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• Crude Quillaja saponins solubilized 
phospholipids and formed bicelles.

• Bicelle formation depended on temper
ature, saponin-lipid ratio, and ionic 
strength.

• Triterpenoid saponins aescin, GA, Grb1, 
and HC dissolved lipids and formed 
bicelles.

• The steroid saponin digitonin dissolved 
lipids but did not form bicelles.
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A B S T R A C T

Saponins are a diverse class of plant-derived glycoside natural products. They are amphiphilic surfactants and 
have been included in food, agriculture, cosmetics, cleaner, and pharmaceutical products as emulsifiers. In
teractions between saponins and lipids have been widely studied for these applications. Recently, some binary 
saponin-phospholipid mixtures have been reported to form disc-shaped colloidal particles, called bicelles or 
nanodiscs, that align in a magnetic field. These bicelles are potentially useful for a variety of research and 
biomedical purposes. Here, we used transmittance assays to determine the ability of Quillaja saponins (CQS) to 
solubilize phospholipids with varied chain lengths and headgroup charges. Then, we used static 31P solid-state 
NMR to construct a temperature-composition diagram of the binary CQS-DMPC system and identify the condi
tions that allow formation of bicelles and spontaneous alignment in a magnetic field. To improve the homoge
neity and reproducibility of bicelle formulations, we investigated lipid solubilization and bicelle formation of 
DMPC in the presence of seven additional saponin molecules and mixtures. We discovered that the triterpenoid 
saponins aescin, glycyrrhizic acid, ginsenoside Rb1, and hederacoside C efficiently solubilized DMPC and 
induced the formation of homogeneous bicelles. The steroid saponin digitonin dissolved DMPC but did not form 
bicelles. Possible structural determinants of saponin-induced lipid solubilization and bicelle formation are 
discussed.
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1. Introduction

Saponins comprise a diverse class of glycoside natural products with 
applications in food and beverages, pharmaceuticals, cosmetics, 
cleaners, and oil recovery [1–12]. They are amphiphilic molecules, 
consisting of a fused ring aglycone – called sapogenin – and one or more 
carbohydrate chains [10]. The sapogenin structure can contain a tri
terpene or steroid backbone, and saponins are broadly categorized as 
either triterpenoid or steroid. Almost all saponins attach a carbohydrate 
chain at the sapogenin C3 [10,13,14]. Bidesmosidic saponins have an 
additional carbohydrate chain, typically at C28 in triterpenoids or C26 
in steroids [10]. These carbohydrate chains can contain between two 
and five monosaccharide units in a linear or branched sequence [10]. 
Having clearly defined hydrophobic (sapogenin) and hydrophilic (car
bohydrate) regions, most saponins behave as surfactants, and most ap
plications leverage their surfactant properties [6]. For example, 
saponins are commonly used as emulsifiers in food and beverages, lo
tions, soaps, detergent cleaners, and oil recovery processes [2].

As surfactants, saponins have also been widely demonstrated to 
interact with and dissolve lipid membranes [15–23]. In humans, sapo
nins often interact with immune cell receptors and membranes, resulting 
in immunomodulatory effects [24–32]. Extensive research has demon
strated anti-inflammatory effects of select saponin molecules and 
explored their use in treating conditions such as inflammatory bowel 
disease [33–36]. Saponins are also commonly used for their immunos
timulatory effects as adjuvants in veterinary vaccines [9,37–39]. 
Recently, saponins extracted from Quillaja saponaria have similarly been 
included in vaccines for shingles and COVID-19 and approved for human 
use [9,40,41]. However, the ability of many saponins to dissolve cell 
membranes also often causes hemolysis or other cytotoxic effects in high 
doses, limiting their biological uses except as antimicrobials or pesti
cides [42]. Hemolytic activity and cytotoxicity of saponins are structure- 
dependent, so discovering or synthesizing saponins with low toxicity is 
an active research goal [19,43–45].

While saponins have been extensively studied for their partitioning 
into lipid monolayers and spherical model lipid bilayers, a few have 
been additionally shown to remodel phospholipid nanoparticles to 
planar membrane structures [46–54]. Within certain ranges of temper
atures and compositions, saponins and phospholipids self-assemble in 
water with the lipids forming a flat bilayer and the saponin localized 
around the rim, like a belt, to protect the hydrophobic lipid chains from 
the solvent. Hellweg et al. observed sheets and disc-shaped particles, 
sometimes called nanodiscs, formed by binary mixtures of the saponins 
β-aescin or glycyrrhizic acid (GA) with the zwitterionic phospholipid 
DMPC [46,50]. Similarly, our group previously reported the formation 
of discoidal particles by mixtures of DMPC and a crude Quillaja saponin 
(CQS) extract [54]. Traditionally, planar lipid bilayers such as these 
were called bicelles and considered to only adopt a discoidal geometry. 
However, subsequent research demonstrated that they can also assume 
cylindrical, ribbon, or elongated sheet morphologies, as observed for the 
mixtures of β-aescin and DMPC [55–58]. In this report, we will collec
tively refer to all non-spherical mixed bilayer micelles, including discs, 
cylinders, ribbons, and sheets, as bicelles.

