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ABSTRACT

Membrane bilayers are complex three-dimensional structures whose molecular events in the deep dimensions of
membrane lipids are crucial for understanding membrane function. This study investigates the interaction of
coexisting membrane domains in terms of hydrophobicity, alkyl chain order, and fluidity using Styrene Maleic
Acid (SMA) copolymers as membrane mimics. We employed continuous wave electron paramagnetic resonance
spectroscopy (CW-EPR) to characterize the structural dynamic properties of membrane domains without sepa-
ration. Lipid-spin probe vesicles were prepared using phospholipids with varying degrees of saturation (DOPC,
POPC, DMPC, and DSPC) and doxyl spin-labeled phospholipids at different depths (5, 12, and 16-doxyl PC) as
membrane probes. These vesicles were titrated with two SMA polymers of different hydrophobic tail lengths.
Dynamic light scattering (DLS) confirmed the formation of Styrene Maleic Acid lipid nanoparticles (SMALPs).
CW-EPR spectroscopy was used to characterize the dynamic properties of vesicles incorporated into the SMALP
systems. Analysis of the CW-EPR spectral line shape data revealed that the hydrophobic tail of SMA, the degree of
lipid saturation, and the length of phospholipids significantly affect membrane fluidity and alkyl chain ordering,
as well as lipid interactions. Notably, samples containing DSPC, a fully saturated longer-chain phospholipid, and
those containing SMA exhibited increased rigidity of motion, reduced fluidity, and improved ordering of the
alkyl chain in the membrane. This study provides crucial insights into the molecular dynamics of membrane
bilayers and the impact of SMA copolymers on membrane properties, contributing to our understanding of
fundamental membrane functions such as lateral movement of proteins and lipids.

1. Introduction

proteins [7,8]Each membrane-mimetic environment has its advantages
and limitations [9]. Detergent micelles are widely used for solubilizing

Membrane proteins represent one-third of proteins in living organ-
isms and pose so much importance in cell-cell signaling and recognition
roles, ion transport, immune response, and other biological processes,
making them critical drug targets [1,2]. Characterizing membrane
proteins has been challenging due to their environment which consists
of an innate heterogeneous lipid bilayer and water. This environment
introduces solubility, stability, purification, crystallization, and over-
expression challenges. To retain the protein's native conformation and
perform accurate structural characterization, membrane proteins need
to be incorporated in a native membrane mimetic environment [3-6].

Different classes of native-like membrane mimetics such as micelles,
bicelles, liposomes, and membrane scaffold protein-based nanodisc have
been developed for the structural and functional studies of membrane
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membrane proteins, providing high-resolution structure analysis via
solution Nuclear Magnetic Resonance (NMR) spectroscopy due to their
smaller size. Still, they can denature or misfold proteins due to an
inconsistency with respect to the hydrophobic membrane [9,10].
Bicelles consist of long and short-chain lipids that can assemble into a
disk shape allowing both transmembrane proteins and hydrophobic
bilayer interiors to be studied [11]. Bicelles are artificial lipid bilayers,
and their major limitations are that only a few lipid combinations can
form bicelles which makes it very difficult to study a wide range of
membrane proteins in them and protein perturbation can be caused by
the shape and size of bicelles [9,12]. Using liposomes or vesicles is quite
challenging as they are made of different phospholipid lamellae which
can cause misfolding of protein due to solubility problems [12,13].
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Nanodiscs based on membrane scaffold proteins (MSP) have been shown
to enhance lipid stability compared to other bilayer mimetics [14].
However, a drawback of using nanodiscs is that the protein must be
solubilized in detergent before being incorporated into the nanodisc,
and the absorbance of the membrane scaffold protein can interfere with
those of the membrane protein of interest [9] Further, these MSPs used
in making the disc can sometimes result in interference in other spec-
troscopic signals received from the membrane protein of interest
[14-16].

Polymers have been used in many studies to form effective bio-
mimetic membrane nanodiscs that are effective [16,17]. Styrene maleic
acid copolymer (SMA) interacts with the lipid-bilayer structure and can
be formed in solution [18]. Unlike nanodiscs that need MSPs, SMA can
solubilize membrane proteins and act as the native environment
mimetic of the protein through the formation of a narrow distribution of
lipid nanoparticles. These nanodiscs are often called styrene maleic acid
copolymer lipid nanoparticles (SMALPs), and the SMALPs can solubilize
membrane proteins without the use of detergents [9,19-21]. This disc-
like structure gives access to both intra and extracellular membrane
lipids and there is a high degree of homogeneity in the size of these SMA-
stabilized lipid samples. Several biophysical approaches have been
employed to characterize nanodiscs, which include dynamic light scat-
tering (DLS) [20], NMR [21], transmission electron microscopy (TEM)
[19-21], and electron paramagnetic resonance (EPR) [18,22].

