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ABSTRACT: Lipid nanodiscs (LNDs) provide versatile platforms
for membrane protein research and function as innovative drug
delivery systems. This study presents the structural character-
ization of LNDs composed of poloxamer 407 (PX407) and 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) using small-
angle X-ray scattering (SAXS) analysis, further supported by
turbidity assessment and transmission electron microscopy
observation. Among the evaluated poloxamers, PX407, which
contains the highest proportion of hydrophobic poly(propylene
oxide) segment, exhibited superior DMPC solubilization capa-
bility. SAXS analysis, employing the core−shell bicelle-belt model,
indicated that PX407-DMPC mixtures formed discoidal nano-
structures. These structures preserved membrane thickness comparable to conventional phospholipid bilayers while achieving core
diameters of 17−30 nm�over three times larger than those of styrene-maleic acid−based LNDs under similar conditions. The
dimensions were systematically regulated by salt concentration and polymer-to-lipid ratio, with greater stability observed at higher
polymer content (PX407: DMPC = 2:1 mass ratio) and elevated salt concentrations (≥300 mM NaCl). Although these LNDs
appeared to be unstable above the DMPC gel-to-liquid crystalline phase transition temperature (∼24 °C), their larger size and
temperature-responsive properties suggest potential applications in membrane protein research requiring extensive lipid platforms
and in systems benefiting from temperature-dependent behavior.

■ INTRODUCTION
Lipid nanodiscs (LNDs) are self-assembled nanostructures
composed of a phospholipid (PL) bilayer stabilized by
amphiphilic scaffolding molecules. These nanoscale systems
have garnered increasing attention for serving as platforms for
membrane protein structural and functional studies, and acting
as innovative drug delivery vehicles.1−3 In membrane protein
research, LNDs provide a native-like lipid environment that
preserves protein structure and function. From a drug delivery
perspective, their well-defined size and discoidal morphology
enhance tissue penetration and cellular uptake while
minimizing rapid renal clearance.
The development of LND technology originated from

studies on high-density lipoproteins (HDLs), naturally
occurring discoidal particles responsible for lipid transport in
blood circulation.4−9 Membrane scaffold proteins (MSPs)
were created as engineered variants of apolipoprotein A-I, a
key component of HDL.10,11 MSP-based LNDs have advanced
membrane protein structural biology, facilitating studies of
various membrane proteins, including G protein-coupled
receptors and ion channels.12−15 However, MSP-based and
extended MSP-based LNDs encountered limitations: con-
straints on incorporating large membrane proteins due to size

limits up to approximately 17 nm,16,17 detergent requirements
during reconstitution that could compromise protein stability,
and high production costs. To address these challenges,
styrene-maleic acid (SMA) was introduced as an alternative
scaffold, offering direct extraction of membrane proteins from
lipid bilayers without detergents.18−20 SMA is a copolymer
composed of styrene and maleic acid units, where styrene
provides hydrophobicity, and maleic acid contributes hydro-
philicity to the polymer chain (Figure 1a). Subsequently,
second-generation synthetic polymers offering unique advan-
tages were developed.21−23 Strategies to overcome size
limitations were also reported.24−26

As drug delivery vehicles, LNDs possess distinct advantages
due to their HDL-inspired design, exhibiting excellent
biocompatibility and stability in blood circulation. Their
nanoscale dimensions are suitable for efficient tissue
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penetration and cellular uptake while remaining large enough
to avoid rapid renal clearance.27,28 Additionally, their discoidal
morphology enhances cellular interactions compared to
spherical particles, promoting efficient cellular internaliza-
tion.29,30 LNDs exhibited versatility in carrying various
payloads, including hydrophobic small-molecule drugs,31−34

nucleic acid therapeutics,35−37 and imaging probes.38−41

However, translation to clinical applications faces key
challenges. First, scaffold molecules must meet stringent safety
standards for pharmaceutical applications, creating a demand
for biocompatible synthetic polymers with established safety
profiles. Second, conventional LNDs exhibit limited drug-
loading capacity due to their relatively small size, highlighting
the need for size optimization strategies.
Among the amphiphilic polymers used as pharmaceutical

excipients are poloxamers (PXs), characterized by their
triblock copolymer structure, consisting of a hydrophobic
poly(propylene oxide) (PPO) block in the center and
hydrophilic poly(ethylene oxide) (PEO) blocks at both ends
(Figure 1a). The relative proportions of PEO and PPO blocks
critically determine their physicochemical properties. Wu et al.
(2009) demonstrated that these amphiphilic polymers could
transform PL liposomes into bilayer discs with diameters of
approximately 30−100 nm, as observed using cryo-trans-
mission electron microscopy. Specifically, Poloxamer 338
(PX338) formed LNDs below the gel-to-liquid crystalline
phase transition temperature (Tm). Wu et al. proposed a
mechanism wherein PX338 molecules, separated from gel-
phase lipid domains, accumulate at domain boundaries,
resulting in the disruption of PL vesicle structures and the
formation of discoidal structures.42,43 Despite observing

temperature-dependent transformations, fundamental ques-
tions remain about the precise molecular mechanisms
governing PX-based LND formation and stability, including
the roles of polymer-to-lipid ratios, salt concentrations, and
molecular interactions at the disc edges. Furthermore, the
comprehensive structural characteristics of these nanosized
discs remain insufficiently characterized.
In this study, we characterized the structural features of PX-

stabilized LNDs, focusing on Poloxamer 407 (PX407), which
possesses unique amphiphilic properties with a high proportion
of hydrophobic segment. Through small-angle X-ray scattering
(SAXS) analysis combined with turbidity assessment and
transmission electron microscopy (TEM) observation, we
investigated how parameters such as temperature, salt
concentration, and polymer-to-lipid ratio affected the for-
mation and properties of these LNDs. Our findings provided
detailed structural information on PX407-stabilized LNDs and
their thermal stability and size control, thereby enhancing the
understanding of their potential applications in membrane
protein research and drug delivery systems.

