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Abstract

The nanadisc technology is increasingly used for structural studies on membrane proteins and
drug delivery. The development of synthetic polymer nanodiscs and the recent discovery of
non-ionic inulin-based polymers have significantly broadened the scope of nanodiscs. While the
lipid exchange and size flexibility properties of the self-assembled polymer-based nanodiscs are
valuable for various applications, the non-ionic polymer nanodiscs are remarkably unique in that
they enable the reconstitution of any protein, protein-protein complexes, or drugs irrespective

of their charge. However, the non-ionic nature of the belt could influence the stability and size
homogeneity of inulin-based polymer nanodiscs. In this study, we investigate the size stability

and homogeneity of nanodiscs formed by non-ionic lipid-solubilizing polymers using different
biophysical methods. Polymer nanodiscs containing zwitterionic DMPC and different ratios of
DMPC:DMPG lipids were made using anionic SMA-EA or non-ionic pentyl-inulin polymers.
Non-ionic polymer nanodiscs made using zwitterionic DMPC lipids produced a very broad elution
profile on SEC due to their instability in the column, thus affecting sample monodispersity

which was confirmed by DLS experiments that showed multiple peaks. However, the inclusion of
anionic DMPG lipids improved the stability as observed from SEC and DLS profiles, which was
further confirmed by TEM images. Whereas, anionic SMA-EA-based DMPC-nanodiscs showed
excellent stability and size homogeneity when solubilizing zwitterionic lipids. The stability of
DMPC:DMPG non-ionic polymer nanodiscs is attributed to the inter-nanodisc repulsion by the
anionic-DMPG that prevents the uncontrolled collision and fusion of nanodiscs. Thus, the reported
results demonstrate the use of electrostatic interactions to tune the solubility, stability, and size
homogeneity of non-ionic polymer nanodiscs which are important features for enabling functional
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and atomic-resolution structural studies of membrane proteins, other lipid-binding molecules, and
water-soluble biomolecules including cytosolic proteins, nucleic acids and metabolites.
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1. Introduction

Obtaining atomic-resolution structures of membrane proteins has been a long-standing
challenge due to the hydrophobic nature of their transmembrane domains that require a
suitable lipid-bilayer environment. The membrane mimetics that can be used to reconstitute
various membrane proteins include micelles, bicelles, and lipid vesicles [1-7]. Each of these
membrane mimetics has its own advantages and limitations. While the use of micelles

has rendered high-resolution structural studies, the detergents used and the curvature are

not desirable for some of the membrane proteins [2, 8-10]. Unlike detergent micelles, the
planar lipid bilayer present in bicelles enables native-like folding of membrane proteins
and, therefore, attractive for studies on the structure, dynamics, and membrane topology of
membrane proteins by a variety of biophysical techniques, including solution NMR, solid-
state NMR and X-ray crystallography [11-21]. However, the use of detergents (or detergent-
like molecules) in bicelles could affect the stability of reconstituted membrane proteins. The
use of liposomes is also limited by their lack of stability and the use of detergents is not
desirable for the functional reconstitution of membrane proteins [22]. Therefore, long-term
time-dependent functional and structural studies of membrane proteins may be difficult
when using detergent-based membrane mimetics [9, 23, 24]. Also, a detergent-free and
highly stable lipid-bilayer mimicking system is desirable for the functional reconstitution of
membrane proteins, especially those that are intrinsically less-stable (e.g., GPCRs) [24, 25].
In particular, such stable lipid-bilayer reconstitution systems are useful for high-resolution
NMR-based structural studies that require long data acquisition times lasting several days to
weeks.

The introduction of nanodisc technology has been useful in overcoming some of the
challenges mentioned above. A nanodisc is a lipid-bilayer membrane system surrounded
by membrane scaffold proteins (MSP) [26-30], peptides [31-39], peptoids [40-42],
amphipathic polymers [43-55], or DNA origami barrels [56]. While further studies are
focused on the development of the different types of nanodiscs, the already reported
nanodiscs are increasingly used for the reconstitution of membrane proteins for functional
and high-resolution structural studies [57-60]. In the case of peptide- and polymer
nanodiscs, the belt surrounding the lipid-bilayer is formed by a high-density of peptide

or polymer molecules instead of a continuous belt as in protein-based nanodiscs. Hence, the
peptide/polymer nanodiscs are highly dynamic, exhibiting an exchange of lipids between
nearby nanodiscs [61-64]. Despite excellent lipid solubilizing capabilities, these tools do
not affect lipid-bilayer properties as drastically as detergents [65]. Therefore, the lipid
composition of the nanodiscs can be chosen to provide a native-like lipid membrane
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environment to characterize membrane proteins and other lipid-binding molecules using
in vitro studies.

