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ABSTRACT: While the use of lipid nanoparticles in drug delivery
applications has grown over the past few decades, much work remains
to be done toward the characterization and rational design of the drug
carriers. A key feature of delivery is the interaction of the exterior
leaflet of the LNP with the outer leaflet of the cell membrane, which
relies in part on the fusogenicity of the lipids and the ionic
environment. In this paper, we study the interactions between two
lipid monolayers using a thin film balance to create lipid thin films and
interferometry to measure film evolution. We probe the role of lipid
headgroup chemistry and charge, along with ionic solution conditions,
in either promoting or hindering film drainage and stability. Specific
headgroups phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), and phosphatidylserine (PS) are
chosen to represent a combination of charge and fusogenicity. We
quantify each film’s drainage characteristics over a range of capillary numbers. Qualitatively, we find that films transition from
drainage via a large dimple to drainage via channels and vortices as the capillary number increases. Additionally, we observe a
transition from electrostatically dominated film drainage at low CaCl2 concentrations to fusogenic-dominated film drainage at higher
CaCl2 concentrations for anionic fusogenic (PS) films. Understanding the role of headgroup composition, ionic composition, and
ionic concentration will pave the way for the design of tunable vesicle and buffer systems that behave desirably across a range of ex
vivo and in vivo environments.

■ INTRODUCTION
The cell membrane consists mostly of lipids and proteins,
where lipids form a 2D fluid that serves to anchor proteins,
direct their function, and maintain the structural integrity of
the cell. Lipids are amphiphilic with hydrophobic tails and
hydrophilic headgroups, assembling into a bilayer structure
with a hydrophobic core. The hydrophobic core is responsible
for blocking the passage of ions/large molecules across the
bilayer and reducing water permeation while allowing small,
uncharged molecules to pass. Thus, proper cell function relies
on a variety of ways to transport vital molecules through the
barrier.
Cell membrane fusion is one of the methods used to

accomplish transport. It involves two separate lipid bilayers
merging to form a single continuous membrane, mixing the
contents within. This process is orchestrated by a variety of
membrane proteins and depends on local membrane
composition, temperature, and ionic environment to facilitate
intermediate fusion steps.1 There are 4 major steps typically
used to describe fusion: adhesion, hemifusion, formation of
fusion pores, and pore enlargement (fusion). The initial stage,
adhesion, involves two approaching outer membrane leaflets.
As the membranes near each other, the headgroups, proteins,

and ions present begin to influence the interleaflet interactions,
ultimately resulting in the mechanical rearrangement and
fusion of the bilayers. The fusion process occurs in different
contexts: cell−cell fusion, virus-cell fusion, and cell-vesicle
fusion. Cell-cell occurs at the earliest stage of propagation for
sexually reproducing organisms, with the fusion of sperm-egg
membranes, where lipid-anchored proteins also play a role.2

Virus-cell fusion marks the beginning of viral infection, and the
fusion process itself triggers sensing and antiviral response in
cells.3 Cell-vesicle fusion is associated with a variety of
physiological and pathological functions such as extracellular
vesicles transporting biological cargo molecules,4 or lipid
nanoparticles delivering pharmaceutical agents.5 All three
contexts presented justify the study of membrane fusion
although here the study of cell-vesicle fusion is of primary
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interest due to its interesting pathological implications. Drug
efficacy can be significantly enhanced through encapsulation
within membrane-mimicking vesicles.6 Advantages include
increased systemic circulation,7 environmentally triggered
drug release,8 and better targeting through biofunctionaliza-
tion.9 Whether during the encapsulation process, storage, or in
vivo transit, the interactions among a drug carrying vesicle, its
cargo, and the target cell membrane must be considered.
Lipid leaflet−leaflet interactions are a factor in the efficacy of

drug delivery for liposomal nanoparticles (LNPs).10 Several
competing parameters can affect both the efficacy and stability
of LNPs. In the case of drug-carrying liposomes, temperature,
membrane tension, fluidity, surface charge, surface modifica-
tions (antibodies, PEG), and changes in ionic content alter the
vesicle behavior while stored, in transit, and after introduction
to the body. Control over membrane composition is critical in
maintaining temperature stability in LNP formulations,11,12

