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Abstract. Elucidating the stability and morphology of bicellar mixtures is of great importance in the 
biomedical field. In this report, self-assembly cholesterol (CHOL)-containing bicellar mixtures were 
investigated, that were composed of long chain hydrogenated soybean phospholipids (HSPC), short 
chain 1, 2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC) phospholipids, negatively charged 
dipalmitoyl phosphatidylglycerol (1, 2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG), 
and polyethylene glycol conjugated (1, 2-dimyristoyl-sn-glycero-3-phosphoethano-lamine-N-
[methoxy (polyethylene glycol)-2000] (PEG2000-DSPE) lipid. Analytical techniques like; Dynamic 
Light Scattering (DLS), Small Angle X-Ray Scattering (SAXS), and Transmission Electron 
Microscopy (TEM) were used to investigate the stability and morphology changes of these bicellar 
mixtures. The effects of CHOL and ethanol on the morphology and stability of these bicellar mixtures 
under 50ºC were also studied. The transition happened from nanodiscs to nanovesicles when the 
CHOL molar ratio was 40% in pure water. However, adding ethanol could improve CHOL solubility 
when the ethanol weight ratio was 20 wt% (ethanol/lipid) that favored nanodiscs-nanovesicle 
transition. Additionally, the ammonium sulfate maybe another factor that could affect the morphology 
of these bicellar mixtures form high order d-spacing structure. 
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1. Introduction 

Bicellar mixtures are comprised of long and short-chain (Hydrogenated soybean phospholipids, 
HSPC and 1, 2-diheptanoyl-sn-glycero-3-phosphocholine, DHPC) lipids, which could self-assemble 
into a variety of nanostructures, such as nanodiscs, unilamellaer (ULV), and bilayer ribbons 
multilamellar vesicles (Katsaras et al. 2005; Kolahdouzan et al. 2017; Sut et al. 2020; Tae et al. 2022). 
Many applications of bicellar mixtures have been found in the biochemical and biomedical fields. 
First, two-cell systems are usually produced by a temperature-cycling mixture of HSPC, DHPC, 
charge lipids, and polyethylene glycol (PEG). The size and morphology of the two-cell systems can 
be controlled by the lipid concentration, mole ratio, and charge density of HSPC and DHPC ( Nieh 
et al. 2010; Nieh et al. 2011). The advantage of this system is energy saving (no extrusion). In addition, 
the system is stable and not easily altered by additives. Furthermore, these systems could serve as an 
ideal platform for drug delivery. The HSPC/Cholesterol (CHOL)/1, 2-dimyristoyl-sn-glycero-3-
phosphoethano-lamine-N-[methoxy (polyethylene glycol)-2000] (PEG2000-DSPE) liposome drug 
delivery system has been reported to carry the anticancer drug doxorubicin (Sun et al. 2020). As a 
drug carrier, bicellar has several absolute advantages than other carriers: (i) bicellar has 
biocompatibility and biodegradability due to phosphate lipid composition which is the main 
component of cell membrane, (ii) it can encapsulate hydrophobic drug and improve the circulation in 
vivo, (iii) the surface of bicellar could be easily modified by specific molecules and achieve the 
targeted delivery. For example, folic acid modification has been used in anti-cancer drug delivery 
system (Zhang et al. 2013; Liu et al. 2017). 