It is also important to identify the molecular events that occur in the
deep dimension of membrane lipids since the membrane domain is not
two-dimensional. The interaction of coexisting membrane domains can
be studied in terms of hydrophobicity, alkyl chain order, and fluidity.
EPR spectroscopy is a relevant biophysical technique that can charac-
terize the mobility within a membrane complex without separation or
extraction of the membranes [23]. CW-EPR spectroscopy is a long-
standing method to analyze the dynamics in the physical structures of
proteins and lipids from an external molecule being introduced onto
these molecules. These external molecules are spin probes, and their
dynamics and environment are monitored by changes in CW-EPR
spectral lineshape [24]. Nitroxide spin-labeled lipids such as the
doxyl-pcs are designed to probe the membrane at various depth [25].
Study shows that the doxyl-pc lipids are distributed and approximately
localized in the raft and bulk domain [23]. The raft domain, being the
rigid domain, contains cholesterol and the 510 doxyl-pcs while the
fluidic bulk domain contains the 16-doxyl-pcs. The 12-doxyl-pc is pre-
sumably located somewhere between both domains which can be
characterized via EPR spectroscopy as well [23].

When a SMA polymer is introduced, the perturbation on the acyl
chain can also be detected via EPR spectroscopy by incorporating
Phosphatidylcholine based (PC-based) nitroxide spin labels affixed in
various carbons in the hydrocarbon chain. Previously, CW-EPR spec-
troscopy has been used to determine how the introduction of RAFT-
synthesized SMA affects the acyl chain perturbation of lipid bilayers
through the attachment of PC-based nitroxide spin-labeled lipids of the
5th, 12th’ and 16th positions along the acyl chain of the lipid bilayer to
examine perturbation on 1-palmitoyl-2-oleoyl-glycero-3-phosphocho-
line (POPC) lipid [18]. They reported that the EPR spectra of SMALP
samples displayed a higher rigidity at position 12 compared to positions
5 and 16 but the effect of this perturbation on lipid saturation is yet
unknown [18].

Previous studies suggest that membrane proteins have a strong
engagement with their lipid environment hence the composition and
structure of the lipid bilayer influence the behavior and functions of the
membrane proteins. When forming nanodiscs, the lipid composition also
provides an adequate environment for the protein of interest being
studied [26]. Therefore, in this work, we focus on lipid and polymer
interaction. This study demonstrates the alterations in the physical
structure of the lipid bilayer induced by SMA.

We aim to gain more insight into the effect of SMA polymer belts on
lipid saturation and membrane fluidity, and rigidity using various
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depths of spin-labeled lipids. We employ CW-EPR spectroscopy to study
the interaction between 3:1 SMA and 2:1 SMA polymers with a molar
ratio of 3:1 and 2:1 Styrene to Maleic Acid respectively, and the mixture
of spin-labeled nitroxide lipids with other PC-based lipids of different
degrees of saturation which are 1,2-dioleoyl-sn-glycero-3-phosphoco-
line (DOPC), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)
and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dis-
tearoyl-sn-glycero-3-phosphocholine (DSPC). To compare the effect of
lipid saturations on SMALP formation, DOPC was chosen as a fully un-
saturated phospholipid with two unsaturated hydrocarbon chains that
are 18 carbons long (18:1 A9-Cis). POPC (16:0-18:1), a semi-
unsaturated lipid, was also chosen to balance the difference between
the effect of fully unsaturated lipids to fully saturated lipids. DMPC
(14:0) was selected as a commonly studied fully saturated lipid, while
DSPC (18:0) was included to provide a comprehensive comparison of
chain lengths with DOPC and POPC, as well as to represent full satura-
tion with DMPC, as shown in Fig. 1.

A relative increase in rigidity was found in SMA samples at the 12th
position compared to other regions and the mixtures containing fully
saturated lipids DMPC and DSPC showed a significant difference in
linewidth broadening and lineshape changes compared to solutions
containing unsaturated lipids POPC and DOPC through EPR
spectroscopy.

2. Materials and method

All phospholipids and spin-labeled lipids were purchased in powder
form from Avanti Polar.

2.1. SMA synthesis

SMA samples were synthesized according to a previously published
method [21]. Briefly, poly (styrene-alt-maleic anhydride-b-styrene) was
synthesized by mixing styrene (3.66 g, 35.1 mmol) for 3:1 SMA and
Styrene (2.44 g, 23.4 mmol) for 2:1 SMA with maleic anhydride (0.980
g, 10.0 mmol), 2-(Dodecylthiocarbonothioylthio) propanoic acid (0.140
g, 0.4 mmol), Azobis (cyclohexanecarbonitrile) (0.0195 g, 0.008 mmol)
and 4.64 g dioxane in a glass vial. This mixture was deoxygenated for 15
min by bubbling with nitrogen and further allowed to polymerize in an
oil bath at 90 °C, for 20 h. The polymer was precipitated thrice in excess
hexanes at 0 °C to purify it. End-group removal was then conducted by
dissolving 4.00 g of polymer in dioxane and further mixed with Benzoyl
peroxide (2.40 g, 9.9 mmol), the solution was then deoxygenated and
placed in an 80 °C oil bath for 5 h. The polymer was purified in excess
cold hexanes three times while dissolving precipitated polymer powder
in tetrahydrofuran (THF) each time. Maleic anhydride was then hy-
drolyzed to maleic acid by dissolving the polymer in minimal THF, a
dropwise addition of 4x molar excess of NaOH into the solution, and
distilled water (10 mL). The mixture was placed in an oil bath for 24 h at
50 °C. The resulting solution was dialyzed in a 3.5 kDa cutoff tubing in 1
L ultrapure water to remove excess base and THF. The polymer solution
was then frozen overnight and lyophilized yielding a soluble white to
off-white powder.