Bicelles, especially nanodiscs, are of academic and medical interest 
due to their geometric, optical, and magnetic properties. Flat mem
branes are better models of the lipid environment around proteins in 
large cell membranes than curved liposome membranes and are thus 
attractive model membrane systems for constituting membrane pro
teins. In the presence of an applied magnetic field, bicelles spontane
ously align with their bilayer normals oriented perpendicular to the 
magnetic field axis [59,60]. Aligned bicelles can serve as an anisotropic 
medium for NMR-based structural studies of molecules embedded 
within a lipid bilayer or in the solution phase [61,62]. Some research 
further suggests that nanodiscs have favorable geometric properties for 
biodistribution compared to liposomes, which makes them a promising 
vehicle for drug delivery [63–68].

Lipids included in bicelles are generally restricted to those that are 
similar to biological lipids, so there is more opportunity to vary bicelle 
properties via the belt. Classes of molecules commonly used as bicelle 
belts are detergents, short-chain phospholipids, membrane scaffold 
proteins, and synthetic polymers [59,69–71]. Lipid transition tempera
tures, lipid mobilities, compatibility of lipids, bicelle diameter and 
width, charge, stability against pH and metal ions, resistance to aggre
gation and hydrolytic degradation, membrane hydration, and temper
ature and composition ranges allowing magnetic alignment all depend 
at least somewhat on the belt [59,69,72–75]. Electrostatic properties of 
the belt are especially notable as many are highly charged, which may 
cause unwanted electrostatic interactions with molecules partitioned in 
the lipid bilayer or in solution. For example, our lab showed that the 
charge of the belt can affect the ability of nanodiscs to reconstitute 
membrane proteins [76]. Strong charges in the belt may also limit the 
ability of the bicelle to incorporate lipids of the same charge. Addi
tionally, detergent and short-chain phospholipid belt molecules are 
prone to mixing within the lipid bilayer and forming micelles in solu
tion, which might alter how the bicelle sample interacts with other 
molecules or proteins [54,73,77]. Thus, there is a need to identify and 
develop bicelle systems with belts exhibiting a range of properties. 
Because saponins are so structurally diverse, they are an attractive class 
of molecules to study for bicelle formulations.

Saponin-based bicelles are capable of both reconstituting membrane 
proteins and retaining motionally-averaged anisotropic interactions to 
enable high resolution structural studies using solution and solid-state 
NMR experiments [52,54]. Bicelles formed from β-aescin and DMPC 
were shown to accommodate bacteriorhodopsin [52], and aligned CQS- 
based bicelles allowed measurement of residual dipolar couplings 
(RDCs) for aqueous cytochrome C [54]. However, the RDCs measured 
using aligned CQS bicelles were weak, and β-aescin is an acidic mole
cule, potentially introducing unwanted electrostatic interactions with 
proteins embedded in the bicelle lipid bilayer and limiting the use of 
anionic lipids. Given the diversity of saponin structures, saponin mole
cules may exist that are nonionic and create a strong, homogeneous 
aligned phase with a variety of lipids. As such, there is a benefit to 
thoroughly studying the formation of bicelles with saponins. Here, we 
used 31P solid-state NMR to study the nanoparticle structures of mixtures 
of DMPC and CQS. We analyzed this data to construct a temperature- 
composition diagram of the binary surfactant system and to identify 
factors that promote the formation of planar lipid bilayers that align in a 
magnetic field. Then, we characterized the lipid solubilization and 
aligned phase formation by other saponins, and identified structural 
features of saponins that may affect both phenomena.

2. Experimental methods

2.1. Materials

The phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC, >99 %), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 
>99 %), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, >99 %), 
and 1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DMPG, 
>99 %) were purchased from Avanti Research (Alabaster, AL). Ginse
noside Rb1 (>97.5 %) and glycyrrhizic acid monoammonium salt (>98 
%) were obtained from Thermo Fisher (Waltham, MA). Aescin (>95 % 
saponin content) was provided by Cayman Chemicals (Ann Arbor, MI), 
and all other chemicals, including the Quillaja saponins, digitonin (>94 
%), hederacoside C (>95 %), and α-hederin (>95 %), came from Mil
lipore Sigma (Burlington, MA). Crude (<70 % saponin content) and 
purified (>99.5 % saponin content) Quillaja saponins were purchased 
separately. All chemicals were used without further purification.

