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Abstract

Membrane mimetics are essential to study the structure, dynamics and function of membrane-

associated proteins by biophysical and biochemical approaches. Among various membrane 

mimetics that have been developed and demonstrated for studies on membrane proteins, lipid 

nanodiscs are the latest developments in the field and are increasingly used for various 

applications. While lipid-nanodiscs can be formed using an amphipathic membrane scaffold 

protein (MSP), peptide, or synthetic polymer, the synthetic polymer based nanodiscs exhibit 

unique advantages because of the ability to functionalize them for various applications. In addition 

to the use of synthetic polymers to extract membrane proteins directly from the cell membranes, 

recent advances in the development of polymers used for nanodiscs formation are attracting new 

attention to the field of nanodiscs technology. Here we review the developments of novel polymer 

modifications that overcome the current limitations and enhance the applications of polymer based 

nanodiscs to a wider variety of biophysical techniques used to study membrane proteins. A 

summary of the functionalization of poly(Styrene-co-Maleic Acid), SMA, polymers developed by 

our research and their advantages are also covered in this review article.

1. Introduction

1.1 Membrane mimetics are essential to functionally reconstitute membrane proteins

Biological lipid membranes are a vital component of any cell. Lipid membranes provide 

functional barriers between subcellular compartments and between the cell and its 

environment. Membrane proteins are essential parts of the cellular membrane that facilitates 

many of the crucial cellar functions required for life.[1–5] Approximately 30% of the human 

genome is dedicated to encoding membrane proteins [6] and they represent ~60% of all drug 

targets [7]. However, only ~3% of all current protein structures reported in the Protein Data 

Bank (PDB) [8] are membrane proteins. The lack of membrane protein structural 

information limits our current understanding of cellular membrane biology [9] and 
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significantly hinders the process of modern drug design [10]. Numerous challenges have 

plagued the study of functional membrane protein structures. A crucial challenge in the 

structural biology investigation of membrane proteins is their functional stability. Most 

membrane-associated proteins are insoluble in aqueous solvents. One common method for 

membrane protein solubilization is the use of detergent micelles [11, 12]. Detergents, small 

amphiphilic molecules that consist of long hydrophobic chains and a polar head group, have 

been the most commonly used method for extracting, isolating, and purifying membrane 

proteins from their native cellular environment [13, 14]. Membrane protein solubilization by 

detergents consists of an undesirable perturbation of the native lipid bilayer and an 

association of the detergent hydrophobic tails with the hydrophobic transmembrane region 

of the membrane protein. This extraction and micelle formation commonly interferes with 

membrane protein folding, causing a loss in membrane protein native functionality [15–19]. 

This major drawback greatly hinders the study of membrane proteins prompting the need for 

better membrane mimetics.

To circumvent this problem a common membrane mimetic used in membrane protein 

research is the liposome [9, 20]. Liposomes are vesicles that consist of lipids that 

spontaneously assembled into a bilayer. These are advantageous over detergents as the 

liposomal bilayer closely resembles the cellular membrane environment as compared to a 

detergent micelle [20]. The major drawback of liposomes as a membrane mimetic is their 

relative instability, their limited use in various biophysical characterization techniques, and 

the need for detergent inclusion in the extraction process of membrane proteins [21]. 

Another common membrane mimetic used to study membrane proteins are bicelles [22–25], 

which are disc-shaped phospholipid bilayers surrounded by a rim containing short chained 

detergent molecules. The advantages of bicelles over liposomes are that bicelles have no 

membrane curvature, higher stability, and size tunability. Particularly, the size tunability is 

achieved by changing the ratio of lipid to detergent (q-ratio) [26]. By controlling the q-ratio, 

bicelles have been shown to align in the presence of a magnetic field at larger sizes (q>2.5). 

These large bicelles are anisotropic as they do not tumble fast enough in the NMR time 

scale. [27] Bicelles have also been used for solution NMR studies when formed at lower 

sizes (q < 0.5; also known as isotropic bicelles) [28, 29]. While advantageous over 

liposomes, bicelles still have the crucial problem of including detergents during the 

reconstitution of membrane proteins. The detergent molecules present in bicelles undergo 

diffusion from the rim to the planar lipid bilayer and also present in the form of toroidal 

pores within the planar lipid bilayer of the bicelles [30]. The ability of the detergent 

molecule to diffuse into the lipid bilayer can denature an embedded protein [9]. To overcome 

these challenges researchers have developed nanodiscs to better simulate a native-like 

membrane environment for membrane protein research [31].

