.® 10 In recent
years, nanoparticle-based ascorbic acid delivery has attracted attention.” Compared to
molecular ascorbic acid, ascorbic acid in the nanoparticle form is more stable and easier to
deliver into the cell by endocytosis. Chakraborty et al.!! formulated ascorbic acid as
nanoparticles and reported that the nanoparticle form of ascorbic acid provides chemical
stability under physiological conditions and offers glucose-responsive efficient delivery of
ascorbic acid into cells. They also demonstrated that the nanoparticle form of ascorbic acid
induces cell death by generating oxidative stress at a high dose. Nanoparticles for cancer
therapy function by passively accumulating in tumor tissue, utilizing the enhanced permeability
and retention (EPR) effect.!> !> The particle sizes and shapes significantly affect their
biodistribution. For instance, smaller nanoparticles (< 6 nm) are quickly eliminated from the
body by renal excretion, while nanoparticles with sizes above 200 nm tend to accumulate in
the spleen and liver.!* Silicon-based particles with spherical, discoidal, quasi-hemispherical,
and cylindrical shapes tend to accumulate in different tissues after i.v. administration.!> Rod-
shaped polystyrene nanoparticles carrying antibodies enhance the specific uptake to target cells,
compared with spherical particles.'® Hence, the nanoparticles’ morphological aspects,
including their size and geometric shape, should be considered for their applications.

Controlling the morphology of nanoparticles is a challenging task. One-dimensional
3
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nanostructures (such as nanorods and nanotubes) are commonly fabricated by the self-assembly
of constituent molecules.!’-!° The constituent molecules self-associate into architectures, owing
to the thermodynamic minimization of free energy.?° Specifically, molecules that contain lipid
acyl chains can organize into mono-/multi-layers with long-range order, yielding cylindrical
structures.?!>* The morphology of such self-assembled lipid cylinders can be controlled by
modulating the lipid structure.?* 24 In addition, PEGylated lipids have been used for modifying
lipid assemblies such as liposomes, solid lipid nanoparticles, and nanostructured lipid
carriers.?> 26 Polyethylene glycol (PEG) chains form hydration shells around nanoparticles,
increasing their stability and dispersity.?’”-28 This PEG-based surface modification increases the
blood circulation time of the nanoparticles after their i.v. administration.?®> 3% The
pharmacokinetics and biodistribution of such PEG-modified nanoparticles are affected by the
PEG surface conformation, which predominantly depends on the PEG molecular weight and
surface density.3!-3* For instance, a densely packed PEG “brush” conformation is superior to a
collapsed “mushroom” conformation for stealth nanoparticles with weak nanoparticle—cell
interactions.3?

In our previous study, we used p-ascorbyl 2,6-dipalmitate (ASC-DP) to establish a
nanoparticle-based DDS for high-dose ascorbic acid delivery.35-37 ASC-DP is a lipid-modified
ascorbic acid derivative that increases the stability of ascorbic acid. ASC-DP caused
cytotoxicity against the A549, LC-AI, and MKN45 cell lines after 3 and 6 h of exposure,
whereas significant cell toxicity was not observed when employing healthy cells like
fibroblasts.3® ASC-DP molecules self-assembled into nanoparticles with a PEGylated lipid,
distearoylphosphatidylethanolamine-polyethylene glycol 2000 (DSPE-PEG2000). ASC-
DP/DSPE-PEG2000 nanoparticles exhibited unique shapes, including disks, tubes, and rods,