■ MATERIALS AND METHODS
Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC)

was purchased from NOF Corporation (Tokyo, Japan), and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was ob-
tained from Avanti Polar Lipids (Alabaster, AL, USA). Poloxamer
188 (PX188), Poloxamer 338 (PX338), and Poloxamer 407 (PX407)
were generously provided by BASF (Ludwigshafen, Germany). SMA
Copolymer 3:1, prehydrolyzed (Lipodisq) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). The SMA used in this study is a
hydrolyzed copolymer consisting of styrene and maleic acid units in a
3:1 molar ratio. The structural formulas and molecular weights of

Figure 1. Structural formulas of the amphiphilic polymers used in this study and the core−shell bicelle-belt (CSBB) model employed for SAXS
data analysis. (a) Structural formulas of poloxamer triblock copolymers (PX188, PX338, and PX407), comprising hydrophilic poly(ethylene oxide)
(PEO) and hydrophobic poly(propylene oxide) (PPO) blocks, are shown along with their degrees of polymerization and molecular weights. The
structure of the styrene-maleic acid (SMA) copolymer consisting of styrene (m) and maleic acid (n) units in a 3:1 molar ratio and its number-
average molecular weight are also presented. (b) A schematic representation of the CSBB model illustrates key dimensional parameters (R, trim, tface,
and L) and the scattering length density (SLD) values for various components. The core region (light yellow), face regions (yellow), and rim
region (gray) are characterized by distinct SLD values, with the rim exhibiting polymer-specific SLD values for PX407 and SMA.
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PX188, PX338, PX407, and SMA are shown in Figure 1a. All other
chemicals were purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan).

Sample Preparation. DMPC and POPC were dissolved in
chloroform at concentrations of 10.9 and 19.8 mg/mL, respectively.
The PL concentrations were determined through phosphorus
quantification using the Bartlett method.44

To prepare PX−PL mixtures, 4 mg of DMPC or POPC was placed
in a round-bottom flask. The chloroform was removed using a rotary
evaporator and followed by overnight vacuum drying to ensure
complete solvent removal. The resulting lipid film was hydrated by
vortexing with 500 μL of PX solutions (8 mg/mL PX188, 8 mg/mL
PX338, or 4, 8, or 16 mg/mL PX407 in 10 mM sodium phosphate,
150, 300, or 600 mM NaCl, 0.1 mg/mL NaN3, pH 7.4) at room
temperature (nominally 23 °C). The concentrations of DMPC and
POPC were determined using a PL quantification kit (LabAssay
Phospholipid, FUJIFILM Wako Pure Chemical Corporation) and
were confirmed to be between 7.4 and 9.6 mg/mL. The samples were
stored at 4 °C.

To prepare the SMA-DMPC mixture, a dried DMPC film (4 mg)
was hydrated by vortexing with 500 μL of buffer (10 mM sodium
phosphate, 300 mM NaCl, 0.1 mg/mL NaN3, pH 7.4). The resulting
suspension was extruded 31 times through a polycarbonate membrane
with a 100 nm pore size to form predominantly unilamellar vesicles
approximately 100 nm in diameter, although some multilamellar
structures may remain due to the absence of freeze−thaw cycles.45,46

A solution of SMA (14.6 mg/mL) was prepared in the same buffer.
The SMA solution was then mixed with the liposome suspension at
room temperature (nominally 23 °C) to achieve final concentrations
of 7.3 and 3.65 mg/mL for SMA and DMPC, respectively. After
incubation at room temperature for over 1 h, the sample was
subjected to SAXS measurements.

Dynamic Light Scattering (DLS). DLS measurements were
conducted using an in situ, contactless DLS analyzer (Vasco Kin,
Cordouan Technologies, Pessac, France) at room temperature
(nominally 23 °C). The hydrodynamic diameters of the samples
were measured directly in storage tubes. The scattered light was
detected at an angle of 170° (backscattering mode). The resulting
autocorrelation functions were analyzed using the cumulant method,
assuming a refractive index of 1.33 (for water) for the solvent, to
determine the number-weighted mean particle diameter.

Small-Angle X-ray Scattering (SAXS). SAXS experiments were
conducted using a SAXSpace system (Anton Paar, Graz, Austria) with
line-collimated Cu Kα radiation (λ = 0.1542 nm). The samples were
loaded into 1 mm quartz capillary cells and thermostated at 5, 10, 20,
30, or 40 °C using a Peltier-controlled sample holder (TCStage 150,
Anton Paar). One-dimensional scattering intensities [I(s)] were
recorded using a 1D-diode array detector (Mythen 1K, Dectris,
Baden-Daẗtwil, Switzerland) positioned at a sample−detector distance
of 317.1 mm. A momentum transfer range of 0.05 < s < 7.55 nm−1

(where s = 4πsinθ/λ, 2θ is the scattering angle) was covered. For all
experiments, the attenuated primary beam at s = 0 was monitored
using a semitransparent beam stop. SAXS patterns were calibrated for
transmission by normalizing the zero-s primary intensity to unity.
Data from three consecutive 10 min frames were averaged for each
sample and buffer. Background subtraction (including contribution
from the capillary and corresponding buffer) and collimation
correction (desmearing) were performed using SAXSanalysis software
(Anton Paar).

Assuming no interaction between particles in the system [i.e., the
structure factor S(s) = 1], the I(s) is given by Fourier transformation
of the pair-distance distribution function of the particle, p(r), as

=I s p r
sr

sr
dr( ) 4 ( )

sin( )
0 (1)

where r is the distance between two scattering centers selected within
the particle. The indirect Fourier transformation (IFT) technique was
used to calculate p(r) and determine the maximum dimension [Dmax
(nm)] of the particles.47,48 The analysis was performed using the PCG
GIFT software (version 4.0, University of Graz). Additionally, the

radius of gyration [Rg (nm)] was obtained from p(r) using the
following equation:49

=R
p r r dr

p r dr

( )

2 ( )

D

Dg
0

2

0

max

max

(2)

Assuming a flat structure with constant thickness and an extension
much greater than the thickness, I(s) can be expressed as49

=I s A
s

I s( )
2

( )2 t (3)

where, A is the area of the lamellar particles and It(s) is the thickness
contribution. It(s) is related to the thickness pair-distance distribution
function [pt(r)] by

=I s p r sr dr( ) 2 ( )cos( )t
0 t (4)

The thickness of the lamellar particle [T (nm)] and the thickness
pair-distance distribution function pt(r) were determined using the
IFT method for flat structures,47,48 implemented in the PCG GIFT
software (version 4.0, University of Graz).