2.2. Lipid solubilization assay

Phospholipid stocks were prepared by weighing out the lipid and 
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dispersing in sodium phosphate buffer (10 mM NaPO4, 100 mM NaCl, 
pH 7.4) for a concentration of 10 or 20 mg/mL. Before mixing with the 
saponins, phospholipid suspensions were subjected to 3 freeze/thaw 
cycles in liquid N2 and warm water. Stocks of water-soluble saponins 
were made in buffer at 200 mg/mL (Quillaja saponins, aescin) or their 
solubility limit (100 mg/mL for digitonin, 40 mg/mL for Grb1). Saponin 
and phospholipid stocks were then added together and mixed for at least 
30 min at a temperature that was at least 5 K above the phase transition 
temperature of the phospholipid. For samples with water-insoluble sa
ponins (i.e. glycyrrhizic acid, hederacoside C, α-hederin), 4× saponin 
was dissolved directly in 10 mg/mL phospholipid, diluted with phos
pholipid solution without saponin for different ratios, and mixed as 
described previously. After mixing, 30 μL of each sample was added in 
triplicate to a 384-well, black-walled microplate. Absorbance was read 
at 790 nm using a Biotek Synergy 2 microplate reader with the incubator 
set to 298 K. Each sample was measured twice, and replicates were 
averaged. Absorbance of buffer alone was subtracted from the sample 
absorbance values, and transmittance was calculated for each sample as 
the negative log of the absorbance. Transmittance values were 
normalized and plotted against the mass percentage of saponin in each 
sample. The saponin content is reported as the mass of saponin divided 
by the total surfactant mass (lipid + saponin): 

χsap =
msap

msap + mlipid 

Normalized transmittance data were fitted with a Boltzmann 
sigmoid.

2.3. NMR

Saponin/phospholipid mixtures were prepared for NMR as described 
above except with 100 mg/mL total phospholipid concentration and 
using tris buffer (10 mM tris, 100 mM NaCl, pH 7.4) instead of sodium 
phosphate. When saponin solubility allowed, 2× saponin and phos
pholipid stocks were mixed. Otherwise, saponin was dissolved directly 
in a 100 mg/mL phospholipid solution that had been subjected to three 
freeze/thaw cycles. After the saponin was added to or dissolved in the 
phospholipid solution, three more freeze/thaw cycles were applied to 
the mixture. The mixture was then packed in a thin-walled 2.5 mm 
Bruker rotor (approximately 25 μL volume). A typical sample contained 
approximately 2.5 mg of DMPC. 31P NMR data were collected from 295 
K – 320 K using a 400 MHz Bruker spectrometer equipped with a 2.5 mm 
triple-resonance HXY Bruker MAS probe operating under static condi
tions. Samples equilibrated at each temperature for 34 min prior to data 
collection by direct acquisition with 1H decoupling. Acquisition pa
rameters were 2.2 μs 90◦ pulse, 3 s recycle delay, and 1024 scans signal 
averaging. The 31P chemical shift was calibrated with phosphoric acid 
set to 0 ppm. Data were processed with 20 Hz exponential line 
broadening.

3. Results and discussion

3.1. CQS dissolves phospholipids

Phospholipids suspended in aqueous buffer appear as an opaque, 
milky white solution. Addition of an additional surfactant can cause the 
solution to become transparent as the second surfactant dissolves the 
large, light-scattering liposomes into smaller, optically transparent 
species, such as micelles or nanodiscs. The dissolution of phospholipids 
during titration of an additional surfactant can therefore be evaluated 
quantitatively by measuring the transmittance of light through the 
sample, calculated from the absorbance of a wavelength that is not 
absorbed by any molecule in the sample. We measured the ability of CQS 
to solubilize phospholipids with varied alkyl chain length and charge via 
this method (Fig. 1b,c). The CQS effectively solubilized the zwitterionic 
phospholipids with a sigmoidal relationship between transmittance and 

CQS content (Fig. 1b). The amount of CQS required to dissolve the 
zwitterionic lipids correlated positively with the lipid alkyl chain length. 
The solubilization assays were performed at 298 K, which is above the 
main phase transition temperature (Tm) for DMPC but below the Tm of 
DPPC and DSPC. However, increasing the temperature during the assay 
did not significantly alter the solubilization profiles (Fig. S2), so the 
lipid phase cannot fully explain the differences between the solubiliza
tion behaviors of the different lipids.