Synthetic amphipathic polymers that form nanodiscs have also been used for the detergent-
free isolation of local lipid-membrane protein complexes directly from the cells where

they are expressed [66—68]. However, despite the excellent advantages, most amphipathic
polymers have some intrinsic limitations, such as low lipid-solubility, divalent metal-

ion sensitivity, and non-specific interactions with target membrane proteins [68-71].
Additionally, all the above-mentioned nanodiscs-forming polymer molecules possess high-
charge densities; hence there are Coulombic repulsions between nanodiscs, making them
stable lipid-bilayer systems [72, 73]. But, how the charge of the lipids or polymer affects the
nanodisc’s stability has not been studied so far as it is challenging to investigate due to the
high charge density of amphipathic polymers.

Recently developed, non-ionic inulin-based polymers are on par with detergents in their
ability to solubilize synthetic lipids and bacterial membranes [74, 75]. While the ability

of these polymers to form nanodiscs has also been reported, purification of nanodiscs
composed of different lipid compositions has not been carried out. Most studies on the
reconstitution of detergent-purified membrane proteins into polymer nanodiscs use a single
or a mixture of zwitterionic and charged lipids. Before use for reconstitution of any target
membrane protein, polymer nanodisc samples are typically purified to remove excess free
polymer, salt, and other impurities that come from polymer synthesis/functionalization by
chemical methods. Since the inulin-based polymers are non-ionic, in this study, we took it as
an advantage to investigate how the ionic nature of both polymer-belt and lipid-bilayer affect
the stability and size homogeneity of nanodiscs.

This study used non-ionic pentyl-inulin and anionic SMA-EA polymers to solubilize

lipids. The lipid composition of non-ionic polymer nanodiscs was varied using zwitterionic
DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and anionic DMPG (1,2-dimyristoyl-
sn-glycero-3-phosphoglycerol) lipids, whereas only zwitterionic DMPC was used in anionic
SMA-EA polymer nanodiscs (Fig. 1A). Size-exclusion chromatography (SEC) experiments
were performed to examine the stability and size homogeneity of nanodiscs, followed by
dynamic light scattering (DLS) to determine the particle size and distribution. Transmission
electron microscopy (TEM) images were used to compare the size homogeneity of the
nanodisc particles. In addition, 'H NMR experiments were performed to analyze the
contents of the samples to ensure the presence of lipids and polymer, as well as to check for
any impurities.

2. Materials and methods

2.1. Lipids

DMPC and DMPG lipids were purchased from Avanti Polar Lipids, Inc (Alabaster, USA).

2.2. Polymer stock solution

Pentyl-inulin and SMA-EA were synthesized, purified, and characterized using published
protocols [74, 76]. The lyophilized polymers were dissolved in a Tris buffer (10 mM Tris, 50
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mM NaCl, pH 7.4) to a concentration of 100 mg/mL and checked the solution pH to ensure
it was ~7.4 before using it for nanodisc preparation.

2.3. Preparation of liposomes

Liposomes were prepared by weighing the appropriate amounts of dry DMPC (6-10 mg)
and DMPG (0-4 mg) into separate 1.5 mL centrifuge tubes. Each lipid sample was dissolved
in 200 pL of 1:1 (v/v) methanol and chloroform. The dissolved lipids were then dried

under nitrogen gas, followed by high vacuum drying for ~4 hours to obtain a lipid film

and to remove any residual solvent. Next, the lipid film was resuspended in 900 pL of Tris
buffer (10 mM Tris, 50 mM NaCl, pH 7.4) and subjected to three freeze-thaw cycles (liquid
nitrogen to ~60 °C water). The solution was milky white throughout.

2.4. Preparation of polymer-lipid mixtures (polymer nanodiscs)

The liposomes were solubilized by adding the appropriate amount of polymer stock to
obtain a 1:1 (w/w) lipid-to-polymer ratio. After mixing lipids and polymer, the pentyl-inulin
sample was incubated overnight at 4 °C, while SMA-EA was incubated at 4 °C for 10 — 30
min, followed by overnight incubation at 30 °C.