2.2. Size exclusion chromatography

3-5 mg of either 2:1 and 3:1 SMA polymer was weighed and dis-
solved in 1.5 mL of tetrahydrofuran (THF). Two drops of toluene were
added to the mixture as a flow rate marker. Subsequently, the solution
was filtered through a 0.22 pm filter to remove impurities. Size exclusion
chromatography (SEC) was conducted using an Agilent 1260 gel
permeation chromatography system. This system included an auto-
sampler, a guard column, and two PLgel MIXED B columns, along with a
refractive index detector. THF was the eluent used, running at a constant
flow rate of 1 mL/min at 25 °C. Calibration of the SEC system was
performed using poly (methyl methacrylate) standards within a
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Fig. 1. Chemical structure of the phospholipids and Doxyl spin-label PCs used in the study [25].

molecular weight range of 617,000-1010.
2.3. Vesicle preparation

To characterize spin-labeled lipids and the formation of SMALPS,
three different spin-labeled lipids (1 Palmitoyl-2-stearoyl-(5-doxyl)-sn-
glycerol-3-phosphocholine), 12-doxyl and 16-doxyl were used along-
side four commonly used phospholipids, DOPC, POPC, DMPC and DSPC
which possess phosphocholine head groups. These lipids were mixed
with spin-labeled lipids to form hybrid vesicles. One set of vesicle
samples was composed of a mixture of DOPC with either the 5-doxyl, 12-
doxyl, or 16-doxyl spin-labeled lipid. The second set of samples con-
tained a mixture of POPC with either the 5-doxyl, 12-doxyl, or 16-doxyl
spin-labeled lipid. Finally, the third and fourth sets of samples contained
DMPC and DSPC with either 5-doxyl, 12-doxyl, or 16-doxyl spin-labeled
lipid, respectively. In both liposomes and SMA samples, lipid films were
generated by incorporating 1 mol% of the spin probe. Previous studies
suggest that the ratio of spin probe to lipid is selected to ensure statis-
tically that only one (or fewer) spin-label molecules were present per
disc, further ensuring that the EPR spectra will not experience homog-
enous broadening due to interactions between paramagnetic centers in
close proximity [26]. We conducted experiments with lower spin con-
centrations and determined that incorporating 1 mol% is the optimized
spin concentration for one spin per disc to obtain better quality of EPR
signals within nanodisc samples, as shown in Fig. S1.

In each sample, powdered phospholipids were mixed with 1 mol% of
spin-labeled lipid and dissolved in chloroform. The lipid-spin probe
solutions were purged using nitrogen gas to form a thin film and further
desiccated overnight to evaporate all chloroform. These samples were
hydrated in 2-(4-(2-Hydroxyethyl) piperazine-1-yl) ethane sulfonic acid
(HEPES) buffer (20 mM HEPES, 100 mM NacCl, pH 7.0) and brought to a
final concentration of 100 mM for the liposome samples. The mixtures
were vigorously vortexed and freeze-thawed several times to obtain a
homogeneous milky solution to make vesicles. Vesicles were prepared at
room temperature for unsaturated lipids and phase transition tempera-
ture for the saturated lipids. The size of vesicles was confirmed through
dynamic light scattering (DLS), while the free radical interaction of the
lipids with the spin label was confirmed using EPR spectroscopy.

2.4. Preparation of SMALPs

The polymers were dissolved in a buffer that contains 20 mM HEPES,
100 mM NaCl, pH 7.0, brought to a final concentration of 3 % mass by
volume (m/v), and rigorously vortexed till the solution was clear. The
vesicles were titrated with SMA by adding SMA solution dropwise,
obtaining the weight ratio ranging from 2:1 to 3:1 (SMA: Vesicle). The
newly formed SMALP solutions were properly mixed via slight overnight
rotation at 4 °C. SMALP samples were centrifuged at 20,000 rpm for 20
mins to remove excess non-solubilized lipids and polymers while the
supernatant was further subjected to DLS and EPR measurements.

2.5. Dynamic light scattering (DLS)

A ZETASIZER NANO Series (Malvern Instruments) was used to
perform DLS measurements of samples (40 pL) at 25 °C in a quartz
cuvette. Data was collected for 20s and averaged for 12 scans.

