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Abstract

Membrane protein spectroscopic studies are challenging due to the difficulty introduced in 

preparing homogenous and functional hydrophobic proteins incorporated into a lipid bilayer 

system. Traditional membrane mimics such as micelles or liposomes have proved to be powerful 

in solubilizing membrane proteins for biophysical studies, however, several drawbacks have 

limited their applications. Recently, a nanosized complex termed lipodisq nanoparticles was 

utilized as an alternative membrane mimic to overcome these caveats by providing a 

homogeneous lipid bilayer environment. Despite all the benefits that lipodisq nanoparticles could 

provide to enhance the biophysical studies of membrane proteins, structural characterization in 

different lipid compositions that closely mimic the native membrane environment is still lacking. 

In this study, the formation of lipodisq nanoparticles using different weight ratios of POPC/POPG 

lipids to SMA polymers was characterized via solid-state nuclear magnetic resonance (SSNMR) 

spectroscopy and dynamic light scattering (DLS). A critical weight ratio of (1/1.25) for the 

complete solubilization of POPC/POPG vesicles has been observed and POPC/POPG vesicles 

turned clear instantaneously upon the addition of the SMA polymer. The size of lipodisq 

nanoparticles formed from POPC/POPG lipids at this weight ratio of (1/1.25) was found to be 

about 30 nm. We also showed that upon the complete solubilization of POPC/POPG vesicles by 

SMA polymers, the average size of the lipodisq nanoparticles is weight ratio dependent, when 

more SMA polymers were introduced, smaller lipodisq nanoparticles were obtained. The results of 

this study will be helpful for a variety of biophysical experiments when specific size of lipid disc 

is required. Further, this study will provide a proper path for researchers working on membrane 

proteins to obtain pertinent structure and dynamic information in a physiologically relevant 

membrane mimetic environment.
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1. INTRODUCTION

Magnetic resonance spectroscopic studies of membrane proteins remain highly challenging 

due to the requirement of a membrane-mimicking environment that maintains the integrity 

and stability of membrane proteins outside their native cellular environment 1. The most 

commonly applied method to solubilize membrane proteins in aqueous solution is detergent-

formed micelles 2, which are widely used to solve high resolution three-dimensional 

structures of membrane proteins 23. However, the lack of a lipid bilayer and the limitation of 

the size of micelles may not preserve the membrane proteins’ structural and dynamic 

integrities under physiological conditions 1345.

To better maintain the structural integrity of membrane proteins, several classes of 

membrane mimics (e.g. liposomes, bicelles, or nanodiscs) comprising lipid bilayer have 

been developed previously 6789. Despite the advantages, several drawbacks have limited 

their applications for spectroscopic studies. In the case of liposomes, homogenous liposome 

samples are not readily obtainable, especially when membrane proteins are to be 

incorporated. Also, the inaccessibility of liposomal interior raises challenges for the 

cytoplasmic domain studies of membrane proteins 10. Furthermore, it is not easy to 

incorporate large amounts of proteins into liposomes which is problematic given that 

sometimes a higher protein to lipid molar ratio is required for biophysical studies 1112. A 

second alternative bicelles, are artificial lipid bilayer discs formed by the mixture of long-

chain phospholipids (e.g. DMPC) and short-chain phospholipids (e.g. DHPC). Bicelles are 

favorable for the study of interactions within membrane proteins that are not retained in 

micelles 1314. Bicelles are able to provide accessibility for the interaction study of both 

extracellular and cytoplasmic domains of membrane protein 10. However, the specific types 

of lipids amenable to bicelle formation limit its applications as the lipid compositions in the 

membrane have been shown to influence the function of antimicrobial peptides and amyloid 

peptides 101516. The introduction of nanodiscs has provided a great tool to study membrane 

proteins in a native-like membrane environment 1718. Nanodiscs consist of lipids surrounded 

by a membrane scaffold protein such as apolipoprotein to form a discoidal bilayer. 

Nanodiscs can be formed with different types of lipids, which gives nanodiscs great 

advantages over bicelles since many membrane proteins require specific types of lipids for 

structural folding and functional reconstitution 192021. Also, it has been reported that 

membrane scaffold proteins helped to improve the stability of nanodiscs compared to other 

membrane-mimicking systmes 22. The drawbacks of using nanodiscs are that it requires 

detergent for protein incorporation and the absorbance properties of the membrane scaffold 

protein may interfere with the membrane protein of interest 917.

An alternative membrane mimic is highly desirable for the proper functional and structural 

characterization of membrane proteins. In this study, we characterize the recently developed 
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lipodisq nanoparticle system (Figure S1 A) as a potential membrane mimic system 232425. 