1.2 Curvature-free lipid nanodiscs enabled structural studies of membrane proteins

Introduced by Sligar and co-workers in 2002, nanodiscs are non-covalent nanoparticles that 

consist of a disc shaped lipid bilayer stabilized by an amphiphilic membrane scaffold protein 

(MSP) [32] that was inspired from high density lipid particles [33]. MSP nanodiscs can be 

made by mixing MSPs with detergent-solubilized protein and lipids [31]. Scaffold protein 

nanodiscs have been very successful in the study of several membrane proteins [33–39] and 
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amyloid proteins [40, 41]. The curvature-free nanodiscs have been demonstrated to be 

highly valuable to understand amyloid aggregation mechanism and to trap amyloid 

oligomers for high-resolution NMR based structural studies [40]. However, the process of 

incorporating proteins into MSP nanodiscs still requires the use of detergents during the 

reconstitution process [31]. MSP based nanodiscs also introduce interfering spectral 

properties during the study of reconstituted membrane proteins. Even though very recent 

studies reported the possibility of increasing the size of MSP-based nanodiscs [37], which 

are otherwise small (typically <15 nm diameter), there are difficulties in reconstituting large-

size membrane proteins or protein-protein complexes. Some of these difficulties have been 

overcome using short amphipathic peptides engineered from the MSP protein [42, 43]. 

These peptides have been shown to self-assemble with lipids to form nanodiscs and enable 

the reconstitution of protein-protein complexes. These nanodiscs undergo collision and 

exchange lipid contents as demonstrated by a recent study using high-speed AFM and 31P 

NMR experiments [44–46]. The peptide-based nanodiscs are useful for structural studies of 

membrane proteins using solution NMR [42], SAXS [47], solid-state NMR [48] and also 

used for potential cancer immunotherapy [49, 50]. While peptide-based nanodiscs are 

increasingly used, their interference with biophysical studies of the embedded protein of 

interest and other potential undesired effects for in-vivo applications are inherent limitations 

for further biological and biomedical applications. Therefore, to overcome these limitations, 

there is significant interest in the development of different types of amphipathic molecules 

that can form nanodiscs.

2. Polymer based lipid-nanodiscs

Poly(Styrene-co-Maleic Acid), SMA, is an amphiphilic polymer that is obtained by 

hydrolyzation of the poly(Styrene-co-Maleic Anhydride), SMAnh [51–53]. SMA based 

nanodiscs are a promising technology that can be used for isolation, purification, structural 

and functional characterization of membrane proteins [52, 54]. In 2009 SMA-lipid particles 

(SMALPs) were first reported to have the ability to form nanodiscs [55]. SMA also allows 

the direct extraction of membrane proteins without removing them from their native lipid 

membrane environment and, most importantly, this process is accomplished without the use 

of destabilizing detergents [54, 56, 57]. Most of the current SMA research has involved 

investigating several different molecular weights and styrene to maleic anhydride ratios, 

leading to a plethora of different polymers available commercially [58, 59]. The advantages 

over micelles, liposomes, bicelles, and protein based nanodiscs allow polymer nanodiscs to 

be applied to a wider variety of membrane protein studies.

Polymer nanodiscs in the form of SMALPs have been shown to have significant downsides 

to their use however. The original SMA polymers (~9.5 kDa) used in SMALPs did not allow 

for any significant size control over the nanodiscs [53], also all SMA based polymer 

nanodiscs are unstable to conditions that require low pH or the presence of divalent metal 

ions [51, 54]. These limitations have restricted the applications of SMA based nanodiscs and 

do not allow for the active study of membrane proteins whose function require a low pH or 

require the presence of divalent metal ions such as Ca2+ or Mg2+ [60–62]. The instability of 

SMA is due to the presence of carboxylic acids as the hydrophilic portion of the polymer. 

SMA is only soluble in water at a high pH that allows for the formation of carboxylates, 
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however carboxylates also strongly chelate with divalent metal ions, leading to SMAs 

instability [51, 54]. The anhydride unit of SMAnh copolymers can be functionalized by 

amines via a nucleophilic ring opening reaction[63]. SMAnh can be customized in several 

different ways and our research has focused on the hydrophilic functionalization of SMA, 

while also imparting size control by employing a lower molecular weight SMA as our 

starting material.