2.6. CW-EPR measurements

EPR experiments were conducted at the Ohio Advanced EPR Labo-
ratory. CW-EPR spectra were collected at the X-band on a Bruker EMX
CW-EPR spectrometer using an ER041xG microwave bridge and
ER4119-HS cavity. Each spin-labeled CW-EPR spectrum was obtained
by averaging the signals from 40 field scans, each lasting 42 s with a
central field of 3319 G and sweep width of 100 G, modulation frequency
of 100 kHz, modulation amplitude of 1 G, and microwave power of 10
mW at room temperature. We analyzed the central linewidth (AH) and
Spectral linewidth (2A;,) of EPR data using the previously outlined
method in the literature [18,26,27]. Central linewidth (AH) and Spectral
linewidth (2A,;) were calculated according to the arrows in Fig. 2, where
2A;; = 2Anax while order parameter was calculated using a formerly
established formula:

S = 0.5407 X (Amax — Amin) /30

(€8]

A, = (Amax + 2Amin)/31 (2)

Amin and Ap,x are minimum and maximum hyperfine interaction pa-
rameters respectively [27]. Details are shown in Fig. 2. If order
parameter (S) equals 1 then the membrane structure is crystal and in
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Fig. 2. Central linewidth (AH), Spectral linewidth (2A,,), Amax and Apin
measurement from EPR spectrum. 2Amax also represents 2Azz.

total disorder when it equals zero.
3. Results
3.1. Size exclusion chromatography (SEC)

The molecular weight distributions of these polymers, derived from
size exclusion chromatography, are presented in Fig. 3. The 2:1 styrene
to maleic anhydride polymer has a number-average molecular weight
(Mp) of 7300 and a dispersity index (M,,/Mp) of 1.3 while the 3:1 styrene
to maleic anhydride polymer has M, of 11,000 and Mw/Mj, of 1.3.

Fig. 3. Molecular weight distribution of 2:1 SMA (Orange) and 3:1 SMA
(green). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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3.2. Dynamic light scattering (DLS)

DLS experiment was performed on a ZETASIZER NANO Series
(Malvern Instruments) to confirm the effect of the SMA on the size of
lipid-spin probe vesicles. Fig. 4 shows the DLS Data of DOPC, POPC,
DMPC, DSPC, and their 2:1 and 3:1 SMALP samples.

The DLS data presented in Fig. 4 indicate that the liposome samples,
represented in blue, with sizes between 800 nm and 1000 nm, were
reduced to less than 30 nm upon the addition of styrene maleic anhy-
dride (SMA). This shows that with a 2:1 ratio of SMA (in orange) and a
3:1 ratio (in green), SMALPs were formed regardless of the lipid satu-
ration level in the samples. This experiment demonstrated that the
addition of SMA to lipid-spin vesicles resulted in the formation of lipid
nanoparticles of optimal size. No significant difference in particle size
was found between spin-labeled and non-spin-labeled SMALP samples
based on DLS measurements [18,22,28,29].

It was observed that shorter SMA chains effectively solubilized lipid
vesicles, leading to the formation of nanodiscs with high efficiency. In
contrast, nanodiscs formed using longer chain SMA exhibited increased
stability compared to those formed with shorter chains [30,31]. Spe-
cifically, the 2:1 SMA ratio produced smaller nanodiscs of 7-10 nm,
while the 3:1 SMA ratio resulted in nanodiscs with diameters of 10-20
nm for unsaturated lipids, as illustrated in Fig. 4A and B. Fig. 4C and D
indicated that there was no significant difference in the sizes of SMALPs
formed by both polymer chains when applied to fully saturated lipids.
This suggests that the particle size of SMALPs is influenced by the ratio
of styrene to maleic anhydride (S:MA) for unsaturated lipids, such as
DOPC and POPC. However, for saturated lipids like DMPC and DSPC, the
ratio did not have a significant effect on particle size during the for-
mation of SMALPs but yielded nanodiscs of approximately the same size
regardless of the S:MA ratio used. Also, our results indicate that co-
polymers do show a preference for solubilizing fluid bilayers and lipids
with short or unsaturated acyl chains, as opposed to highly organized
membranes containing tightly packed lipids and proteins; this was true
for the DLS results for 2:1 SMA, consistent with prior literature findings
[32]. Taken together, our findings are consistent with those of Bjor-
nestad and colleagues, who concluded that the size and distribution of
SMA in nanodiscs are influenced by temperature, the lipid/copolymer
ratio, and lipid type [33]. Notably, the solubilization limit for mem-
branes increases above their melting point, suggesting that defects in
gel-phase lipid membranes play a crucial role in membrane fracturing
and nanodisc formation [33].

3.3. Continuous wave -electron paramagnetic resonance (CW-EPR)
spectroscopy

To understand the interaction of the SMA polymer with different
lipid vesicles, we performed CW-EPR experiments on the various lipids
(unsaturated lipids: DOPC and POPC; saturated lipids: DMPC and DSPC)
containing spin-labeled lipids. CW-EPR lineshape analysis is used to
determine the dynamic motion of the spin-labeled PC incorporated into
lipid vesicles [18,23,26,34-36]. A broader spectrum represents rigid
motion with less fluidity, while sharper lines represent free-spin motion
with more fluidity. The 5-doxyl samples have the spin label located close
to the lipid head group and are expected to have a broader lineshape due
to restricted spin motions by the bulky phosphate group in each phos-
pholipid, as shown in Figs. 5A and 6A. Conversely, 12-doxyl samples are
expected to have a less broad lineshape, compared to the 5-doxyl sam-
ples, because of the distance between the spin-probe and the lipid head
group (Figs. 5B and 6B). Meanwhile, 16-doxyl samples should exhibit a
relatively sharp lineshape due to free spin movement and their position
at the end of the lipid tail region and in the middle of the bilayer
(Figs. 5C and 6C).