The hypothesis that the PX407-DMPC system exhibits a discoidal
structure was tested by evaluating whether the theoretically calculated
radius of gyration [Rg

disc (nm)], assuming a homogeneous discoidal
structure, matches the experimentally obtained Rg from standard IFT
analysis. The Rg

disc was estimated using the Dmax (nm) and T (nm)
parameters obtained from standard IFT analysis and IFT analysis
assuming flat structures, respectively, with the following equation:49

= +R D T
8 12g

disc
2 2

(5)

where, D is the diameter of the discoidal particles, which can be
calculated as =D D Tmax

2 2 .
The SAXS data were analyzed by fitting them to the core−shell

bicelle-belt (CSBB) model, as illustrated in Figure 1b, using the
SasView software (version 5.0.6, www.sasview.org).50,51 In the CSBB
model, the scattering intensity I(s) is expressed using the
corresponding form factor FCSBB(s, α) as follows:52

= +I s
V

F s d( )
scale

( , ) sin( ) background
t

CSBB
2

(6)

where α represents the angle between the scattering vector s and the
cylinder axis of the particle, and Vt denotes the total volume of the
particle. The form factor F(s, α) is given by52

= { +

[ ] +

[ + ]
+

+
[ + ]

+
[ ] }

+

+

F s

V
J sR

sR
s L

s L

V
J sR

sR
s L t

s L t

V
J s R t

s R t
s L

s L

( , ) ( )

2 ( sin )

sin
sin ( /2)cos

( /2)cos
( )

2 ( sin )

sin
sin ( /2 )cos

( /2 )cos

( )
2 ( )sin

( )sin
sin ( /2)cos

( /2)cos

r

CSBB core rim face solvent

c
1

face solvent

c f
1 face

face

rim solvent c
1 rim

rim

(7)

where ρcore, ρface, ρrim, and ρsolvent represent the scattering length
densities (SLDs) of the hydrophobic core, hydrophilic face, rim, and
solvent, respectively. The structural parameters R, L, tface, and trim
denote the radius of the core, the thickness of core, the thickness of
the face, and the thickness of the rim, respectively. Vc, Vc+f, Vc+r, and
Vt represent the volume of the core, the combined volume of the core
and face, the combined volume of the core and rim, and the total
particle volume, respectively. J1 is the first-order Bessel function of the
first kind. The SLD values for the core [ρcore = 8.1 × 10−6 (Å−2)] and
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face [ρface = 12.7 × 10−6 (Å−2)] were adopted from literature values
corresponding to the acyl chain region and polar headgroup of DMPC
bilayers.53 The rim SLD values [ρrim = 9.8 × 10−6 (Å−2) for PX407
and 11.8 × 10−6 (Å−2) for SMA] were calculated based on the
molecular weights [12,151 Da for PX407 (corresponding to a = 101,
b = 56) and 3,050 Da for SMA] and densities (1.06 g/cm3 for PX407
and 1.298 g/cm3 for SMA) of the respective polymers. These
molecular weights and densities were obtained from their technical/
product information sheets. The solvent SLD [ρsolvent = 9.5 × 10−6

(Å−2)] was calculated based on the solvent composition. These values
are summarized in Figure 1b. To improve the fitting results, the
polydispersity of R was considered in the fitting procedure among the
four structural parameters R, L, tface, and trim.

Transmission Electron Microscopy (TEM). PX407-DMPC
samples were diluted 5-fold with the corresponding buffer solution.
A heat block set at 23 °C was covered with Parafilm, and 20 μL
droplets of sample solution and staining solution (4-fold diluted EM
stainer, Nisshin EM, Tokyo, Japan) were placed separately on the
surface. A carbon film-supported Cu grid (Filgen, Nagoya, Japan) was
placed on the sample solution droplet and left for 2 min. Excess
sample solution was removed from the grid using filter paper, after
which the grid was negatively stained with the staining solution for 30
s. Excess staining solution was removed using filter paper, and the grid
was air-dried. TEM images were obtained using a JEM-1400TC
transmission electron microscope (JEOL, Tokyo, Japan) operating at
an acceleration voltage of 80 kV.

■ RESULTS AND DISCUSSION
Turbidity Assessment of Poloxamer-Phospholipid

Systems. The visual appearance of the PX−PL mixtures
provided initial insights into their assembly behavior. Photo-
graphs were taken shortly after the samples equilibrated to
room temperature (nominally 23 °C) from storage at 4 °C
(Figure 2a−d). Comparison of different PXs at a fixed PX:
DMPC mass ratio of 1:1 in 300 mM NaCl revealed a distinct
turbidity trend: PX188 > PX338 > PX407, with PX407-
containing samples exhibiting notable transparency (Figure
2a). This observation aligns with the molecular structure of
PX407, which contains the highest proportion of the
hydrophobic PPO segment among the tested PXs, resulting
in superior solubilization capability. Notably, despite similar
PPO content, PX338 exhibited superior solubilization
compared to PX188, likely due to its higher molecular weight
and, consequently, a greater number of PO units. These
findings highlight how variations in PPO content and
molecular weight among different PXs significantly influence
their PL solubilization capacity.
Given its superior solubilization properties, PX407 was

selected for a systematic investigation of parameters affecting
PL solubilization, including salt concentration, temperature,
the PX407-to-PL mass ratio, and PL species. At a fixed PX407:
DMPC mass ratio of 1:1, increasing NaCl concentration from
150 to 300 or 600 mM resulted in transparent solutions, while
slight turbidity was observed at 150 mM (Figure 2b). Varying
the PX407: DMPC mass ratio (0.5:1, 1:1, and 2:1) in 300 mM
NaCl yielded transparent solutions at ratios ≥ 1:1, with slight
turbidity at 0.5:1 (Figure 2c). Substituting DMPC with POPC
at PX407:PL = 1:1 in 300 mM NaCl led to pronounced
turbidity (Figure 2d). Collectively, these observations indicate
optimal DMPC solubilization at salt concentrations ≥ 300 mM
and PX407: DMPC mass ratios ≥ 1:1, while substitution with
POPC substantially impedes solubilization. These findings are
explained by the strengthening of hydrophobic interactions at
higher salt concentrations and the greater hydrophobicity of
POPC compared to DMPC due to its longer acyl chains.