where storage requirements may limit the accessibility of drug
formulations. Modification of the vesicle’s surface charge is
possible through addition of anionic dioleoylphosphatidylgly-
cerol (DOPG), which has been shown to decrease vesicle
stability under electroporation, as opposed to zwitterionic
dioleoylphosphatidylcholine.13 Other headgroups include
fusogenic DOPE or DOPS, which promote fusogenic activity
in drug carrying liposomes via stabilization of a fusion stalk and
interactions with Ca2+.14−16

The vesicle’s external ionic environment matters in storage
and during drug delivery. The prescence of ions can modify a
vesicle’s surface properties through association, affecting
stability in storage and efficacy during transit. A vesicle is
exposed to four major cations during circulation: Na+ (∼145
mM), K+ (∼4.2 mM), Ca2+ (12.5 mM), and Mg2+ (∼0.8
mM).17 Of these, Na+ and Ca2+ are of particular interest, both
due to their relatively high concentration and the latter because
of its specific interactions with fusogenic membranes.
Asymmetric calcium concentration leads to protein-free
membrane fusion in conjunction with fusogenic lipids.18,19

These ions are present within virtually every target tissue at
slightly varying concentrations. Thus, the vesicle’s composition
and external environment need to be taken into consideration
when creating drug carrying LNPs.
To begin to understand how lipid chemistry and ionic

solution environment dictates the interactions between lipid

bilayers, we use a modified thin film balance to create, image,
and carefully drain an aqueous phospholipid (PL) thin film in
air.20,21 While our previous work loaded oil in the microchip
surrounded by an aqueous phase to form a tensionable,20 free-
standing, large area phospholipid bilayer in order to measure
membrane Young’s modulus and bending rigidity in
symmetric,22 and asymmetric environments,23,24 here we
create inverted phospholipid bilayers in water in order to
examine headgroup-headgroup interactions.25 We suspend the
lipids in an aqueous solution and create a thick film (that is
subsequently thinned) surrounded by air. In this geometry, the
aqueous thin film possesses two opposing lipid monolayers
that are brought together during drainage, analogous to the
first stage of fusion where opposing lipid leaflets come
together. Thin film setups are typically used to study the
interactions between capillarity and hydrodynamics in
retraction,26 the effect of ionic strength on film stabiliza-
tion,27,28 kinetics of domain expansion,29,30 and coalescence.31

In this study, we focus on the effect of increasing NaCl and
CaCl2 concentrations on lipid monolayer interactions. Dioleoyl
chains with varied headgroup composition are chosen due to
their biological presence, good working temperature range, and
existing literature data. The ionic interactions between the
films primarily affect the headgroups; however, the acyl chains
are left unchanged for consistency. We show how alterations to
the thin film composition, by means of different zwitterionic
and anionic lipid headgroups, change the film’s drainage
properties as opposing monolayers approach. The results
reported here will ultimately be used to understand what forces
drive leaflet stability of a phospholipid thin film during
drainage in varied ionic environments.

■ MATERIALS AND METHODS
Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),

1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), and 1,2-dioleoyl-sn-glyc-
ero-3-phospho-L-serine (DOPS) in chloroform were obtained from
Avanti Polar Lipids. NaCl and CaCl2 were purchased from Fisher
Scientific. Aqueous buffers were prepared using ultrapure water (Milli-
Q, Millipore-Sigma) and filtered through a 200 nm pore filter before
use.