Nanodiscs and nanovesicles are two possible structures of bicellar mixtures. Nanodiscs have the 
property of providing in vitro lipid bilayer platforms (close to natural lipid bilayer) to carry membrane 
proteins or collect appropriate membrane proteins directly from the cell membrane (Dolatshahi-
Pirouz et al. 2011). Compared with liposomes, nanodiscs have more homogeneous (in one preparation) 
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and consistent (in different batches of preparation) size distribution. The more precise particle size 
could be controlled by adjusting the sequence length of macrophage stimulating protein (MSP). The 
diameter of the nanodiscs is around 10-20 nm (Dufourc 2021). Nieh et al. reported that the smaller 
size of nanodiscs has better permeability and uptake efficiency in cancer cells than larger sized 
liposomes (Truong et al. 2015). Also, the recent studies revealed that nanodiscs could be 
spontaneously strung with polymers in solution to form a lipid/polymer mixture, which is more 
efficient and stable than monomer nanodiscs. On the other hand, compared with the nanodiscs, the 
radius of nanovesicles is in the range of 15-50 nm, which is larger than the nanodiscs. A transition 
from nanodiscs to nanovesicles may occur when evaluating temperature or dilution solutions (Jin and 
Zheng 2011; Mulas et al. 2020). 

CHOL plays a critical role in cell membrane; as the fluidity and rigidity of membrane is affected 
by CHOL in most of eukaryotic cells. It is widely known that CHOL is present in large quantities in 
the cell membranes and play a vital role. Additionally, CHOL is one of the important substances to 
adjust protein functions among all the components of various cell membranes and its concentration 
could reach approximately 50 mol%. CHOL not only regulates the physicochemical properties of 
lipid bilayers, such as thickness, permeability, and stiffness, but also directly regulates the allogenic 
modulators of membrane proteins. CHOL nanodiscs could possibly obtain its high stability and they 
may overcome the environment of high temperature (Yang et al. 2016; Zhang et al. 2018). Also, 
ethanol is widely considered an efficient osmosis enhancer, the effects of ethanol on liposome 
structure and the thickness of bilayer have been widely reported. This solvent is usually confirmed to 
affect liposome structure by increasing the bilayer fluidity and decreasing the lipid layer density 
(Bendas and Tadros 2007; Petelska et al. 2021). Additionally, the effects of ethanol on DHPC 
liposome morphology have reported that ethanol could decrease the size of the DHPC liposome 
(Lopez-Pinto et al. 2005). However, the effects of CHOL and ethanol on the bicellar system have 
never been reported. In this study, we investigated a self-assembly CHOL-containing bicellar, which 
was composed of HSPC, DHPC phospholipids, negatively charged DPPG, and PEGylated lipid. The 
interactions between CHOL and ethanol were also examined. 

2. Results and Discussion 

2.1 The Effects of CHOL on Bicellar Mixtures 

 
Fig 1. DLS indicates the size distribution alteration of nanodiscs involved with CHOL or without 

CHOL at 50 ºC in 30 days. 
 
To build a stable structure, CHOL might be placed into the midst of a two-lipid long acyl chain or 

into one leaflet. Therefore, at high CHOL mole fraction, unfavorable free energy dominates the 
mixing behavior (Fernandez et al. 2008). In order to confirm the effect of CHOL on binuclear 
mixtures, the HSPC/CHOL mole ratio must first be verified. Huang et al. proved that CHOL has 
maximum solubility in bilayer structure, which is the molar ratio lipid/CHOL=3:2 (Huang et al. 1999). 
We examined the 40 % CHOL molar ratio as the solubility limit in this study. We first prepared two 
types of nanodiscs; one with CHOL incorporated into the formulation and the other without CHOL 
involvement. We placed each of the two nanodiscs in a water bath at 50ºC and tracked their size 
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distribution for 30 days (Fig. 1). The DLS data showed that in the nanodisc suspension without CHOL, 
the size distribution changed on the 5th day and the change continued until the 30th day, while for 
the nanodiscs with CHOL added to the formulation, the size distribution remained relatively uniform, 
and DLS data showed relatively stable size particles until the 30th day. 