To quantitatively corroborate these visual observations, the
hydrodynamic sizes and size distributions of the assemblies
were measured using DLS (Table 1). The DLS results strongly
correlated with the visual assessments: samples exhibiting
pronounced turbidity had large mean diameters (398−2629
nm), those with slight turbidity had intermediate sizes (43−60
nm), and transparent samples had the smallest dimensions
(23−33 nm). The particle size number distributions for each
sample are shown in Figure S1, while autocorrelation functions
and cumulant fitting results are presented in Figure S2. The
corresponding PDI values are listed in Table 1. At 300 mM
NaCl and a mass ratio of PX:DMPC = 1:1, PX407 exhibited a
relatively narrow size distribution (PDI = 0.30), while PX188
and PX338 showed low PDI values (0.07 and 0.03,
respectively) despite differences in visual turbidity. At a mass
ratio of PX407:DMPC = 1:1, when the NaCl concentration
was varied from 150 to 600 mM, PDI values ranged from 0.23
to 0.30, indicating acceptable size distribution control. When
the mass ratio of PX407 and DMPC (0.5:1, 1:1, 2:1) was
varied in 300 mM NaCl, the 2:1 ratio showed the narrowest
distribution (PDI = 0.20). At 300 mM NaCl and PX407:PL =
1:1, POPC (PDI = 0.32) exhibited higher polydispersity than
DMPC (PDI = 0.30).

SAXS Analysis of PX407/SMA-DMPC Systems: Stand-
ard IFT Approach. To elucidate the structure of particles
formed by PX407-DMPC mixing, SAXS measurements were
performed under various conditions, examining the effects of
salt concentration, the PX407-to-DMPC mass ratio, and
temperature. Three SAXS measurements, each lasting 10
min, were performed for each sample. No clear time-
dependent changes in the SAXS profiles were observed during

Figure 2. Effects of various parameters on the solution characteristics
of poloxamer-phosphatidylcholine mixtures. (a) Effect of poloxamer
type [(1) PX188, (2) PX338, and (3) PX407] on DMPC
solubilization at a 1:1 mass ratio in 300 mM NaCl. (b) Effect of
NaCl concentration [(1) 150 mM, (2) 300 mM, and (3) 600 mM] on
PX407-DMPC solubilization at a 1:1 mass ratio. (c) Effect of mass
ratio [(1) 0.5:1, (2) 1:1, and (3) 2:1] on PX407-DMPC solubilization
in 300 mM NaCl. (d) Effect of phosphatidylcholine type [(1) DMPC
and (2) POPC] on PX407-mediated solubilization at a 1:1 mass ratio
in 300 mM NaCl. The concentrations of PL were between 7.4 and 9.6
mg/mL.
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these three measurements, suggesting that the samples
remained stable for at least 30 min at each temperature.
Additionally, samples containing SMA instead of PX407 were
analyzed for comparison. The SMA-DMPC mixtures have
been extensively studied, and it is well established that SMA
solubilizes DMPC liposomes at Tm of DMPC (approximately
24 °C), forming LNDs with a diameter of 8−10 nm.54 Figure
3a−d present the scattering curves along with the theoretical
curves obtained from standard IFT analysis, while Figure 3e−h
show the corresponding pair-distance distribution functions,
p(r). All SAXS patterns of the PX407-DMPC systems are
similar to those of SMA-DMPC system, suggesting that the
PX407-DMPC systems also consist of LNDs. The p(r)
functions obtained from the standard IFT analysis show

oscillatory patterns in the low-r region, reflecting the
characteristic distances between areas with positive and
negative SLD within the membrane.
The effect of salt concentration was first examined at 10 °C

with a PX407: DMPC mass ratio of 1:1 (Figure 3a,e). The
scattering intensity in the low-s region (s < 0.3 nm−1) varied
notably with salt concentration. The radius of gyration, Rg,
decreased from 19 to 14 to 12 nm as NaCl concentration
increased from 150 to 300 to 600 mM, with corresponding
Dmax values of 60, 42, and 34 nm, respectively (Table 2).
Although Rg is typically determined through Guinier analysis,
in this study we calculated Rg from p(r) to mitigate potential
influences on scattering intensity in the low-s region caused by
remaining DMPC vesicles.55

Table 1. Mean Diameters (nm) and PDI Obtained from DLS Measurements

DLS data

polymer lipid NaCl conc. (mM) mass ratio (polymer: lipid) temperature (°C) mean diameter (nm)b PDI

PX188 DMPC 300 1:1 R.T.a 2629 0.07
PX338 DMPC 300 1:1 R.T.a 398 0.03
PX407 DMPC 300 1:1 R.T.a 30 0.30
PX407 DMPC 150 1:1 R.T.a 43 0.23
PX407 DMPC 300 1:1 R.T.a 30 0.30
PX407 DMPC 600 1:1 R.T.a 23 0.24
PX407 DMPC 300 1:0.5 R.T.a 60 0.27
PX407 DMPC 300 1:1 R.T.a 30 0.30
PX407 DMPC 300 2:1 R.T.a 33 0.20
PX407 DMPC 300 1:1 R.T.a 30 0.30
PX407 POPC 300 1:1 R.T.a 575 0.32

aNominally 23 °C. bObtained from the particle number distribution calculated using cumulant analysis.

Figure 3. SAXS profiles and pair-distance distribution functions p(r) of PX407-DMPC and SMA-DMPC systems under various conditions. (a−d)
SAXS profiles (dots) with the theoretical scattering curves (solid lines) obtained from standard IFT analysis, and (e−h) corresponding p(r)
functions. SAXS profiles are presented as mean ± standard deviation (n = 3). (a,e) Effect of NaCl concentration (150, 300, and 600 mM) on
PX407-DMPC (1:1 mass ratio) systems at 10 °C. (b,f) Effect of temperature (5−40 °C) on PX407-DMPC systems (PX407: DMPC = 1:1 mass
ratio) in 300 mM NaCl. (c,g) Effect of temperature (5−40 °C) on PX407-DMPC systems (PX407: DMPC = 2:1 mass ratio) in 300 mM NaCl.
(d,h) Effect of amphiphilic polymer type (SMA and PX407) on polymer-DMPC systems (polymer: DMPC = 2:1 mass ratio) in 300 mM NaCl at
20 °C. The concentrations of DMPC were 7.4−9.6 mg/mL for PX407-DMPC systems and 3.65 mg/mL for SMA-DMPC system.
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The temperature dependence was investigated at both 1:1
and 2:1 PX407: DMPC mass ratios in 300 mM NaCl (Figure
3b,c,f,g). At the 1:1 ratio, the particle structure showed slight
variations between 5 and 20 °C, with Rg values ranging from 14
to 15 nm and Dmax values from 42 to 45 nm (Table 2). In
contrast, at the 2:1 ratio, the structural parameters remained
consistent (Rg = 13 nm and Dmax = 38 nm) throughout this
temperature range (Table 2), suggesting enhanced particle
stability at higher PX407 content. However, at temperatures
above 20 °C, significant structural changes occurred in both
systems, preventing meaningful determination of these
parameters. This destabilization above 20 °C was likely
attributed to the gel-to-liquid crystalline phase transition of
DMPC, which occurs at approximately 24 °C.42 Visual
observation also revealed sample turbidity when the temper-
ature was raised to 30 °C (data not shown).
Comparison of the PX407- and SMA-based systems at 20