Lipid Mixture Preparation. Lipids are stored in airtight vials at a
10 mM concentration in chloroform. A small volume of DOPC-
chloroform stock is transferred into a 7 mL vial and attached to a gas-

Figure 1. (a) Schematic of the thin film balance experimental setup. (b) Equilibrium disjoining pressure isotherms for 50:50 PC:PS and PC:PG in
0.5 mM CaCl2. Lines are fits to the DLVO theory to determine the surface potential, as explained in the text.
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vacuum manifold. First the vial is purged using N2, and then it is dried
under vacuum (∼30 mbar) overnight, resulting in a thin, dry lipid
film. Once dry, the vial is weighed to determine the final mass of lipid.
For two-component films, the secondary lipid (DOPG, DOPS, or
DOPE) is added to the DOPC-containing vial and dried once again.
The dry mixture is reweighed to determine the primary and secondary
lipid content. Two-component films are dried together before being
resuspended for vesicle consistency. Ultrapure water is added to the
dried lipids such that the final concentration is 1 wt % before the
solution is sonicated for 4 h to resuspend the lipids. The 1 wt %
solution is then used to create three final samples consisting of 0.1 wt
% lipid and 1.5, 50, 150 mM NaCl or 0.15, 0.5, and 1.5 mM CaCl2.
This is done by adding ultrapure water, 1 wt % lipid solution, and
concentrated NaCl or CaCl2 stock depending on the desired salt
concentration. These aqueous solution conditions were chosen to
span a range that is relevant to biological systems while also being
adequate to stabilize anionic headgroup films as they drain and
transition to common black films, as expanded upon later.
Experimental Setup and Film Thickness Measurement. A

bikewheel microfluidic device consisting of a stainless-steel capillary
leading into a glass microfluidic chip is used to create a thin film with
the desired composition.21,25 A single channel within the glass chip
connects to the capillary tube and then bifurcates. Each resulting
channel then leads to opposing sides of a circular chamber containing
24 smaller, radially arranged channels, which lead to an aperture 0.9
mm in diameter. The chip is washed sequentially with ethanol and
ultrapure water prior to use. At least 1 mL of the intended sample is
cycled through the chip prior to placing the chip into the sample cell.
A portion of the sample is added to a separate chamber within the
sample cell to mitigate evaporation. The cell is sealed and placed onto
a Nikon Ti2 Eclipse to be imaged with monochromatic (640 ± 20
nm) light generated by a Spectra X light engine. A differential pressure
transducer (MKS Baratron) controls the disjoining pressure within
the microfluidic device using the chamber of the test cell as the
reference pressure. A schematic of the experimental setup is shown in
Figure 1a.

The thickness of thin films can be determined by imaging the film
via monochromatic light or separating white light into RGB
components28 and applying the Sheludko equation:32
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where heq is the equivalent thickness, λ is the wavelength of
monochromatic light (640 nm), nf (1.338) and nc (1) are the
refractive indices of the film (water) and continuous phase (air),
respectively, and m is the order of interference. Δ = (I − Imin)/(Imax −
Imin), where I is the recorded pixel intensity, and Imin and Imax are
minimum and maximum pixel intensities recorded from the
interference fringes during the film’s drainage. Using this approach,
measurements of film thickness can be made with 3 nm resolution.
The resolution limit in film thickness is propagated when subsequent
parameters are calculated, such as the capillary number explained
below.
Goniometry. Pendant drop experiments are performed with a

Theta optical tensiometer from Biolin Scientific. The surface tension
was determined using Attension software. First, freshly sonicated
samples are loaded into a clean 100 μL syringe, which is inserted into
the tensiometer’s syringe holder. The needle tip (0.32 mm OD) is
then lowered into a vial containing a small volume of the sample to
minimize evaporation. A drop of approximately 4 μL is formed and
allowed to stand for 5 min prior to recording. The waiting period
allows a PL monolayer to form at the air−water interface,
equilibrating the surface tension. Finally, an array of 330 images
taken over 30 s is used to calculate the surface tension.