2.5. Size-exclusion chromatography (SEC)

The SEC column (10x300 Superdex 200, GE Healthcare, Chicago, USA) was washed with
~2 column volumes of Milli-Q water followed by 2 column volumes of 10 mM Tris buffer
with 50 mM of NaCl (pH 7.4). Nanodisc samples were loaded and run at a flow rate of
0.75 mL/min. Solutions used for SEC were filtered through a 0.2 um Amicon membrane
filter and degassed using an ultrasonic cleaner (Cole-Parmer, Chicago, USA) before use.
A wavelength of 214 nm was used to detect pentyl-inulin lipid-nanodiscs, whereas a
wavelength of 254 nm was used to detect SMA-EA lipid-nanodiscs.

2.6. Dynamic-light scattering (DLS)

DLS measurements were carried out using a Wyatt Technology® DynaPro® NanoStar®
instrument equipped with a laser emitting at ~662 nm. All samples were measured in a 1

uL quartz MicroCuvette (Wyatt Technology, CA, USA). 1 uL of each SEC purified nanodisc
sample was loaded into the cuvette. 10 scans were obtained with an acquisition time of

5 seconds and averaged to obtain the DLS profile. All experiments were recorded at 25

°C, allowing for at least 10 minutes for the loaded sample temperature to equilibrate. The
spectra were obtained in mass-percentage mode.

2.7. H NMR spectroscopy

550 L of the SEC purified nanodisc samples were mixed with 50 L of 2H,0 and loaded
into 5 mm NMR tubes (Wilmad, NJ, USA). NMR spectra were then acquired using a 500
MHz Bruker NMR spectrometer (Billerica, MA, USA) operated at 303 K with 128 or 512
scans. The data were processed using Bruker Topspin (\Version 3.6.2).
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2.8. Transmission electron microscopy (TEM)

The polymer-lipid samples (10 mg/mL) without subjecting to any purification were used

in TEM experiments. TEM images were obtained using a Technai® T-20® machine (FEI®,
Netherlands) with an 80 kV operating voltage. 5 pL of each sample was loaded onto a
carbon-coated copper grid and incubated for 5 min at room temperature. Then the solution
was removed, and the grids were washed 3—4 times using Milli-Q water. Next, the sample-
loaded grids were treated with 5 pL of 2% uranyl acetate for 2 min, followed by washing
with Milli-Q water 3 times. Finally, all the grids were dried overnight at room temperature in
a desiccator before collecting images.

3. Results and discussion

3.1. Charge of the polymer-belt modulates the stability and size homogeneity of polymer
nanodiscs containing zwitterionic lipids

The stability and size homogeneity of zwitterionic DMPC-nanodiscs prepared using pentyl-
inulin (Fig. 1B) were analyzed by SEC, 'H NMR, and DLS experiments. All polymer-lipid
samples were prepared using a 1:1 (w/w) polymer:lipid ratio. The SEC chromatogram
showed a broad non-symmetric peak between 9-20 mL (Fig. 1C). 1D IH NMR spectra

of SEC fractions from the broad peak showed resonances corresponding to both polymer
and DMPC, indicating a broad elution of polymer-lipid assemblies in SEC (Fig. 1C and D
(spectra 1-3)). DLS data showed the presence of particles with different hydrodynamic radii
(Fig. S1). Large elution of pentyl-inulin-DMPC assemblies with different hydrodynamic
radii suggests that polymer-lipid assemblies are highly heterogeneous in size. The peaks
between 20-24 mL elution volume were due to excess free polymer in the solution (20-24
mL), as confirmed by 1H NMR (Fig. 1D (spectra 4,5)). A low-intensity DMPC peak in

the free polymer samples is mostly due to the overlap of the free polymer peak (fractions

4, 5) with the polymer-DMPC peak (fractions 1-3) in SEC (Fig. 1C and D (spectrum

4)) and possibly due to the coexistence of a small amount of lipids with polymers. The
width and intensity of NMR peaks are good indicators of the size of the nanodisc particle.
Smaller the size of the nanodiscs, faster is the tumbling motion, and therefore higher peak
intensity or narrower linewidth is observed. Comparing the *H NMR spectra for the SEC
fractions 1-3, the highest peak intensity for fraction-3 and the lowest peak intensity for
fraction-1 reveal the size of nanodiscs/polymer-lipid assemblies to be fraction-1> fraction-2
>fraction-3, which is in agreement with the SEC elution profile. Interestingly, in addition
to the narrowest and highest peak intensities, additional peaks are observed for fraction-3,
further confirming the smallest size of the particles present in this fraction.