°C (Figure 3d,h) revealed distinct structural differences. The
characteristic peak attributed to the PL bilayer structure
appeared at s ≈ 1.6 nm−1 for the SMA system, while it
appeared at s ≈ 1.2 nm−1 for the PX407 system. This suggests
that the PX407 system possesses a thicker membrane structure
than the SMA system. Bjo̷rnestad et al. reported SAXS profiles
of SMA-DMPC LNDs and DMPC liposomes at 18 °C,56 and
the peak positions observed in our SMA and PX407 systems
closely matched those reported for SMA-DMPC LNDs and
DMPC liposomes, respectively. This supports the conclusion
that the PX407 system maintains a membrane thickness more
similar to that of conventional lipid bilayers compared to the
SMA system.
The SMA-DMPC system formed smaller particles, with Rg =

4 nm and Dmax = 12 nm, whereas the PX407-DMPC system
exhibited larger dimensions (Rg = 13 nm, Dmax = 38 nm)
(Table 2). For the SMA system, the low-s region (s < 0.2
nm−1) was excluded from the IFT analysis due to increased
scattering intensity, likely caused by residual or aggregated
liposomes. While both systems displayed characteristic bilayer
peaks, their p(r) functions differed significantly in shape and

extent, indicating fundamental differences in their assembly
structures.

SAXS Analysis of PX407/SMA-DMPC Systems: IFT
Assuming Flat Structures. To elucidate the membrane
structure, SAXS data were analyzed under the assumption of
flat structures. Figure S3a−d show the scattering curves and
the theoretical curves obtained from IFT analysis, assuming flat
structures for the PX407-DMPC and SMA-DMPC systems.
The agreement between the experimental data and the
theoretical curves supported the validity of this analytical
approach. Figure S3e−h present the thickness pair-distance
distribution functions, pt(r), obtained through the IFT analysis.
The membrane thickness values (T) determined from the IFT
analysis were greater for the PX407-DMPC system (T = 5.5
nm) than for the SMA-DMPC system (T = 5.0 nm) (Table 2).

SAXS Analysis of PX407/SMA-DMPC Systems: Vali-
dation of Discoidal Structure Model. Based on the
similarity of scattering profiles between the PX407-DMPC
and SMA-DMPC systems, we hypothesized a discoidal
structure for the PX407-DMPC assemblies and evaluated
this assumption. Using the Dmax and T parameters obtained
from standard IFT analysis and IFT analysis assuming flat
structures, respectively, the diameter (D) of a homogeneous
discoidal structure was calculated using the Pythagorean
theorem as =D D Tmax

2 2 . For particles with a homoge-
neous discoidal structure of diameter D and thickness T, the
radius of gyration (Rg

disc) was calculated using eq 5 (Table 2).
A comparison between theoretically calculated Rg

disc and Rg
obtained from standard IFT analysis showed good agreement
for all samples, supporting the hypothesis that the PX407-
DMPC system exhibits a discoidal structure. For reference,
assuming a hollow sphere structure with thickness T instead of
a discoidal structure resulted in theoretically calculated Rg
values that did not align with those obtained from standard
IFT analysis (data not shown). Similarly, assuming a hollow
cylinder structure required a membrane curvature too high for
stable existence to achieve agreement between theoretical and
IFT-derived Rg values (data not shown). It should be noted

Table 2. Rg (nm), Dmax (nm), Thickness [T (nm)], and Rg
disc (nm) Obtained from SAXS Measurements

SAXS data

IFT (standard) IFT (flat structure) discoidal structurea

polymer lipid NaCl conc. (mM) mass ratio (polymer: lipid) temperature (°C) Rg (nm)b Dmax (nm)c thickness (T) (nm)d Rg
disc (nm)e

PX407 DMPC 150 1:1 10 19 60 5.5 21
PX407 DMPC 300 1:1 10 14 42 5.5 15
PX407 DMPC 600 1:1 10 12 34 5.5 12
PX407 DMPC 300 1:1 5 15 45 5.5 16
PX407 DMPC 300 1:1 10 14 42 5.5 15
PX407 DMPC 300 1:1 20 14 42 5.5 15
PX407 DMPC 300 1:1 30 N.A. N.A. N.A. N.A.
PX407 DMPC 300 1:1 40 N.A. N.A. N.A. N.A.
PX407 DMPC 300 2:1 5 13 38 5.5 13
PX407 DMPC 300 2:1 10 13 38 5.5 13
PX407 DMPC 300 2:1 20 13 38 5.5 13
PX407 DMPC 300 2:1 30 N.A. N.A. N.A. N.A.
PX407 DMPC 300 2:1 40 N.A. N.A. N.A. N.A.
SMA DMPC 300 2:1 20 4 12 5.0 4
PX407 DMPC 300 2:1 20 13 38 5.5 13
aThe homogeneous discoidal structure with diameter D (nm) and thickness T (nm) was assumed, where D was determined from D =

D Tmax
2 2 . bCalculated using eq 2. cDetermined using standard IFT method. dDetermined using IFT method for flat structures. eCalculated

using eq 5.
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that distinguishing between circular and elliptical cross sections
based solely on Rg value comparisons would be challenging.