Thin Film Experiments. Two types of film drainage experiments
are carried out: dynamic and equilibrium. Dynamic drainage
experiments are the result of large stepwise increases in disjoining
pressure, which illustrate the kinetics of drainage, while equilibrium
experiments consist of very small stepwise increases in disjoining
pressure, which allow the film to equilibrate at each step. Each
experiment begins by infusing the sample into the microfluidic
aperture to create a thick film and finding the zero disjoining pressure
condition, where the film is neither infusing nor draining. For
equilibrium experiments, the film is drained slowly by increasing the
disjoining pressure in steps of 2 Pa every few minutes, maintaining the
film at equilibrium. These experiments yield disjoining pressure
isotherms for the lipid films, from which the surface potential may be
extracted by modeling the electrostatic component of the disjoining
pressure, Πel, using DLVO theory.33

During dynamic drainage experiments, the disjoining pressure is
increased by a nominal value of 50, 100, or 200 Pa from its zero value.
The actual magnitude of the pressure step recorded by the pressure
transducer is recorded and used in a subsequent analysis. In the case
of dynamic experiments, collective film drainage behavior is described
by using the capillary number. A film’s capillary number represents
the complex drainage of a film experiencing capillarity and dimple
formation, and is the ratio between the film’s viscous forces and the
surface tension contribution to film drainage,34

=Ca
UR

h
bw
2

2 (3)

Here, η is the viscosity of the film and in the case of 0.1 wt %,
relatively low molecular weight lipids in water, a constant value of η =
1 mPa s is used. U is the characteristic drainage velocity of the film,
calculated by measuring the velocity of the lipid thin film areal
increase from the beginning of draining to when it reaches its
equilibrium area given a specific pressure. Film drainage is a direct
result of an increase in disjoining pressure; however, it is secondarily
dependent on the lipid and aqueous environments, so U is dependent
on both the applied pressure and film properties. The radius of the
microfluidic device’s central aperture, Rbw, is 0.45 mm. The film
surface tension, σ, was determined for each lipid/salt combination
through pendant drop experiments, as described above. Finally, h
describes the film thickness as determined by eq 1, and it is dictated
by the lipid and aqueous environment.

■ RESULTS AND DISCUSSION
Equilibrium Disjoining Pressure Isotherms. The

disjoining pressure isotherm is experimentally determined
through measuring the film thickness as the disjoining pressure
is increased, allowing equilibration at each step. The disjoining
pressure within the film is defined as the sum of the
equilibrium intermolecular forces acting between the two
lipid monolayers. In DLVO theory, it is comprised of van der
Waals’ attraction (ΠvdW) and electrostatic repulsion forces
(Πel). Observations of stepwise thinning behavior within film
led to the addition of an oscillatory disjoining pressure
component (Πos),

35 such that the total disjoining pressure is
given as

= + +vdW el os (4)

Phospholipid films do not undergo stepwise thinning over
the set of experimental conditions; therefore, the oscillatory
portion of the disjoining pressure can be ignored, leaving ΠvdW
and Πel. The van der Waals’ contribution is a short-range,
attractive, component,

= A
h6vdW
H

3 (5)
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where AH is the Hamaker constant and h is the film thickness.
The electrostatic contribution depends on the electrolyte’s
valency, with the following equation, valid for a divalent
counterion or divalent co-ion,33

= n k T
v

h432 tanh (
4

)exp( )i j
i j

el( : ) 2 B
2 :

(6)

where n2 is the number concentration of divalent ions, kB is the
Boltzmann constant, T is temperature, κ−1 is the Debye
screening length, and h is the film’s thickness. Since the
aqueous films are suspended in CaCl2, a divalent counterion,

vi:j takes a value of 2:1 as = +( )( )v ln 3/ 1 2exp e
k T2:1

B
, where

ϕ is the film’s surface potential and e is the elementary charge.
A similar expression exists for monovalent ions.33

