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Abstract  

We report the effect of tail-tethering on vesiculation and complete unbinding of bilayered 

membranes. Amphiphilic molecules of a bolalipid, resembling the tail-tethered molecular structure 

of archaeal lipids, with two identical zwitterionic phophatidylcholine headgroups self-assembles 

into large flat lamellar membrane, in contrast to the multilamellar vesicles (MLVs) observed in its 

counterpart, mono-polar non-tethered zwitterionic lipids. The anti-vesiculation is confirmed by 

small angle X-ray scattering and cryogenic transmission electron microscopy. With the net charge 

of zero and higher bending rigidity of the membrane (confirmed by neutron spin echo 

spectroscopy), the current membrane theory would predict that membranes should stack with each 

other (aka “bind”) due to dominant van der Waals attraction, while the outcome of non-stacking 

(“unbinding”) membrane suggests that the theory needs to include entropic contribution for the 

non-vesicular structures. This report pioneers in understanding how the tail-tethering of 

amphiphiles affects structure, enabling better control over the final nanoscale morphology.  

  



 

 

 

 

Introduction 

Biological membranes play important roles in performing crucial biological functions more 

than defining the boundary of cells, organelles, bacteria, etc. They also control the transport of 

materials across the membranes with the help of membrane proteins. As phospholipids are the 

building blocks of biological membranes, during the last two decades studies have been focusing 

on probing the properties of phospholipid bilayer such as membrane stiffness1-7, inter-leaflet 

coupling8-12 domain formation/phase separation13-17 and perforation18-21. Most of phospholipids 

have a hydrophilic polar (monopolar) headgroup and one or more hydrophobic hydrocarbon tails. 

A unique type of them found in the archaeal membrane named bipolar lipids, also known as 

“bolalipids”, have a molecular structure resembling two identical lipids with one or more tails 

covalently tethered 22. The chemical tethering leads to the formation of monolayer, instead of 

bilayer, membranes. The fact that some archaea with such bolalipid membrane can survive high 

temperatures and highly acidic environments is partially attributed to the extraordinary stability of 

the membrane and has drawn a great deal of research attentions23-26. High viscosity27 and low 

permeability28,29 have been experimentally observed in bolalipids. Presumptions of and molecular 

simulations on high membrane rigidity also suggest the importance of the tail-tethering 27,28,30. 

Although the tail-tethering is fundamentally important and expectedly pertaining to the unique 

properties of archaea, systematic experimental approaches have not been taken partially because 

of the low yield (at the level of milligrams) from the complex extraction and purification process 

of natural archaeal lipids31. Such information can affect the rational design for stable membrane 

structure. Recently, a large-scale synthetic strategy for preparing bipolar tethered lipids (on the 

order of grams) 30,32,33 has been developed, enabling us to investigate the system further to provide 

insight into how tail-tethering affects the system.  



 

 

 

 

Lipid bilayers made of monopolar lipids with a molecular critical packing parameter between 

0.5 and 1 tends to form vesicles. The energy penalty of the hydrophobic tails being exposed to the 

aqueous environment can be minimized by forming multilamellar vesicle (MLV) or unilamellar 

vesicle (ULV). Theoretically, the lamellarity is dictated by the minimal energy of the system. Eq 

(1) summarizes the possible contributions of energy to a bilayer membrane system, including the 

electrostatic (Coulombic) energy between two membranes, VE(D), the hydration energy, VH(D) the 

van der Waals attraction energy, Vvdw(D), and the steric hindrance of the two adjacent bilayer 

membranes due to thermal undulation, VS(D) 34, where D is the inter-lamellar d-spacing of the 

bilayer membranes. Note that the value of 𝑉(𝐷) will be at the order of −10−26 𝐽

𝑛𝑚2 to −10−24 𝐽

𝑛𝑚2 

𝑉(𝐷) = 𝑉𝐸(𝐷) + 𝑉𝐻(𝐷) + 𝑉𝑣𝑑𝑤(𝐷)+𝑉𝑆(𝐷)                                           (1) 

MLVs present the equilibrium outcome from an overwhelming attractive Vvdw(D) compared to 

the repulsive VS(D), VE(D) and VH(D). This theory successfully explains the MLV with a well-

defined D observed in most of the zwitterionic phospholipid bilayers, while MLVs can undergo 

an “unbinding” transition to form ULVs when charged lipids are introduced to the system where 

VE(D) + VS(D) overwhelms Vvdw(D). Experimental evidence also confirmed that thermal energy 

could trigger a reversible MLV-to-ULV transition of a bilayer membrane after a careful 

manipulation of the charge density of lipids and the salinity of solution to balance the effects of 

