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ABSTRACT The ability of single-chain bolalipids (or bolaamphiphiles) to self-assemble into vesicular structures remains poorly
characterized. Here, we report the synthesis and self-assembly behavior of a new class of proline-based single-chain lipids, a
symmetric bipolar molecule (2Pro-C18:1) and, for comparison, a unipolar analog (1Pro-C18:1), both bearing an unsaturated
C18 hydrocarbon chain. Confocal fluorescence microscopy, encapsulation assays, and fluorescence spectroscopy demon-
strate that both amphiphiles form stable vesicles capable of entrapping small molecules. Vesicle formation occurs over a broad
range of pH values, with the bolalipid favoring higher pH, consistent with differences in apparent pK, determined from zeta po-
tential measurements. At the air-water interface, 2Pro-C18:1 exhibits lower surface activity than 1Pro-C18:1, and vibrational
sum frequency generation spectroscopy is consistent with a bent or U-shaped interfacial conformation for the bolalipid, in
contrast to a more extended geometry for the unipolar analog. Both lipids display dynamic exchange between interfacial and
bulk-associated aggregates at higher concentrations, with 2Pro-C18:1 exhibiting more complex concentration-dependent
behavior. Taken together, these results demonstrate that single-chain bolalipids can form stable, dynamic aggregates with
bulk and interfacial properties that are governed primarily by hydrophobic chain effects modulated by headgroup architecture.
These findings provide insight into molecular design principles for functional amphiphilic systems.

SIGNIFICANCE Biological membranes are typically built from lipids bearing one polar headgroup and two hydrophobic
tails, but synthetic chemistry allows for alternative architectures. Here, we show that single-chain bolalipids with proline
headgroups self-assemble into stable vesicles while exhibiting distinct interfacial behavior relative to a unipolar analog. By
combining fluorescence microscopy, surface tension measurements, and vibrational sum frequency generation
spectroscopy, we demonstrate that molecular symmetry and headgroup chemistry modulate interfacial organization and
concentration-dependent exchange between bulk aggregates and the air-water interface. These findings expand current
understanding of lipid self-assembly and provide design principles for dynamic membrane systems relevant to artificial
cells and soft materials.

INTRODUCTION

Biological membrane lipids typically consist of a single hy-
drophilic headgroup and two hydrophobic chains. Such lipids
have been used for the synthesis of lipid nanoparticles (1) and
vesicles (2), as components of artificial cells (3,4) and model
protocells (5-7), and as a medium for the reconstitution of pro-
teins (8). However, exceptions to this typical unipolar struc-
ture exist. For example, lipids with two hydrophobic chains
and two hydrophilic headgroups (bipolar lipids or bolalipids)

are found in Archaea (9). These bolalipids form monolayer
rather than bilayer membranes, with hydrophobic chains span-
ning the entire width of the membrane and hydrophilic head-
groups exposed to water on opposite sides, a structure thought
to provide exceptional stability under extreme conditions such
as high acidity, salinity, temperature, and pressure (9-11).
The ability of lipids to self-assemble into stable vesicles
strongly depends on their molecular geometry (12). Conven-
tional two-chain unipolar biological lipids form stable vesicles
because their cylindrical shape and the large surface area pro-
vided by the two hydrophobic chains keeps the lipids firmly
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embedded in the membrane (13). Single-chain lipids can
also form membranes (14), although the resulting vesicles
are typically more dynamic and less stable than those formed
by conventional two-chain lipids (15). Bolalipids with two
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hydrophobic chains frequently assemble into more rigid and
stable aggregates, such as vesicles (16), nanofibers (17), nano-
tubes (18), and ribbon-like aggregates (19), in a manner
dependent on their chain length, saturation, and environmental
conditions. Bolalipids with two polar headgroups and one hy-
drophobic chain, unlike archaeal lipids with two hydrophobic
chains, generally assemble into micelles or fibers that contain
hydrophobic interiors rather than the aqueous interiors of
bilayer structures (20,21). However, the vesicle-forming
behavior of this single-chain category of bolalipids remains
largely unexplored. Single-chain bolalipids are particularly
intriguing because such lipids could potentially form vesicles
that combine the mechanical stability typically associated
with bolalipids with the enhanced membrane dynamics and
flexibility of single-chain lipids, offering opportunities to
design vesicles with tunable properties.

In this study, we synthesized a series of proline-based sin-
gle-chain bolalipids with alkyl chain lengths ranging from
C8 to C18, in which the hydrophilic proline headgroup is
linked to the alkyl chain via the carboxylate of the proline.
As a cyclic amino acid, proline introduces conformational
constraints that can influence self-assembly behavior (22).
Among the lipids examined, confocal fluorescence micro-
scopy revealed that only the unsaturated C18:1 bolalipid
(2Pro-C18:1) formed stable vesicular assemblies, with
vesicle formation strongly modulated by the pH of the solu-
tion. Based on this result, we focused on comparing the bulk
self-assembly and interfacial behavior of 2Pro-C18:1 with
the structural analog 1Pro-C18:1, a unipolar lipid that con-
tained a single Pro headgroup. Both lipids formed stable
vesicles with similar critical aggregation concentrations
(CACs) and were capable of encapsulating fluorophore.
However, their interfacial behavior differed with surface
tension measurements indicating more complex concentra-
tion-dependent behavior for 2Pro-C18:1. To probe interfa-
cial organization at the molecular level, we employed
vibrational sum frequency generation (vSFG) spectroscopy,
a second-order nonlinear optical technique that selectively
interrogates vibrational modes at interfaces (23,24).
Together, these measurements indicate dynamic exchange
between interfacial and bulk-associated lipid species and
provide mechanistic insight into the self-assembly of sin-
gle-chain bolalipids in both bulk solution and at interfaces.