To further investigate the effects of CHOL on bicellar mixtures by SAXS analysis (Fig. 2). 
HSPC/DHPC/DPPG/PEG2000-DSPE was dissolved in pure water, HSPC/DHPC/DPPG/PEG2000-
DSPE was dissolved in pure water in the presence of CHOL, HSPC/DHPC/DPPG/PEG2000-DSPE 
was dissolved in ammonium sulfate (250 mM), HSPC/DHPC/DPPG/PEG2000-DSPE was dissolved 
in ammonium sulfate (250 mM) in the presence of CHOL. First of all, we studied the CHOL effects 
on HSPC bicellar system in water. The HSPC/DHPC/DPPG/PEG2000-DSPE in the presence and 
absence of CHOL showed the same decay at low q range and one peak at high q range representing 
bilayer structure was formed in both samples. However, the results of the HSPC/DHPC/ DPPG/ 
PEG2000-DSPE in pure water with CHOL showed a broader peak in high q value range which 
indicates that morphology change might possibly be developing, this result was also confirmed by 
the DLS, the DLS data shows that the sample HSPC/DHPC/DPPG/PEG2000-DSPE in pure water 
had a peak position at 100 nm (Fig. 3A), while the sample HSPC/DHPC/DPPG/PEG2000-DSPE in 
the presence of CHOL peak position was at 79.5 nm (Fig. 3B). It is contradictory to the result of 
Lopes et al.’s work (Lopez-Pinto et al. 2005) that reported that the mean particle size in lipid 
composition of DPPC/CHOL was larger than DPPC samples without CHOL. Previous reports carried 
out by DSC (Socaciu et al. 2000) exhibited that the steroids were added into liposomes which tend to 
eliminate the phase- transition temperature (Tc) peak of DPPC, promotes the appearance of a new 
phase of vesicles, remaining in a solid state and preventing the partial dilution of the bilayers. In this 
study, TEM was applied to further verify the structure of HSPC/DHPC/DPPG/PEG2000-
DSPE/CHOL/water samples (Fig. 4), nanovesicle structures were observed, which were correlated to 
SAXS and DLS results, evidencing that the transition from nanodiscs to nanovesicles could happen 
due to the addition of CHOL. 

 
Fig 2. (a) Lipid sample with CHOL added in ammonium sulfate. (b) Lipid sample with CHOL 

added in pure water. (c) Lipid sample without CHOL added in ammonium sulfate. (d) Lipid sample 
without CHOL added in pure water. 

 

 
Fig 3. (A) Peak position of HSPC/DHPC/DPPG/PEG2000-DSPE was dissolved in pure water at 

100 nm. (B) Peak position of HSPC/DHPC/DPPG/PEG2000-DSPE was dissolved in pure water in 
the presence of CHOL at 79.54 nm. 
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Fig 4.TEM picture of HSPC/DHPC/DPPG/PEG2000-DSPE/CHOL/water. 

2.2 The Effects of CHOL with Ammonium Sulfate on Bicellar Mixtures 

The SAXS data shows that four quasi-Bragg reflections peaks were detected and peaks position 
were q1=0.067 Å-1, q2=0.1 Å-1, q3=0.132 Å-1, and q4=0.184 Å-1, respectively. We calculated the 
q1: q2: q3=1:2.2:3.06. These peak values showed an order relationship which indicated that a high 
order d-spacing structure has been formed. In order to confirm the possible structure, we diluted 
sample concentration from Cp = 1-0.5 mg/mL (Fig. 5A and 5B), the peak position did not change as 
the concentration was decreased, indicating that the d-spacing was stable and there was no swelling 
through dilution. Based on the Bragg’s equation d = 2π/q, the first order spacing d = 2π/0.067 = 
93.73Å. This result is correlated to the work of Fernandez et al. (2008) that an initial lamellar repeat 
distance of around 90-100 Å was detected in the silent dispersion of DMPG (Di-1, 4 charged lipid, 
50 mM) with 250-500 mM NaCl salt solution at 25ºC. It is noteworthy that DPPG (Di-1, 6) was used 
as a charge lipid in this study and in the study of Degovics et al. (2000), the higher-order Bragg mode 
will appear in DPPG with NaCl 700 nM. The DLS pattern shows mean peak position at 656.3 nm 
which indicates that possible huge size particles existed in this situation (Fig. 6). In the work of 
Roberto et al., huge MLV structures with 1 μm particle size in DMPG with an accuracy of 500 nM 
NaCl were also observed (Fernandez et al. 2008). Additionally, lipid film was dispersed in ammonium 
sulfate that already contained salt in this study, however, it has been reported that the later addition 
of salt will not cause multilamellar structure formed (Degovics et al. 2000), evidencing that the 
transformation from unilamellar to multilamellar requires a complete reorganization of the bilayers. 