Vvdw(D) and VE(D).35,36 Another study also reported that the interplay of the VE(D) and VS(D) can 

induce the membrane unbinding37. Moreover, a recent report has shown that introduction of 

charged lipid can induce 90 % of ULV in a zwitterionic lipid MLV solution.38  Another report 

shows that reversible transition of MLV-to-ULV in a catanionic liposomal system through thermal 

energy.39 Since thermal undulation induced VS(D) can be dampened by membrane rigidity, more 

rigid membranes expectedly yield lower VS(D), thus promoting the formation of MLVs. The 



 

 

 

 

membrane rigidity can be revealed from the decay rate of the scattering intensity at a specific 

scattering vector, q through a neutron spin echo scattering (NSE) experiment. Detailed explanation 

on application of NSE to probing membrane dynamics and membrane rigidity can found in the 

literatures.40-42  

Here, we report an unexpected complete “unbinding” of a bipolar tethered zwitterionic lipid 

membrane (glycerol hexadecane glycerol tetraether lipids with 32 carbon tethered chain and 

phosphocholine headgroups, GHGTPC-T32) with a chemical structure shown in Fig. 1 (a). The 

self-assembly of GHGTPC-T32 forms large lamellae in contrast to the MLVs observed in its 

monopolar non-tethered counterpart, 1,2-di-O-hexadecyl-sn-glycero-3-phosphocholine 

[DC16:0etherPC, Fig 1(b)] in aqueous solutions. We have also shown that Eq (1) is inadequate to 

fully describe the lamellarity of tail-tethered lipid (GHGTPC-T32) because of the missing term for 

entropic contribution. For this reason, Eq (1) would need to be corrected by additional entropic 

energy. 

 

Figure 1. Chemical structures of (a) bolalipid, GHGTPC-T32 and (b) monopolar lipid 

DC16:0etherPC.  



 

 

 

 

Results and Discussions 

Self-Assemble Structure of GHGTPC-T32 

Fig 2(a) shows two distinct small-angle X-ray scattering (SAXS) patterns as a function of 

scattering vector, q from the GHGTPC-T32 and DC16:0etherPC aqueous solutions at 25 oC. It 

should be noted that the samples self-assembled without sonication or extrusion. The scattering 

data of GHGTPC-T32 follows a q-2 decay in the low q regime (< 0.02 Å-1), suggesting a layered 

structure with lateral dimensions larger than 100 nm. The SAXS data of its counterpart, 

DC16:0etherPC, on the contrary exhibit three orders of sharp Bragg peaks (q1, q2 and q3 being 0.13 

Å-1, 0.26 Å-1 and 0.39 Å-1) corresponding to an MLV structure, revealing an interlamellar spacing, 

D (=
2𝜋

𝑞1
) of 48.3 Å. MLV is a common morphology of zwitterionic phospholipid yielding the 

lowest energy. The measured value of D is significantly lower than those from many other MLVs 

made of phospholipid with similar chain lengths (between 60 Å and 70 Å when fully hydrated43,44, 

but consistent with a previously reported value for DC16:0etherPC membrane because of an 

interdigitated gel phase (LβI) 
45. On contrary, no such sharp Bragg reflections are found in the 

SAXS data of the tail-tethered GHGTPC-T32 solution, suggesting the absence of GHGTPC-T32 

MLVs. Apparently, tail-tethering results in a drastic effect on the final morphology. Cryogenic 

transmission electron micrographs (cryo-TEM) of GHGPC-T32 and DC16:0etherPC [Figure 3(a) 

and 3(b)] demonstrate large lamellae (with sharp, straight-line edges indicated by the blue arrow) 

and MLVs, respectively, agreeing to the negatively stained TEM image in previous report on a 

similar system46,47. Since both SAXS data and cryo-TEM results suggest no long-range stacking 

of GHGTPC-T32 membrane, this demands an explanation for the cause of anomalous anti-

vesiculation phenomenon. We further analyze the SAXS patterns to reveal the internal structure 

of the GHGTPC-T32 membrane.        



 

 

 

 

The SAXS profile of GHGTPC-T32 can be described as a 5-layer core-shell disc (5LCSD) model 

(detailed description of this model is provided in the Supporting Information) 48, where the electron 

scattering length density (eSLD) profile across the membrane is described by five distinct layers 

Figure 2. SAXS patterns for 1 % GHGTPC-T32 (red) and DC16:0etherPC (orange) 

measured at (a) 25 °C and (b) 72 °C. The solid curves are best fits to the data of 

GHGTPC-T32 using 5LCSD model. Error bars represent one standard deviation 

throughout the manuscript and are smaller than the data symbols in some cases. 
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(phosphate – ordered hydrocarbon – less ordered hydrocarbon – ordered hydrocarbon – phosphate). 