depending on the initial molar ratio of ASC-DP and DSPE-PEG2000 used in the preparation
4
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process (Figure 1).3% 3¢ The nanostructures of these particles were thoroughly examined using
small-angle X-ray scattering (SAXS).» Uniform rod-like nanoparticles (diameter,
approximately 100 nm; length, 300 nm) were obtained at the preparation molar ratio of 10:1.
Although rod-like nanoparticles exhibit a high ASC-DP loading of 94.1% (w/w), tube-like
nanoparticles are more promising as DDSs for targeted cancer therapy, because the inner tunnel
space can serve as a potential platform for loading other antitumor drugs for combination
therapy. Many types of self-assembled organic nanotubes have been developed for drug
delivery.3® 3 Unfortunately, tube-like nanoparticles prepared at the medium preparation ratio
of ASC-DP/DSPE-PEG2000 in our previous study were highly polydisperse and unexpectedly
mixed with disk- and rod-like nanoparticles. Therefore, in the present study, we prepared
uniform tube-like nanoparticles and established a strategy for modulating the rod-to-tube
nanoparticle morphology by evaluating the effects of PEGylated lipid species and PEG chain
length on the formation of nanoparticles. In addition to DSPE-PEG, another PEGylated lipid,
cholesterol-PEG (Chol-PEG), was used. It is widely known that the addition of cholesterol to
the lipid bilayer alters the bilayer stability and in vivo performance.?% 4! Similar effects have

been reported for Chol-PEG.#?

PEG
Chains

£ § & § &

DSPE-

Increase in ASC-DP/DSPE-PEG2000 preparation molar ratio

10:1

1:1
Figure 1. Schematic of the proposed structures of ASC-DP nanoparticles with different
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morphologies, prepared using different molar ratios of ASC-DP/DSPE-PEG2000.

Reconstructed from reference 35.
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MATERIALS AND METHODS

Materials

ASC-DP was acquired from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). DSPE-
PEG750 was purchased from Avanti Polar Lipids, Inc. (Alabama, USA). DSPE-PEG2000
(SUNBRIGHT® DSPE-020CN), DSPE-PEG5000 (SUNBRIGHT® DSPE-050CN), Chol-
PEG600 (SUNBRIGHT® CS-010), Chol-PEG1500 (SUNBRIGHT® CS-020), and Chol-
PEG4600 (SUNBRIGHT® CS-050) were purchased from NOF Corp. (Tokyo, Japan). Purified
water was obtained using a Milli-Q system (Millipore SAS, France). All other chemicals were
of reagent grade and were used without further purification. The chemical structures and

molecular weights (MWs) of ASC-DP, DSPE-PEG, and Chol-PEG are shown in Figure 2.
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Figure 2. Chemical structures and molecular weights of (a) ASC-DP, (b) DSPE-PEG, and (¢)

Chol-PEG used in this study.
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Preparation of nanoparticles

ASC-DP and PEGylated lipids with designed molar ratios were dissolved in chloroform.
Subsequently, the solvent was removed by rotary evaporation using a Biichi EL 131 Rotavapor
(Flawil, Switzerland) at 60 °C, yielding thin films. The films were then dried at room
temperature under reduced pressure. The dried films were hydrated with purified water at the
ASC-DP concentration of 2 mM, and sonicated at 60 °C for 3 min using a bath sonicator
(Bransonic Ultrasonic Cleaners 1510J-DTH, Branson Ultrasonic Corp., USA) to obtain

suspensions containing the nanoparticles.

Particle size evaluation by dynamic light scattering (DLS)

The particle size distribution and mean volume diameter (MV) of the nanoparticles were
determined by DLS using a MICROTRAC 9340-UPA-UTI151 ultrafine particle analyzer

(UPA®) (MicrotracBEL Corp.; measurement range, 0.0008—6.5 um).

Field-emission transmission electron microscopy (FE-TEM) measurements

FE-TEM measurements were conducted using a JEM-2100F instrument (JEOL Ltd., Tokyo,
Japan) at an accelerating voltage of 120 kV. A carbon-coated 200-mesh copper grid (Excel
support film, Nisshin EM Co., Japan) was hydrophilized using a hydrophilic treatment device
HDT-400 (JEOL Ltd., Tokyo, Japan) for 40 s. The suspension containing the nanoparticles was
dropped onto the grid and allowed to stand for 1 min. The grid was then blotted with filter

paper to remove the excess sample, followed by negative staining with 2% phosphotungstic
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acid solution (pH = 7.4) for 1 min. The grid was dried in a desiccator for 1 d before FE-TEM

measurements.