SAXS Analysis of PX407/SMA-DMPC Systems: Dis-
coidal Structure Modeling Analysis. To elucidate detailed
structural features, we conducted fitting analyses using the
CSBB model, which assumes PX407 binding to the disc edges.
Figure 4a−d display the experimental scattering curves
alongside the theoretical curves derived from the fitting

analysis. The plots below each scattering profile illustrate the
normalized residuals between the experimental data and
theoretical predictions. The CSBB model produced good fits
to the experimental data across all examined conditions:
varying salt concentrations (Figure 4a), temperatures below
the Tm at both 1:1 (Figure 4b) and 2:1 (Figure 4c) PX407:
DMPC mass ratios, and comparisons with the SMA system
(Figure 4d). However, some systematic deviations were

Figure 4. SAXS profiles and core−shell bicelle-belt (CSBB) model fitting results, along with residual plots, for PX407-DMPC and SMA-DMPC
systems under various conditions. The upper panels present SAXS profiles (dots) overlaid with the theoretical scattering curves (solid lines)
calculated from CSBB modeling, while the lower panels display the normalized residual plots (Δ/σ) for each condition. SAXS profiles are presented
as mean ± standard deviation (n = 3). Normalized residuals (Δ/σ) were calculated using standard error propagation, accounting for both statistical
and experimental uncertainties. (a) Effect of NaCl concentration (150, 300, and 600 mM) on PX407-DMPC systems (1:1 mass ratio) at 10 °C. (b)
Effect of temperature (5−40 °C) on PX407-DMPC systems (PX407: DMPC = 1:1 mass ratio) in 300 mM NaCl. (c) Effect of temperature (5−40
°C) on PX407-DMPC systems (PX407: DMPC = 2:1 mass ratio) in 300 mM NaCl. (d) Effect of amphiphilic polymer type (SMA vs PX407) on
polymer-DMPC systems (polymer: DMPC = 2:1 mass ratio) in 300 mM NaCl at 20 °C. The concentrations of DMPC were 7.4−9.6 mg/mL for
PX407-DMPC systems and 3.65 mg/mL for SMA-DMPC system.

Table 3. Estimated Dimensions Obtained from Core−Shell Bicelle-Belt (CSBB) Modeling for SAXS Data

SAXS data

core−shell bicelle-belt (CSBB) modela

polymer lipid
NaCl conc.
(mM)

mass ratio (polymer:
lipid)

temperature
(°C)

R (nm)
(polydispersity)

trim
(nm)

tface
(nm)

L
(nm)

volume ratio (rim: core +
face)

PX407 DMPC 150 1:1 10 15.0 (0.12) 14.5 0.9 3.0 1.8:1
PX407 DMPC 300 1:1 10 13.1 (0.02) 10.1 0.9 3.0 1.3:1
PX407 DMPC 600 1:1 10 9.0 (0.18) 6.3 0.7 2.9 1.2:1
PX407 DMPC 300 1:1 5 14.4 (0.00) 11.8 0.9 3.0 1.4:1
PX407 DMPC 300 1:1 10 13.1 (0.02) 10.1 0.9 3.0 1.3:1
PX407 DMPC 300 1:1 20 15.9 (0.16) 10.8 0.8 3.0 1.2:1
PX407 DMPC 300 1:1 30 N.A. N.A. N.A. N.A. N.A.
PX407 DMPC 300 1:1 40 N.A. N.A. N.A. N.A. N.A.
PX407 DMPC 300 2:1 5 8.5 (0.25) 8.6 0.8 2.9 2.0:1
PX407 DMPC 300 2:1 10 9.3 (0.22) 8.5 0.7 3.0 1.8:1
PX407 DMPC 300 2:1 20 9.8 (0.07) 8.5 0.8 3.0 1.6:1
PX407 DMPC 300 2:1 30 N.A. N.A. N.A. N.A. N.A.
PX407 DMPC 300 2:1 40 N.A. N.A. N.A. N.A. N.A.
SMA DMPC 300 2:1 20 2.7 (0.40) 1.2 0.9 2.5 0.6:1
PX407 DMPC 300 2:1 20 9.8 (0.07) 8.5 0.8 3.0 1.6:1
aDescribed in Figure 1b.
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observed under low salt concentration (150 mM) and PX407:
DMPC = 1:1 conditions, indicating potential instability of the
discoidal structures and system inhomogeneity under these
conditions. As a reference, CSBB model analysis assuming
elliptical geometry yielded nearly identical major and minor
axis values, supporting our assumption of a circular cross-
section (data not shown).
The CSBB model parameters provided quantitative insights

into the structural features of the discoidal assemblies (Table
3). At a fixed PX407: DMPC mass ratio of 1:1 and a
temperature of 10 °C, the core radius (R) and rim thickness
(trim) strongly depended on salt concentration. At 300 mM
NaCl, R and trim were determined to be 13.1 and 10.1 nm,
respectively. The core thickness (L) and face layer thickness
(tface) remained relatively constant across all conditions
examined (L = 2.9−3.0 nm, tface = 0.7−0.9 nm), consistent
with the typical dimensions of DMPC bilayers. As the NaCl
concentration increased from 150 to 600 mM, both R and trim
systematically decreased: R reduced from 15.0 to 9.0 nm, and
trim decreased from 14.5 to 6.3 nm, indicating more compact
structures at higher salt concentrations. This structural
compression was reflected in the rim-to-(core+face) volume
ratio (i.e., PX407-to-DMPC volume ratio), which decreased
from 1.8:1 to 1.2:1 as NaCl concentration increased from 150
to 600 mM. The reduced ratio suggested a decrease in the
amount of PX407 required to solubilize a given amount of
DMPC. These findings indicated enhanced binding of PX407
to DMPC at higher salt concentrations. Additionally, the ratio
of L/2 to tface, corresponding to the DMPC tail and head
regions, was determined to be 1.7−2.0, which closely matched
the reported ratio for DMPC liposomes at 18 °C (1.8−2.3).56

The effect of polymer content became evident when
comparing the 1:1 and 2:1 PX407: DMPC mass ratios at
300 mM NaCl. The 2:1 ratio produced smaller and more
uniform structures, with R values ranging from 8.5 to 9.8 nm
and a consistent trim of approximately 8.5 nm across 5−20 °C.
In contrast, the 1:1 mass ratio exhibited greater variability, with
R ranging from 13.1 to 15.9 nm and trim ranging from 10.1 to
11.8 nm over the same temperature range. Interestingly, the
higher polymer content in the 2:1 mass ratio resulted in larger
rim-to-(core + face) volume ratios (1.6−2.0:1) compared to
the 1:1 mass ratio (1.2−1.4:1), indicating more extensive
polymer coverage of the disc edges. This enhanced polymer
coverage likely contributed to the improved stability observed
in the 2:1 mass ratio systems.
Under identical conditions (2:1 mass ratio, 300 mM NaCl,