The best-fitting monolayer thickness of ≈ (46.5 ± 5.6) Å with the headgroup size and hydrophobic 

tail of ≈ (5.6 ± 1.0) Å and ≈ (35.3 ± 3.6) Å (tethered chain length), respectively (Table 1), close to 

the reported DC16:0etherPC headgroup peak-peak distance (DHH = 45.6 Å) 45, implying high 

similarity of the thickness of these two lipid bi-/mono- layer. The minimal attainable q, qmin (≈ 

0.006 Å-1) of the current SAXS configuration limits the best fit to determine the lateral dimension 

of the membrane fragment, which is at least larger than ≈ 1,000 Å (2π/qmin).  

 

Table 1. The best fitting parameters of the GHGTPC-T32 samples at 25 oC and 72 oC based on 

SAXS data (The fitting uncertainty listed is ± 1 standard deviation) 

 25°C 72°C 

core radius (Å) >1000 >1000 

rim (Å) 28.8 ± 1.5 40.0 ± 0.03 

phosphate shell thickness(Å) 5.6 ± 1.0 5.6 ± 1.1 

ordered hydrocarbon thickness (Å) 12.8 ± 1.2 8.5 ± 1.0 

less-ordered hydrocarbon thickness 

(Å) 
9.7 ± 1.2 16.2 ± 1.2 

eSLD, ordered (×10-6 Å2) 9.38 ± 0.02 9.20 ± 0.11 

eSLD, less-ordered (×10-6 Å2) 9.09 ± 0.06 8.80 ± 0.13 

eSLD, shell (×10-6 Å2) 11.1 ±0.04 10.7 ± 0.14 

eSLD, rim (×10-6 Å2) 9.54 ± 0.02 9.60 ± 0.10 

eSLD_Solvent (×10-6 Å2) 9.47 (Fixed) 9.47 (Fixed) 

background (cm-1) 0.1 (Fixed) 0.06 (Fixed) 



 

 

 

 

 

Anti-vesiculation of the GHGTPC-T32 

Geometrically, the exterior water-lipid interface of a vesicle is always larger than the interior 

one. For non-tethered monopolar lipids like DC16:0etherPC, it is therefore expected that more lipid 

molecules are located at outer than inner leaflet of a bilayer. For tethered GHGTPC-T32, the 

number of polar headgroups is expected to be identical on either side of the membrane at its 

minimal energy. To undergo vesiculation, either uneven numbers of headgroups at the outer and 

inner leaflets or the “splay” of lipid molecules around the vesicular center has to take place. Both 

would lead to high energy penalty.49 The former case requires the tethered tails to adopt a U-shape 

(hairpin) configuration, resulting in high energy penalty.50. 2H NMR and MD simulation studied 

on GHGTPC-T20,51 tethered DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)52 and 

tethered DPPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine),53 suggest little or no U-shape 

configuration [Fig 4 (a)] would exist in the system. The latter case would increase the energy 

Figure 3. Cryo-TEM micrographs of (a) GHGTPC-T32 large extended lamellar sheets and 

(b) DC16:0etherPC MLVs. The orange and blue arrows [in (a)] point at the crumpled edge 

and regular edge of the lamellar sheet, respectively.  

(a) (b) 



 

 

 

 

penalty due to enhanced water-hydrocarbon interface and destruction of the crystallinity of 

hydrocarbon chains. 

 

We attempted to provide the insight into the energy cost of the U-shape configuration via high-

T SAXS data (T = 72 °C > Tm where Tm is the melting temperature of the lipid) of GHGTPC-T32 

and DC16:0etherPC [Fig 2(b)]. Theoretically more U-shape configuration could be adopted at 72 

oC, enabling vesiculation for two reasons. First, the thermal energy would favor the formation of 

high-energy U-shape configuration. Second, the melted hydrophobic tails would reduce the energy 

penalty for the U-shape configuration. As a result, the same 5LCSD model can fit the high-T SAXS 

data of GHGTPC-T32 even though the scattering pattern is different from that at 25 oC. The fact 

that no evidence for vesiculation and no Bragg reflections of MLVs are observed indirectly negates 

the U-configuration at low T. Instead, the best fitting parameters (Table 1) only show a thicker 

middle “less-ordered” hydrophobic regime and increased rim thickness, implicative of loosely 

(a) (b) 

Figure 4. (a) The schematic of a “U-shape” (orange) tethered tail required for vesiculation – 

yielding uneven numbers of headgroup in outer and inner leaflets. (b) The edge of bolalipid 

membrane fragment stabilized by the “rim defect”, where lipids may adopt non-crystalline 

fluidic phase in contrast to the crystalline gel phase in the planar region. The “orange” 

tethered–tails demonstrate the proposed “C-shape” configurations. 