 

 
Fig 5. (A) HSPC/CHOL/salt SAXS data under Cp = 1 mg/mL, (B) HSPC/CHOL/salt SAXS data 

under Cp = 0.5 mg/mL. 
 

 
Fig 6. Mean peak position of DLS pattern at 656.3 nm. 
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2.3 The Effects of Long-chain/Short-chain Molar Ratio and Charge Density on Bicellar 
Mixtures  

To form lipid/CHOL bicellar system and investigate Q value (long chain/short chain molar ratio) 
and R value (charge density, DPPG/whole lipid) effects on bicellar morphology, we prepared 
different Q value and R value samples. Q value is believed to be highly correlated with unilamellar 
vesicle size (van Dam et al. 2004). Additionally, R value plays a critical role in the formation of 
spontaneously formed ULVs and that the different morphologies are highly dependent on the balance 
of interactions between the various columbic repulsive, van der Waal, and hydration forces (Nieh et 
al. 2005). The SAXS was conducted to detect the morphology of samples (Fig. 7). SAXS pattern 
showed more than three Bragg reflections peaks in the high q range and a high order-spacing 
relationship among those peaks. Firstly, the first order peak of q = 0.058Å-1 (d = 2π/q = 107.58 Å) 
in HSPC/DHPC/DPPG/PEG2000-DSPE with R = 0.03, Q = 2 in ammonium sulfate was smaller than 
the HSPC/DHPC/DPPG/PEG2000-DSPE with R = 0.05, Q = 2 in salt at q = 0.066 Å-1 (d = 2π/q = 
94.45 Å). The same d-spacing peak value (d was around 100 Å) was also reported in Roberto et al.’s 
work (Fernandez et al. 2008), because we proposed that high salt (250 mM ammonium sulfate) will 
screen the charge of DPPG to form loose multilayer structure. Also, the other peaks shifted to high q 
regime as well, indicating that this high order spacing layers are related to each other. The d-spacing 
measurement gave us the repeat distance of bilayers in stack, it combined the thickness of the bilayer 
and the water between the bilayers. Thus, this sequential spacing may be related to multiple layers of 
vesicles and a stack of double layers (e.g., hexagonal cylindrical packing). The d-spacing of layers in 
R = 0.03 sample was larger than it is in R = 0.05 samples. In the same way, two samples with different 
Q values and same R values have been examined by SAXS, the monotonic peak position of the lower-
Q sample (HSPC/DHPC/DPPG/PEG2000-DSPE with R = 0.03 and Q = 2 in salt) appears at a smaller 
q value (q = 0.060Å-1) than that of the higher-Q sample (i.e., HSPC/DHPC/DPPG/PEG2000-DSPE 
with R = 0.03 and Q = 3) (q = 0.064 Å-1), indicating that the d-spacing of layers was swelling as the 
Q value was decreasing. Furthermore, the SAXS results showed that this high-order spacing structure 
was unlikely to form a crystal structure because it can expand and change morphologically with 
different Q and R values. 

 
Fig 7. (a) HSPC/DHPC system without CHOL dissolved in ammonium sulfate. (b) HSPC/DHPC 
system R = 0.03, Q = 2 with CHOL dissolved in ammonium sulfate. (c) HSPC/DHPC system R = 
0.03, Q = 3 with CHOL dissolved in ammonium sulfate. (d) HSPC/DHPC system R = 0.05, Q = 2 

with CHOL dissolved in ammonium sulfate. 