20 °C), the PX407-DMPC system exhibited significantly larger
dimensions (R = 9.8 nm, trim = 8.5 nm) compared to the SMA-
DMPC system (R = 2.7 nm, trim = 1.2 nm). While the face
layer thickness (tface) was similar between the two systems (tface
= 0.8−0.9 nm), the core thickness (L) was smaller for the
SMA-DMPC system (L = 2.5 nm) than for the PX407-DMPC
system (L = 3.0 nm), suggesting a more compact organization
of the acyl chain region in the SMA-DMPC system. This
observation aligned with the results of IFT analysis, which
assumed flat structural arrangements. The total thickness (2tface
+ L) of the SMA-DMPC and PX407-DMPC systems was
calculated to be 4.3 and 4.6 nm, respectively. The thickness
values of the two systems were nearly identical and closely
approximated that of conventional DMPC bilayers, making it
challenging to determine which system more accurately
replicated the bilayer structure. However, considering that
the peak position in the SAXS profile of the PX407-DMPC

system corresponded closely to that of DMPC liposomes, the
PX407 system likely possessed a thickness more similar to
conventional lipid bilayers. The rim-to-(core+face) volume
ratio differed significantly between the two systems, with values
of 1.6:1 for PX407-DMPC and 0.6:1 for SMA-DMPC,
indicating distinct modes of interaction with DMPC. Addi-
tionally, the polydispersity of R was substantially higher for the
SMA-DMPC system (0.40) compared to the PX407-DMPC
system (0.07), suggesting less uniform particle formation in the
SMA-DMPC system. This difference may also reflect SMA’s
reported ability to bind not only to the acyl chains but partially
to the polar headgroups of DMPC, as previously described.54

This binding characteristic likely complicated the strict
application of the CSBB model to the SMA-DMPC system.

TEM Observation of PX407-DMPC Systems. To
validate the CSBB model analysis of SAXS data, negative-
stain TEM images were obtained at 23 °C for PX407: DMPC
= 1:1 mass ratio in both 300 mM NaCl and 600 mM NaCl
conditions (Figure 5a,b). Samples were observed after 5-fold

dilution with the corresponding buffers. The TEM images
revealed a mixture of circular particles along with elongated
rod-like or elliptical particles. These varied morphologies can
be attributed to different viewing orientations of the LNDs.
Specifically, circular particles likely represent LNDs viewed
from top or bottom faces, while rod-like or elliptical particles
correspond to side or oblique views of the LNDs.
For quantitative particle size analysis, measurements were

performed on 85 particles using circular approximation in the

Figure 5. (a,b) Negative-stain TEM images and (c) particle size
distributions. (a) PX407: DMPC = 1:1 mass ratio in 300 mM NaCl,
(b) PX407: DMPC = 1:1 mass ratio in 600 mM NaCl. TEM
observation was performed at 23 °C after 5-fold dilution of the
samples with the corresponding buffers. Particle sizes were
determined by circular approximation of the particles in TEM images,
and the size distributions were obtained from 85 particles. The mean
particle size ± standard deviation was 45.9 ± 8.3 nm for PX407:
DMPC = 1:1 mass ratio in 300 mM NaCl, and 29.2 ± 4.0 nm for
PX407: DMPC = 1:1 mass ratio in 600 mM NaCl. Scale bar: (a,b)
200.0 nm.
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TEM images (Figure 5c). The mean particle diameter was
determined to be 45.9 ± 8.3 nm for the 300 mM NaCl
condition and 29.2 ± 4.0 nm for the 600 mM NaCl condition.
These values show good agreement with the diameters derived
from the CSBB model analysis of SAXS data (53.4 and 30.6
nm, respectively). This experimental concordance supports the
validity of the CSBB model applied to the PX407-DMPC
systems. Analysis of particle size distributions revealed a
narrower distribution for the 600 mM NaCl condition
compared to the 300 mM NaCl condition. This finding
confirms the enhanced system homogeneity with increasing
salt concentration, as predicted by the CSBB model analysis of
SAXS data.
Compared to typical nanodisc TEM images,57−59 the

PX407-DMPC systems exhibited characteristically indistinct
particle contours. While optimization of experimental con-
ditions might offer some improvement, this feature may be
attributed to the inherent properties of PX407. One possible
explanation is that the staining agent penetrates into the
hydrophilic block regions of PX407 that constitute the disc
belt, resulting in blurred contours. Additionally, the intrinsic
heterogeneity of PX407 itself, including molecular weight
distribution, may also contribute to this observation.

Structural Characteristics of PX407-DMPC LNDs. In
summary, the CSBB model analysis revealed distinct structural
characteristics of LNDs for both PX407 (blue) and SMA
(orange) systems, as illustrated in Figure 6. The dimensions of
PX407-DMPC LNDs were found to be modulated by salt
concentration and polymer-to-lipid ratio: increasing NaCl
concentration reduced the core radius and rim thickness [(a)
vs (b)], while a higher PX407: DMPC mass ratio (2:1)
resulted in more compact structures compared to the 1:1 mass
ratio [(a) vs (c)]. Below the Tm of DMPC (approximately 24
°C), the structural parameters remained largely unchanged as
the temperature increased from 10 to 20 °C at PX407: DMPC
= 2:1 [(c) vs (d)]. Notably, under identical conditions
(polymer: DMPC = 2:1, 300 mM NaCl, 20 °C), PX407-
DMPC LNDs [(d)] exhibited significantly larger dimensions
than SMA-DMPC LNDs [(e)], with approximately 3.6-fold
larger core radius and a 7.1-fold thicker rim region. These

systematic investigations provided detailed insights into the
structure and characteristics of PX407-DMPC LNDs, high-
lighting their tunable dimensions and structural stability under
controlled conditions.
It should be noted that the structural information obtained

through the CSBB model analysis represents the average
characteristics of the particles. While the PX407-DMPC
systems show relatively narrow size distributions, they still
exhibits some degree of polydispersity. This variability is
supported by the particle size distributions from DLS
measurements (PDI: 0.20−0.30) and the diameter distribu-
tions obtained from TEM images. Additionally, residual
analysis of the CSBB model fitting revealed larger deviations
for the PX407: DMPC = 1:1 condition compared to the 2:1
condition, with this trend becoming more pronounced at lower
salt concentrations (i.e., 150 mM NaCl). These results suggest
that the particle size distribution is broader, particularly under
the PX407: DMPC = 1:1 and low salt concentration
conditions. Furthermore, these conditions may contain small
amounts of DMPC vesicles that were not completely
transformed into LNDs by PX407. These factors likely
contribute to the reduced accuracy of the CSBB model
analysis under these specific conditions.
This study did not elucidate the exact orientation of PX407