In contrast, the anionic lipids exhibited a much different solubiliza
tion profile to the zwitterionic lipids (Fig. 1c). For pure DMPG, trans
mittance increased linearly with CQS content from 1 %–29 % CQS by 
weight before reaching a plateau. The plateau held through 29 %–48 % 
CQS, after which adding more saponin caused the transmittance to 
decrease, reaching 0 with 80 % CQS. A 1:1 mixture of DMPC and DMPG 
exhibited a solubilization behavior that combined aspects of the solu
bilization of the individual lipids. Transmittance increased sigmoidally 
with titration of low amounts of CQS before adding more CQS caused the 
transmittance to decrease. As with the zwitterionic lipids, the sigmoidal 
phase of increasing transmittance likely corresponded to a dissolution of 
DMPG vesicles to smaller aggregates, such as micelles, bicelles, or small 
vesicles. The behavior at high CQS concentration is more peculiar but 
has some precedent. In the presence of Ca2+, moderate amounts of a 
polyelectrolyte dextran sulfate added to PC vesicles increased the 
turbidity of the solution [78,79]. This was explained as dextran sulfate 
adsorbed to the vesicle surface promoting vesicle aggregation via a 
bridging mechanism [78,79]. It is possible that CQS similarly promotes 
fusion of DMPG aggregates by adsorbing to the lipid particle surface and 
screening the surface charge. Alternatively, CQS is known to form turbid 
aggregates at high concentrations, so the CQS itself may be forming an 
aggregate with an affinity for DMPG [80,81]. The small decrease in the 
transmittance of samples with DMPC at high CQS concentrations may 
arise from a similar phenomenon (Fig. 1b,c).

3.2. Mixtures of CQS and DMPC form an impure aligned phase within a 
defined temperature-composition range

Transmittance provides a general picture of the solubilization of 
large, insoluble liposomes to small, soluble aggregates but cannot 
discriminate between surfactant particles with similar light scattering 
properties. Crucially, it cannot distinguish planar structures that align in 
a magnetic field from spherical particles if they are similarly soluble or 
insoluble, such as stacked sheets from liposomes or small bicelles from 
micelles. To more fully understand the self-assembly of CQS/DMPC 
nanoparticles and to identify the sample conditions that create a 
magnetically aligning phase, we acquired 31P NMR spectra of CQS- 
DMPC mixtures with different mass ratios in the temperature range 
295 K – 320 K (Fig. 2, S3). DMPC alone formed liposomes and gave rise 
to an axially symmetric powder pattern in the 31P NMR spectra (Fig. 2a). 
The DMPC powder pattern exhibited a perpendicular edge near − 17 
ppm with a small temperature dependence. Increasing the temperature 
caused the perpendicular edge to shift to higher frequency, reflecting 
increased mobility of the lipids in the bilayer and decreased hydrogen 
bonding with the bulk water. The low intensity parallel edge appeared 
near 30 ppm and shifted slightly (< 1 ppm) to lower frequency at 320 K.

When we titrated CQS into the lipids, we observed three categories of 
NMR lineshapes depending on the mass fraction of the saponin (Fig. 2). 
With low CQS content (<33.3 %), the dominant 31P lineshape compo
nent was still a powder pattern with a clear parallel edge above the noise 
level (Fig. 2b). However, the perpendicular edge was shifted downfield 
at low temperatures, near − 14.5 ppm. As the temperature increased, the 
chemical shift of the perpendicular edge decreased to − 17 ppm, the 
chemical shift observed for DMPC alone. Within this composition range, 
increasing CQS content also decreased the spectral intensity. Above 
33.3 % CQS, the powder pattern was replaced by a symmetric peak at 
the perpendicular edge with no parallel edge of a powder pattern visible 
above the noise level (Fig. 2c). The temperature dependence of this peak 
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was similar to that of the low-CQS samples, and its intensity was greatest 
for the samples with CQS content around 43 %. Additional CQS caused 
the peak intensity to decrease to zero at 67 % CQS (Fig. 2d). Mixtures 
with greater than this amount of CQS gave a single peak in the 31P NMR 
spectrum at the isotropic frequency, approximately − 1 ppm. A similar 
isotropic peak was observed for every sample with CQS, but it only 
became the dominant peak at high CQS mass fractions (Fig. 2d).

The powder pattern, symmetric peak near − 14 ppm, and isotropic 
peak at − 1 ppm are attributed to a non-orienting lamellar phase, an 
oriented planar lamellar phase, and an isotropic phase, respectively. In 
the context of surfactant particle structures, the non-orienting lamellar 
phase generally corresponds to liposomes, the orienting phase to stacked 
sheets or disk-shaped bicelles, and the isotropic phase to small vesicles 
or micelles. Thus, the sample regimes represented by the spectra in Fig. 2
represent (i) pure liposomes (Fig. 2a), (ii) liposomes coexisting with 
isotropic species (Fig. 2b), (iii) orienting bicelles coexisting with 
isotropic species (Fig. 2c), and (iv) pure isotropic species (Fig. 2d). By 
analyzing the 31P spectral line shapes in this way, we have constructed a 
temperature-composition diagram to indicate the temperatures and 
compositions that form each phase (Fig. 3). The shape of the region of 
the temperature-composition diagram corresponding to the aligned 
phase is similar to that of the bicelle forming region previously reported 
for DHPC/DMPC mixtures, with higher mass fractions of CQS pushing 
the temperature range for magnetic alignment higher [82]. However, 