Films consisting of 1:1 DOPC:DOPS and DOPC:DOPG
were drained as described in the previous section, and their
disjoining pressure isotherm is shown in Figure 1b. Both films
become common black films (h < 20 nm) at low disjoining
pressures, but further thinning requires significantly higher
pressure due to electrostatic repulsion between monolayers.
Fitting eq 6 to the isotherms with the surface potential as the
only free fitting parameter yields φ = −5.4 ± 0.55 and −4.8 ±
0.63 mV for PC:PG and PC:PS, respectively. PS films are
thinner than their PG counterparts, as expected, due to the
increased electrostatic repulsion between anionic PG head-
groups. However, the quality of the two-term DLVO fit is
poor, which we suspect is due to binding of cations to the
anionic headgroups or additional structural forces present.
Calcium binding constants for POPC:POPG thin films have
been reported to be 8.5 M−1, whereas those for DOPC:DOPS
mixtures have been found to be 650 M−1.36,37 This implies
greater electrostatic screening for PS films, allowing them to
have a decreased disjoining pressure at a given film thickness
(said another way, a decreased film thickness at a given
disjoining pressure). This specific binding would also
contribute to screening the repulsive electrostatic forces
between the two monolayers, causing the DLVO prediction
to overestimate the disjoining pressure at a given film thickness
and underestimate the surface potential. A future consideration
may be the addition of a structural disjoining pressure term to
the electrostatic and van der Waals attraction terms to improve
the model. The addition of other disjoining pressure
contribution terms such as hydration (Πhydr) and oscillatory
(Πos) terms has been necessary to describe molecular layering
of water between mica plates and stepwise thinning in sodium
docecyl sulfate films, respectively.28,38

Dynamic Film Drainage. Application of a stepwise
disjoining pressure increase occurs after bringing the film to
an initial Π = 0, where fringes can first be observed. The
pressure increase results in rapid film expansion seen in Figure
2, where two DOPC films are being dynamically drained at 50
mM (A) and 150 mM NaCl (B) and ΔP = 211 and 224 Pa,
respectively. This example shows the two main modes of
drainage observed in these experiments: channel drainage (A)
and dimpled drainage (B). As will be discussed later, the visual
drainage characteristics are not only a function of ionic
strength but also vary depending on headgroup content, ion
valency, and the magnitude of the disjoining pressure step
exerted. Channel drainage allows the expansion of common
black film domains between “channels” of thicker fluid, where
drainage of the liquid occurs. On the other hand, dimpled
drainage results in a thick “dimple” appearing at the center of
the film, surrounded by a thinner barrier ring.
In the case of channel drainage, the expansion of thinner

(darker) domains forcibly drives fluid flow into channels,
resulting in faster drainage and a common black film with
constant thickness. Alternatively, dimpled drainage resulting
from high (150 mM) concentrations of NaCl results in a
central portion of the film comprised of a thick, lens-like patch
of buffer surrounded by a thinner barrier ring. This
phenomenon has been noted in some surfactant systems,39

and it is attributed to a depletion of surfactant within the film
interior due to diffusion. A high ionic concentration enables
the formation of a barrier ring due to highly screened
electrostatic repulsion at the film’s periphery coupled with an
abundance of surfactant. The barrier ring imposes hydro-
dynamic resistance by forcing fluid outflow through a thin
radially symmetric channel (A), as opposed to the few thick
channels present in (B).
We studied the effect of sodium chloride concentrations

from 1.5 to 150 mM (approximately the concentration of NaCl
in blood) on film drainage properties of DOPC, using three
different magnitude step increases in pressure for each, and
find the capillary number from eq 3 (Figure 3). For each ionic
strength, the capillary number increased with increasing ΔP,
primarily due to the increased velocity of film expansion, U.
The capillary number of the DOPC film decreased with
increased sodium chloride concentration while undergoing a
transition in its mode of drainage as shown in Figure 3.
The change in Ca with ionic strength is a result of changing

surface tension and the common black film thickness. The
surface tensions of DOPC monolayers increase from 59 to 72
mN/m as the ionic strength increases from 0.5 to 150 mM.
This increase is likely a result of excess ions disrupting