'H nuclear magnetic resonance (NMR) measurements

The micelle-free nanoparticle suspensions (Supporting Information S1) were freeze-dried
using an Eyela FDU-2100 freeze-dryer (Tokyo Rikakikai Co. Ltd., Japan) to obtain dried
nanoparticles for 'H NMR measurements, to quantify and characterize the PEG chains on the
nanoparticles’ surface. The dried nanoparticles were dissolved in deuterated methanol (CD;0D)
or dispersed in heavy water (D,0) as the NMR samples. Trimethylsilylpropanoic acid (TSP,
0.0 ppm) of 1 mM was used as the internal standard. The concentration of detectable PEG was
calculated by comparing the ratio of the integral value of the PEG peak to that of the TSP peak
using a calibration curve, which was constructed using standard solutions.

To determine the composition of the nanoparticles, the precipitates collected after
centrifugation of the freshly prepared nanoparticle suspensions at 15,000 rpm for 40 min were
dissolved in deuterated chloroform (CDCl;) and analyzed using 'H NMR spectroscopy
(Supporting Information S2). Chemical shifts were referenced to the internal signal of 1 mM
1,4-bis(trimethylsilyl)benzene at 0.23 ppm. The molar ratios of the ASC-DP/PEGylated lipids
in the nanoparticles were calculated based on the determined concentrations of each component.
The ratio of the integral value of the alkyl methylene peak (1.25 ppm) and PEG methylene peak
(3.63 ppm) against that of the internal signal was utilized for determining the concentrations of
ASC-DP and PEGylated lipid, respectively. The concentrations were calculated using a
calibration curve constructed using standard solutions.

All 'TH NMR spectra were obtained using a INM-ECX400 NMR spectrometer (JEOL Ltd.,
9
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Tokyo, Japan) with a magnetic field of 9.39 T, using 5 mm NMR tubes. The 'H NMR spectra
were recorded at 25 °C, at a spinning rate of 15 Hz, relaxation delay of 15 s, and scan of 64

accumulations.

X-ray diffraction (XRD) measurements

The XRD patterns of the precipitates after centrifugation, as mentioned above, were recorded
using a MiniFlex II desktop X-ray diffractometer (Rigaku Co., Ltd., Tokyo, Japan). The X-ray
generator was operated at 30 kV and 15 mA using a Cu-Ka radiation source (1 = 1.5418 A).

The 26 angular range of 2—35° was scanned at a rate of 4°/min, at room temperature.

10
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RESULTS AND DISCUSSION

Formation of nanoparticles at different preparation molar ratios of the ASC-

DP/PEGylated lipid

DSPE-PEG and Chol-PEG were used as PEGylated lipids to modify the morphology of
ASC-DP nanoparticles. According to our previous study,*’ the size of the obtained ASC-DP
nanoparticles depends on the initial molar ratio of the ASC-DP/PEGylated lipid used in the
preparation process. Hence, PEGylated lipids with mid-sized PEG chains (DSPE-PEG2000
and Chol-PEG1500) were first used, to evaluate the formation of ASC-DP nanoparticles at
different preparation molar ratios of the ASC-DP/PEGylated lipid. The ASC-DP/DSPE-
PEG2000 system exhibited a maximal particle size of approximately 420 nm at the preparation
molar ratio of 3:1 (Figure 3a, blue circles) because the morphology of the nanoparticles
changed progressively from disk, tube, long-rod, to short-rod with increasing molar ratio
(Figure 1).% For the ASC-DP/Chol-PEG1500 system (Figure 3a, green squares), a similar trend
was observed: the particle size exceeded 800 nm at the preparation molar ratio of 1:1, followed
by a progressive decrease with a further increase in the molar ratio. At the preparation molar
ratio of 10:1, both systems yielded nanoparticles with sizes smaller than 250 nm (Figure 3a,
arrows). The ASC-DP/DSPE-PEG2000 nanoparticles at the preparation molar ratio of 10:1
were rod-shaped, whereas the ASC-DP/Chol-PEG1500 nanoparticles prepared at the same
molar ratio were tube-shaped, with an inner tunnel space (Figure 3b, ¢). Both the rod-like and
tube-like nanoparticles were 200 to 300 nm long, and their diameter was approximately 100
nm. The estimated diameter of the inner tunnel space for the tube-like ASC-DP/Chol-PEG1500
nanoparticles was approximately 10 nm. The FE-TEM images displaying circle structures,