 



 

 

 

 

packed hydrocarbon chains. The rim of GHGTPC-T32 fragment is hypothetically stabilized by 

lipids with a “C-shape” configuration with a smaller bending angle [Fig 4(b)] than U-shape 

configuration, where both phosphate groups are forced to be on the same side of the membrane 

[Fig 4(a)]. Such C-shape configuration prevents the exposure of hydrophobic chains to water. As 

a result, the formation of membrane fragment requires less energy than vesiculation, which 

demands U-shape configuration of GHGTPC-T32 to yield more phosphate groups at the outer 

leaflet than that at the inner one. In contrast, the high-T SAXS data of the monopolar lipid 

DC16:0etherPC suggest MLV structure with an increased D-spacing (65 Å), presumably attributed 

to the combined effect of enhanced VS(D) with elevated thermal undulation [see Eq(1)] and 

decoupling of interdigitated leaflets (hence a thicker bilayer). 

 

Non-stacking of the GHGTPC-T32 

It is reasonable to assume that the van der Waals attraction [Vvdw(D)], Coulombic repulsion 

[VE(D)] and hydration interaction [VH(D)] in Eq (1) are identical for GHGTPC-T32 and 

DC16:0etherPC since these two lipids have the identical hydrophilic headgroup and similar 

hydrophobic molecular architectures except for the tethering of the end carbons. This leaves VS, 

associated with the steric repulsion, the only term subjected to change in Eq (1). To inhibit the 

stacking of GHGTPC-T32 membranes, strong steric repulsion (Vs) is required. In other words, 

GHGTPC-T32 has to be less rigid than DC16:0etherPC. Nevertheless, tethered lipid is expected to 

be more rigid than its non-tethered counterpart because of the reduced mobility,28 consequently 

leading to reduced intermembrane steric repulsion. The higher melting transition temperature, Tm, 

of GHGTPC-T32 (67 oC) obtained from differential scanning calorimetry (Fig. S1) than that of 

DC16:0etherPC (44 oC) also agrees with the anticipated less mobility of the GHGTPC-T32 



 

 

 

 

membrane. The unexpected “unbinding” of GHGTPC-T32 membrane intrigues our interest in the 

bending moduli of the two lipid membranes.  

Direct measurement of the effective bending modulus, κeff, of membrane can be achieved by 

neutron spin echo (NSE) spectroscopy. Fig 5 (a) and (b) illustrate the normalized intermediate 

scattering function, 
𝐼(𝑞,𝑡)

𝐼(𝑞,0)
, versus Fourier time, t, for GHGTPC-T32 and DC16:0etherPC, 

respectively. Since the lamellarity affects the interaction between lipid bilayers, NSE samples are 

measured with extrusion only for the DC16:0etherPC sample. SAXS result indicates that MLV does 

not form in the GHGTPC-T32 sample. The intensity decay of NSE result follows a stretched 

exponential function, 
𝐼(𝑞,𝑡)

𝐼(𝑞,0)
≅ exp[−(𝛤𝑍𝐺𝑡)2 3⁄ ], where ΓZG is the decay rate as proposed by Zilman 

and Granek for membrane bending fluctuations based on Helfrich’s model that treats the 

membrane as a thin elastic sheet.54,55. The GHGTPC-T32 membrane fragments are sufficiently 

large to satisfy Zilman and Granek’s framework in the measured space and time scales for NSE 

experiments. 

We fit the intermediate scattering function by using 
𝐼(𝑞,𝑡)

𝐼(𝑞,0)
≅ exp[−(𝛤𝑍𝐺𝑡)2 3⁄ ] ×

exp(−𝐷𝑇𝑞2𝑡),56 where D is the translational diffusion coefficient of the particle. The term, 

exp(−𝐷𝑇𝑞2𝑡)  accounts for the different hydrodynamic radii, RH of GHGTPC-T32 and 

DC16:0etherPC (≈ 600 nm and ≈ 50 nm, respectively, from dynamic light scattering, Fig. S2). From 

the Stokes-Einstein equation, DT can be expressed as
𝑘𝐵𝑇

6𝜋𝜂𝑅𝐻
⁄ , where kB, T, and η are 

Boltzmann constant, absolute temperature and solvent viscosity, respectively. It should be noted 

that the large RH of GHGTPC-T32 negates the vesicular morphology as the highest achievable 

lipid concentration (at the highest packing density) should be less than 2% for vesicles with a 



 

 

 

 

radius of 600 nm and a bilayer thickness of 5 nm, a consistent observation with the cryo-TEM and 

SAXS outcome.     

ΓZG is linearly scaled with q3 as shown in the inset of Fig. 5 (a) and (b). Then, the bending modulus 

can be extracted including Watson and Brown’s refinement57 by using the following Eq (2).5 
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Figure 5. Normalized intermediate scattering function, 
𝐼(𝑞,𝑡)

𝐼(𝑞,0)
, measured by NSE at 72 °C. 