Unlike nanodiscs, lipodisq nanoparticles are formed from lipids solubilized by polymers 

instead of membrane scaffold proteins, thus they should not interfere with the absorbance 

properties of the membrane proteins of interest 262723. Also, no detergent is needed for 

protein incorporation into the lipodisq nanoparticles. The polymer for solubilizing lipids 

consists of styrene and maleic acid (SMA) at a molar ratio of 3:1 (Figure S1 B). Though 

lipodisq nanoparticles show a high potential to become a good membrane mimetic to 

enhance biophysical studies of membrane proteins, its structural characterization in a native-

membrane mimetic environment is still lacking. Here, we use POPC/POPG lipids at a molar 

ratio of 9/1 and SMA polymers to form lipodisq nanoparticles. POPC is the most common 

phospholipid found in mammalian cell membranes, and POPG was chosen to mimic the 10 

– 20 molar percent anionic phospholipids typically found in mammalian membranes 2829. 

The weight ratio of lipid to polymer was varied and different lipodisq nanoparticle samples 

were characterized by solid-state NMR (SSNMR) and dynamic light scattering (DLS). 

Transmission electron microscopy (TEM) was also used to confirm the size and 

homogeneity of vesicles and lipodisq nanoparticle samples.

2. MATERIALS AND METHODS

2.1 Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG), 1-myristoyl-2-hydroxy-sn-

glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (LMPG), 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC), and 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC) were 

purchased from Avanti Polar Lipids (Alabaster, Alabama, USA). 3:1 SMA polymer was 

purchased from Malvern Cosmeceutics (Tewkesbury, Gloucestershire, UK). N-[2-

Hydroxyethyl]piperazine-N’-2-ethanesulfonic acid (HEPES) was purchased from Sigma-

Aldrich (St. Louis, MO, USA). Sodium chloride (NaCl) was purchased from Fisher 

Scientific (Pittsburgh, PA, USA).

2.2 Preparation of POPC/POPG vesicles and Lipodisq nanoparticles

POPC/POPG vesicles were composed of POPC and POPG with molar ratio of [POPC] / 

[POPG] = 9 / 1. POPC and POPG powdered lipids were suspended in the buffer (100 mM 

NaCl, 20 mM HEPES, pH 7.0) to a final concentration of 25 mM. Lipid slurry was vortexed 

vigorously to mix completely and vesicles were formed spontaneously after ten freeze/

sonication cycles. Liposomes were than subject to extrusion through a 400 nm filter 

membrane followed by a 200 nm filter membrane. SMA polymers were dissolved in the 

buffer (100 mM NaCl, 20 mM HEPES, pH 7.0) to a final concentration of 5% (m/v) 

followed by 1 min of water-bath sonication to a complete dissolution. Lipodisq 

nanoparticles with different weight ratio of lipid to polymer (1/0.25, 1/0.5, 1/0.75, 1/1.25, 

1/1.75, and 1/2.25) were formed by adding SMA polymers dropwise to the POPC/POPG 

vesicles. Samples were then mixed well by vortexing and equilibrated through two freeze/

sonication cycles. Samples were allowed to equilibrate at room temperature overnight. For 

solid state NMR experiment, sample was concentrated to around 100 ul at 14,000 g using 

Amicon concentrator at cutoff of 3 kD according to manufacturer’s instructions.
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2.3 Preparation of LMPG micelles and DMPC/DHPC bicelles

LMPG micelles were formed by dissolving LMPG in buffer (100 mM NaCl, 5 mM HEPES, 

pH 7.0) to a final concentration of 42 mM (20 mg/ml). DMPC/DHPC bicelles were 

composed of DMPC and DHPC with molar ratio of q = [DMPC] / [DHPC] = 3.2. DMPC 

and DHPC powdered lipids were dissolved in 5 mM HEPES buffer (pH 7.0) to a final 

concentration of 12% (m/v). Three cycles of the following: heating at 40 °C for 15 min, 

vortexing for 1min, cooling on ice for 15 min and again vortexing for 1 min, were 

performed until the lipid suspension was clear.

2.4 Dynamic light scattering (DLS)

DLS measurements were performed on a Zetasizer nano series (Malvern Instruments) at 25 

°C in disposable 40 µl micro cuvettes. Data were collected for 20 sec and averaged for 10 

scans. The distance distribution is shown on a log scale using Igor Pro (WaveMetrics).

2.5 Solid-state NMR spectroscopy

A 500 MHz WB Bruker Avance solid-state NMR spectrometer and a Bruker 4mm triple 

resonance NMR probe (Billerica, MA, USA) were used to collect the 31P solid-state NMR 

spectra. 31P NMR spectra were recorded with 1H decoupling using a 7 µs π/2 pulse for 31P 

and a 3 s recycle delay, 2 K scans were averaged, and the free induction decay was 

processed using 100 Hz of line broadening. The spectral width was set to 500 ppm. All of 

the data were collected at 25 °C except for DMPC/DHPC bicelle, which was collected at 42 

°C. 31P NMR spectra were plotted using the software Igor Pro (WaveMetrics).