Figure 2. Dynamic thinning of 0.1 wt % DOPC films in solutions of (A) 50 mM (ΔP = 200 Pa) and (B) 150 mM NaCl (ΔP = 200 Pa). (A) shows
drainage through channels and vortices, while (B) shows dimpled drainage. Elapsed time is the same for each series. Scale bar is 200 μm.
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monolayer formation at the air−water interface. Small
concentrations of surfactant (SDS) have been shown to reduce
surface mobility in water.40 In our case, an increased sodium
chloride concentration reduces the film’s surface mobility. The
combination of increased surface tension and surface
immobilization leads to a lower overall capillary number as
the concentration of NaCl increases. With this base case of a
zwitterionic lipid in monovalent NaCl, we proceed to examine
the effect of changing headgroup chemistry in divalent (CaCl2)
solutions.
Films consisting of DOPC and 1:1 PC:PE, PC:PG, PC:PS

were drained dynamically at nominal pressure steps of 50, 100,
and 200 Pa and calcium chloride concentrations of 0.15, 0.5,
and 1.5 mM. These conditions were chosen such that the
range of Debye lengths overlap with the aforementioned NaCl
films and are in a biologically relevant regime where divalent
cations, specifically calcium, are expected to possess specific
lipid headgroup interactions that drive adhesion and fusion.41

At a concentration of 0.5 mM CaCl2, films are divided into two
sets of film thicknesses as seen in Figure 4. Anionic films
containing PG or PS were thicker than films containing
zwitterionic PC or PE. This is analogous to the introduction of
anionic DMPG to DOPC films that has been found to increase
film thickness attributed to an increase in the repulsive
component of the disjoining pressure.42 This electrostatic
repulsion effect presents itself both in the final thickness of the
film and in capillary numbers of anionically charged inverted
bilayers. Equation 6 can be used to determine the electrostatic
portion, Πel, of the total disjoining pressure using the surface
potential determined from the equilibrium fit in Figure 1 (φPG
= −5.4 mV, φPS = −4.8 mV) at the thicknesses shown in
Figure 4 (hPG = 21 nm and hPS = 17 nm). With a CaCl2
concentration of 0.5 mM, this results in values of Πel_PG = 68
Pa for the DOPC:DOPG film and Πel_PS = 76 Pa for the
DOPC:DOPS film. While the presence of calcium decreases
Πel by screening electrostatic repulsion at the film’s surface, it
still makes up a significant portion of the applied 200 Pa
disjoining pressure, leading to an overall higher thickness when
compared to zwitterionic films.
Studies of DMPC films in ethanol/water mixtures have

concluded that zwitterionic film stability is mostly determined
by structural forces.43,44 However, charging of the air−water
interface in zwitterionic lipid films can occur,45,46 and is
attributed to positive specific adsorption of hydroxide ions. A
mildly charged surface is likely responsible for the higher
thicknesses of the PC and PE bilayers at low calcium
concentrations. Decreased thickness at a CaCl2 concentration
of 0.5 mM can be attributed to the presence of cations
outcompeting OH− surface binding, screening a portion of the
electrostatic disjoining pressure contribution. This aligns with
pH dependent surface tension data of PE monolayers, which
show a decrease in headgroup area and lower surface tension
below from pH 9 to pH 4.47 We suspect the effect of increasing
CaCl2 to be similar to that of decreasing pH: the higher
concentrations of Ca2+ would cause a decrease in OH−

adsorption. The subsequent decrease in headgroup area can

Figure 3. Capillary number for dynamically drained DOPC films at
different ionic solution conditions and ΔP. Images on the right show
the different modes of drainage that occur concurrently with
modifying drainage capillary number. Scalebar is 200 μm.

Figure 4. Film thickness as a function of the calcium concentration and headgroup charge. Low calcium concentrations are sufficient to stabilize
zwitterionic common black films, but not anionic ones. Line scans of DOPC:DOPS films formed in 0.15 and 1.5 mM CaCl2 are shown on the left
and right, respectively. Low concentrations of divalent cation coupled with a negatively charged surface prevents the common black film transition
(left) while increased cation results in common black film formation (right). DOPE films are short-lived in 1.5 mM CaCl2 due to extensive lipid
aggregation.
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then induce a negative spontaneous curvature on PE films.
Surface binding studies for divalent cations have found
concentrations of up to 1 mM Ca2+ decrease (less negative)
the zeta potential of DOPS:DMPS 2 mg/mL vesicle solutions
of pH = 7.1 and 10 mM KCl.48 For comparison, our bulk
DOPS concentrations were ∼5.2 mg/mL with pH = 7.4 and
no other ions. Therefore, we expect the contribution of Πel to
anionic (PG, PS) films to be significantly higher at a CaCl2
concentration of 0.15 mM. In fact, the anionic PG and PS-
containing films are unable to transition to common black films
at applied pressure steps of up to 200 Pa at this concentration.
PC:PS film at this low CaCl2 concentration had nonuniform
thicknesses that ranged from 60 nm at the edges to 20 nm at
the center, as opposed to a constant film thickness of ∼17 nm
for PC:PS in 1.5 mM CaCl2 (Figure 4 left and right,
respectively).
Film composition and ionic effects are also manifested in the