The CW-EPR spectra for the unsaturated lipids (DOPC and POPC)
from Figs. 5 and 6 are comparable for the liposome samples for each spin
labeled carbon position. However, the CW-EPR spectra obtained for
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Fig. 4. Representative DLS volume-weighted distributions of the hydrodynamic nanoparticle diameter before and after the addition of 2:1 SMA (orange) and 3:1
SMA (green) for A) DOPC B) POPC C) DMPC, and D) DSPC phospholipids (blue). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 5. CW-EPR spectral data for each spin labeled carbon position: (A) 5-, (B) 12-, and (C)16-doxyl PC at 296 K (23°C) for DOPC lipid vesicles (blue) incorporated in
2:1 SMA (orange) and 3:1 SMA(green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. CW-EPR spectral data for each spin labeled carbon position: (A) 5-, (B) 12-, and (C)16-doxyl PC at 296 K (23°C) for POPC lipid vesicles (blue) incorporated in
2:1 SMA (orange) and 3:1 SMA(green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

different SMA samples show a significant difference in lineshape for
these liposome samples. Fig. 5 shows the CW-EPR results for DOPC lipids
and SMALP samples for the three membrane depths, while Fig. 6 shows
the CW-EPR results for POPC lipids and their SMALP samples for the
different membrane depths. At the three membrane depths (5-doxyl, 12-
doxyl, and 16-doxyl), the EPR lineshape for DOPC vesicle samples was
relatively similar for 2:1 and 3:1 SMA samples, as seen in Fig. 5A, B, and
C, respectively. The results depicted in Fig. 5 suggest that despite the
incorporation of SMA, the lipid membrane environment containing
DOPC maintained a native-like (fluidic) state without added rigidity.
Fig. 6 shows the EPR lineshapes for POPC lipids with the 3 spin
labeled positions (5-doxyl, 12-doxyl, and 16-doxyl. Fig. 6A shows the
lineshape of a POPC vesicle with a 5-doxyl probe, which appeared very
similar to the 2:1 SMA sample, with minimal line broadening observed

in the 3:1 SMA sample. Similarly, with the 16-doxyl probe (Fig. 6C), the
vesicle, 2:1 SMA, and 3:1 SMA samples all exhibited similar lineshape
without significant differences. However, at 12-doxyl depth, a signifi-
cant line broadening was observed in the 3:1 SMA sample, which was
even more pronounced than in the 2:1 SMA sample and the vesicle
sample (as shown in Fig. 6B). Since these experiments were conducted in
the fluid phases of POPC and DOPC, the relatively small increase in
broadening of the EPR lineshape can be explained by the fact that POPC
is monounsaturated, with one saturated alkyl chain and one unsatu-
rated, compared to DOPC, which has two double bonds with two un-
saturated alkyl chains. These double configurations affect the lateral
pressure exerted on the lipids by SMA [28,37]. Therefore, POPC-SMA
samples appeared more rigid than DOPC-SMA samples because
although both are unsaturated lipids, the degree of unsaturation is
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higher in DOPC compared to POPC.

CW-EPR spectra of different spin-labeled PCs incorporated into fully
saturated lipids DMPC and DSPC lipid vesicles are shown in Figs. 7 and
8. Fig. 7B shows that for the 12-doxyl DMPC samples, the 3:1 SMA
sample exhibited the broadest lineshape, followed by the 2:1 SMA
sample, which was broader than the liposome sample, but for the 5-
doxyl and 16-doxyl samples (Fig. 7A and C), no significant lineshape
differences were observed between the SMA samples. These results were
further reproduced in Fig. S2. In Fig. 8A, it is evident that there is no
significant difference in the lineshapes between the vesicle and SMA
samples at 5-doxyl. However, at 12-doxyl and 16-doxyl (Fig. 8B and C),
anoticeable line broadening is observed in the SMA samples, contrasting
with the vesicle samples. Since DMPC is a fully saturated lipid, it has
higher membrane rigidity at positions closer to the head group, i.e., 5
and 12-doxyl, hence the linewidth broadening. However, there could be
minimal impact on the spin label far down the chain, i.e., 16-doxyl,
because the lipid chain is just 14 carbons long, which prevents strong
interactions between the DMPC lipids and the spin label probe at posi-
tion 16. However, we observed EPR line broadening and rigidity in the
membrane with DSPC in all three depths because in addition to being
fully saturated, DSPC has a longer acyl chain than that of DMPC, hence
the line broadening at 5, 12, and 16-doxyl for the SMA samples. This
suggests that the longer acyl chains in DSPC significantly enhance hy-
drophobic interactions at the 16-doxyl position, surpassing the effects
observed with the shorter acyl chains in DMPC. This improved hydro-
phobicity may have increased the crystallization effect, making DSPC-16
doxyl rigid. The lineshapes of CW-EPR spectra are concurrent with
previous literature that DMPC showed a highly increased line-
broadening for SMALP samples compared to the liposome samples as
shown in Figs. 7 and 8 [18,26,38]. The CW-EPR spectral lineshape
broadening observed in the samples may be attributed to a decrease in
the motion of the lipid acyl chain when the SMA polymer is present
during SMALP formation, resulting in decreased motion of the spin la-
bels. The SMALP system forms due to lateral pressure generated by the
interaction of polymer and lipid chains, isolating the individual complex
to a smaller size [28]. It is important to note that the level of saturation
of the DMPC and DSPC lipids is likely to be a factor here. Additionally,
all measurements were taken at room temperature, which is above the
gel phase transition temperature of DOPC and POPC, but below that of
DMPC and DSPC. However, before taking the measurements, both
liposome and nanodisc samples were prepared at temperatures
exceeding the phase transition of all lipids.
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3.4. Linewidth, spectral width and order parameters