MATERIALS AND METHODS
Chemicals

All chemicals were purchased from Sigma-Aldrich and used without
further purification. All reactions were carried out in flame-dried glassware
under a nitrogen atmosphere using solvents dried by a solvent purification
system. Thin-layer chromatography analyses were conducted on silica gel
60 F254 aluminum plates (Millipore-Sigma), and column chromatography
was performed using 230-400 mesh silica gel. "H NMR spectra were re-
corded at 400 or 500 MHz, and coupling constants (/) are reported in Hertz
(Hz). 3C NMR spectra were recorded at 100 or 125 MHz. Chemical shifts
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are referenced to the residual nondeuterated solvent signal of CDCl;
(s,7.26 ppm, 'H; t, 77.06 ppm, *C) as the internal standard and are reported
on the  scale (ppm). Multiplicities on 'H NMR are reported using standard
notation: (br), apparent (ap), multiplet (m), singlet (s), doublet (d), triplet
(t), quartet (q), pentet (p), etc. HRMS data were recorded using the Agilent
Technologies 6220 0aTOF (ESI) or the Kratos MS50G (EI).

Confocal fluorescence microscopy

Thin lipid films were individually prepared by rotary evaporation in
a round-bottom flask of either 1Pro-C18:1 or 2Pro-C18:1 in 1:1
CHCl3:CH;30H. The lipid films were kept at 4°C overnight. The next day
the lipid films were hydrated with deionized water (Milli-Q H,O, Synergy
UV water purification system, Merck) to 40 mM lipid. The solution was
then diluted 2-fold with a buffered solution to give a final concentration
of 0.2 M bicine or Bis-tris propane supplemented with 50 mM NaCl and
0.25 mM HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid) and tumbled for
30 min. The samples were then diluted again 2-fold before imaging. The
final concentration of lipid was 10 mM. The Olympus FluoView FV3000
Confocal Laser Scanning Microscope (Olympus, USA) at the Advanced
Microscopy Facility, Department of Biological Sciences, was used for im-
aging. Images were acquired using 488-nm laser diode excitation and
analyzed with FV31S-SW Viewer software.

Fluorescence spectroscopy

Nile Red was added from a 1 mM stock in acetone to a final concentration
of 5 uM to a solution containing 10 mM 1Pro-C18:1 or 2Pro-C18:1in 0.2 M
bicine, 50 mM NaCl, pH 8.0. Fluorescence spectra with excitation at
530 nm were collected using a SpectraMax i3x (Molecular Devices) in
the Microbiology Lab, Chemistry Department facility. Emission maxima
of 600—605 nm, 625-630 nm, and 635-640 nm are consistent with the pres-
ence of oil droplets, vesicles, and micelles, respectively.

UV-visible spectroscopy to determine CAC

A stock of 1 mg/mL merocyanine 540 was prepared in 50% (vol/vol)
ethanol. Various concentrations (from 0 pM to 1 mM) of lipid solutions
were prepared from thin films of 1Pro-C18:1 and 2Pro-C18:1 individually
in 0.2 M bicine, 50 mM NaCl, pH 8.0. 200-pL aliquots were placed in a
96-well plate followed by the addition of 1.0 pL merocyanine 540 (final
concentration of merocyanine was 5 pM). Absorbance was recorded from
450 to 650 nm with the Epoch 2 BioTek microplate reader of the Microbi-
ology Lab of the Chemistry Department facility. The intersection of the
linear portions of plots of absorbance at 570 nm versus total concentration
of lipid was used to determine the CACs.

Size exclusion chromatography

Solutions of 10 mM 1Pro-C18:1 and 2Pro-C18:1 were prepared from thin
lipid films as described above in 0.2 M bicine, 50 mM NaCl, 0.25 mM
HPTS, pH 8.0. The samples were vortexed for 1-2 min. 50 pL of each sam-
ple was then loaded onto a Sephadex G-50 column, and fractions were
collected in a 96-well plate with a FC203B Gilson fraction collector. Fluo-
rescence was recorded with a SpectraMax i3x (Molecular Devices) in the
Microbiology Lab, Chemistry Department facility, with excitation and
emission at 465 nm and 535 nm, respectively.

Zeta potential and DLS measurements

Zeta () potential measurements were performed using a NanoBrook
90Plus PALS particle size and zeta potential analyzer (Brookhaven
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Instruments). 20 mL aqueous solutions of 1 mM 1Pro-C18:1 and 2Pro-
C18:1 were prepared in deionized water in a 50-mL beaker. NaOH was
added from a 50 mM stock to the acidic lipid solution with a HI931 auto-
matic potentiometric titrator (Hanna Instruments) until pH 11.0. During
the titration, 1-mL aliquots were withdrawn at different pH values for mea-
surements of zeta potential. To maintain a constant volume, this 1 mL was
returned after measurement. Hydrodynamic size distributions were deter-
mined by dynamic light scattering (DLS) at 20 mM total lipid in 0.2 M bi-
cine, 50 mM NaCl, pH 8.0. Samples were centrifuged, filtered through
0.2-pm filters, and incubated for 24 h at 23°C prior to measurement.