which reflect the vertical positions of the nanoparticles, further demonstrated the cylindrical
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structures with and without an inner tunnel for the rod-like ASC-DP/DSPE-PEG2000 and tube-
like ASC-DP/Chol-PEG1500 nanoparticles, respectively (Supporting Information S3). The
concentric circle with lower image contrast in the FE-TEM image of tube-like ASC-DP/Chol-
PEG1500 nanoparticles had a diameter of approximately 10 nm (Supporting Information S3,
Figure S3b), well agreed with the tunnel size observed in Figure 3c. After the removal of free
PEGylated lipid micelles (Supporting Information S1), the particle size distributions for the
both systems, as determined by DLS, became unimodal, with average particle sizes of 231 and

198 nm, respectively (Figure 3d, e).

12
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Figure 3. (a) Mean particle sizes, for ASC-DP/DSPE-PEG2000 and ASC-DP/Chol-PEG1500
nanoparticles prepared at various initial molar ratios. (b, ¢) FE-TEM images and (d, e) particle
size distribution patterns of (b, d) ASC-DP/DSPE-PEG2000 and (c, ¢) ASC-DP/Chol-

PEG1500 nanoparticles prepared at the molar ratio of 10:1.

Investigation of PEG chains on the nanoparticles’ surfaces

To quantify and characterize the PEG chains on the surfaces of the rod-like ASC-DP/DSPE-

13
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PEG2000 and tube-like ASC-DP/Chol-PEG1500 nanoparticles, 'H NMR spectroscopy was
employed. '"H NMR spectroscopy is a powerful tool for quantifying the components of
colloidal suspensions and for investigating their molecular states. Components with low
molecular mobility (e.g., solid contents) are difficult to detect using '"H NMR, because the
signals derived from solids are intensely broadened by the strong homonuclear dipolar
interactions between protons. In contrast, components with high molecular mobility (e.g.,
dissolved molecules) provide sharp and well-resolved "H NMR spectral signals, because the
dipolar interactions are averaged out by the fast motion of the molecules. Hence, it is possible
to quantify a component with varied molecular mobility in a solvent by comparing its '"H NMR
spectrum with that of another solvent, in which the component can be completely dissolved.
Thevenot et al.*3 successfully used 'H NMR spectroscopy to estimate the abundance of highly
mobile PEG chains on the surfaces of lipid-layer-coated poly(lactic acid) nanoparticles, by
comparing the amounts of detectable PEG in the 'H NMR spectra obtained from D,0O and
CDCl;. Here, we used D,0 and CD;0D as solvents for 'H NMR measurements, to investigate
the molecular mobility of PEG on the surfaces of the ASC-DP nanoparticles (Figure 4). The
results calculated using the '"H NMR spectra are presented in Table 1. The compositions of the
nanoparticles, which were also determined using 'H NMR spectroscopy (Supporting
Information S2), are listed in Table 1 as well. The molar ratios of the ASC-DP/PEGylated lipid
for the rod-like ASC-DP/DSPE-PEG2000 and tube-like ASC-DP/Chol-PEG1500
nanoparticles were 66:1 and 23:1, respectively, which were significantly higher than their
preparation ratio of 10:1. The nanoparticles were mainly composed of ASC-DP, with a low
PEGylated lipid content. Notably, the PEGylated lipid content for the tube-like ASC-DP/Chol-
PEG1500 nanoparticles was considerably higher than that for the rod-like ASC-DP/DSPE-

PEG2000 nanoparticles, which could be owing to the presence of an inner tunnel surface. The
14