2.6 Transmission electron microscopy (TEM)

One drop of control POPC/POPG vesicle and lipodisq nanoparticle (1/1.25) samples were 

adsorbed to 200 mesh copper carbon-coated grids for 10 s for fully absorbance. Grids were 

stained with two drops of 1.5% ammonium molybdate. Images were recorded using a 

Joel-1200 electron microscope operated at 120 kV.

3. RESULTS AND DISCUSSIONS

Figure 1 shows the visible observation of the transparency of POPC/POPG vesicles titrated 

with different amounts of SMA polymers. From left to right, the weight ratio of POPC/

POPG lipid to SMA polymer gradually increased from (1/0) (tube 0) to (1/2.25) (tube 6). At 

a weight ratio of (1/0), the sample was opaque and cloudy. As the weight ratio increased, the 

sample appeared less cloudy. When the critical weight ratio of (1/1.25) (tube 4) was reached, 

the sample turned to clear, which indicated the formation of a homogenous sample. The 

addition of the SMA polymer instantaneously turned the sample clear, which indicates the 

potential of using lipodisq nanoparticles for efficient sample preparation. These results 

revealed a qualitative observation of the solubilization of POPC/POPG vesicles and 

demonstrated the optimal amount of SMA polymers needed to fully dissolve POPC/POPG 

vesicles at a weight ratio of (1/1.25). After the formation of liposomes, SMA lipodisq 

nanoparticles are quick and easy to prepare.
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31P SSNMR and DLS experiments were performed to investigate the formation of lipodisq 

nanoparticles from POPC/POPG vesicles and SMA polymers. 31P SSNMR spectra provided 

unique structural and dynamic information on the phospholipid head groups, and DLS 

measured the size distribution of each sample. Both experiments were performed and the 

results were compared side by side. Figure 2 shows DLS data (left, red) and the 

corresponding 31P SSNMR data (right, blue) for control POPC/POPG vesicles and lipodisq 

nanoparticles formed with different weight ratios of lipid to polymer. Both DLS and 31P 

SSNMR results clearly indicate a change in the size of POPC/POPG vesicles from larger to 

smaller upon adding SMA polymers. As observed in Figure 2 A through E, there was a 

gradual shift of average size from about 250 nm to about 30 nm (see Table 1). Furthermore, 

a broader size distribution was observed when the weight ratio of lipid to polymer was 

greater than (1/1.25), which indicated an incomplete dissolution of POPC/POPG vesicles at 

these weight ratios and the existence of heterogeneity in these samples (Figure 2 B – D, The 

right most small peak may be due to small amounts of sample inhomogeneity which is not 

significant when compared to the main peak). This transition was supported by the 

corresponding 31P SSNMR results. An obvious 31P powder pattern shape was observed in 

Figure 2A, and this powder pattern gradually decreased from Figure 2B through 2D, 

accompanied by a gradual increasing 31P isotropic peak. When the weight ratio of (1/1.25) 

was reached, as shown in Figure 2E, the 31P powder pattern disappeared and only the 

isotropic peak was left, suggesting the formation of small lipodisq nanoparticles 

corresponding to fast isotropic motion. This formation of an isotropic peak when the weight 

ratio of lipid to polymer was (1/1.25) corresponded to the complete dissolution of the lipids 

as observed in Figure 1. Furthermore, inspection of the DLS and SSNMR results from 

samples with weight ratios of (1/0.75) to (1/1.25), revealed a change in particle size from 

about 90nm to about 30nm on average and a change in chemical shift width from 45 ppm to 

6 ppm (see Table 1), clearly indicating the formation of small and homogenous lipodisq 

nanoparticles at the specific weight ratio of (1/1.25). These results indicated that the weight 

ratio was crucial in the formation of the lipodisq nanoparticles, and a threshold of weight 

ratio has to be reached in order to make a homogenous lipodisq nanoparticle suspension. We 

observed that the samples with weight ratios smaller than (1/1.25) (Figure 2 F and G), the 

uniformity of the lipodisq nanoparticle sample was unchanged, though the size of the 

particle was smaller (see Table 1). This result suggested that by modifying the weight ratio 

at the critical dissolution point, the lipodisq nanoparticles with a specific size can be formed. 

The DLS and 31P NMR studies are useful to help characterize lipodisq nanoparticles and for 

studying lipid systems when a specific size is required.