Transmission electron microscopy measurements

Transmission electron microscopy (TEM) images were acquired using a FEI
Morgagni 268 microscope operated at 80 kV and equipped with a Gatan Orius
CCD camera. Images were collected using Gatan DigitalMicrograph software
(version 1.81.78). For sample preparation, 15 pL of a 20 mM lipid solution
(0.2 M bicine, 50 mM NaCl, pH 8.5) was deposited onto carbon-coated copper
grids with a formvar support film (Ted Pella, 300 mesh, product no. 01753-F).
After allowing the sample to adsorb for 3 min, excess solution was removed by
blotting with filter paper. The grids were then negatively stained with 4% (w/
v) uranyl acetate in distilled water and air-dried prior to imaging.

Turbidity measurements

Samples were prepared and titrated identically as above for the measure-
ment of zeta potential. However, here, 200-pL aliquots were removed
from the 50-mL beaker, placed in a 96-well plate, and measurements
were taken at 400 nm with the Epoch 2 BioTek microplate reader of the
Microbiology Lab, Chemistry Department facility.

Surface tension measurements

All experiments were performed using a commercial Langmuir trough
(80 mm diameter; surface area ~50.3 sz) filled with 26 mL of 0.2M bicine,
50 mM NaCl, pH 8.0, maintained at room temperature (21°C). For the
preparation of the monolayer, defined volumes of lipid stock solutions
(5 mg mL™" in chloroform) of 1Pro-C18:1 or 2Pro-C18:1 were carefully
spread onto the air-water interface of a circular Teflon trough using a Ham-
ilton microsyringe. After complete evaporation of the solvent, the system was
allowed to equilibrate prior to measurement. Throughout the manuscript,
lipid concentration is expressed as an effective concentration, defined as
the total lipid added relative to the total subphase volume. For soluble or
partially soluble amphiphiles, this value represents the total material present
in the system and does not imply that all lipid remains confined to the air-wa-
ter interface at any given time. For example, an effective concentration of
6 pM in 26 mL corresponds to a total lipid amount of 156 nmol, which would
yield a nominal surface density of ~3.1 nmol cm ™~ if all lipid molecules were
confined exclusively to the interface. Surface tension was measured using the
Wilhelmy plate method (Surface Pressure Sensor Model PS4, Nima Technol-
ogy). Increasing amounts of lipid solution were introduced onto the aqueous
subphase, resulting in a concentration-dependent decrease in surface tension.
For 1Pro-C18:1, increasing the lipid concentration reduced the surface ten-
sion from that of pure water (y ~ 72 mN-m™") to approximately 36 mN-m "'
at ~6 pM. However, the surface tension did not fully stabilize even after 1 h
of equilibration, suggesting limited surface activity of the lipid.

Vibrational sum frequency generation
spectroscopy

The vSFG experiments were performed using a femtosecond Yb-based
laser system (Carbide, Light Conversion) with 80 W power, 2 mJ pulse en-
ergy, 333 fs pulse duration, and a central wavelength of 1030 nm at 40 kHz
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with tunable repetition rate. The output was split into two parts: one
directed to a second-harmonic generator (HERO, Light Conversion) to
produce 515-nm visible light, which was spectrally narrowed using an ul-
tra-narrow bandpass filter; the other directed to an optical parametric ampli-
fier (OPA, ORPHEUS-MIR, Light Conversion) to generate broadband IR
pulses from 2,000 to 5,000 nm. The broadband IR and narrowband visible
laser beams were then focused and overlapped in both space and time on the
sample surface to generate the sum frequency (SF) pulse. The output SF
pulse from the sample surface was collimated and focused onto a spectro-
graph (Princeton Instruments, Acton SP-2556, 600 grooves/mm grating)
connected to a thermoelectrically cooled (—75°C) charge-coupled device
camera (Princeton Instruments, PIXIS 100B). The visible (~1.75 pJ/pulse)
and infrared (IR) (~5 pJ/pulse) beams were directed at the sample cell at
incident angles of 45° and 47°, respectively, relative to the surface normal.
We used SSP (S-polarized SFG, S-polarized visible, and P-polarized IR)
polarization combination for the measurements. The spectra were back-
ground corrected and then normalized with respect to the reference spec-
trum of a gold to account for any fluctuation in the energies of the
incident beams and to account for the nonresonant signal. The vSFG mea-
surements were performed on the same 8-cm-diameter Teflon trough used
for surface pressure measurements. Different concentrations of lipid were
added, equilibrated for ~50 min, and then the vSFG spectra were recorded.