To further probe the dynamic behavior of different lipid vesicles
containing 5-,12- and 16-doxyl phospholipids in the presence of SMA
polymer, established spectral parameters such as the central linewidth
(AHp), and spectral width (2A;;) were utilized to analyze our data.
Usually, an increase in these parameters indicates reduced mobility of
the spin label. Fig. 9 shows a plot of the central linewidth of EPR spectra
as a function of the spin-label position at various levels of lipid satura-
tion. The central linewidth ranges from 1.64G (DOPC_16 doxyl) to
2.83G (POPC_5 doxyl) for samples of unsaturated lipids without the
addition of SMA, and from 1.78 G(DOPC_16_2:1SMA) to 3.55G with the
addition of SMA (POPC_5_3:1SMA). For the fully saturated lipids, vesicle
samples without SMA have central linewidth ranging from 1.94 G
(DMPC_16 doxyl sample) to 4.18 G (DSPC_5 doxyl sample) and from
2.34 G (DMPC_16_2:1SMA doxyl sample) to 4.62 G (DSPC_5_3:1SMA
doxyl sample) with the addition of SMA. Fig. 10 depicts the plot of the
spectral width (2Az,) of the EPR spectra as a function of the spin label
position of the lipids at various levels of saturation. The spectral width
(2A;;) ranges between 29.3G (DOPC_16 doxyl) and 50.5 G (POPC_5
doxyl) for samples of unsaturated lipids without the addition of SMA,
and between 30.3G (DOPC_16_2:1SMA) and 55.5 G (POPC_5_3:1SMA)
with the addition of SMA. For the fully saturated lipids, the spectral
width (2A,;) varies between 31.5G (DMPC_16 doxyl sample) and 61.8G
(DSPC_5 doxyl sample) for vesicle samples without the addition of SMA,
and 34.5G (DMPC_16_2:1SMA doxyl sample) to 63.7 G (DSPC_5_3:1SMA
doxyl sample) with the addition of SMA. These data are consistent with
previously published literature [18,26]. The increase in these parame-
ters for the fully saturated lipids (DMPC and DSPC) compared to DOPC
and POPC indicates decreased motional freedom of the spin label.

In order to further understand the effect of SMA polymer on the
organization and flexibility of the lipid bilayer within the membrane
vesicles, we determined the order parameters from the CW-EPR spectra
obtained for different lipid vesicles containing spin probes in the pres-
ence and absence of SMA polymers. Fig. 11 shows a plot depicting the
order parameter (S) calculated from the EPR spectra of all four lipids
using Egs. (1) and (2). This plot illustrates how the order parameter
varies with the position of the spin label within lipids of different
saturation levels. The order parameter, denoted as S, measures the de-
gree of order within the membrane. A value of 1 for S indicates a highly
ordered, crystalline structure of the membrane. Conversely, a value of
0 for S suggests that the membrane is in a state of fully dynamic disorder
[18,37,39]. This data provides valuable insights into the organization
and dynamics of the lipid bilayer within the membrane, shedding light
on the impact of lipid saturation levels on the structural arrangement

Fig. 7. CW-EPR spectral data for each spin-labeled carbon position: (A) 5-, (B) 12-, and (C)16- doxyl PC at 296K (23°C) for DMPC lipid vesicles (blue) incorporated
in 2:1 SMA (orange) and 3:1 SMA(green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. CW-EPR spectral data for each spin-labeled carbon position: (A) 5-, (B) 12-, and (C)16-doxyl PC at 296K (23 °C) for DSPC lipid vesicles (blue) incorporated in
2:1 SMA (orange) and 3:1 SMA(green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Central linewidth (AH) results of EPR spectra as a function of spin-labeled carbon position in vesicles and with the addition of SMA 2:1 SMA and 3:1 SMA for
A) DOPC B) POPC C) DMPC, and D) DSPC phospholipids. The error bars represent uncertainties (standard deviation) that may have arisen from the double batch of

sample preparations and data analysis.

and order within the membrane. The order parameter (S) for DOPC
vesicle samples was observed to be between 0.07 and 0.58 (in blue),
while for 2:1SMA, it was between 0.09 and 0.59 (in orange), and for
3:1SMA, it ranged from 0.10 to 0.60 (in green). This aligns with our EPR
lineshape results for DOPC, indicating little to no change in spin motion
across all the samples. For POPC samples, the order parameter for ves-
icles ranged from 0.095 to 0.59, from 0.11 to 0.64 for 2:1 SMA samples,
and for 3:1 SMA it ranged from 0.12 to 0.67. For POPC, we observed a
0.1 increase in the order parameter between the vesicle and SMA sam-
ples containing the 12-doxyl spin, a trend not observed in the samples
with 5-doxyl and 16-doxyl spins. These findings also match our line-
shape analysis results, confirming an increased membrane ordering in
SMA-POPC samples compared to SMA-DOPC samples.