In order to further characterize the lipodisq nanoparticles as a model membrane mimic, 31P 

powder spectrum and size distribution of the lipodisq nanoparticles at the weight ratio of 

(1/1.25) were compared with other model membrane mimics (LMPG micelles and DMPC/

DHPC bicelles). Figure 3 shows DLS data (left, red) and 31P SSNMR data (right, blue) of 

these three membrane mimics. DLS analysis of the particles demonstrated that the lipodisq 

nanoparticles had a narrow size distribution, which is comparable to micelles and bicelles. 

Under these sample conditions, the lipodisq nanoparticles are larger in size than both the 

micelle and bicelle samples. This is advantageous for incorporating larger integral 

membrane proteins. The isotropic 31P NMR linewidths are broader for the lipodisq 
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nanoparticle sample when compared to the micelle and bicelle samples. This is because of 

the larger size and the corresponding slower motion of the lipodisq nanoparticles in solution. 

Also, the 31P NMR spectrum of the lipodisq nanoparticles is comparable to another 

commonly utilized powerful membrane mimic system called nanodiscs that have been 

reported previously in the literature 30. This result indicated that the homogeneity of the 

lipodisq nanoparticles has strong potential to serve as an alternative membrane mimic. Most 

importantly, the larger size and lipid bilayer properties of the lipodisq nanoparticles shows 

great promise over micelles and bicelles as a membrane mimic.

To confirm the size of the lipodisq nanoparticles obtained from the DLS measurements, 

transmission electron microscopy (TEM) experiments were conducted. Figure 4 shows TEM 

micrographs of uranyl acetate stained POPC/POPG vesicles and lipodisq nanoparticles 

(1/1.25). An average size of about 240 nm for POPC/POPG vesicles and about 35 nm for 

lipodisq nanoparticles (1/1.25) were obtained, which agreed with the analysis of the particles 

by DLS (Figures 2 and 3). Also, TEM results indicated that the lipodisq nanoparticle 

(1/1.25) sample was more homogenous in size when compared to POPC/POPG vesicles, 

which is a significant improvement in membrane mimetic systems, making the lipodisq 

nanoparticle system very attractive as an alternative method for membrane mimicking 

systems.

In conclusion, the formation of lipodisq nanoparticles from POPC/POPG lipids and SMA 

polymers was successfully demonstrated. A critical weight ratio (lipid to polymer) of 

(1/1.25) or smaller was required for the complete dissolution of POPC/POPG vesicles to 

form homogenous lipodisq nanoparticles. Also, it was found that the lipid composition 

played an important role in making lipodisq nanoparticle samples. Furthermore, lipodisq 

nanoparticle samples of specific size can be formed by modifying weight ratio, which is 

useful for biophysical studies of membrane proteins when different sizes of membrane 

mimic are needed. Future studies will focus on the characterization of membrane proteins in 

the lipodisq nanoparticle system, especially on the study of protein-protein complexs. 

Overall, lipodisq nanoparticles are a new membrane mimic system that shows great potential 

to advance biophysical studies of membrane proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• POPC/POPG vesicles are titrated with SMA polymers to form lipodisqs.

• The more SMA were added, the smaller lipodisqs were formed.

• Lipodisqs became clear at the weight ratio of (1/1.25).
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Figure 1. 
Visible observation of lipodisq nanoparticles formation through the combination of POPC/

POPG vesicles and SMA polymers at different lipid to polymer weight ratios and normal 

POPC/POPG vesicles as a control: (0) control POPC/POPG vesicles, (1) lipodisq 

nanoparticles (1/0.25), (2) lipodisq nanoparticles (1/0.5), (3) lipodisq nanoparticles (1/0.75), 

(4) lipodisq nanoparticles (1/1.25), (5) lipodisq nanoparticles (1/1.75), (6) lipodisq 

nanoparticles (1/2.25).
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Figure 2. 
DLS data (left, red) and 31P SSNMR data (right, blue) for control POPC/POPG vesicles and 

lipodisq nanoparticles generated from different lipid to polymer weight ratios: (A) control 

POPC/POPG vesicles, (B) lipodisq nanoparticles (1/0.25), (C) lipodisq nanoparticles (1/0.5), 

(D) lipodisq nanoparticles (1/0.75), (E) lipodisq nanoparticles (1/1.25), (F) lipodisq 

nanoparticles (1.75), (G) lipodisq nanoparticles (1/2.25).
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Figure 3. 
Comparison of DLS data (left, red) and SSNMR data (right, blue) of lipodisq nanoparticles 

(1/1.25) at 25 °C, DMPC/DHPC bicelles at 42 °C, and LMPG micelles at 25 °C.
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Figure 4. 
TEM micrographs of uranyl acetate stained (A) control POPC/POPG vesicles and (B) 

lipodisq nanoparticles (1/1.25).
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