The SEC profile of anionic SMA-EA polymer nanodiscs showed a symmetric elution peak
for nanodiscs (9-13 mL) (Fig. 1E and F), indicating a highly homogenous sample of
nanodiscs compared to pentyl-inulin DMPC-nanodiscs (Fig. 1C). DLS experiments showed
the presence of particles with a hydrodynamic radius of ~9 £1 nm (Fig. S2). In addition,

1H NMR spectra confirmed the presence of both SMA-EA and DMPC in the nanodisc
fraction, whereas free polymer and other impurities were present in excess free polymer
fractions (14-20 mL) (Fig. 1G) [77]. While peaks from lipids are absent in the free
polymer fraction (top trace in (G)), the nanodisc-bound polymer peaks (for example, the
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peak from styrene ~7.23 ppm) are broad (bottom trace in (G)). These observations indicate
high stability and monodispersity of SMA-EA DMPC-nanodiscs as compared to pentyl-
inulin DMPC-nanodiscs. The non-ionic nature of pentyl-inulin DMPC-nanodiscs allows
unrestricted fusion of nearby nanodiscs, unlike the nanodiscs formed using the anionic
SMA-EA, causing decreased stability of nanodiscs when passing through the SEC column
and, therefore, polymer-lipid assemblies eluted in large elution volume as seen in Fig.1(C).

3.2. Charged lipids can stabilize and render homogeneous nanodisc particles for non-
ionic polymers

The effect of inter-nanodiscs electrostatic interactions on the stability of nanodisc particles
was tested by self-assembling nanodiscs samples containing non-ionic polymer and
zwitterionic DMPC and anionic DMPG lipids. Nanodiscs with four different DMPC:DMPG
concentration ratios were studied using a 1:1 (w/w) pentyl-inulin:lipid ratio. When DMPG
was included in the polymer-lipid mixture at a 9:1 (w/w) DMPC:DMPG ratio, the SEC
elution profile for the nanodiscs/polymer-lipid complexes was improved; hence the peaks
arising from the excess free polymer were resolved better when compared to that of the
sample containing only DMPC and pentyl-inulin (Figs. 2A, 1C, and S3). However, the

SEC profiles obtained from different samples of 9:1 (w/w) DMPC:DMPG lipid ratio are
not identical, indicating some variation between the samples (Fig. S3). 'H NMR and DLS
experiments were used to analyze the SEC samples. 'H NMR spectra of the different SEC
fractions (labeled 1-6 in Fig. 2A) showed peaks from both pentyl-inulin and lipids (Fig.
2B). Thus, the broader elution of polymer and lipids indicates the presence of polymer-lipid
aggregates of various sizes but not stable nanodiscs on the column. NMR peak integration
analysis was performed on the well-resolved peak from the DMPC-y-CH3 group to estimate
the DMPC lipid in all different SEC fractions. A large variation in the DMPC-y-CH3z

peak intensity was observed for the different fractions from SEC (Fig. 2A, C), further
highlighting the size heterogeneity of varying polymer-lipid nanodisc particles. However,
the DLS profile showed particles with a hydrodynamic radius between 8.5 to 10.4 nm

from different SEC fractions (Fig. S3), indicating that the polymer and lipids reassembled
into polymer nanodiscs in collection tubes after elution from the SEC column. Therefore,
the non-identical SEC profiles obtained from different samples suggest a higher (>10%)
concentration of anionic DMPG might be needed to stabilize the pentyl-inulin polymer
nanodisc particles.

In order to enhance the size stability of the nanodisc particles, we then prepared and tested
pentyl-inulin nanodisc samples containing 8:2, 7:3, and 6:4 (w/w) DMPC:DMPG lipid
ratios. Upon increasing DMPG concentration from 9:1 to 8:2 or 7:3 (w/w) DMPC:DMPG
ratio, a more symmetric peak with a narrow elution volume was observed in SEC. The
peak from excess free polymer was completely resolved (Fig. 3A, B). The fractions from
nanodiscs were combined and analyzed together. DLS profiles showed a hydrodynamic
radius between 9.5 and 11.4 nm (Figs. 3(C, D), S4, and S5), and 'H NMR spectra showed
peaks from both pentyl-inulin and lipids (Fig. 3E), indicating the presence of polymer
nanodisc particles. The symmetric shape of the elution peak and a narrow elution of
nanodiscs indicate that the polymer nanodiscs were stable to unrestricted collision by the
column pressure on the SEC column and suggest that the sample is highly homogeneous.
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The SEC profile for the 6:4 (w/w) DMPC:DMPG sample was similar to that of the 7:3
(w/w) DMPC:DMPG sample (Fig. S6). Overall, these results indicate the crucial role of
charged lipids in stabilizing the non-ionic pentyl-inulin-nanodiscs.