the composition range that allows alignment is slightly different than 
what we reported previously [54]. Previously, we found that the optimal 
CQS mass fraction for alignment was 33.3 % and that alignment did not 
occur with 50 % or more CQS. However, here we show that our mixture 
did not align with 33.3 % CQS and that strong alignment occurred with 
50 % CQS. An isotropic phase was also observed at every CQS content 
here, while we did not previously observe an isotropic phase for the 
33.3 % CQS sample except at high temperature. The buffer composition 
in our prior study was slightly different to that used here, with 40 mM 
NaCl instead of 100 mM, so we first hypothesized that ionic strength 
may have contributed to these differences. It has been shown that ionic 
strength can alter the temperatures and compositions that allow mag
netic alignment of DHPC/DMPC bicelles [82].

To test this hypothesis, we performed lipid solubilization assays and 
acquired temperature-dependent 31P NMR spectra of CQS/DMPC mix
tures with different NaCl concentrations (Fig. 4). CQS efficiently dis
solved DMPC at all ionic strengths between 0 and 1 M NaCl. The amount 
of CQS required to solubilize the lipids did not appreciably change based 
on the ionic strength. However, there was a strong relationship between 
the slope of the transmittance curve and the ionic strength. With low 
ionic strength, the solubilization relative to CQS content was gradual 
compared to that with higher ionic strength (Fig. 4a, blue curve versus 
orange curve). In other words, the range of CQS contents causing partial 
solubilization of DMPC was greater with low ionic strength but centered 

Fig. 1. Solubilization of phospholipids by CQS. (a) Chemical structure of QS-21, a major component of Quillaja saponins. Hydrophobic portions are in black, hy
drophilic in red. Phospholipids with different (b) chain lengths (14, 16, or 18 carbons) or (c) charge were mixed with CQS in varied mass ratios. Phospholipid 
concentration was held constant at 10 mg/mL in each sample. The saponin mass fraction is given relative to total surfactant concentration. Samples were mixed at 5 K 
above gel to liquid crystalline phase transition temperature of the lipid (Tm) and then equilibrated at 298 K or 310 K. Absorbance was measured at 790 nm and 
converted to transmittance. A Boltzmann sigmoid was fitted to the transmittance data. The full fit parameters are provided in Table S1. Transmittance data plotted as 
a function of the mass ratio between the lipid and the saponin are provided in Fig. S1. (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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at approximately the same CQS mass fraction. Decreasing the ionic 
strength also strengthened alignment of particles formed with high CQS 
content, consistent with the effect of ionic strength on bicelle formation 
by DHPC and DMPC [82]; clear alignment was not observed in the 31P 
NMR data for the 33.3 % CQS sample regardless of the ionic strength 
(Fig. 4b,c), but the 50 % CQS sample showed greater intensity in its 
aligned peak with 0 mM NaCl (Fig. 4d) than with 100 mM NaCl (Fig. 4e). 

Perhaps more strikingly, the isotropic peak was reduced in intensity at 
low ionic strength for both CQS fractions (Fig. 4b,d). The reduced 
isotropic population is consistent with our previous results, but we ex
pected decreasing the ionic strength to also weaken alignment at high 
CQS content, and we observed the opposite. Thus, differences in ionic 
strength are not sufficient to explain the lack of consistency between our 
two sets of data. Instead, it is likely that batch-to-batch variations in the 
saponin composition and non-saponin impurities, such as sapogenins 
and carbohydrates, of the crude saponin extract are responsible.

3.3. Solubilization of DMPC by pure saponins

Coexistence of aligned and unoriented phases and poor reproduc
ibility in the preparation of orienting bicelles present an obvious chal
lenge to utilizing CQS-based bicelles in biomedical and research 
applications. We hypothesized that using purified saponins, both single 
molecules and natural saponin extracts devoid of non-saponin impu
rities, would allow the formation of a more homogeneous and repro
ducible aligned bicelle phase. Consequently, we selected seven 
additional saponin molecules or mixtures – pure Quillaja saponins 
(PQS), aescin, ginsenoside Rb1 (Grb1), digitonin, glycyrrhizic acid (GA), 
hederacoside C (HC), and α-hederin (αH) (structures in Fig. 5b) – and 
assayed them for solubilization of DMPC (Fig. 5a). PQS and aescin 
comprised plant-derived mixtures of saponin molecules but were puri
fied of non-saponin impurities. All the saponins except αH solubilized 
DMPC below 80 % saponin content. αH is also not water-soluble and 
visibly did not dissolve in the aqueous mixtures with DMPC. Previous 
work reported αH interactions with lipid bilayers were mediated via 
sterols, so the absence of cholesterol in our samples may also have dis
favored an interaction with the lipids [83,84]. The transmittance in 
samples with GA plateaued above 33 % GA content, which almost 
exactly matches the amount previously reported to produce an optically 
transparent solution (34 %) [50]. Most of the saponins caused a stable 