Page 14 of 30



Page 15 of 30

Nanoscale

percentages of mobile PEG in the rod-like ASC-DP/DSPE-PEG2000 and tube-like ASC-
DP/Chol-PEG1500 nanoparticles were approximately 94% and 65%, respectively. This
indicates that most of the PEG chains in the rod-like ASC-DP/DSPE-PEG2000 nanoparticles
were highly mobile, whereas the mobility of a portion of the PEG chains in the tube-like ASC-
DP/Chol-PEG1500 nanoparticles was restricted. The PEG chains in the rod-like ASC-
DP/DSPE-PEG2000 nanoparticles were present on the outer surface of the nanoparticles, and
thus exhibited high mobility.#* On the contrary, the tube-like ASC-DP/Chol-PEG1500
nanoparticles had an additional inner surface, where the PEG chains exhibited much lower

mobility compared with those on the outer surface, owing to the nanoconfinement effect.*’

alkyl methylene of
ASC-DP and DSPE

'
methanol
PEG methylene of
DSPE-PEG2000
b

PEG methylene of
DSPE-PEG2000

(b) T

alkyl methylene of
ASC-DP

1~

methanol

PEG methylene of
Chol-PEG1500

N
(c) il

PEG methylene of
Chol-PEG1500

(d) sabaciee

4.0 3.0 2.0 1.0
'H chemical shift (ppm)

Figure 4. '"H NMR spectra of (a, b) ASC-DP/DSPE-PEG2000 and (¢, d) ASC-DP/Chol-
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PEG1500 nanoparticles prepared at the molar ratio of 10:1 in (a, c) CD;0D and (b, d) D,0O.

Table 1. Component compositions and percentages of mobile PEGs, for the ASC-DP/DSPE-
PEG2000 and ASC-DP/Chol-PEG1500 nanoparticles prepared at the molar ratio of 10:1. All

data were determined by "H NMR spectroscopy (n = 3, mean + S.D.).

Molar ratio of ASC-
Mobile PEG/Total PEG, %
DP/PEGylated lipid
ASC-DP/DSPE-PEG2000 664 + 4.3 943 + 3.5
ASC-DP/Chol-PEG1500 229 £ 19 65.1 £ 1.1

Evaluation of the nanoparticles’ internal structure

The internal structures of the rod-like ASC-DP/DSPE-PEG2000 and tube-like ASC-
DP/Chol-PEG1500 nanoparticles were investigated using XRD. As shown in Figure 5, both
the rod-like ASC-DP/DSPE-PEG2000 and tube-like ASC-DP/Chol-PEG1500 nanoparticles
exhibited XRD patterns with diffraction peaks at 26 = 2.3, 4.6, and 6.8°, indicating that they
have similar internal structures. XRD follows Bragg’s law*® nA = 2dsin6, where n is the
diffraction order, 4 is the wavelength of the X-rays, 6 is the angle of incidence and reflection,
and d is the spacing between the diffraction layers. The three observed diffraction peaks
corresponded to the d-spacings of 3.8, 1.9, and 1.3 nm, respectively, and were in an
approximate ratio of 1:(1/2):(1/3). This suggested a lamellar-repeated structure with an
interlamellar distance of approximately 3.8 nm. Indeed, our previous SAXS study
demonstrated that ASC-DP in rod-like ASC-DP/DSPE-PEG2000 nanoparticles was packed in

a tilted arrangement and formed repeated bilayers with intervals of 3.7 nm, whereas DSPE-
16
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PEG2000 was present on the particles’ surfaces, yielding PEG shells that stabilized the
nanoparticles (Figure 5a, inset).>> The broad peaks observed in the 26 range of 19-24° also
demonstrated the chain sublattice in the lamellar phases of ASC-DP.4” The tube-like ASC-
DP/Chol-PEG1500 nanoparticles could exhibit the same ASC-DP packing in their internal
structures, except that the innermost layer was composed of ASC-DP and Chol-PEG1500,

forming an inner tunnel surface (Figure 5b, inset).

(@ 23 @a ——08——0

W
AN SIS
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ASC-DP DSPE-PEG2000

2 10 20 30 35

Figure 5. XRD patterns and internal structures of (a) ASC-DP/DSPE-PEG2000 and (b) ASC-

DP/Chol-PEG1500 nanoparticles prepared at the molar ratio of 10:1.
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Effect of the PEG molecular weight on the nanoparticles’ structure