dynamic drainage characteristics, as described quantitatively by
the capillary number and qualitatively by the mode of drainage.
Several exemplary sets of experiments are shown in Figure 5.

As explained above, increasing NaCl concentration decreases
the capillary number for DOPC films concurrent with a
transition from channel to dimple drainage. At low ionic
concentrations, films do not experience significant electrostatic
screening due to ionic surface binding. For example, NaCl and
CaCl2 at a concentration of 1.5 mM (κCaCld2

−1 = 4.9 nm, κNaCl−1 =
7.8 nm), have similar capillary numbers and drainage
characteristics (channel drainage). At a constant 1.5 mM
CaCl2 concentration, changing from fully zwitterionic DOPC
to a 1:1 mixture of DOPC:DOPG yields in an order of
magnitude decrease in the capillary number. This is likely
because Ca2+ binds onto the PG phospholipid headgroup, as
shown in FTIR binding experiments,49,50 where the divalent
cation is shown to form a complex with the headgroups.
HNMR studies have found incorporating PG onto a PC
enhances the surface binding of Ca2+ by approximately a factor
of 4 while also suggesting the formation of a ternary complex
consisting of two lipids bound to one Ca2+ ion.36

The large difference in capillary numbers between PC and
PC:PG films at 1.5 mM Ca2+ can also be explained by a
combination of electrostatic repulsion opposing film thinning
and higher local [Ca2+] at the film’s edge due to enhanced
surface binding. The combination of electrostatics and surface
binding led to a formation of a barrier ring and dimpled
drainage similar to that of 150 mM NaCl DOPC films (also
shown in Figure 5). The addition of NaCl serves to decrease
weak electrostatic repulsion in the DOPC case, resulting in a
decreased capillary number. In turn, the incorporation of
anionic DOPG served to increase monolayer electrostatic
repulsion, with the capillary number also decreasing as a result.
When dynamically draining pure DOPC films and 1:1

mixtures of PC:PE, PC:PG, and PC:PS, we observed a similar
trend in their capillary number as we did in thicknesses at a
concentration of 0.5 mM CaCl2 (Figure 6a). The films separate
into anionic and zwitterionic groups with regards to their
capillary number, with films containing anionic headgroups
having a lower capillary number at a given drainage condition.
While this is not so surprising since thickness is used to
calculate capillary number, the films also showed a significant
difference in their drainage velocity (U), depending on charge.

Figure 5. Capillary number for dynamically drained films with
different headgroup chemistries, ionic solution conditions, and ΔP.
Images on the right show the different modes of drainage that occur
concurrently with modifying drainage capillary number. Scalebar is
200 μm.

Figure 6. Capillary number for dynamically drained films with different headgroup chemistries at (a) 0.5 mM CaCl2 and (b) anionic headgroup
containing films (PC:PG and PC:PS). Drainage of varied headgroup films (left) is determined by headgroup charge in 0.5 mM CaCl2, while films
behave differently depending on their fusogenic status at higher CaCl2 concentrations (right).
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Bulk lipid concentrations within the film solution were
approximately 13 mM ([lipid]/[Ca2+] = 26). This means that
Ca2+ binding is likely proportional to the concentration of
calcium near the pure DOPC monolayer, and higher than the
initial bulk concentration.37 Zwitterionic lipids are thought to
play a role in increasing local (unbound) Ca2+. Thus, even
small additions of negatively charged lipid headgroups, such as
PS or PG, enhance Ca2+ surface binding by 2 orders of
magnitude, as shown in NMR studies.51 At a concentration of
0.5 mM, however, cationic binding is unlikely to fully
compensate for the negative membrane surface charge.
Interestingly, at Ca2+ concentrations of 1.5 mM ([lipid]/