3. The Effects of Ethanol on Bicellar Mixtures 

In order to study the effects of ethanol on the morphology of two cells, HSPC/DHPC/DPPG/PEG-
2000/ ethanol solutions with different ethanol weight ratios (5 wt%, 10 wt%, and 20 wt%) were 
dissolved in pure water. SAXS measurements were conducted and the samples with a lipid 
concentration (Cp =10 mg/mL) were exhibited in Fig. 8. The SAXS data reveal same decay at low q 
range and a monotonic peak at high q range, indicating that a bilayer structure has been formed. 
Different q values (q = 0.096 Å-1 in HSPC/DHPC/DPPG/PEG2000-DSPE, q = 0.098Å-1 in 
HSPC/DHPC/DPPG/PEG2000-DSPE/5 wt% ethanol, q = 0.101Å-1 in HSPC/ DHPC/ DPPG/ PEG 
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2000-DSPE/10 wt% ethanol, and q = 0.106Å-1 in HSPC/ DHPC/ DPPG/ PEG2000-DSPE/20 wt% 
ethanol) in four samples were observed. Followed by Bragg equation: d = 2π/q, the d spacing of these 
four samples were d = 65.41 Å (none ethanol), 64.08 Å (5 wt% ethanol), 62.17 Å (10 wt% ethanol), 
59.24 Å (20 wt% ethanol), respectively. The SAXS result demonstrated that with an increase of 
ethanol weight ratio, the d-spacing of layers in these four samples was decreased. This result is 
correlated with Adachi’s work (Ebihara et al. 1979) which indicates that the ethanol could affect lipid 
stiffness and fluidity, and the gel phase in phosphatidylcholine is completely staggered. The reason 
may be that ethanol molecules can increase the fluidity of lipids and decrease the density of the lipid 
layer, which may promote the interlacing of the acyl carbon chains (Barry and Gawrisch 1994; Dubey 
et al. 2007a; Dubey et al. 2007b). This result was consistent with the result of Lopez-Pinto’s work 
(Lopez-Pinto et al. 2005), the presence of ethanol affects the morphology of double layer to reduce 
the thickness, thus decreasing the d-spacing of the bilayer. 

 

 
Fig 8. (a) 20 wt% ethanol in HSPC/DHPC/DPPG/PEG2000-DSPE. (b) 10 wt% ethanol in 

HSPC/DHPC/DPPG/PEG2000-DSPE. (c) 5 wt% ethanol in HSPC/DHPC/DPPG/PEG2000-DSPE. 
(d) HSPC/DHPC/DPPG/PEG2000-DSPE in water. 

3.1 The Effects of Ethanol with CHOL on Bicellar Mixtures 

To investigate the effects of ethanol on HSPC/DHPC/DPPG/PEG2000-DSPE/CHOL bicellar 
mixtures, three samples in the presence of CHOL (HSPC/CHOL=3:2 molar ratio) were prepared, the 
SAXS data of the mixture with lipid concentration of 10 mg/mL and ethanol weight gradient of 5 
wt%, 10 wt%, and 20 wt%/ lipid were shown in Fig. 9. The results of the two initial SAXS data at 5 
wt%, 10 wt%, and 20 wt%/lipid showed more than three Bragg reflection peaks, and the multi-quasi-
Bragg reflection indicated that a high stratified structure might be formed, which was consistent with 
the results of the sample in the absence of ethanol. Most interestingly, in 20 wt% ethanol sample, the 
SAXS data shows that a broad peak appears from 0.05-0.2 Å-1 instead of high order layers spacing 
peaks. DLS data (Fig. 10) on 20 wt% was conducted to confirm the size of bicellar, the mean peak 
position was at 31.15 nm, indicating a smaller size particle had been formed in the presence of 20 wt% 
ethanol than the absence of ethanol. The main reason for particle size reduction may be that ethanol 
could interact with the hydrophilic head group and give the surface a negative charge, and electrostatic 
repulsion may eventually lead to particle size reduction (Zhang et al. 2014). 