In addition, for the saturated lipids, the order parameter (S) varied
between 0.12 and 0.86 for all the samples without the addition of SMA

and ranged from 0.25 to 0.94 when SMA was added. The DMPC showed
similar trends to the POPC, with sample ranges of 0.12 to 0.62 for ves-
icles, 0.23 to 0.71 for 2:1 SMA, and 0.25 to 0.76 for 3:1 SMA. The largest
variations for both DMPC and POPC vesicles were observed with 3:1
SMA across spin-probe samples. The 12-doxyl position samples exhibi-
ted a greater difference in order level than the other spin positions,
which is clearly demonstrated by the gap between the blue and green
curves in Fig. 11B and C. However, DSPC displayed a different pattern,
with minimal difference between 2:1 and 3:1 SMA samples. It showed a
significantly higher order parameter, ranging from 0.62 to 0.94,
compared to the vesicle sample's range of 0.27 to 0.86. Additionally,
similar high-ordering results were observed at the 12-doxyl and 16-
doxyl positions when SMA was added, as reflected in the distance be-
tween the blue curve and the other curves (orange and green) in
Fig. 11D.
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Fig. 10. Spectral linewidth (2A,,) results of EPR spectra as a function of spin-labeled carbon position in vesicles and with the addition of SMA 2:1 SMA and 3:1 SMA
for A) DOPC B) POPC C) DMPC, and D) DSPC phospholipids. The error bars represent uncertainties (standard deviation) that may have arisen from the double batch
of sample preparations and data analysis.

Fig. 11. Order parameter results of doxyl-5,12 and 16 liposomes, 2:1 SMA, and 3:1 SMA samples with A) DOPC B) POPC C) DMPC, and D) DSPC phospholipids.

Our results for POPC and DMPC were consistent with previously 4. Discussion
published data, while order parameters of DOPC and DSPC with SMA
have not been documented in the literature [18,26,34]. Based on the comparison of EPR spectral parameters at each spin
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label position (Figs. 9 and 10), the 12th carbon exhibits the greatest
reduction in mobility upon SMA polymer introduction, particularly
compared to position 5 in all lipids and position 16 in most lipids except
DSPC. This suggests that the fatty acid chain near the polar headgroups
of SMALPs remains relatively rigid after SMA incorporation, while car-
bons in the middle of the fatty acid chain (around the 12th position)
experience significantly reduced mobility [18]. Samples in SMA fol-
lowed a similar trend in hyperfine lineshapes, with 12-doxyl samples
showing more complexity and lower mobility, especially in fully satu-
rated lipids. A comparable trend was reported in a study where MSP-
incorporated liposomes exhibited reduced motion at the membrane
center [26]. Furthermore, no significant dynamic changes were
observed at the 16-doxyl position in DOPC, POPC, and DMPC, sug-
gesting an absence of interaction with SMA at this site [18]. However,
DSPC showed notable lineshape alterations at position 16, likely due to
the length and saturation of its acyl chains. This may be attributed to the
lipid's length and its hydrophobic interactions with the doxyl lipid acyl
chains. This observation might also imply a minor interaction between
the DSPC and the SMA polymer at the 16th position, further suggesting
that longer-chain lipids, such as DSPC, impose greater mobility con-
straints on 16-doxyl compared to shorter-chain lipids like DMPC. In
contrast, DMPC, with its shorter alkyl chains, forms fluid and loosely
packed bilayers at 16-doxyl, which remain unaffected by SMA
incorporation.

As indicated in Fig. 11, the value of the order parameters (S)
increased for all acyl chain sites with the addition of SMA, indicating an
increase in membrane ordering with the formation of SMALPS. The
higher increase in the order parameters of the 12th position in SMALPs
than in liposomes suggests that the SMALPs exert pressure on the lipid
bilayer during stabilization, causing them to pack into higher ordered
structures. Also, it was noticed that the more saturated the lipid, the
higher the membrane ordering with or without the addition of SMA,
which agrees with previous studies that a membrane with fully saturated
lipids is more ordered and less fluidic than a membrane with unsatu-
rated lipids which form kinks and allows for high fluidity and less alkyl
ordering [40]This pattern was further observed upon the addition of
SMA and 3:1 SMA, which showed more increased ordering, higher ri-
gidity, and lesser fluidity for the fully saturated lipids compared to 2:1
SMA, as seen in Fig. 10C and D, where the DSPC-3:1 SMA sample has an
order parameter (S) value of 0.94, very close to 1.