The above observations are also reflected in the higher transparent solution exhibited by 7:3
and 8:2 (w/w) DMPC:DMPG polymer-lipid assemblies than by 9:1 (w/w) DMPC:DMPG
and DMPC-only polymer-lipid assemblies at room temperature (Fig. 4A). The bluish color
intensity decreased with increasing anionic DMPG lipids in the sample from the DMPC-
only sample to the 7:3 (w/w) DMPC:DMPG sample, indicating a higher polydispersity

of DMPC-only polymer-lipid assemblies as compared to DMPG-containing samples (Fig.
4A). A similar trend of temperature-dependent bluish color difference has been reported
for DMPC containing bicelles [78]. Although the DMPC-only sample showed increased
transparency at 4 °C, the solution transparency was improved upon the addition of DMPG,
and it was complete in the samples containing 7:3 and 8:2 (w/w) DMPC:DMPG ratio of
lipids (Fig. 4B). These observations indicate that the solubilization of lipids using non-ionic
polymer is more efficient at low temperatures than at high temperatures. In other words,
non-ionic polymer solubilizes the lipids below their phase-transition temperature which is
~24 °C for DMPC/DMPG lipids [79]. Therefore, the temperature condition could be an
important parameter to consider for the solubilization of synthetic lipids as well as cell
membranes to isolate a target membrane protein or any other non-ionic polymer-based
nanodisc applications [80]. The increased lipid solubility at 4 °C may partly be due to

the reduction in the collision and fusion of nanodiscs. In contrast, SMA-EA efficiently
solubilized DMPC lipids at 30 °C, and therefore, it did not require any low-temperature
treatment for nanodiscs formation. The solubility of the 7:3 (w/w) DMPC:DMPG mixture
by different lipid:polymer ratios was also compared, and it was found that 1:1 w/w
lipid:polymer is the minimum ratio that exhibited a maximum transparent solution at

room temperature, as shown in Fig. 4C. Again, the gradual decrease of bluish color with
increasing polymer concentration, indicates improved sample homogeneity when using
polymer at 1:1 (w/w) ratio of polymer and lipids.

To further confirm the heterogeneity of the nanodisc particles, TEM images were obtained
(Figs. 5 and S7). Although the images are of low resolution, the 7:3 (w/w) DMPC:DMPG
nanodiscs sample exhibited more homogeneous nanodisc particles when compared to other
samples with a low concentration of DMPG or without DMPG, as shown in Fig. 5. For

the sample with DMPC alone, small micelle-like, fused, and circular nanodisc particles
with a diameter of 30 £5 nm were observed (Fig. 5A). For the 9:1 (w/w) DMPC:DMPG
sample, micelle-like particles and a mixture of distorted and circular nanodisc particles with
a diameter of 22 £6 nm were observed (Fig. 5B). In the 8:2 (w/w) DMPC:DMPG sample,
only a mixture of both distorted and circular nanodisc particles with a diameter of 23 £5 nm
were observed but did not find any substantial number of micelle-like particles (Fig. 5C).

In comparison to the above mentioned three samples, the 7:3 (w/w) DMPC:DMPG sample
showed more homogenous nanodisc particles with a diameter of 25 +5 nm (Fig. 5D). Thus,
our results suggest that a minimum of about 20% charged lipids are needed to obtain stable
and homogenous polymer nanodiscs that can be purified by SEC before membrane protein
reconstitution (Fig. 3A).
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The main focus of this study is on the role of charge on non-ionic polymer-based nanodisc
formation, and their stability and homogeneity. Amphipathic polymers (SMA and DIBMA)
are great tools for making stable lipid-bilayered nanodiscs [72, 73, 81, 82] and also for
isolating membrane proteins directly from cell membranes [67, 73]. However, similar to
MSP [27, 83-86] and 4F peptides [87], these polymers are highly charged molecules; hence,
they are not suitable for studying the role of charge on the nanodiscs’ stability and size
homogeneity. Therefore, the non-ionic inulin-based polymer [74] is used to investigate the
charge effect on nanodiscs stability by making nanodiscs with different lipid compositions
and compared with the anionic SMA-EA polymer nanodiscs [74, 76]. The results reported
here are helpful in quickly preparing non-ionic polymer nanodiscs with an optimized lipid
composition to reconstitute any target membrane protein. Pentyl-inulin can solubilize both
neutral (DMPC) and a mixture of neutral and charged lipids (DMPC:DMPG). But the broad
elution of the polymer-DMPC complex is very intriguing when purified by SEC column
under a column pressure of ~2.5 MPa. The broad SEC elution profile and multiple particles
observed in TEM images and DLS profile reflects the instability and size heterogeneity of
the pentyl-inulin/DMPC complexes. The sample heterogeneity is due to the uncontrolled
fusion/fission of nanodiscs that leads to various sizes of polymer-lipid complexes (Fig. 6A).