Fig. 2. Temperature-dependent phase behavior of mixtures of DMPC and CQS. 31P NMR spectra were acquired between 295 K and 320 K on a 400 MHz spectrometer. 
Samples were prepared with 100 mg/mL DMPC and (a) 0 (0 %), (b) 40 (28.6 %), (c) 80 (44.4 %), or (d) 200 (66.7 %) mg/mL CQS in tris buffer (10 mM tris, 100 mM 
NaCl, pH 7.4).

Fig. 3. Temperature-composition diagram of DMPC-CQS binary mixtures. The 
dominant phase was identified from 31P NMR data as non-orienting lamellar 
(square), aligned in the magnetic field (diamond), or isotropic (triangle). Solid 
lines represent experimentally determined phase boundaries; dashed lines are 
hypothetical. All sample conditions with greater than 0 % CQS had an isotropic 
population, but it was not the dominant phase below 50 % CQS, except at 295 
K. The full set of 31P NMR spectra used to construct this diagram are provided in 
the Supporting Information as Fig. S3.
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Fig. 4. Effect of ionic strength on solubilization of DMPC by CQS. (a) Transmittance assays for mixtures of DMPC and CQS with NaCl concentrations of 0 M (blue), 
0.1 M (orange), 0.5 M (green), or 1 M (red). 31P NMR spectra at the noted temperatures of 100 mg/mL DMPC with (b,c) 50 mg/mL CQS or (d,e) 100 mg/mL CQS and 
(b,d) 0 M NaCl or (c,e) 0.1 M NaCl. All transmittance data were fitted with Boltzmann sigmoids. The full fit parameters are provided in Table S1. Transmittance data 
plotted as a function of the mass ratio between the lipid and the saponin are provided in Fig. S1. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 5. Solubilization of DMPC by various saponins. (a) Transmittance was calculated from absorbance at 790 nm for mixtures of DMPC with CQS (blue), PQS 
(orange), aescin (green), Grb1 (red), digitonin (purple), GA (brown), HC (pink), or αH (grey) equilibrated at 298 K. DMPC concentration was held constant at 10 mg/ 
mL in each sample and the saponin mass fraction is given relative to total surfactant concentration. Data were fitted to Boltzmann sigmoids. (b) Molecular structures 
of saponins are represented with the hydrophobic portion in black and the hydrophilic portions in red. The structure of β-aescin is shown as representative of the 
saponin structures in the aescin mixture. All transmittance data were fitted with Boltzmann sigmoids. The full fit parameters are provided in Table S1. Transmittance 
data plotted as a function of the mass ratio between the lipid and the saponin are provided in Fig. S1. (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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plateau in the transmittance, but samples with GA decreased trans
mittance in above 50 % GA (Fig. 5a, light green). These samples also 
became notably viscous or gel-like, which may have caused the sample 
to scatter light. Boltzmann sigmoids were fitted to the transmittance 
data for samples with the other saponins to quantitatively estimate the 
saponin mass fraction required to reach 50 % maximum transmittance 
(S50). Digitonin required the greatest mass fraction to solubilize the 
phospholipid, with S50 of 40.3 %, and HC required the least, with S50 of 
10.4 %.

S50 did not correlate obviously with any property of the saponins, 
including critical micelle concentration (CMC), solubility in water, 
molecular weight, or number of monosaccharide units. HC has the 
lowest reported CMC and the lowest measured S50. But GA, which does 
not form micelles under these sample conditions, solubilized lipids more 
efficiently than digitonin, which does form micelles [16]. αH has little to 
no solubility in water and did not dissolve DMPC, while HC, which has 
the lowest water solubility of the remaining saponins, was the most 
efficient lipid solubilizer. Similarly, the two most water-soluble sapo
nins, CQS and aescin, displayed very different lipid solubilization effi
ciencies, ranking second and sixth respectively among the saponins we 
tested. Previous research suggests that saponin interactions with lipid 
bilayers are highly structure-dependent [20]. Solubilization of hydro
phobic drugs by saponin micelles was also shown to depend on saponin 
structure, with improved solubilization observed for bidesmosidic ole
anane saponins compared to mono- and tri-desmosidic oleanane and 
steroid saponins [85]. The sample size of saponins here is not high 
enough to draw a concrete structure-activity relationship, but saponin 
structural features that may contribute positively to lipid solubilization 
based on our data are a triterpenoid backbone, hydrophilic substituents 
on opposite ends of the aglycone, and a double bond. More efficient 
solubilization by triterpenoid than by steroid saponins is consistent with 
the structural relationship described for solubilization of hydrophobic 
drugs by saponins [85]. Additionally, αH and HC are identical in their 
sapogenin domains and displayed significantly different lipid solubili
zation behaviors, so the carbohydrate chain structure must also play a 
role.