We varied the PEG molecular weight of the PEGylated lipids (PEG750 and PEG5000 for
DSPE-PEG, and PEG600 and PEG4600 for Chol-PEG) and evaluated the formation of
nanoparticles at different molar ratios. A similar trend, from an increase to a decrease in the
particle size with increasing molar ratio, was observed for all samples (Supporting Information
S4). The nanoparticles prepared at the molar ratio of 10:1 were used for further investigations.
The FE-TEM images of the nanoparticles are shown in Figure 6. Nanoparticles prepared with
DSPE-PEG2000 and Chol-PEG1500 at the molar ratio of 10:1 are shown for comparison. For
the ASC-DP/DSPE-PEG systems, rod-like nanoparticles were obtained for all PEG molecular
weights (Figure 6a-c). In contrast, tube-like nanoparticles were obtained for the ASC-DP/Chol-
PEG600 and ASC-DP/Chol-PEG1500 systems (Figure 6d, ¢), whereas the ASC-DP/Chol-
PEG4600 system exhibited rod-like nanoparticles (Figure 6f). The sizes of the nanoparticles
were estimated (Table 2). The long and short axes of the nanoparticles increased with
increasing PEG molecular weight, for both the ASC-DP/DSPE-PEG and ASC-DP/Chol-PEG
systems. The diameters of the inner tunnel for the tube-like ASC-DP/Chol-PEG600 and ASC-
DP/Chol-PEG1500 nanoparticles were 11.4 and 7.2 nm, respectively, and no tunnel space was
observed for the ASC-DP/Chol-PEG4600 nanoparticles. This result suggests that the formation
of the inner tunnel was strongly affected by the PEG molecular weight of Chol-PEG. Lower
molecular-weight PEG was more conducive to the formation of tube-like structures.

The composition of the nanoparticles was determined by 'H NMR spectroscopy (Supporting
Information S2). The results are shown in Figure 7. At low PEG molecular weights (PEG750
and PEG600), the ASC-DP/Chol-PEG600 nanoparticles exhibited a higher PEGylated lipid

content (i.e., a lower molar ratio of the ASC-DP/PEGylated lipid) than the ASC-DP/DSPE-

18
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PEG750 nanoparticles. Similar to the mid-sized PEG systems (ASC-DP/DSPE-PEG2000 and
ASC-DP/Chol-PEG1500), as discussed above, a significant amount of PEGylated lipid could
be involved in the inner tunnel surface of the tube-like ASC-DP/Chol-PEG600 nanoparticles,
leading to a higher PEGylated lipid content than for the rod-like ASC-DP/DSPE-PEG750
nanoparticles. At high PEG molecular weights (PEG5000 and PEG4600), the compositions of
the two systems were not significantly different (122:1 for ASC-DP/DSPE-PEG5000 and
102:1 for ASC-DP/Chol-PEG4600), because both systems exhibited non-tunneled rod-like
nanoparticles. For both the ASC-DP/DSPE-PEG and ASC-DP/Chol-PEG systems, the molar
ratio of the ASC-DP/PEGylated lipid in the nanoparticles increased with increasing PEG
molecular weight. PEGylated lipids were only present on the surfaces of the nanoparticles. In
other words, the fraction of the PEGylated lipid on the surface layer decreased when PEGylated
lipids with longer PEG chains were used. In addition, all ASC-DP/DSPE-PEG and ASC-
DP/Chol-PEG nanoparticles had the same internal structures, composed of repeated ASC-DP
bilayers, as they exhibited XRD patterns similar to those in Figure 5 (Supporting Information

S5).

19
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Figure 6. FE-TEM images of (a-c) ASC-DP/DSPE-PEG and (d-f) ASC-DP/Chol-PEG

nanoparticles prepared at the molar ratio of 10:1. The PEG molecular weights of DSPE-PEG

used for preparing the nanoparticles were (a) PEG750, (b) PEG2000, and (c) PEG5000, and

those of Chol-PEG were (d) PEG600, (e) PEG1500, and (f) PEG4600, respectively.