The VSFG signal intensity, denoted as Isrg, is directly proportional to
the product of the square of the second-order nonlinear susceptibility tensor
of the sample, )((2), and the intensities of both visible beams, Iy, and the IR
beams, Ijz:

2 2 .
Tyslipex ’){S,)a1| , (Equation 1)

comprises a resonant and a nonresonant part,
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Here, )(,(\,2,3 e"m accounts for the nonresonant second-order susceptibility and its
phase. The second term represents the vibrational resonant contribution. In this
expression, A,, ®,, and I, represent the resonant amplitude, resonant fre-
quency, and line width of the " vibrational transition, respectively. Together,
these terms determine the absolute phase of the SF spectrum (g,;) with the
corresponding vSFG electric field magnitude or signal Eg;, (23). Based on
Equation (2), the absolute square of the sum of Lorentzian functions was
used to fit the vSFG spectra of all the lipids at air-water interfaces. The fitting
values can be found in Tables S1, S2, and S3. The C-H bands, located approx-
imately at 2,850 cm ™', 2,880 cm ™', 2,926 cm ™', and 2,950 cm ™' were fit with
widths ranging from 26, 28, 20, and 16 cm ™!, respectively. Throughout the
fitting process, the widths of all bands (/") remained constant when analyzing
the data for various concentrations of lipids added to the air-water interface.

RESULTS AND DISCUSSION
1Pro-C18:1 and 2Pro-C18:1 form vesicles

Single-chain bolalipids with L-proline (L-Pro) headgroups
separated by 8, 10, 12, and 18 carbons were synthesized
by EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)
coupling of amino-terminated hydrocarbons with Boc-pro-
tected L-Pro, similar to the report by Hu et al. (25). As a
result of this linking strategy, the L-Pro group can be posi-
tive (at lower pH) or neutral (at higher pH). We refer to these
lipids here as 2Pro-C8:0, 2Pro-C10:0, 2Pro-C12:0, and
2Pro-C18:1, respectively (Fig. 1 A-D). The lipids shown
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in Fig. 1 A—C were saturated, while 2Pro-C18:1 contained a
cis-double bond at C9 of the hydrocarbon chain (Fig. 1 D).
A unipolar lipid analog, 1Pro-C18:1, containing only one
Pro headgroup, was synthesized similarly (Fig. 1 E). All
lipids were purified by silica column chromatography and
the structures confirmed by 'H and '>C NMR spectroscopy
(Figs. S1, S2, S3, S4, and S5).

Thin lipid films were prepared by dissolving each lipid
in 1:1 chloroform:methanol followed by rotary evapora-
tion. The films were hydrated with buffered aqueous
solutions (pH 6.0 to 9.0) containing 0.25 mM HPTS (8-hy-
droxypyrene-1,3,6-trisulfonic acid), a hydrophilic fluoro-
phore, and the resulting structures were evaluated by
confocal fluorescence microscopy. At 20 mM total lipid,
no aggregates were observed for 2Pro-C8:0 and 2Pro-
C10:0, and only a small number of nonspherical aggregates
were detected for 2Pro-C12:0 (Fig. S6). While higher
concentrations were not systematically explored, shorter
hydrophobic chains are generally expected to reduce aggre-
gate stability and favor micellar or nonvesicular structures.
In contrast, 1Pro-C18:1 clearly formed vesicles between
pH 6.0 and 8.0 but not at higher pH (Fig. 2 A—F). Similarly,
2Pro-C18:1 formed well-defined spherical vesicles be-
tween pH 7.0 and 9.0 (Fig. 2 G-L). Because imaging
was performed after dilution, the data were consistent
with the formation of vesicles capable of retaining a small
(524.39 g/mol) hydrophilic fluorophore. TEM images
further supported vesicular morphology rather than
micellar aggregates for both 1Pro-C18:1 and 2Pro-C18:1
(Fig. S9 C, D), although bilayer thickness could not be
resolved under the present imaging conditions. Sponta-
neous vesicle formation upon simple hydration is consis-
tent with the behavior of many single-chain amphiphiles
(26), which typically exhibit lower energetic barriers to
membrane curvature than conventional diacyl phospho-
lipids. However, such behavior is less well documented
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for single-chain bolalipids, which are often associated
with increased membrane rigidity.

To further confirm that the observed spherical aggregates
were lipid vesicles, the samples were probed by fluores-
cence spectroscopy with Nile Red. The fluorophore Nile
Red is a lipophilic, solvatochromic dye that exhibits charac-
teristic emission near 630 nm when partitioned into vesicu-
lar membranes and near 640 nm when associated with
micelles (27). Upon incubation with 10 mM 1Pro-C18:1
and 2Pro-C18:1, emission maxima at 631 nm (Fig. 2 M)
and 630 nm (Fig. 2 N), respectively, were observed, consis-
tent with vesicular membrane environments. DLS measure-
ments revealed nanoscale assemblies with average
hydrodynamic diameters of ~130 nm for 1Pro-C18:1 and
~340 nm for 2Pro-C18:1 (Fig. S9), consistent with
vesicle-sized aggregates. The coexistence of nanoscale ves-
icles detected by DLS and larger structures observed by
confocal microscopy likely reflects sample polydispersity,
with DLS reporting an intensity-weighted size distribution
and optical microscopy visualizing larger, optically resolv-
able vesicles.