(a) GHGTPC-T32 and (b) DC16:0etherPC. The inset in each figure shows the linear 

dependence of ΓZG and q3. Note that the q values chosen in both graphs are the same. 
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Γ𝑍𝐺

𝑞3 = 0.0069√
𝑘𝐵𝑇

𝜅𝑒𝑓𝑓

𝑘𝐵𝑇

𝜂
                                                     (2) 

The bending modulus, κeff was found to be ≈ 110 kBT and 60 kBT for the GHGTPC-T32 and 

DC16:0etherPC lipids, respectively. If diffusion of the particles were not to be considered as 

reported in literature,58-60 the difference in κeff  would be even more significant (i.e., ≈ 90 kBT for 

GHGTPC-T32 and ≈ 25 kBT for DC16:0etherPC). These results confirm the anticipated higher 

bending rigidity of the tethered GHGTPC-T32 than that of its counterpart, DC16:0etherPC. 

Moreover, κeff is expected to be even higher at room T than high T (i.e., 72°C), leading to lower 

steric repulsion. The higher bending modulus of GHGTPC-T32 obtained from NSE agrees with 

all previous reports on bipolar tethered lipids 27,61-63. Molecular tethering of lipids plays a role in 

regulating flexibility and fluidity of archaeal membranes at elevated temperatures to maintain the 

membrane integrity. Here, for the first time, we reveal the relationship between the membrane 

rigidity and molecular tethering of lipid tail by NSE. 

Since higher bending rigidity of GHGTPC-T32 is found, a lower VS(D) in comparison with that 

of DC16:0etherPC. According to Eq. (1) we would expect that stronger coupling between 

membranes should be observed in GHGTPC-T32 considering a similar Vvdw(D) of the two lipids. 

We raise a consequential question, “Why do not GHGTPC-T32 membranes form ‘lamellar stacks’ 

like DC16:0etherPC MLVs as predicted by Eq (1)?”. It is noteworthy that Eq. (1) mainly considers 

the energetic interactions but ignores the entropic contribution of water. Moreover, the entropy of 

entrapped water in MLVs is significantly lower than that of free water. A molecular dynamic 

simulation suggests that the entropy of water between bilayer stacking decreases ~ 16% from that 

of free bulk water.64 We assign the D-spacing of the DC16:0etherPC MLVs (6.5 nm) for GHGTPC-

T32 in the following calculation as if they would stack like DC16:0etherPC. For a membrane with 

a thickness, Dlip, = 4.4 ~ 4.7 nm (from Table 1, Dlip, = 2 x shell thickness + 2 x ordered hydrocarbon 



 

 

 

 

+ disordered hydrocarbon) the derived thickness of water layer sandwiched between two 

membranes, Dw would be 2.1 ~ 1.9 nm. Based on the assumption of perfect 2-D object (i.e., 

lamellae without defects), the volume ratio of sandwiched water to lipid should be 
𝐷𝑤

𝐷𝑙𝑖𝑝
 (between 

0.4 and 0.47). If the volume fraction of lipid is 𝜙, (e.g., 0.05 in the SAXS experiment), the volume 

ratio of lipid to total water can be deduced to be 
𝜙

1−𝜙
. The volume fraction of sandwiched water to 

total water can therefore be calculated as  
𝐷𝑤

𝐷𝑙𝑖𝑝
 

𝜙

1−𝜙
 . The reduced entropy of “less mobile” water 

due to membrane stacking, ∆𝑆𝑠𝑡𝑎𝑐𝑘 can be hence estimated:   

Δ𝑆𝑠𝑡𝑎𝑐𝑘 = −𝑘𝐵 [−
𝐷𝑤

𝐷𝑙𝑖𝑝

𝜙

1 − 𝜙
 ln (

𝐷𝑤

𝐷𝑙𝑖𝑝

𝜙

1 − 𝜙
)] ∙ 16% ≈ −0.013 𝑘𝐵 ~ − 0.0146 𝑘𝐵,        (2) 

Eq. (2) results in an increased free energy of –TSstack ≈ 5.4 ~ 6.1 x 10-23 J per molecule if 

membranes would stack. It is reported that the calculated energy gain from van der Waal attraction, 

Vvdw (D = 6.5 nm) between two membranes with a thickness of 5 nm (similar to the bilayer 

thickness in our case) is in the range of −10−23 𝐽

𝑛𝑚2 to −10−24 𝐽

𝑛𝑚2. 34 Since the molecular area of 

a lipid, Alip has been estimated in between 0.6 nm2 to 0.65 nm2,44,65, we estimate the energy change 

due to the attraction force induced by membrane stacking, Hstack ~ (−10−23  
𝐽

𝑛𝑚2  to 

−10−24 𝐽

𝑛𝑚2
)𝑥𝐴𝑙𝑖𝑝, yielding –6 x 10-24 J to –6 x 10-25 J per molecule in the mixture, which is at 

least an order of magnitude lower than the energy penalty from the reduced entropy due to 

membrane stacking. The estimate does not even take the thermal fluctuation (related to VS) into 

account which further counteracts Vvdw. Hence, the free energy of stacking membranes, Δ𝐺𝑠𝑡𝑎𝑐𝑘[≡

∆𝐻𝑠𝑡𝑎𝑐𝑘 − 𝑇∆𝑆𝑠𝑡𝑎𝑐𝑘] is always positive, indicating that stacking configuration is not favorable for 

the membrane fragments. Note that in the case of vesicle (instead of extended lamellae), MLVs 

can release more free water molecules (not being enclosed in the compartment) than non-stacking 



 

 

 

 

unilamellar vesicles, yielding higher entropy, consequently reducing the Gibbs free energy through 

stacking, justifying why DC16:0etherPC lipids form MLVs.  