 
Fig 9. SAXS pattern ethanol/lipids weight 5 wt%, 10 wt%, 20 wt% dissolved in buffer solution. 
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Fig 10. DLS pattern on 20wt% ethanol sample. 

3.2 The Effects of Ammonium Sulfate on Bicellar Mixtures 

 
Fig 11. TEM picture HSPC/CHOL/20 wt% ethanol dissolved in water. 

 
We prepared 20 wt% ethanol sample with CHOL dissolved in pure water. Fig. 11 shows that the 

disc-like structure was observed in sight field, it indicates that ethanol would effectively decrease the 
size of particle and favor HSPC/CHOL to form nanodisc structure. The effects of salinity on bilayer 
morphology have been reported (Huang et al. 1999). For the first peak, d = 93.7 Å is correlated to 
previous work (Fernandez et al. 2008), the high salt solution might screen the charge of lipid (DPPG 
in this case), destroying the Van der Waals and repulsive interaction between the bilayer, resulting in 
bilayer loosing and forming multilamellar structure. For the second peak, d = 62.8 Å is the typical 
bilayer structure as many articles reported, we suggested that there should be bilayer structure formed 
in this study. For the third and fourth peaks, d-spacing is d = 47.7 Å and d = 34.1 Å, respectively. 
Therefore, the first, third and fourth peak positions are correlated to order spacing: d1: d3: d4 = 3:1.5:1, 
indicating that the multilamellar vesicle has been formed in this study. Moreover, the DLS data shows 
that the particle size of the sample in the presence of ammonium sulfate is larger than that dissolved 
in water. This influence is possibly mainly because the ammonium sulfate effectively causes the fast 
coalescence to form larger sized particle which is consistent with the previous report by Ebihara et al. 
(1979) while contradictory with the recent report by Sarfraz et al. (2018).  

 

 
Fig 12. Diagrammatic representation of transition between nanodiscs-nanovesicles. 

 
The high order Bragg spacing peaks were observed in the presence of CHOL and ammonium 

sulfate buffer solution. However, these order peaks were not found in HSPC/DHPC/DPPG/PEG2000-
DSPE without CHOL in salt or with cholesterol in water, indicating that cholesterol and ammonium 
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sulfate could co-work to affect bicellar morphology. Additionally, the salt would have stronger 
interaction with dye than HSPC sample in staining. The relationship among the CHOL, ethanol, and 
salt is presented in Fig. 12 and Table 1. 
 

Table 1. CHOL, ethanol, salt relationship chart 
 CHOL Ethanol Salt Water Result 

HSPC/DHPC/DPPG/PEG2000-DSPE - - - + Nanodiscs 

HSPC/DHPC/DPPG/PEG2000-DSPE + - - + Nanovesicles 

HSPC/DHPC/DPPG/PEG2000-DSPE + - + - High-order spacing structure 

HSPC/DHPC/DPPG/PEG2000-DSPE - 20 wt% - + Thinner layer spacing 

HSPC/DHPC/DPPG/PEG2000-DSPE + 20 wt% + - Monotonic broad peak appears 

HSPC/DHPC/DPPG/PEG2000-DSPE + 20 wt% - + Disc-like structure 

4. Conclusion 

In summary, this study provided the information that CHOL could increase the d-spacing of the 
layers of bicellar and enlarge the particle mean size, leading to nanodiscs-nanovesicles transition 
while ethanol could decrease the d-spacing of layers and favor nanovesicles-nanodiscs transition in 
the presence of CHOL. Additionally, the ammonium sulfate also played an important role in the 
formation of bicellar mixtures. 