SMA polymers have been very successful in the reconstitution of membrane proteins into 

nanodiscs [52, 54, 64–71]. SMA polymers have the unique advantage over other membrane 

mimetics in that SMA has been shown to directly extract membrane proteins from the 

cellular membrane [52, 54, 56]. SMA polymer nanodiscs have been shown to form in a 

variety of lipids with a size range of 10–15 nm diameter [53, 72]. A variety of biophysical 

studies reported the characterization of SMA based polymer nanodiscs [73–75]. NMR 

experiments have been used to show the formation of nanodiscs and to probe lipid dynamics 

[76, 77]. Due to the lack of relative size control the current NMR applications of polymer 

nanodiscs are limited to solution NMR. In order to expand the NMR applications of polymer 

nanodiscs to both solution and solid-state NMR, more control over nanodiscs size is needed 

[22, 39, 78]. Our hypothesis is that a lower molecular weight polymer would allow for size 

control of nanodiscs is based on the knowledge gained from the molecular weight (MW) 

difference between high MW MSPs, which do not allow for size control, and low MW 

peptide based nanodiscs which have been demonstrated to enable size control [35, 42]. Our 

lab has been focused on using low molecular weight polymers to achieve the necessary 

nanodiscs size control for various biophysical and structural biology studies (Figure 1).

2.1 Expanding the range of sizes nanodiscs by using SMA-EA.

The first functionalized SMA based polymer we developed was styrene maleic anhydride – 

ethanol amine (SMA-EA) [79] using the starting material poly(styrene-co-maleic anhydride) 

cumene terminated with an approximately 1.3:1 styrene:maleic anhydride molar ratio with a 

number average molecular weight of about ~1.6 kDa. SMA-EA was synthesized by 

modifying the starting SMAnh via a nucleophilic ring opening reaction using ethanol amine 

(Figure 1). The resulting polymer was shown to form nanodiscs with a large range of sizes 

(10–60 nm diameter) by varying the lipid to polymer ratio. Small SMA-EA nanodiscs, with 

lipid:polymer (w/w) ~ 2, (<20 nm) were shown to be suitable for solution NMR 

experiments, whereas the larger sized nanodiscs (macro-nanodiscs) (lipid:polymer 1:1 w/w) 

aligned in the presence of an external magnetic field enabling structural studies of 

membrane proteins using solid-state NMR spectroscopy [80–82]. The ability of nanodiscs to 

be used in the study of membrane proteins using solution as well as solid state NMR were 

shown using Cyt b5 as an example. Uniformly-15N-labeled Cytochrome-b5 reconstituted in 

small nanodiscs (10 nm) exhibited well dispersed peaks in a 2D TROSY-HSQC (transverse 

relaxation optimized spectroscopy-heteronuclear single quantum correlation) spectrum 

suggesting that protein is well folded. Cyt b5 reconstituted in macro-nanodiscs were used in 

a 2D PISEMA (polarization inversion and spin exchange at magic angle) experiment [81, 

83–86]. The PISEMA spectrum revealed a characteristic wheel-like pattern of resonances 

showing the tilt of the helical transmembrane domain with respect to the lipid bilayer 

normal. The SMA-EA polymer was also shown to have an increased stability towards 
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divalent metal ions (up to 21 mM for Ca2+ and 30 mM for Mg2+), and an increased tolerance 

towards low pH (from pH 4.5 to pH 3.3 based on the lipid:polymer w/w ratio)) as compared 

to SMALP (pH ~ 6.3). While we demonstrated that SMA-EA polymer nanodiscs could be 

formed in a wide variety of sizes, the presence of carboxylic groups as the hydrophilic 

component still limited the application of SMA-EA nanodiscs.

2.2 Acidic compatible polymer nanodiscs using SMA-ED and SMAd-A.

Because the SMAnh anhydride group is easily functionalized by amines, we hypothesized 

that a substitution of the carboxylic acids with other hydrophilic groups would increase the 

stability of the polymer nanodiscs towards low pH. To test this hypothesis, we synthesized 

two different SMA derivatives, styrene maleic acid – ethylene diamine (SMA-ED) and 

styrene maleimide – amine (SMAd-A) [87]. First, we synthesized SMA-ED, a zwitterionic 

analog of SMA, with the idea that the polymer would always be charged due to the 

negatively charged carboxylates at high pH and the positive charged amino groups at low 

pH. This polymer showed stability for a wide range of pH values (3.5 < pH < 8.5) during the 

presence of only one kind of charged functional group. One interesting result was that at 

near neutral environment (pH ~ 6 ± 1) SMA-ED was not stable and precipitated from 

solution. We interpreted this observation as being a result of the zwitterionic state of SMA-