3.4. DMPC nanoparticles with GA, HC, and Grb1 form pure aligned 
phases

To determine whether the additional saponins could induce forma
tion of bicelles that align in a magnetic field, we collected static 31P NMR 
spectra of DMPC mixed with the saponins that solubilized DMPC (Fig. 6, 
S4-S8). The sample conditions giving the most homogeneous aligned 
phases with each saponin are presented in Fig. 6. At low temperature, an 
aescin-DMPC mixture with 20 % aescin produced a powder pattern with 
the perpendicular edge near − 12.5 ppm. Above 303 K, the parallel edge 
of the powder pattern reduced to noise level, and the peak at the 
perpendicular edge became more symmetric, indicating the formation of 
planar lipid bilayers that aligned in the magnetic field. A skew toward 
higher frequency persisted in this temperature range, possibly repre
senting a minor population of non-orienting lamellar particles. Similar 
samples were previously reported by Hellweg et al. to form planar 
membranes above 10 % aescin by mass [46,47]. This roughly corre
sponds to the aescin content we measured to begin solubilization of the 
lipid (see Fig. 5) but is lower than the aescin content that induced 
alignment in the magnetic field. A few factors might explain the seeming 
discrepancy between these observations. Spherical vesicles may have 
coexisted with bicelles below 20 % aescin, thereby hindering alignment. 
Alternatively, different sample conditions may have caused differences 
in the phase boundaries. Our samples contained higher ionic strength 
than those in the previous studies, and ionic strength affects the for
mation of orienting lipid bilayers, as discussed above. Hellweg et al. also 
used pure β-aescin, while our samples contained a mixture of triterpe
noid saponins collectively called aescin, of which β-aescin is the primary 
component.

DMPC mixtures with GA, Grb1, and HC produced single symmetric 
peaks near − 12 ppm in the presence of Grb1 and HC or near − 10 ppm in 
the presence of GA. These peaks appeared much narrower than the 
perpendicular edge of the DMPC powder pattern or the CQS-DMPC 
aligned peak, with widths less than 1/3 that of DMPC alone and 1/6 
that of CQS-DMPC. The variation of the chemical shifts with tempera
ture was also much smaller than for the CQS-DMPC samples. Taken 
together, these data indicate highly homogenous planar membranes that 
align in a magnetic field were formed by DMPC in the presence of GA, 
Grb1, and HC. GA and Grb1 samples transitioned from non-orienting 

Fig. 6. Most homogeneous aligned phases for DMPC with different saponins. 
DMPC (100 mg/mL) was mixed with (a) 0.7× CQS, (b) 0.25× aescin, (c) 0.5×
digitonin, (d) 0.2× GA, (e) 0.2× Grb1, and (f) 0.2× HC. 31P NMR spectra were 
acquired from 295 K – 320 K on a 400 MHz spectrometer. Saponin structures 
are shown above the appropriate NMR spectra. Additional spectra of non- 
orienting samples prepared with each saponin are included in the Supporting 
Information as Figs. S4-S8.
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lamellar particles at 295 K to aligning particles at 303 K for Grb1 sam
ples and 305 K for GA samples. Lipids with HC appeared isotropic at 295 
K – 297 K, non-orienting lamellar from 299 K – 307 K, and aligned above 
309 K. Alignment occurred at human body temperature with all three 
saponins. However, the range of compositions allowing bicelle align
ment was narrow with each saponin (Fig. S6-S8); each system aligned 
with 16.7 % saponin, but alignment was not observed when the saponin 
content was decreased to 9.1 % or increased to 23.1 %. Based on the 
results with CQS-DMPC mixtures, we hypothesized that optimal bicelle 
alignment would be achieved with saponin content corresponding to the 
beginning of the plateau phase in the transmittance assay. In fact, DMPC 
with GA, HC, and Grb1 formed aligning bicelle phases with the exact 
same saponin mass fraction (16.7 %), despite having notably different 
S50 values measured in the transmittance assay. This may reflect a 
change in the temperature-composition behavior of DMPC-saponin 
mixtures at the higher temperatures and total surfactant concentra
tions used for NMR. But the samples with GA and Grb1, which did not 
appear transparent at this saponin content in the transmittance assay, 
also did not appear transparent during the NMR experiments. The 
sample with HC was clear in both experiments. This may also reflect 
different planar membrane structures. For example, GA and Grb1 might 
favor the formation of large light-scattering sheets, while HC might 
promote formation of smaller optically transparent sheets or nanodiscs. 
Previous work by Hellweg et al. showed that DMPC-GA particles became 
larger near the temperatures that we observed alignment, compared to 
the small bicelles they observed below the main phase transition tem
perature of DMPC (298 K) [50]. But they described these particles as 
vesicles and used higher GA content than in our samples. In any case, 
more research is needed to fully understand the nature of the particles 
that align during NMR experiments.