5. Materials and Methods 

5.1 Materials 

Table 2. Composition of individual lipids in aqueous solutions (in %) 
 [HSPC]+[DPPG]+[PEG2000-DSPE]/[DHPC]-1 [HSPC]+[DPPG]+[PEG2000-DSPE]/[DHPC]-2 

HSPC 74.25 66.13 

DHPC 25.00 12.80 

DPPG 0.75 0.63 

PEG2000-DSPE 6.00 20.00 

CHOL 40.00 22.00 

Ethanol 20.00 - 

 
HSPC (Hydrogenated soybean phospholipids, Mw: 783.774), DHPC (1, 2-diheptanoyl-sn-

glycero-3-phosphocholine, Mw: 481.560), DPPG [1, 2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-
glycerol)], and PEG2000-DSPE (1, 2-dimyristoyl-sn-glycero-3-phosphoethano-lamine-N-[methoxy 
(polyethylene glycol)-2000]) were provided by FormuMax (State of California, USA). Powder of 
ammonium sulfate was obtained from Sigma-Aldrich (St. Louis, MO, USA). The ammonium sulfate 
solution was prepared by dissolving 12.625 g into 500 mL pure water to make 250 mM (NH4)2SO4 
solution. The composition of all samples has two values: [HSPC]+[DPPG]+[PEG2000-DSPE]/ 
[DHPC] (long chain/short chain molar ratio represented by Q), [DPPG]/ [HSPC] +[DPPG] + [PEG 
2000-DSPE] (charge density, DPPG/whole lipid represented by R). Powder of CHOL was provided 
by FormuMax. Pure ethanol was taken from Self-Assemble Functional Nanomaterials Laboratory. 
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The total lipid concentration was 10 mg/mL in this study. Molar ratio of individual composition was 
different based on requirement; details are listed below (Table 2). 

5.2 Dynamic Light Scattering (DLS) 

The samples were performed on a compact goniometer system with multi-detectors (CGS-3MD, 
22 mW He–Ne laser, a wavelength of 632.8 nm) (ALV Gmbh, Langen, Germany) and four avalanche 
photo diode (APD) detectors evenly spaced (32°) across the tray arc driven by the goniometer. The 
rate constant Γ in the intensity correlation function (e−2Γτ) could describe the single exponential 
decay of a single scale system. The translational diffusion coefficient (D) was related with D = Γ/q2, 
where the q = 4nπ × sin (θ/2)/ (, the incident laser wavelength, n, he refractive index of the samples; 
θ, 90°). Based on the Stokes–Einstein RH=KBT/6πD (KB, the Boltzmann constant; η, the viscosity), 
the hydrodynamic radius (RH) was related to D of a uniform-sized spherical particle. 

5.3 Negatively Staining Transmission Electron Microscopy (TEM) 

The samples were performed on a TEM at an accelerating voltage of 80 kV (FEI Tecnai T12, FEI 
Company, Hillsboro, USA). 4 μL sample solutions (0.01 mg/mL) were placed on a copper grid (400-
mesh) coated with formvar/carbon film (Electron Microscopy Sciences, PA, USA) and then a 
Whatman filter was used to soak up the excess solution. Next, the samples were negatively stained 
with 5 μL uranyl acetate (10 mg/mL, SPI Supplies, PA, USA) and the filter paper was used to remove 
the excessive staining solution. The grid was then dried at room temperature. 

5.4 Small Angle X-Ray Scattering (SAXS) 

The SAXS of the samples was performed in the SAFN laboratory of the Materials Science Institute 
at the University of Connecticut. The intensity of X-rays scattered from a given system (λ = 0.1 nm, 
distance = 1300 mm). A linear position-sensitive image plate detector with resolution 250–300 μm. 
The strength consists of the scattering of the lipid bilayer itself and the interactions between the 
particles, often referred to as the structure factor. The Bragg’s equation follows the SAXS 
measurement of the data. 
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