Table 2. Mean particle sizes of ASC-DP/PEGylated lipid nanoparticles determined from FE-

TEM images (n = 100, mean + S.D.).
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Mean length, nm

Long axis

Short axis

Inner diameter

ASC-DP/DSPE-PEG

PEG750

250.7 £ 71.2

113.6 + 18.1
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PEG2000 3139 + 87.8 116.1 = 21.0 -

PEG5000 350.8 + 106.7 120.1 = 20.6 -

PEG600 210.3 + 102.1 91.7 £ 193 11.4 = 3.0

ASC-DP/Chol-PEG PEG1500 245.6 + 824 104.1 + 15.6 72 + 1.8

PEG4600 340.2 = 100.6 133.5 + 28.2 -

140

B ASC-DP/DSPE-PEG
B Asc-DP/Chol-PEG

120

100 -

80

60

40 -

20

Molar ratio of ASC-DP/PEGylated lipid

PEG750 PEG600 PEG2000 PEG1500 PEG5000 PEG4600
Figure 7. Component composition of ASC-DP/PEGylated lipid nanoparticles prepared at the
molar ratio of 10:1. All data were determined using 'H NMR spectroscopy (n = 3, mean =+

S.D.).

Morphology and structure control strategy for nanoparticles

We propose a strategy to control the morphology and structure of self-assembled ASC-DP
nanoparticles using PEGylated lipids, DSPE-PEG, and Chol-PEG. At higher preparation molar
ratios of ASC-DP/PEGylated lipids, the nanoparticles’ size decreases with increasing the

preparation molar ratio. As demonstrated in our previous report, an increase in the preparation
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molar ratio of ASC-DP/DSPE-PEG2000 decreased the rod-like nanoparticles’ length. A higher
preparation molar ratio of ASC-DP/PEGylated lipids should be more favorable for obtaining
smaller-size uniform cylindrical nanoparticles. At the preparation molar ratio of 10:1, the ASC-
DP/DSPE-PEG system only yielded rod-like nanoparticles (Figure 8a), whereas the ASC-
DP/Chol-PEG system yielded uniform tube-like nanoparticles (Figure 8b). The nanoparticles’
size, including the length and outer diameter of the cylinder, was affected by the PEG molecular
weight of the PEGylated lipid. Higher PEG molecular weights yielded slightly larger
nanoparticles. Therefore, in addition to the preparation molar ratio of the ASC-DP/PEGylated
lipid, the PEG molecular weight allows to control the particle size. Noticeably, the inner tunnel
diameter of the tube-like ASC-DP/Chol-PEG nanoparticles sensitively depended on the PEG
molecular weight of Chol-PEG. As the PEG molecular weight increased, the inner tunnel
gradually narrowed and ultimately disappeared (Figure 8b). Hence, the tunnel size can be

modulated by altering the PEG molecular weight of Chol-PEG.
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Figure 8. Morphology and structure control strategy for self-assembled ASC-DP cylindrical

Inner side

Outer side

nanoparticles prepared with (a) DSPE-PEG and (b) Chol-PEG, at the ASC-DP/PEGylated lipid

preparation ratio of 10:1.

Discussion on the rod-to-tube transformation mechanism

Here, we discuss how PEGylated lipids affect the nanostructure formation and drive the rod-
to-tube transformation. The nanostructure formation is a consequence of the thermodynamic
equilibrium of self-assembly. The introduction of cholesterol, which is the lipid part of Chol-
PEG, into lipid monolayers resulted in the negative values of the excess Gibbs energy of mixing
(AGec), and therefore afforded higher thermodynamic stability compared with single-
component systems.*® The most negative values of AG.y (the most stable systems) occurred at

the cholesterol molar fractions ranging from 0.25 to 0.5, depending on the lipid species.
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Moreover, Kowalska et al.* reported that the incorporation of DSPE-PEG into a
dipalmitoylphosphatidylcholine (DPPC) lipid monolayer also caused negative AG. values.
The system with the shortest PEG chains exhibited the most negative value of AG,, because
short PEG chains can approach DPPC molecules at much shorter distances and create fewer
repulsive interactions between them, giving the system higher thermodynamic stability. We
posit that the formation of the inner tunnel in the present study was owing to a balance between
a reduction in the free energy caused by the mixing of multiple lipids and an increase in the
free energy owing to the PEG chain repulsion (Figure 9a). The mixing of PEGylated lipids and
ASC-DP on the surface layer yielded a lower energy state than that of the pure ASC-DP layers.
Because the most thermodynamically stable state of the layers containing multiple lipids occurs
at an intermediate mixing ratio, a significant amount of PEGylated lipids should be involved
in the surface layer to achieve the most thermodynamically stable state. However, the PEG
chains of the PEGylated lipids on the surface repel each other, which in turn lowers the
system’s thermodynamic stability. When a layer containing PEGylated lipids is bent inward,
the repulsion between the PEG chains significantly increases, hindering the formation of the
inner tunnel. Longer PEG chains create even stronger repulsive interactions. Therefore, in
situations with high PEG-molecular-weight PEGylated lipids, tube-like structures cannot
appear.