Conclusions 

We have discovered the unique effect of tail-tethering of a bolalipid, GHGTPC-T32, on the 

anti-vesiculation due to the high energy penalty caused by the U-shape (hairpin) configuration of 

the tethered chain as vesiculation requires unequal numbers of polar headgroups between the outer 

and inner membrane leaflets. As a result, GHGTPC-T32 forms large lamellar sheets instead of the 

MLVs found in the solution of its monopolar headgroup counterpart, DC16:0etherPC. Moreover, 

the GHGTPC-T32 lamellae do not stack despite higher rigidity than the vesicular DC16:0etherPC. 

This “unbinding” phenomenon cannot be explained by the established traditional membrane theory 

because the entropic loss from the “less mobile” water sandwiched between the membranes 

outweighs the energy gain from the van der Waal attraction. This report provides the fundamental 

understanding of how molecular architecture and water dynamics can affect the morphology of a 

membrane system. The knowledge provides another parameter tailor the design of self-assemblies 

in addition to hydrophobic interaction, spontaneous curvature, and segregation between ordered 

and disordered phases. The anti-vesiculation due to tail-tethering is expectedly dependent on the 

length of tethered hydrocarbon chain because the energy of U-configuration (hairpin) should be 

lower with a longer chain. The future work aims to focus on determination on the critical chain 

length of the tethered lipids for vesiculation.  

 

Experimental Section 

1. General Materials  



 

 

 

 

List of abbreviations: Ethyl acetate (EtOAc), Methanol (MeOH), Tetrahydrofuran (THF), Sodium 

sulfate (Na2SO4), Dichloromethane (DCM), Hydrochloric acid (HCl), Ethanol (EtOH), Palladium 

hydroxide (Pd(OH)2), Dimethylsulfoxide (DMSO), Acetonitrile (ACN). 

All reagents were purchased from commercial sources and used without further purification. 

Glassware was dried at 115 °C overnight. Air and moisture-sensitive reagents were transferred 

using a syringe or stainless-steel cannula. Intermediates were purified over silica (60 Å, particle 

size 40 µm to 63 µm, Dynamic Adsorbents, Inc). Reactions were monitored by thin-layer 

chromatography (TLC) using 0.25 mm silica gel plates (60F-254, Dynamic Adsorbents, Inc). 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. 1H, 13C, 31P NMR 

spectra were recorded on either JEOL ECA 500 spectrometer or Varian 500 MHz spectrometer. 

Chemical shifts are reported in ppm relative to residual solvent. The FID file was analyzed using 

Mnova-Mestrelab. 

2. Synthesis of GHGTPC-T32 bolalipid  

The synthesis of GHGTPC-T32 follows the strategy in Figure 6 and the NMR spectrums are 

shown in the supporting information (Figure S4 -S6).   



 

 

 

 

 
Figure 6 Synthetic scheme for GHGTPC-T32 

 

3-(benzyloxy)-2-(hexadecyloxy)propan-1-ol (S2) 

Compound S2 was synthesized following a reported protocol.66 

 

1,32-dibromodotriacontane (S3) 

Compound S3 was synthesized following a reported protocol.67 

 

18,55-bis((benzyloxy)methyl)-17,20,53,56-tetraoxadoheptacontane (S4) 

A suspension of KOH (0.71 g, 12.7 mmol) 

in dry DMSO (20 mL) was stirred at room 

temperature for 30 minutes. The mixture 

was cooled with ice water and a solution of S2 (1.95 g, 4.80 mmol) and S3 (0.65 g, 1.07 mmol) in 



 

 

 

 

dry DMSO (5 mL) was added. The mixture was then stirred at room temperature for 16 hours and 

then at 40 °C for 3 days. Water (300 mL) was added and the mixture was extracted with EtOAc 

(5x50 mL). The combined organic layers were washed with water (2x100 mL), brine (100 mL) 

and dried over Na2SO4. Purification by silica gel column chromatography using hexane/EtOAc 

(95:5) as the eluent yielded S4 (0.64 g, 48 %) as a white solid. 