The selective formation of vesicles observed for the
C18:1 system likely reflects a combination of hydrophobic
length and chain fluidity. The shorter bolalipids (C8—C12)
may lack sufficient hydrophobic surface area to stabilize
extended membrane structures in this single-chain architec-
ture. In contrast to conventional bilayers formed by lipids
with a single headgroup, a fully extended single-chain bo-
lalipid would generate a monolayer-type membrane,
requiring a longer hydrophobic segment to achieve compa-
rable stabilization. The C18 chain, therefore, appears to
provide a threshold hydrophobic length for robust vesicle
formation under the present conditions. The presence of a
cis-double bond further lowers the melting temperature
and increases chain fluidity, which may facilitate self-
assembly and dynamic exchange; however, because a
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FIGURE 2 pH-dependent formation of 1Pro-C18:1 and 2Pro-C18:1 lipid vesicles. Confocal fluorescence microscopy images of vesicles formed by 1Pro-
C18:1 (A-F) and 2Pro-C18:1 (G-L) at pH 6.0 (A, G), pH 7.0 (B, H), pH 7.5 (C, I), pH 8.0 (D, J), pH 8.5 (E, K), and pH 9.0 (F, L). The scale bar represents
5 pm. Nile Red (NR) fluorescence emission spectra for 1Pro-C18:1 (M) and 2Pro-C18:1 (N) confirm the formation of a vesicular membrane with charac-

teristic emission maxima near 630 nm.

saturated C18 analog was not examined, the relative contri-
butions of chain length and unsaturation cannot be defini-
tively separated here.

1Pro-C18:1 and 2Pro-C18:1 have a similar
propensity to form vesicles

To assess the thermodynamic favorability of the formation of
vesicles, the CAC of 1Pro-C18:1 and 2Pro-C18:1 was deter-
mined using merocyanine 540. In the absence of vesicles, mer-
ocyanine 540 exhibits absorbance maxima near 500 and 540
nm, corresponding to dimeric and monomeric forms of the flu-
orophore in water, respectively, (Fig. 3 A, B) (28). Upon addi-
tion of either 1Pro-C18:1 or 2Pro-C18:1, an absorbance peak
near 570 nm emerged, characteristic of the presence of
vesicles (28). Fitting of absorbance as a function of the con-
centration of lipid yielded CAC values of 18 pM *= 2 pM
for 1Pro-C18:1 and 19 pM =+ 2 puM for 2Pro-C18:1 at pH
8.0 (Fig. 3 C, D, inset). The similarity of these CAC values in-
dicates that the presence of two proline headgroups in the bo-
lalipid does not substantially alter the thermodynamic driving
force for aggregation relative to the unipolar lipid. Moreover,
the CAC values are comparable to that reported for the C18:1
fatty acid oleate (29), suggesting that aggregation in this sys-
tem is largely governed by the hydrophobic C18 chain rather
than by the charge of the headgroup.

This result is somewhat counterintuitive. A membrane-
spanning bipolar lipid might be expected to exhibit
enhanced rigidity or a stronger thermodynamic driving force
for vesicle formation relative to a unipolar analog, analo-
gous in some respects to archaeal tetraether lipids that
form highly stable monolayer membranes. However, the
comparable CAC values observed here suggest that aggre-
gation thermodynamics are largely dictated by hydrophobic
chain contributions with headgroup architecture exerting a
more subtle effect. One possible explanation is that 2Pro-
C18:1 does not adopt a fully extended membrane-spanning
conformation in bulk vesicles but instead may assume a bent
or U-shaped configuration, thereby reducing the effective
architectural distinction between the uni- and bipolar lipids.
While the interfacial vSFG data below are consistent with
such a bent conformation at the air-water interface, the
conformation adopted within vesicles remains uncertain
and will require future structural investigation.

1Pro-C18:1 and 2Pro-C18:1 form stable vesicles

To confirm the stability of the vesicles and the ability to
encapsulate material, size exclusion chromatography was
performed on vesicles loaded with the fluorophore HPTS.
Given the prior evidence that fluorescence microscopy can
be used to observe vesicles that are insufficiently stable to
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survive size exclusion chromatography (30), it is important ~ protonated amine-heterocycle of free proline has a reported
to corroborate the presence of vesicles by several tech- pK, of 10.6 (32). Because functional groups can exhibit
niques. For both 1Pro-C18:1 and 2Pro-C18:1, two fluores- shifted pK, values upon partitioning into a membrane
cent elution peaks containing HPTS were observed, with (33,34), the pH dependence of the { potential was used to
the first peak corresponding to vesicles with entrapped estimate the apparent pK, of 1Pro-C18:1 and 2Pro-C18:1
HPTS and the second peak reflecting free, unentrapped in vesicle membranes. Since the  potential reflects the elec-
HPTS. The chromatograms clearly showed that both 1Pro- trostatic potential at the slipping plane of intact vesicles,
C18:1 (Fig. S8A) and 2Pro-C18:1 (Fig. S8B) formed vesi- measurements of { potential report on the net surface charge
cles. Importantly, the vesicles persisted in the presence of  arising from ionized headgroups in the membrane. Free
monovalent and divalent cations, conditions that are more monomers in solution do not contribute detectably to the
disruptive for fatty acid vesicles (31). Specifically, vesicles measured signal under these conditions. The { potentials
consisting of either 1Pro-C18:1 or 2Pro-C18:1 were stable of both 1Pro-C18:1 and 2Pro-C18:1 were greater than
in the presence of 250 mM NaCl, 250 mM KCl, 10 mM approximately +30 mV at pH 6.0-7.0 (Figs. 4 A, B), consis-
Mg®", and 10 mM Ca*" at pH 7.5 (Fig. S7TA-S7H). Stabi- tent with the formation of a stable dispersion of positively
lization was likely due to weaker interactions between the charged aggregates. Increasing pH led to a progressive
cations and the Pro headgroup. While the present study es- decrease in { potential, which approached 0 mV between
tablishes vesicle formation and stability, additional charac- pH 10 and 11. The apparent pK, was estimated by fitting
terization using environment-sensitive probes could further the € potential versus pH data to a sigmoidal function and
clarify membrane packing and hydration properties relative extracting the midpoint of the transition, as previously
to conventional bilayers. described (33), yielding values of 8.5 = 0.2 and 9.3 =+
0.1 for 1Pro-C18:1 and 2Pro-C18:1, respectively.