The fluidity of a lipid bilayer is influenced by its composition and
temperature. Synthetic bilayers made from a single type of phospholipid
transition from a liquid to a solid, crystalline state at a specific phase
transition temperature. This temperature is lower, meaning the mem-
brane is harder to crystallize when the hydrocarbon chains are shorter or
contain cis-double bonds. Shorter chains reduce interactions between
tails, and cis-double bonds create kinks that prevent tight packing,
keeping the membrane fluid at lower temperatures [41]. Unsaturated
bonds introduce disorder into the chains, reducing the melting point and
leading to heightened membrane fluidity and elasticity [42]. These
phase characteristics are also largely determined by the degree of the
attractive Van der Waals interactions among neighboring lipid mole-
cules. Long-chain lipids increase this interaction, while a high degree of
unsaturation increases the membrane fluidity by forming kinks, thereby
reducing the Vander Waal force interaction between close-range lipid
molecules [41,43]. In addition, because the fatty acid chains of unsat-
urated lipids are more spread apart, lipid bilayers containing them are
thinner than bilayers formed exclusively from saturated lipids [41].

The EPR results correspond to the dynamics of the spin-labeled
lipids, and the configuration of EPR spectral lines directly corresponds
to the movement characteristics of the spin label. The EPR spectra of 5-
doxyl and 12-doxyl reveal broader spectral lines alongside an augmen-
tation in the gap between the outer hyperfine peaks. This phenomenon
indicates a restricted movement of the spin labels in contrast to the 16-
doxyl sample, while the most significant observed hyperfine splitting is
associated with 5-doxyl PC. As expected, the nitroxides situated near the
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lipid head groups exhibit more constrained reorientation behavior in
contrast to the samples where the spin labels are positioned deeper
within the lipid bilayer [34]. This is displayed by a broader linewidth
seen in 5-doxyl and the higher spectral line widths in 16-doxyl, while 12-
doxyl samples are in between.

We investigated the effect of two SMA belts (2:1 and 3:1 SMA) on
lipid composition and saturation at various membrane depths while
comparing the results with liposome samples that were already well-
studied [18,28,44,45]. A more restricted motion of spin-labeled lipids
was observed in SMA-encapsulated samples compared to their corre-
sponding liposomes, with 3:1 SMA inducing greater restriction than 2:1
SMA. This effect is likely due to the higher styrene content in 3:1 SMA,
which enhances hydrophobicity and promotes stronger interactions
with lipid acyl chains, leading to increased lipid ordering. In contrast,
the lower styrene content in 2:1 SMA results in a less hydrophobic
copolymer, reducing interactions with lipid tails and allowing greater
lipid mobility. This also suggests that the frequency of the phenyl chain
affects lipid ordering, but further studies are needed in this area. As
previously discussed, hyperfine lineshapes exhibited a consistent trend
across SMA samples, with 12-doxyl-SMA showing greater complexity
and reduced mobility, particularly in fully saturated lipids (DMPC) and
in POPC, which is monounsaturated but contains a chain of saturated
fatty acid. The different increase in the order parameters between 2:1
and 3:1 SMA nanodiscs observed for DMPC in comparison to POPC may
be due to the reduced mobility of fully saturated DMPC lipids when
compared to that of monounsaturated POPC lipids.

We have shown that the incorporation of SMA increases the mem-
brane rigidity as the level of lipid saturation increases and has no effect
as the level of lipid unsaturation increases. Our result agrees with earlier
findings by Scheidelaar et al. that SMA solubilizes short-chain and fully
saturated lipids better than long-chain unsaturated lipids at room tem-
perature [46]. Also, our study agrees with Pardo et al. that SMA affects
the ordering or disordering of enclosed lipids while increasing mem-
brane rigidity for ordered lipids [47].

Fig. 12 illustrates how membrane rigidity increases with both poly-
mer length and lipid saturation. As the polymer length increases from
2:1 SMA (red) to 3:1 SMA (blue), membrane rigidity increases. Along the
horizontal axis, lipid saturation increases, indicating that higher lipid
saturation, combined with longer polymer chains, leads to greater
membrane stiffness. The red arrow summarizes this relationship,
demonstrating that both lipid saturation and polymer chain length are
directly proportional to membrane rigidity.

5. Conclusion

Comparing the two polymer belt chains, based on our DLS results,
2:1 SMA formed smaller nanodiscs with unsaturated lipids than 3:1
SMA, while EPR spectral lineshapes showed that 3:1 SMA reduced spin
mobility and increased the membrane rigidity of all the lipids more than
2:1 SMA. This suggests that 2:1 SMA is milder in membrane solubili-
zation than 3:1 SMA, which is more hydrophobic as previously pub-
lished by Grethen et al. [48] Therefore, the length of the polymer belt
and its hydrophobicity used for membrane solubilization is a significant
factor to be considered when choosing a suitable membrane mimic for
biophysical studies of membrane proteins.

This study advances our understanding of lipid composition and the
requisite environment necessary for investigating membrane proteins
reconstituted in SMA. The results of this study have far-reaching im-
plications for the development of novel pharmaceuticals and biotech-
nological applications while primarily providing the choices of SMA belt
and lipid saturation level needed to achieve a fluidic or rigid membrane
environment needed for the specific biophysical study of membrane
proteins. Further studies are also required for the temperature-
dependent investigation of the behavior of the systems we studied as
well as the effect of adding Cholesterol to the system.
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Fig. 12. Schematic representation of how polymer chain length and lipid saturation level affect the fluidity and rigidity of the membrane bilayer. Arrows represent
an increase in a parameter. The red arrow shows how rigidity increases as a function of lipid saturation and polymer chain length. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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