1H NMR (500 MHz, CDCl3-d1) δ 7.38 – 7.25 (m, 10H), 4.57 (s, 4H), 3.68 – 3.41 (m, 18H), 1.64 – 

1.52 (m, 8H), 1.44 – 1.15 (m, 108H), 0.90 (t, J = 6.8 Hz, 6H); 13C NMR (126 MHz, CDCl3-d1) δ 

138.6, 128.4, 127.7, 127.6, 78.1, 77.5, 77.2, 77.0, 73.5, 71.8, 70.9, 70.7, 70.4, 32.1, 30.3, 29.9, 

29.8, 29.6, 29.5, 26.3, 26.3, 22.9, 14.3. (Figure S4 

2-(hexadecyloxy)-3-((32-(2-(hexadecyloxy)-3-hydroxypropoxy)dotriacontyl)oxy)propan-1-ol 

(S5) 

Compound S4 (640 mg, 0.51 mmol) was 

dissolved in a degassed mixture of 

EtOH/THF (1:1, 40 mL) and 20 % Pd(OH)2 

(55 mg, 10 % w/w) was added. The reaction was stirred under hydrogen atmosphere at room 

temperature for 4 hours. The catalyst was removed by filtration through a pad of celite, and the 

resulting residue was purified by column chromatography on silica gel using CHCl3/EtOAc (9:1 

to 7:3) as the eluent. Diol S5 (510 mg, 93 %) was obtained as a white solid.  

1H NMR (500 MHz, CDCl3-d1) δ 3.75 – 3.41 (m, 20H), 1.56 (q, J = 7.0 Hz, 8H), 1.25 (d, J = 1.4 

Hz, 108H), 0.91 – 0.83 (m, 6H); 13C NMR (126 MHz, CDCl3-d1) δ 78.5, 77.6, 77.3, 77.0, 72.1, 

71.1, 70.6, 63.3, 32.2, 30.3, 30.0, 29.9, 29.9, 29.9, 29.9, 29.7, 29.6, 26.3, 22.9, 14.4. (Figure S5) 



 

 

 

 

(dotriacontane-1,32-diylbis(oxy))bis(2-(hexadecyloxy)propane-3,1-diyl)bis(2-(trimethyl-

ammonio)ethyl) bis(phosphate) (GHGTPC-T32) 

 

First, bromoethyldichlorophosphate was prepared following a reported protocol.68 To a solution of 

bromoethyldichlorophosphate (937 mg, 3.87 mmol) in dry THF (15 mL), a solution of S5 (510 

mg, 0.47 mmol) and Et3N (0.74 mL, 5.29 mmol) in dry THF (15 mL) was added dropwise. After 

stirring the mixture for 3 days in the dark at room temperature, toluene (100 mL) was added to 

precipitate triethylammonium chloride. Then, the solution was filtered through a small pad of celite 

and the filtrate concentrated. The resulting residue was dissolved in a mixture of THF/NaHCO3 

(sat) (1:1, 100 mL) and the reaction was stirred for 16 hours at room temperature. Solvents were 

evaporated under vacuum and the resulting aqueous solution was acidified to pH 1 using a dilution 

solution of HCl (1 mol/L) and extracted using several portions of DCM/MeOH (8:2) (5x30 mL). 

The organic layers were combined, dried over Na2SO4 and concentrated under reduced pressure. 

The resulting residue was used in the next step without further purification. To a solution of the 

previous crude intermediate in a mixture of THF/CHCl3 (2:1) (7.5 mL), Me3N (33 % in EtOH) (12 

mL) was added and the reaction was stirred in a sealed tube at room temperature for 5 days. The 

reaction mixture was concentrated to dryness, purified on sephadex LH-20 using DCM/MeOH 

(1:1) as eluent and purified by column chromatography on silica gel using DCM/MeOH/H2O 

(70:30:5) as the eluent. Lipid GHGTPC-T32 (469 mg, 70 %) was obtained as a white gum. 



 

 

 

 

1H NMR (500 MHz, MeOD-d4/CDCl3-d1 1:1) δ 4.18 (ddq, J = 7.3, 5.0, 2.6 Hz, 4H), 3.83 (t, J = 

5.6 Hz, 4H), 3.58 – 3.37 (m, 18H), 3.15 (s, 18H), 1.52 – 1.45 (m, 8H), 1.27 – 1.19 (m, 108H), 0.82 

(t, J = 6.9 Hz, 6H); 13C NMR (126 MHz, MeOD-d4/CDCl3-d1 1:1) δ 78.0, 78.0, 71.8, 70.7, 70.6, 

66.5, 65.1, 58.8, 54.2, 49.3, 49.1, 49.0, 48.8, 48.6, 48.4, 48.2, 31.9, 30.1, 29.7, 29.7, 29.6, 29.4, 

26.1, 26.1, 22.7, 14.0; 31P NMR (202 MHz, MeOD-d4/CDCl3-d1 1:1) δ 0.12. (Figure S6) 

4. Sample Preparation 

Desired amount of GHGTPC-T32 or DC16:0etherPC were weighted and dissolved in a chloroform 

/ methanol (67:33). The nitrogen is applied to remove the organic solvent and samples were then 

subjected to the vacuum overnight. The samples were hydrated to 0.1 wt.%, 0.5 wt.%, 1 wt. % and 

2.5 wt.% for dynamic light scattering (DLS), differential scanning calorimetry (DSC), SAXS, and 

NSE measurements. The lipid concentration of GHGTPC-T32 and DC16:0etherPC is further 

diluted to 0.05 wt.% and 0.003 wt.% for cryo-TEM measurements.   