ED forming aggregates with itself due to the presence of attractive charge-charge 

interactions. SMAd-A was synthesized to show a monofunctional form of SMA that is stable 

at low pH. The SMAd-A polymer was formed from a dehydration reaction of a Boc-

protected SMA-ED to form the maleimide, followed by a Boc deprotection. This positively 

charged SMAd-A demonstrated the expected characteristic stability at acidic conditions (pH 

~ 3.5) while it precipitated at basic conditions (pH > 6) due to the loss of charge on the 

amino functional groups. SMA-ED and SMAd-A both showed a remarkable stability 

towards the presence of divalent metal ions at acidic pH. These results demonstrated that the 

replacement of the metal chelating carboxylates with non-chelating amino groups allows for 

the formation of nanodiscs even in the presence of divalent metal ions and at lower pH. Both 

SMA-ED and SMAd-A based lipid nanodiscs have also been demonstrated to stabilize a 

medically important polyphenolic compound, curcumin, showing a potential application in 

the field of drug delivery [87].

2.3 Robust pH resistant nanodiscs using SMA-QA

Both SMA-ED and SMAd-A still had limitations due to the presence of pH dependent 

charged hydrophilic groups, that restricted their use to specific pH ranges. With the goal to 

form polymer nanodiscs that are stable under all biologically relevant pH and metal ion 

concentrations, we synthesized styrene maleimide – quaternary ammonium (SMA-QA) 

polymer [88]. We selected a quaternary ammonium as the charged hydrophilic group due to 

its pH independent charge and nonchelating properties. SMA-QA was synthesized using a 

similar approach previously seen in our SMAd-A polymer synthesis. The functionalization 

was performed by reacting SMA (~1.6 kDa) with aminoethyltrimethylammonium chloride 

hydrochloride followed by a dehydration reaction forming the maleimide. SMA-QA was 

shown to form monodispersed nanodiscs of a variety of sizes (10–30 nm) by varying the 

lipid to polymer ratio (1:1.5 to 1:0.25 w/w). These nanodiscs were shown to be 

monodispersed in size as characterized by dynamic light scattering (DLS), transmission 
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electron microscopy (TEM), and size exclusion chromatography (SEC). The smaller 

nanodiscs (~10 nm) were shown to be isotropic in solution, enabling solution NMR studies 

on membrane proteins, whereas the macro-nanodiscs (>20 nm) exhibited spontaneous 

alignment in the magnetic field and are suitable for solid-state NMR studies. The remarkable 

feature of SMA-QA nanodiscs is that the nanodiscs are stable in a wide range of pH values 

(2.5 < pH <10) and in the presence of divalent metal ions (up to 200 mM of Ca2+ or Mg2+). 

Because of these unique properties, SMA-QA nanodiscs are a robust membrane mimetic 

tool that offers significant advantages over all currently reported nanodisc systems, and 

therefore we foresee a significant expansion in the applicability of nanodisc technology.

Recent studies have demonstrated the many advantages of SMA based polymers over 

peptidic based nanodiscs, which includes studies on membrane proteins.[71, 89–94] But, the 

functional modifications described here would drastically increase the applications of these 

polymer based nanodiscs in studying membrane proteins using a wide variety of biophysical 

techniques including solution and solid-state NMR spectroscopy. Most of the polymer 

nanodiscs studies on membrane proteins reported in the literature is limited to neutral pH, 

whereas SMA-QA polymer can be used to study the pH dependent membrane insertion or 

function of a membrane protein even at low pH [61, 95]. we also would like to mention that 

a strong UV absorption and the interactions with aromatic styrene group of SMA based 

polymers SMA based polymers pose limitations for the applications of some of the 

biophysical techniques. For example, the SMA polymer has been shown to have strong 

interactions with Thioflavin T (ThT) dye that is commonly used in monitoring the kinetics 

of amyloid aggregation. To overcome these limitations of polymer based nanodiscs, recent 

developments have focused on the production of styrene-free polymers, which include 

Diisobutylene/Maleic Acid Copolymer[69] and Polymethacrylate Copolymers.[96]

3. Conclusions and future directions

In conclusion functionalization of a low molecular weight SMA polymer allowed for the 

tuning and enhancement of these polymers to differing pH and metal ion presence while also 

allowing for a greater control over size. Using size control, the applications of polymer 

nanodiscs in the field of NMR spectroscopy, specifically for structural studies using solid-

state NMR spectroscopy, is achievable. We expect that macro-nanodiscs will prove to be a 

valuable tool in the study of functional reconstitution and structural investigation of large-

size membrane proteins and membrane protein assemblies like channels and complexes. 