binding to the DMPC bilayer. However, it can be hypothesized
that the hydrophobic PPO segment binds to the acyl chains,
while the hydrophilic PEO segments resides within the rim
volume. Assuming average degrees of polymerization (i.e.,
a(PEO) = 101, b(PPO) = 56), the maximum lengths of the
PEO and PPO segments (in a fully extended linear
conformation) were estimated to be approximately 36 and
20 nm, respectively. These values were calculated using the C−
C bond length (1.54 Å), C−O bond length (1.43 Å), and bond
angle (109.5°). Given that the rim thickness (trim) ranges from
6.3 to 14.5 nm�less than the maximum length of the PEO
segment (∼36 nm)�it can be postulated that the PEO
segment adopts a folded conformation within the rim volume.
In contrast, the core thickness (L) ranges from 2.9 to 3.0 nm,
which is much smaller than the maximum length of the PPO
segment (∼20 nm). Therefore, it can be hypothesized that if

Figure 6. Size comparison of polymer-DMPC lipid nanodiscs (LNDs) with different compositions and conditions, based on structural parameters
determined from core−shell bicelle-belt (CSBB) model analysis. (a) PX407: DMPC = 1:1 mass ratio in 300 mM NaCl at 10 °C, (b) PX407:
DMPC = 1:1 mass ratio in 600 mM NaCl at 10 °C, (c) PX407: DMPC = 2:1 mass ratio in 300 mM NaCl at 10 °C, (d) PX407: DMPC = 2:1 mass
ratio in 300 mM NaCl at 20 °C, and (e) SMA: DMPC = 2:1 mass ratio in 300 mM NaCl at 20 °C. Colored brackets indicate different effects: blue
for NaCl concentration, orange for polymer-to-DMPC ratio, gray for temperature, and green for polymer type. Scale bar: 10 nm.
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the PPO segment binds parallel to the acyl chains (i.e.,
perpendicular to the bilayer), it likely adopts a “picket fence”
conformation. Alternatively, if the PPO segment binds
perpendicular to the acyl chains (i.e., parallel to the bilayer),
it could adopt a belt-like conformation. Given that the
circumference of the DMPC bilayer edge (i.e., the perimeter)
was calculated to be 53.4−94.2 nm from the core radius (R =
8.5−15.0 nm)�which exceeds the maximum length of the
PPO segment (∼20 nm)�multiple PX407 molecules would
need to cooperatively wrap around the DMPC bilayer if PX407
adopts a belt-like conformation. Further investigations are
required to elucidate the detailed binding mode of PX407.

Potential Applications and Limitations of PX407-
DMPC LNDs. Structural characterization revealed both
advantages and limitations of PX407-DMPC LNDs for
potential applications. Notably, these LNDs exhibited larger
dimensions compared to conventional SMA-DMPC LNDs,
with core diameters reaching approximately 20 nm under
optimal conditions (300 mM NaCl, PX407: DMPC ≥ 1:1
mass ratio). These larger dimensions could be advantageous
for reconstituting membrane proteins with large extramem-
brane domains or oligomeric complexes that require extensive
lipid platforms. Moreover, the ability to control LND size by
adjusting salt concentration and the polymer-to-lipid ratio
provides flexibility in tailoring the system for specific
applications.
However, the temperature-dependent stability of these

LNDs, particularly their destabilization above the Tm of
DMPC (approximately 24 °C), presents both limitations and
opportunities. While this thermal sensitivity may restrict their
use in applications requiring elevated temperatures, it could be
exploited for temperature-triggered release in drug delivery
systems. For example, local heating could enable controlled
disassembly of the LNDs, potentially allowing site-specific
release of encapsulated therapeutic agents. The formation of
uniform and stable LNDs at temperatures below 20 °C,
especially at higher PX407: DMPC ratios, suggests potential
applications as drug delivery systems for temperature-sensitive
therapeutic agents. Additionally, FDA guide has presented PX
as an “inactive” ingredient for different types of preparations
(e.g., intravenous, inhalation, oral solutions, suspensions,
ophthalmic, and topical formulations).60,61 These character-
istics could facilitate the practical implementation of these
systems.
Future studies could optimize the system through several

strategies, including: incorporation of PLs with higher Tm (e.g.,
DPPC); introduction of charged PLs to improve particle
dispersibility; use of PXs with a higher PPO content (e.g.,
PX237) to enhance solubilization capability; and development
of modified PX derivatives to improve thermal stability.
Additionally, investigating the compatibility of these LNDs
with various membrane proteins and their potential for
targeted drug delivery would be valuable for expanding their
practical applications.

■ CONCLUSIONS
In this study, we performed comprehensive structural
characterization of PX407-DMPC LNDs using SAXS analysis
combined with turbidity assessment and TEM observation.
The results demonstrated that PX407, with the highest
proportion of hydrophobic PPO segment among the tested
PXs, effectively solubilized DMPC to form discoidal
nanostructures. The size of these LNDs could be systematically

controlled by adjusting the salt concentration and polymer-to-
lipid ratio, with core diameters ranging from approximately
17−30 nm. The structural stability was notably enhanced at
higher polymer content (PX407: DMPC = 2:1 mass ratio) and
salt concentrations (≥300 mM NaCl), although they appeared
to be unstable above the Tm of DMPC (approximately 24 °C).
Comparative analysis with SMA-DMPC LNDs revealed that

PX407-DMPC LNDs exhibited distinct structural features,
maintaining a membrane thickness closer to that of conven-
tional DMPC bilayers while having larger dimensions than
typical LNDs. The detailed structural information obtained
through CSBB model analysis provides fundamental insights
into the polymer−lipid organization within these systems.
However, the binding mode of PX407 to the DMPC bilayer�
whether in a picket fence conformation perpendicular to the
bilayer or in a belt-like conformation parallel to it�remains to
be clarified in future studies. The findings of this study not
only enhance our understanding of PX−PL interactions but
also suggest potential applications of PX407-DMPC LNDs in
various fields, particularly in systems requiring larger
membrane protein platforms or temperature-responsive
behavior.
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