5. Cryogenic Transmission Electron Microscope (cryo-TEM) 

The morphology was characterized by an FEI Tecnai G2 F30 twin transmission electron 

microscope operated at 200 kV. In sample preparation, a 200-mesh lacey carbon grid (Electron 

Microscopy Sciences) was picked up with tweezers and mounted on the plunging station of an FEI 

Vitrobot. Four microliters of the solution were applied to the grid in the Vitrobot chamber with 

100% humidity. The excess liquid was blotted by filter paper attached to the arms of the Vitrobot 

for 2 seconds to form a thin liquid film in the grid. Subsequently, the grid was vitrified by plunging 

into liquid ethane. The vitrified sample was finally transferred onto Gatan's single-tilt cryogenic 

specimen holder for imaging. 

6. Differential Scanning Calorimetry (DSC) 



 

 

 

 

DSC experiments were conducted using a NanoDSC (TA Instruments, New Castle, DE). All the 

samples were prepared at 0.5 wt.%. ~500 μL of DI water and samples were loaded into the 

reference and sample cells, respectively. The pressure was kept at 3 atm during the experiments. 

The data were collected at a rate of 1 °C/min. All the data were also corrected by solvent 

background after measurements.  

7. SAXS Data Analysis 

The SAXS experiments were performed on the Life Science X-ray Scattering (LiX) beamline in 

the National Synchrotron Light Source II (NSLS-II) located at the Brookhaven National 

Laboratory (BNL, Upton, NY)69. The samples were loaded and measured in the fixed cell with 

two mica windows. SAXS intensity is expressed as a function of the scattering vector, q, (𝑞 ≡

4𝜋

𝜆
sin

𝜃

2
, where θ is the scattering angle) which varies from 0.005 Å-1 to 0.7 Å-1. The X-ray energy 

was 13.5 keV. Radial averaging and q-conversion of data were performed using the standard 

software of merging data from two detectors used in the measurements. Transmission correction 

and background subtraction were performed to minimize the intensity of the hydrogen bond from 

water. The SAXS data is analyzed by using SASView 4.2.2.  

8. NSE experiments 

GHGTPC-T32 and DC16:0etherPC membrane were measured on the NGA NSE spectrometer at 

the National Institute of Standards and Technology Center for Neutron Research (NCNR).70-71 

Neutron wavelengths of 8 Å and 11 Å with a wavelength spread of Δ𝜆

𝜆
≈ 20% were used to access 

a q-range of 0.04 Å-1 to 0.11 Å-1 and Fourier times, t, range from 0.01 ns to 100 ns. The samples 

with the mass fraction of 2.5 % were contained in a titanium cell with quartz windows at the sample 

thickness of 1 mm. Temperature was controlled with oil circulation system within the accuracy 



 

 

 

 

better than 1 ˚C. The measured data were corrected for the instrumental resolution as well as for 

the background (D2O solvent) using Data Analysis and Visualization Environment (DAVE).72  

9. Dynamic light scattering (DLS) 

The instrument is an ALV compact goniometer system with multi-detectors (CGS-3MD, 

Germany) and the wavelength of He-Ne laser beam is 632.8 nm. The autocorrelation function, 

g1(τ), was collected using ALV-7004 digital multiple tau real time space. The g1(τ) can be 

described as an exponential decay,  𝑒−2𝑞2𝐷𝜏, where D is the translation diffusion coefficient and q 

is the scattering vector, 4𝑛𝜋

𝜆
𝑠𝑖𝑛

𝜃

2
, with refraction index of solution, n. The scattering angle was set 

at 90 .̊ Based on the Stokes-Einstein relation and the assumption of spherical shape, the 

hydrodynamic radius (Rh) is related to D of spherical particles via Rh=kBT/6πηD, where kB and η 

are the Boltzmann constant and the solvent viscosity, respectively. The plot of Rh distribution was 

based on intensity-weighed outcomes.  

 



 

 

 

 

Supporting Information: 

DSC thermograms for the GHGTPC-T32 and DC16:0etherPC (Fig S1);  DLS outcomes of the 

GHGTPC-T32 and DC16:0etherPC (Fig S2); The description, scheme and mathematic scattering 

expression for 5LCSD model (Fig S3); 1H NMR and 13C NMR of Molecules S4 and S5 (Figs S4 

and S5); 1H NMR, 13C NMR, and 31P NMR of GHGTPC-T32 (Fig S6) 
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