To corroborate these values, turbidity was recorded as a
function of pH under similar conditions (Figs. 4 C, D).
Turbidity increased with increasing pH, with inflection
To probe the ionization behavior of the lipids within mem- points at 84 = 0.1 and 9.2 = 0.1 for 1Pro-C18:1 and
branes, we measured the zeta ({) potential of vesicles as a 2Pro-C18:1, respectively, closely matching the apparent
function of pH. The { potential was determined by electro- pK. values derived from the { potential measurements.
phoretic light scattering, in which an applied electric field The correspondence between the { potential transition and
induces vesicle migration, and electrophoretic mobility is the turbidity inflection indicates that the protonation state
obtained from the Doppler shift of scattered light. The of the lipid is coupled to aggregate structure. At low pH,

Partitioning to membranes shifts the apparent
pK, of the Pro headgroup
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protonated lipids generate strong interfacial charge that
limits the formation of larger light-scattering assemblies.
As the pH increases and the lipids become progressively de-
protonated, surface charge decreases and larger aggregates
are formed, reflected by the increase in turbidity. The
apparent pK, values are lower than that of free proline, indi-
cating differential stabilization of the protonation states
upon incorporation into the membrane. This downward shift
is consistent with relative stabilization of the neutral form
and/or destabilization of the protonated form within the
aggregate, thereby shifting the protonation equilibrium to
lower pH.

The proline headgroup introduces a stereocenter (L-Pro),
raising the question of whether inverted or mixed chirality
(D-Pro or D/L mixtures) would alter membrane behavior.
In the absence of other chiral interaction partners, enantio-
meric amphiphiles are generally expected to exhibit similar
bulk thermodynamic self-assembly properties, and thus the
apparent pK, inferred from interfacial charge would likely
be comparable for D- and L-Pro variants. However, mem-
brane chirality can become functionally relevant through
subtle differences in interfacial organization and chiral
recognition phenomena. For example, chiral phospholipid
bilayers can exhibit enantioselective permeation of amino
acid derivatives (35), stereoselective interactions with mem-
brane-active peptides (36), and differences in collective
organization between enantiopure and racemic lipid assem-
blies under certain conditions (37). Moreover, systematic
modulation of lipid chirality in minimal living membranes

has been shown to affect cellular fitness and membrane
behavior, underscoring the broader biological relevance of
membrane chirality (38). Future work could therefore test
whether D-Pro variants or mixed-chirality Pro-lipids pro-
duce measurable differences in interfacial charge, perme-
ability, or molecular recognition.

Limited surface activity of 1Pro-C18:1 and 2Pro-
C18:1

Although the aggregation behavior of both lipids in bulk so-
lution was similar, we hypothesized that interfacial assem-
bly would be more sensitive to molecular architecture. To
probe this behavior, we measured surface tension as a func-
tion of lipid concentration at the air-water interface (Figs. 5
A, B). At 1 pM, both lipids reduced the surface tension of
pure water (from ~72 mN/m to ~60 and 52 mN/m for
1Pro-C18:1 and 2Pro-C18:1, respectively), confirming sig-
nificant surface activity. The concentration-dependent evo-
lution of surface tension, however, differed from that of
classical soluble C18:1 surfactants. Under identical condi-
tions, oleate and oleylamine exhibited surface tension pla-
teaus at concentrations that closely coincided with their
CAC:s (Fig. S10), consistent with the expected coupling be-
tween interfacial adsorption and bulk aggregation for solu-
ble surfactants. In such systems, once bulk aggregation
begins, the monomer activity, and therefore the interfacial
surface excess, remains approximately constant. In contrast,
for 1Pro-C18:1 and 2Pro-C18:1, the concentration at which
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surface tension exhibited a clear change in slope near 6 pM
did not coincide with the CAC determined from bulk mea-
surements (~18-20 pM) (Figs. 5 A, B). This separation indi-
cated that interfacial adsorption and bulk aggregation were
not simply coupled in these systems. Instead, adsorption
to the interface and formation of bulk aggregates competed
over a broad concentration range. We therefore interpret the
first transition (~6 pM) as primarily interfacial in origin,
whereas the second transition observed for 2Pro-C18:1
likely reflects the increasing influence of bulk aggregation
on monomer activity and interfacial coverage.