On the other hand, the inclusion of the anionic DMPG produced an improved SEC profile,
indicating a highly stable and homogeneous sample of pentyl-inulin polymer nanodiscs.
The increased stability is because of the charge-charge repulsions between nearby nanodiscs
containing negatively charged DMPG lipids that restrict their uncontrolled collision (Fig.
6B). These observations are similar to that reported for DMPG-containing bicelles where
DMPG prevented the formation of vesicles due to the presence of strong Coulombic
repulsion between lamellae at high temperatures [88]. Additionally, the Na* ions from the
buffer (50 mM NaCl) could form another charge layer by interacting with the negatively
charged DMPG on the nanodisc surface. Thus, according to the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory of repulsive electrostatic and attractive van der Waals forces,

the electrical double layer formed by DMPG-Na* may stabilize nanodiscs by creating
electrostatic repulsive forces between nanodiscs as seen for charged bicelles complexed
with Na* [89, 90]. The charge repulsions between nanodiscs also make them resistant

to the pressure effect on the SEC column, thus enabling easy purification of stable

and homogenous nanodiscs. By contrast, the anionic SMA-EA polymer-DMPC nanodiscs
produced a symmetric SEC elution profile. In this case, the negative charge of the SMA-EA
polymer-belt inhibits any uncontrolled collision of nanodiscs (Fig. 6C).

Non-homogenous samples of nanodiscs might not be suitable for high-resolution structural
studies of membrane proteins by techniques such as NMR, Cryo-EM, or other biophysical
techniques that require highly homogenous samples. Thus, the study highlights the crucial
role of ionic components (charged lipids in the current study) to obtain stable and
homogeneous non-ionic polymer nanodisc samples for various functional and structural
studies of membrane proteins or any other biomolecules of interest. Membrane-binding
peptides (and antimicrobial peptides) with a net positive charge interact selectively with
negatively charged bacterial membranes. Therefore, similar to bicelles, the negatively-
charged lipid-containing non-ionic polymer nanodiscs could be suitable lipid-bilayer
mimetics to study such membrane-binding peptides [91-93]. Furthermore, these polymer
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nanodiscs can also be applicable for the stable reconstitution and characterization of
oppositely charged protein-protein complexes such as the redox cytochrome-P450 and its
redox partner (P450 reductase or cytochrome-b5) [79] or other charged molecules including
nucleic acids [94] and drugs [95]. While bicelles are well-studied membrane mimetics

and used in various applications [96-98], their lipid:detergent molar ratio value has to be
maintained above 1 to achieve a stable lipid bilayer [99]; lipid:detergent mixtures with q<1
form a micelle-like structure, which is less desirable for the functional reconstitution of
membrane proteins [99, 100]. On the other hand, nanodiscs could be better lipid bilayer
systems owing to their robustness, easy manipulation with different lipid compositions,
and detergent-free environment for studying membrane proteins and other applications
[101]. In addition, unlike nanodiscs, bicelles used for protein structural studies are not
usually purified through SEC prior to protein reconstitution to remove any free detergent
molecules or other impurities present due to their instability under column pressure. That
said, polymer-based nanodiscs do have their own limitations. In general, polymers with a
very high-charge density can be ineffective in solubilizing ionic lipids of the same charge
due to Coulombic repulsions; this could be especially problematic when working with the
detergent-free isolation of membrane proteins from anionic cell membranes [68, 80, 102].