Like with aescin, lipids with 33 % digitonin exhibited a powder 
pattern at low temperature, and the parallel edge reduced in intensity as 
the temperature increased. However, the powder pattern lineshape 
never completely disappeared at this digitonin content or any others we 
tested (Fig. S5). The intensity of the perpendicular edge relative to the 
parallel edge was greater for the sample with digitonin than for DMPC 
alone, so there may be an aligned bicelle phase present, but the powder 
pattern population appeared to dominate the lineshape. Thus, DMPC 
does not appear to form homogeneous bicelles that align in the magnetic 
field in the presence of digitonin. Compared to the saponins that formed 
planar membranes with DMPC, digitonin has a larger aglycone ring 
structure, comprising six fused rings rather than four for Grb1 or five for 
the remaining saponins. It is also the only saponin tested here that has a 
steroid rather than a triterpenoid sapogenin. In the context of lipid 
solubilization, the size of the ring system in the sapogenin may be 
analogous to a detergent or phospholipid alkyl chain length, and so the 
longer chain length disfavors lipid solubilization and formation of 
bicelles.

4. Conclusion

In summary, we comprehensively characterized the lipid solubili
zation behavior of several saponins by optical spectroscopy and solid- 
state NMR. We constructed a temperature-composition diagram of the 
CQS-DMPC system to delineate the boundaries between non-orienting 
lamellar, planar aligning, and isotropic phases, though 31P NMR line
shapes indicated significant heterogeneity. Formation of the planar 
aligned phase was favored by low ionic strength but demonstrated sig
nificant batch-to-batch variation. To improve sample homogeneity and 
reproducibility of bicelle alignment for use in anisotropy-based NMR 
experiments and reconstitution of membrane proteins, we explored the 
lipid solubilization behavior of pure saponins. The triterpenoid saponins 
aescin, GA, HC, and Grb1 efficiently solubilized DMPC and induced the 
formation of bicelles that aligned in a magnetic field, while the steroid 
saponin digitonin was a less efficient lipid solubilizer and did not allow 
formation of pure bicelles. GA, Grb1, and HC are particularly promising 

for producing planar membranes for biomedical and research applica
tions. Compared to DHPC, the traditional bicelle belt molecule, saponins 
are much larger and chemically distinct from the phospholipids, and 
therefore may engage in molecular interactions, especially hydrogen 
bonding, that DHPC would not. However, the saponins offer several 
advantages. To our knowledge, GA is the least expensive bicelle belt 
molecule reported to date. GA and HC are also relatively nontoxic, and 
GA does not form micelles that could contaminate bicelle samples [16]. 
Grb1 and HC are more costly than GA but are nonionic and thus allow 
formation of membranes without worry of electrostatic interactions 
involving the belt. Saponins being chemically distinct from the phos
pholipids and considerably bulkier may also prevent some interactions 
that DHPC would not. For example, some smaller proteins or peptides 
might penetrate both the rim and bilayer portions of a DHPC bicelle 
because the DHPC molecules are chemically similar to the longer chain 
phospholipids, while the larger saponins would prevent that penetration 
of the rim. The specific advantages and disadvantages of each bicelle 
platform will likely need to be evaluated on a case-by-case basis.

Regardless, more research is needed to directly evaluate the ability of 
the saponin-lipid particles to enable anisotropy-based NMR experiments 
and to reconstitute membrane proteins. Further research should assess 
the toxicity of these particles to determine their suitability for biomed
ical applications. For producing membranes that mimic physiological 
conditions, the saponins should also be evaluated for their ability to 
accommodate anionic lipids in bicelles. Aescin, for example, was pre
viously shown to not mix with DOPG, and GA was only found to form 
vesicles with DOPG [86,87]. The capacity to form membranes with 
anionic lipids may also indicate whether these saponins could be 
capable of direct extraction of membrane proteins and physiological 
lipids from biological membranes. In addition, as the 31P NMR data does 
not directly report particle shape, the bicelles described here, which we 
broadly defined as any non-spherical mixed bilayer micelle, might adopt 
discoidal, cylindrical, rectangular, or other geometries, and these mor
phologies may depend on temperature and composition. Electron mi
croscopy or x-ray scattering experiments would be useful to identify the 
morphologies of these particles. Lastly, it would be revealing to evaluate 
lipid solubilization by a larger sample of saponin structures. This would 
provide a fuller understanding of the structural determinants of lipid 
solubilization and bicelle formation and allow for the rational design of 
synthetic saponins for use in lipid nanoparticles for therapeutic and 
research purposes.
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