Symmetry-dependent interfacial conformations

To further gain molecular-level insight into the distinct
behavior of unipolar 1Pro-C18:1 and bipolar 2Pro-C18:1
lipids, we used vSFG spectroscopy, which is highly sensi-
tive to molecular order and orientation at interfaces
(23,39). Experimental details for the vSFG setup are pro-
vided in the supplemental information. Figs. 5 C, D
present the VSFG spectra of the air-water interface
in the presence of 1Pro-C18:1 and 2Pro-C18:1, respec-
tively. The interface in the presence of lipid 1Pro-
C18:1 was characterized by peaks at ~2,852 cm™' and
~2,926 cm ™', corresponding to the symmetric stretching
(CH,*) and asymmetric stretching vibrations (CH,™),
respectively, of the hydrocarbon chains of these lipids
(40). The absence of distinct CH; symmetric stretch and
Fermi resonance features in the ssp spectra of 1Pro-
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C18:1 reflects the limited spectral resolution of
our vSFG setup (~39 cmfl). Under these conditions,
the expected —CH; modes (~2,875-2,880 cm™' and
~2,940 cm™') overlap substantially with the more
intense —CH, symmetric and antisymmetric stretches, pro-
ducing a broadened envelope dominated by methylene
contributions. Resolving individual —-CH; features would
require significantly higher spectral resolution (x10-
15 cm™") than available in the present configuration.

In contrast, 2Pro-C18:1 at the interface showed a
~4 cm™! blue shift in the CH, symmetric stretch (supple-
mental information, Tables S1 and S2) and the appearance
of an additional peak at ~3,010 cm™' (Fig. S11B). The
latter feature corresponds to the alkene C—H stretch; absence
of this peak in spectra of 1Pro-C18:1 (Fig. S11A) suggested
an altered conformation at the interface, such as a U-shaped
(or “horseshoe”) conformation (Fig. 6) for 2Pro-C18:1
(41,42). In this U-shaped conformation, both proline head-
groups are expected to remain solvated in the aqueous
phase, while the unsaturated hydrocarbon chain extends
into air. The presence of a cis-double bond may introduce
conformational constraints, thereby favoring such a bent
interfacial geometry (42). A saturated C18:0 analog would
likely exhibit reduced conformational flexibility and a
higher melting temperature, potentially favoring more or-
dered interfacial packing and altering the balance between
extended and bent geometries. Because such an analog
was not examined in the present study, the specific role
of unsaturation in stabilizing the proposed U-shaped
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conformation remains to be determined. By comparison,
1Pro-C18:1 favored an extended geometry that resulted in
suppression of this SFG feature.

The vSFG measurements at the air-water interface of
1Pro-C18:1 in buffered water were very slow to stabilize af-
ter evaporation of the organic solvent used to deposit the
lipid. This longer equilibration time is consistent with the
surface tension measurements and indicates equilibrium be-
tween the interface and bulk solution. Unlike diacyl phos-
pholipids, which form kinetically trapped aggregates,
single-chain lipids equilibrate between different structures
(15). The equilibration process was observed by the gradual
decay of the vSFG intensity of the CH, peak over time
(Fig. S12). Stabilization of the signal was achieved only af-
ter ~50 min. Therefore, all subsequent vSFG spectra were
recorded after a 50-min equilibration period.

Varying the lipid concentration revealed a nonmonotonic
dependence of the vSFG signal for 1Pro-C18:1, with the
CH, vibrational intensity increasing from 4 pM to 6 pM
before decreasing at higher concentrations (Figs. 5 C).
The increased intensity of both symmetric (lower wavenum-
ber) and antisymmetric (higher wavenumber) CH, stretch-
ing vibrations from 4 pM to 6 pM is consistent with a
greater number of monomers adsorbed at the interface
with increasing concentration. These data also agreed with
the surface tension measurements, where the surface tension
exhibited a clear change in slope near 6 pM. However,
beyond this point, the intensity of both CH, vibrations
decreased with increasing concentration, with a significant
drop at 20 pM. This decreased signal was consistent with
increased partitioning of lipid into bulk aggregates. At low
concentrations, 1Pro-C18:1 exists in dynamic exchange be-
tween the air-water interface and monomer in bulk solution.
At higher concentrations, additional equilibria arise be-
tween 1Pro-C18:1 at the air-water interface, free monomer
in solution, and lipid embedded within bulk-associated ag-
gregates (e.g., micelle-like or vesicular species). Similar
equilibria between the air-water interface and vesicles in so-
lution were previously reported (12,43,44).

Stable cationic bolalipid vesicles

FIGURE 6 Schematic representation of the dy-
namic exchange between interfacial and bulk-
associated lipid species. At low effective concen-
trations (4-6 pM), lipids adsorb to the air-water
interface while remaining in equilibrium with
bulk monomer. At higher effective concentrations,
additional aggregation states (e.g., micelle-like or
vesicular assemblies) coexist with interfacial lipid.
The scheme illustrates the dominant interfacial or-
ganization under high-coverage (near-saturation)
conditions and is not intended to depict the instan-
taneous distribution of all lipid molecules in the
system.