In addition, the composition of the multiple lipid layers determines the layer properties and,
in turn, affects the formation of the inner tunnel surface. Specific to the ASC-DP/DSPE-PEG
systems, because of the similar lipid structures of ASC-DP and DSPE-PEG, the ASC-DP layer
containing DSPE-PEG may have a low toughness similar to that of the single-component lipid
membranes.*! As shown in Figure 9b, the membrane layer is not sufficiently tough to form an

inner tunnel surface for the ASC-DP/DSPE-PEG system at the preparation ratio of 10:1, where
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the DSPE-PEG fraction is inadequate to achieve a thermodynamically stable inner tunnel
surface. Nevertheless, for the ASC-DP/Chol-PEG system, the presence of cholesterol
significantly improves the toughness of the membrane layer.! This allows the membrane layer
to be bent inward without failure, to form an inner tunnel surface, even at the relatively high
preparation ratio of 10:1. Notably, shorter PEG chains are more conducive to flatter surfaces
(smaller surface curvature). This is probably because more cholesterol molecules are
incorporated into the ACS-DP layer when using low PEG-molecular-weight Chol-PEG,
significantly increasing the area expansion modulus of the inner surface layer.*! That is, an
increase in the cholesterol fraction may lower the deformability of the inner surface layer, and

therefore widen the inner tunnel.
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Figure 9. (a) Schematic of the tube-like and rod-like nanostructure formation as a consequence

of the thermodynamic equilibrium of self-assembly, modeled for the ASC-DP/Chol-PEG

system. (b) The rod-like structure formation in the ASC-DP/DSPE-PEG system at the

preparation ratio of 10:1.

CONCLUSIONS

A rod-to-tube morphology control strategy for self-assembled ASC-DP cylindrical

nanoparticles was successfully proposed by evaluating the effects of PEGylated lipid species

26



Page 27 of 30

Nanoscale

(DSPE-PEG and Chol-PEG) and PEG chain length on the formation of nanoparticles. At the
preparation molar ratio of 10:1 (ASC-DP/PEGylated lipid), rod-like and tube-like
nanoparticles were obtained in the ASC-DP/DSPE-PEG and ASC-DP/Chol-PEG systems,
respectively. For both systems, the particle size was associated with the PEG molecular weight
of the PEGylated lipid. Furthermore, the inner tunnel size of the tube-like ASC-DP/Chol-PEG
nanoparticles was sensitive to the PEG molecular weight of Chol-PEG. Therefore, the rod-to-
tube morphology of self-assembled ASC-DP nanoparticles can be controlled by altering the
structure of the PEGylated lipid, including the lipid species and PEG chain length. We also
proposed a mechanism for the rod-to-tube transformation, in which the thermodynamic
equilibrium of the self-assembly was discussed. Previously, we successfully loaded
hydrophobic drugs such as amphotericin B onto the disk-like ASC-DP/DSPE-PEG2000
nanoparticles prepared at a molar ratio of 1:1 and demonstrated that these nanoparticles are
promising DDSs for hydrophobic drugs.3¢ 37 The ASC-DP cylindrical nanoparticles reported
in this study may have better drug-loading performance compared with the disk-like
nanoparticles. Therefore, apart from high-dose ascorbic acid treatment, other antitumor agents
could be loaded onto these nanoparticles to achieve combination therapy. The proposed
morphology control strategy can guide the design of nanoparticles with better therapeutic
performance. We highlight the importance of the nanoparticle form of ascorbic acid for
antitumor therapy and expect that effective ascorbic acid antitumor therapy will be developed

in the near future.
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