These macro-nanodiscs will allow the use of sophisticated biophysical techniques including 

cryo-electron microscopy, SAXS and SANS. Overall the ability to use a straightforward 

chemical functionalization to modify the functional groups of SMA polymers enable us to 

engineer new polymers to overcome the current limitations seen in polymer nanodiscs 

technology. We have also demonstrated the use of styrene-free polymers to form lipid-

nanodiscs which have been shown to be potentially useful in the investigation of amyloid 

aggregation and for studies using styrene-sensitive biophysical experiments such as circular 

dichroism (CD) and thioflavin-T (ThT) based fluorescence [96]. This allows us to greatly 

expand the use of polymer nanodiscs for biophysical structural and functional studies on a 

variety of membrane proteins, membrane-bound protein-protein complexes, and domains of 
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cell membranes. It is also worthwhile to explore the feasibilities of potential biomedical 

applications of polymer based nanodiscs.

We believe that further optimization of the polymers would be useful to continue to expand 

the applications of polymer nanodiscs. Some of the polymer aspects worth investigating 

include the following. First, the optimization of the styrene and maleic acid group 

alternation in the chain (perfect alternating versus statistically random) may provide 

additional insights into protein structural biology using nanodiscs. Second, the design of a 

variety of hydrophobic groups to accommodate the variation in the hydrophobic thickness of 

the lipid bilayer while eliminating the styrene moiety due to its potential interaction with 

proteins. Third, it is also important to further investigate the lamellar nature of lipids in SMA 

based nanodiscs using calorimetry and solid-state NMR based experiments, and to 

systematically investigate the effect of the hydrophobic groups of the polymers on the 

structure and function of the reconstituted protein(s) and on the physicochemical properties 

of lipids. Finally, further studies to optimize the reconstitution of a variety of membrane 

composition, asymmetric lipid bilayer, and raft-like domains would further broaden the 

scope of polymer-based nanodiscs.
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Figure 1. SMA derivatives that form lipid nanodiscs.
Hydrophilic functionalization to enhance polymer nanodisc features and applications. 

Molecular structures of SMA based polymer derivatives used to form lipid-nanodiscs (left 

panel) and illustrations of “sushi-like” lipid-nanodiscs (right panel). As reported in our 

publications [79, 87, 88], the ability of a synthetic polymer to solubilize lipid aggregates is 

characterized by static light scattering (SLS) experiments on multilamellar vesicles (MLVs), 

TIRF based fluorescence experiments and phosphorus-31 NMR experiments. Polymer-based 

nanodiscs are prepared via the self-assembly process by directly mixing an appropriate ratio 

of polymer and lipid(s) in a buffer. Then, the mixture is incubated and purified by size-

exclusion chromatography (SEC). The purified nanodiscs are characterized by dynamic light 

scattering (DLS) experiments to determine the size distribution and transmission electron 

microscopy (TEM) images to evaluate the size homogeneity of polymer-based lipid-

nanodiscs. Finally, the isotropic nanodiscs are further characterized by solution NMR 

spectroscopy while the anisotropic macro-nanodiscs are analyzed using a variety of solid-

state NMR experiments including 31P, 14N, 2D 1H/1H RFDR, SLF and 2D 1H/13C 

HETCOR. Our experience in the preparation of polymer-based nanodiscs suggests the use of 

freeze-thaw cycles for some of the lipids including POPC, POPG and DSPC as needed. In 

addition, sample preparation procedures for a successful reconstitution of a membrane 

protein need to be adapted based on the physicochemical properties of the protein under 

investigation. For a given membrane protein, magnetic-alignment of macro-nanodiscs and 

successful implementation of solid-state NMR experiments require optimization of various 

parameters including the lipid:polymer ratio, concentration of nanodiscs, amount of 

paramagnetic (for example, lanthanide) salt and temperature.
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Figure 2. pH stability of polymer nanodiscs.
A schematic representation of the stability of various polymer nanodiscs under different pH 

based on our experimental characterization as reported elsewhere.[79, 87, 88]
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