2Pro-C18:1 behaved similarly. At concentrations below
4 pM, distinct CH, vibrational peaks appeared in the
vSFG spectra initially but gradually diminished over time
and eventually disappeared with increasing equilibration
time, indicating progressive equilibration of lipid molecules
with the bulk phase (Fig. S13). At 6 pM, the C-H stretching
vibrational intensity of the CH, vibration reached a
maximum, consistent with surface tension measurements
where the first inflection was observed. With increasing con-
centration, the intensity of the CH, vibrational peaks varied
nonmonotonically (Figs. 5 D), suggesting changes in inter-
facial configuration or the existence of equilibria between
interfacial, free, and aggregated 2Pro-C18:1. The data sug-
gest lower surface activity for 2Pro-C18:1 relative to 1Pro-
C18:1. This is supported by two key observations. First,
2Pro-C18:1 induced a smaller overall decrease in surface
tension, and second, 2Pro-C18:1 produced a significantly
lower SFG intensity (more than 2-fold lower than 1Pro-
C18:1 at 6 pM). The complexity of the assembly of 2Pro-
C18:1 is further highlighted by the nonmonotonic variation
in SFG intensity exhibited by this lipid near the CAC. Such
behavior is consistent with multiple concentration-depen-
dent equilibria between interfacial and bulk-associated
species.

As a reference for an insoluble phospholipid monolayer,
we performed concentration-dependent vSFG measurements
on dipalmitoylphosphatidylcholine (DPPC), a lipid known to
form a stable interfacial monolayer (Fig. S14). As expected,
DPPC exhibited a monotonic increase in CH, intensity with
concentration, and at higher surface coverage, the monolayer
transitioned into a liquid-condensed phase, accompanied by
characteristic changes in the vSFG line shape and appearance
of the symmetric stretch of CH; vibrations at ~2,880 cm ™'
(39). In contrast, neither 1Pro-C18:1 nor 2Pro-C18:1 showed
such spectral changes, suggesting that the behavior observed
above 6 pM was not due to changes in packing. Taken
together, these observations are consistent with a concentra-
tion-dependent shift in equilibrium toward bulk-associated
aggregates.
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To further probe possible conformational changes in the
alkyl chains of 1Pro-C18:1 and 2Pro-C18:1, we calculated
the ratio of amplitude of antisymmetric (v,;) and symmetric
(vs) methylene stretching modes ACHgf /ACH;S . The fre-
quencies of the antisymmetric (v,s) and symmetric (V)
methylene stretching modes are sensitive to chain confor-
mation and can be empirically correlated with the trans/
gauche ratio of the alkyl chains (41). The amplitude ratio
showed no significant variation with increasing concentra-
tion for either 1Pro-C18:1 (Table S1, 0.22 = 0.05) or
2Pro-C18:1 (Table S2, 0.35 = 0.04). These results are
consistent with reduced interfacial population rather than
changes in alkyl chain conformation.

Fig. 6 illustrates the proposed interfacial organization of
these lipids at the air-water (buffer) interface based on sur-
face tension, vSFG, and bulk aggregation measurements. At
low concentrations (~4 uM), both lipids exhibit dynamic
exchange between the air-water interface and bulk mono-
mer. Above ~6 pM, concentration-dependent equilibria
involving bulk-associated aggregates increasingly influence
the distribution of lipid between the interface and solution.
The balance between interfacial adsorption and bulk aggre-
gation differs for 1Pro-C18:1 and 2Pro-C18:1, with 2Pro-
C18:1 exhibiting reduced interfacial population at higher
concentrations.

Conclusion

Unipolar 1Pro-C18:1 and bipolar 2Pro-C18:1 lipids exhibit
remarkably similar bulk self-assembly behavior. Both form
vesicles over comparable ranges of pH with similar stability,
and both display similar CACs, comparable to that of the
C18:1 fatty acid oleate (29). The differences observed in so-
lution primarily reflect differences in the apparent pK, of the
Pro headgroup between the uni- and bipolar lipids. Together,
these results suggest that aggregation thermodynamics in this
system are governed largely by the hydrophobic C18 chain,
while headgroup architecture exerts a more subtle influence.

Single-chain lipids are generally more dynamic than their
double-chain counterparts (45), and this dynamic character
was evident at the air-water interface. Both lipids exhibited
concentration-dependent redistribution between the inter-
face and bulk-associated aggregates, with reduced interfa-
cial signal observed at higher concentrations. A key
distinction between the two lipids was their inferred interfa-
cial conformation, reflected in differences in the CH, sym-
metric stretch in vSFG spectra. The vSFG results are
consistent with an extended interfacial geometry for 1Pro-
C18:1 in which the headgroup resides in the aqueous phase
and the hydrophobic chain extends toward air. In contrast,
the spectra for 2Pro-C18:1 support a U-shaped conforma-
tion in which both headgroups remain solvated. Such a
conformation may influence interfacial curvature and stabi-
lization of dispersed phases, including aqueous aerosols
(46) or water-in-oil emulsions (47). The conformation
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adopted by 2Pro-C18:1 within vesicles remains uncertain.
2Pro-C18:1 may assume an extended membrane-spanning
conformation, forming a monolayer lipid membrane, or
2Pro-C18:1 could remain in a U-shaped arrangement within
a bilayer-like structure. Resolving this question will require
higher-resolution structural and kinetic studies. Overall,
these findings provide insight into how molecular symmetry
and headgroup architecture modulate the interfacial and
bulk behavior of single-chain bolalipids and may inform
the rational design of dynamic amphiphilic systems for ap-
plications ranging from drug delivery to artificial cells.

DATA AND CODE AVAILABILITY

Raw data have been deposited at Zenodo and can be downloaded at https://
doi.org/10.5281/zenodo.18749239.
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