Pentyl-inulin has been shown to solubilize lipids in the presence of high mM concentrations
of divalent metal ions and a range of pH conditions [79]. However, how the metal ions in
buffers with different pHs affect the stability of nanodiscs when purified by chromatography
methods is unknown. Therefore, a systematic study on the effect of various metal ions

on the stability of non-ionic polymer nanodiscs would be helpful for membrane protein
reconstitution, especially for those that require/function in the presence of metal ions

(for example, the Sarco-endoplasmic reticulum calcium ATPase) [103]. This information

is also needed when using non-ionic polymer-based nanodiscs under magnetic-alignment
conditions to determine high-resolution NMR structural parameters such as residual dipolar
couplings for various water-soluble metal ion-binding biomolecules [104-106].

Studies have reported the development of bicelles for drug delivery applications [107-111].
Although bicelles are a promising tool for drug delivery studies, they are prone to interact
with proteins and other molecules in plasma [112]. As a result, lipid bilayer destabilization
and drug leakage may occur before reaching the drug target region. In contrast, the nonionic
inulin-based polymer nanodiscs stabilized with suitable lipid composition could be useful in
a broad range of applications, including drug delivery which requires pure, homogenous, and
stable nanodiscs [113]. Furthermore, although inulins are not naturally present in humans,
they occur in many plant species and have been shown to have health benefits [113].

Thus, the nanodiscs forming inulins may be suitable for the reconstitution and delivery of
water-insoluble therapeutics through the gut or to deliver to the lungs, as shown with the
MSP-based nanodiscs [114]. But, as mentioned above, highly stable nanodiscs with good
size homogeneity and purity are needed. Therefore, the findings reported in this study,

i.e., the preparation of stable and highly homogenous polymer nanodiscs using non-ionic
inulin-based polymers and ionic lipids, would help to make a stable reconstitution system
for drug delivery studies. Further studies characterizing the non-ionic polymer nanodiscs in
the presence of plasma are needed to get insights into their interaction with different plasma
proteins (protein corona) and to understand their lipid bilayer stability.

J Colloid Interface Sci. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krishnarjuna et al. Page 10

4. Conclusions

In conclusion, the charged lipids in nanodiscs play a significant role in the stability and size
homogeneity of polymer nanodiscs. At least 20% charged lipids are needed to stabilize

the non-ionic polymer nanodiscs. Without charged lipids, non-ionic polymers can still
solubilize the zwitterionic lipids by hydrophobic-hydrophobic interactions. However, these
soluble polymer-lipid assemblies are highly polydisperse when passed through an SEC
column as they undergo unrestricted fusion/fission, forming polymer-lipid assemblies of
different sizes (highly heterogeneous). But the inclusion of charged lipids can avoid the
uncontrolled collision of nanodiscs in solution due to charge-charge repulsions between
nearby nanodiscs; thus, obtaining a more homogenous nanodisc sample is charge-dependent.
In addition to charged lipids, low-temperature treatment of polymer-lipid mixtures plays a
role in non-ionic polymer-based lipid solubilization. When compared to the pentyl-inulin
nanodiscs, SMA-EA nanodiscs are more homogeneous due to the high charge density

of the polymer belt. Due to the non-ionic nature of pentyl-inulin, different types of

charged lipids can be introduced to characterize their effects on various membrane-binding
peptides/proteins and other biomolecules using non-ionic polymer nanodiscs. For high-
resolution structural studies using static solid-state NMR spectroscopy on magnetically-
aligned large-size nanodiscs, SEC-purified nanodiscs are recommended due to their high
size homogeneity and, therefore, would likely result in narrow linewidths. Such purification
would allow the unique advantages of the self-assembled non-ionic polymer nanodiscs to
be utilized to successfully reconstitute large-size, dynamic integral membrane protein or
protein-protein complexes.
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Fig. 1.

Stability of zwitterionic DMPC-nanodiscs prepared using two different polymers: pentyl-
inulin (non-ionic) and SMA-EA (anionic). (A) Chemical structures of DMPC and DMPG.
(B) Chemical structure of pentyl-inulin. (C) SEC chromatogram of pentyl-inulin DMPC
mixture. The individual fractions from each rectangular box (labeled as 1-5) were analyzed.
(D) IH NMR spectra of different SEC fractions of pentyl-inulin DMPC mixture; NMR
peaks from the pentyl-groups of inulin polymer and acyl chains of DMPC are boxed,

and the peak from DMPC-y-CH3 group is labeled. (E) Chemical structure of SMA-EA
polymer. (F) SEC chromatogram of SMA-EA DMPC mixture. Peaks 1 and 2 in rectangular
boxes correspond to nanodiscs and excess free polymer, respectively; ‘u’ represents the
uncharacterized peaks. (G) 1H NMR spectra of SEC elution peaks 1 and 2 from (F). The
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characteristic peaks from DMPC and styrene (from SMA-EA) are labeled. All NMR spectra
were recorded at 303 K.
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Fig. 2.
(A) SEC chromatogram of a solution mixture of pentyl-inulin polymer and 9:1 (w/w)

DMPC:DMPG mixture. The fractions from SEC (boxed and labeled with 1-6) were
separately analyzed using NMR and DLS experiments. (B) 'H NMR spectra of SEC
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fractions (1-6 from (A)). (C) The intensity of the IH NMR peak from the DMPC-y-CH3
group was measured from various SEC fractions (1-6 from (A)). Peak intensities are
normalized to the intensity of DMPC y-CHg peak in spectrum-2 (see (B)).
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SEC chromatograms of polymer nanodiscs containing pentyl-inulin and (A) 8:2 or (B) 7:3
(w/w) DMPC:DMPG at 1:1 (w/w) polymer:lipid ratio. The SEC purified samples were
analyzed by (C, D) DLS and (E) 1H NMR experiments. NMR peaks from polymer, lipids,
buffer, and water are labeled. 8:2 and 7:3 labels in (E) indicate the w/w DMPC:DMPG ratios
in pentyl inulin polymer nanodiscs.

J Colloid Interface Sci. Author manuscript; available in PMC 2024 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Krishnarjuna et al.

DMPC

9:1 (wiw) 8.2 (wiw) 7:3 (wiw) DMPC 9:1 (wiw) 8.2 (wiw) 7:3 (wiw) 0..2:1 0.4:1 0.7:1

14
DMPC: DMPC: DMPC: DMPC:DMPG DMPC:DMPG DMPC:DMPG  (w/w) polymer:lipid ratio
DMPG DMPG DMPG >
Fig. 4.

Solubilization of liposomes and nanodiscs formation in the presence of pentyl-inulin
polymer. The photographs were taken 10 min after storing samples at room temperature

(A) and 4 °C (B). All the samples were prepared using a 1:1 (w/w) ratio of polymer and
lipids (10 mg/mL solution of 10 mg lipids and 10 mg polymer). (A and B; from left-to-right)
zwitterionic DMPC alone, 9:1 (w/w) DMPC:DMPG, 8:2 (w/w) DMPC:DMPG, and 7:3
(w/w) DMPC:DMPG. (C) The solubilization of 7:3 (w/w) DMPC:DMPG lipid mixture

in the presence of 0.2:1, 0.4:1, 0.7:1 and 1:1 (w/w) polymer:lipid ratio; 10 mg/mL lipids
solution containing 2, 4, 7, and 10 mg/mL polymer (from left to right).
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Fig. 5.
TEM images of nanodiscs composed of pentyl-inulin polymer and zwitterionic DMPC

alone (A), 9:1 (w/w) DMPC:DMPG (B), 8:2 (w/w) DMPC:DMPG (C) and 7:3 (w/w)
DMPC:DMPG (D). The bottom panel is an enlarged region of the image in the top panel.
All the samples were made using 1:1 (w/w) lipid:polymer ratio. Nanodisc particles of
different sizes/shapes are pointed with different colored arrows: small micelle-like particles
(yellow), distorted assemblies (purple) and fused assemblies (red), and stable/circular
nanodiscs (blue). Full images of these samples can be found in Fig. S7.
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Fig. 6.

Schematic of charge-mediated stability and homogeneity of polymer nanodiscs. (A) non-
ionic polymer-DMPC (zwitterionic lipid) nano assemblies/nanodiscs: Due to unrestricted
collision, different size aggregates are formed on the SEC column under column pressure;
hence they eluted with varying elution times as schematically shown in chromatogram:

1, nanodisc-like; 2-3, different size polymer-lipid aggregates; 4, excess free polymer. (B)
non-ionic polymer-DMPC (zwitterionic) and DMPG (anionic) nanodiscs, and (C) anionic
polymer-DMPC (zwitterionic) nanodiscs. The anionic nature of lipids/polymer is indicated
with a minus symbol in oval circles. Charge-charge repulsions by anionic DMPG in non-
ionic polymer nanodiscs (B) or by anionic SMA-EA belts in ionic polymer nanodiscs (C)
resulted in a narrow elution volume, indicating high stability and homogeneity of nanodiscs.
The two-headed arrows indicate ionic repulsions between charged nanodisc particles. In B
and C, the nanodisc and free polymer peaks are labeled with 5/7 and 6/8, respectively.
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