[Ca2+] = 8.7), we observe a divergence between anionic
nonfusogenic (PG) and anionic fusogenic films (PS) (Figure
6b). Anionic, nonfusogenic PG-containing films show
decreased capillary numbers, resulting from both an increased
film thickness and a reduction in the drainage velocity. The
reduced drainage velocity can be explained by a reduction in
the lateral mobility of DOPG.52 Anionic, fusogenic PS-
containing films increase in capillary number. The increase is
due to a higher surface velocity coupled with a marginally
lowered thickness. Calcium binds to both headgroups,36,37 so
the divergence in capillary numbers could be due to altered
surface potentials, specific orientation of the lipids during film
expansion as a result of Ca2+-induced conformational changes,
the additional interaction site for Ca2+ present in PS but not
PG headgroups,53 or additional surface forces besides Πel. A
change in the spontaneous monolayer curvature may be one
such conformational change as DOPS is initially cylindrical,
with a packing parameter of ∼1 creating planar monolayers.54

As more calcium binds to the PS headgroup, the area per lipid
decreases,55 and the lipid geometry becomes conical, with a
packing parameter >1. Such negative spontaneous membrane
curvature could contribute to accelerated film drainage and
promote membrane remodeling processes, such as fusion,
within the cell membrane. Studies using SDS and Mg2+ films
have found addition of Mg2+ beyond a critical value to
destabilize films by increasing the ionic correlation attraction
(Πcorr).

33 A similar phenomenon could be the cause for film
destabilization in fusogenic films, thus the rapid drainage rates
and reduced film stability for PE and PS films at higher [Ca2+].
Finally, Figure 7 summarizes the capillary numbers and

qualitative drainage characteristics for all films as a function of
Debye length. The highest capillary numbers for each film
occur at κ−1 = 7.8 ([NaCl] = 1.5 mM) and 8.6 nm ([CaCl2] =
0.5 mM). Lower Debye lengths result in lower capillary
numbers and dimpled drainage simultaneously, attributed to
reduced surfactant mobility and increased surface tension
coupled with higher ionic concentrations, stabilizing the barrier
ring around the film by reducing Πel (electrostatic screening).
Higher Debye lengths in nonfusogenic films give rise to a
broad range of capillary numbers that are mostly determined
by electrostatic repulsion, as evidenced by the order of
magnitude difference between PC:PE and PC:PG at κ−1 = 15.6
nm. The local maximum in capillary number points to an
optimal range of ionic concentrations for maximum rates of
film drainage, which strikes a balance between long-range
electrostatic repulsion and rapid thinning/stabilization of a
film’s periphery. Low ionic concentrations are required to
stabilize the formation and subsequent drainage of the film but
are not enough to screen electrostatic repulsion within the
monolayers. High ionic concentrations are effective in
screening electrostatic repulsion; however, the monolayer

surface is disrupted and surface tension increases due to ion-
headgroup binding. The local maximum is present in both
fusogenic and nonfusogenic films, although the specific value
for the ionic concentration depends on the headgroup
composition, ionic valency, and lipid concentration. Despite
the specific compositional characteristics of each film, a clear
visual pattern emerges: dimpled films drain slowly, and channel
films drain the fastest.

■ CONCLUSIONS
In this work, we created thin lipid films consisting of PC, PE,
PG, and PS headgroups to explore their dynamic drainage
based on salt concentration and headgroup charge/fusoge-
nicity. We have shown differences in drainage depending on
both the solution and film characteristics. Low drainage rates at
high Debye lengths, κ−1

, are attributed primarily to electrostatic
repulsion. Low drainage rates at low κ−1 values are attributed
to a combination of surfactant mobility, increased surface
tension, and stabilization of a barrier ring due to screening.
These combined effects give rise to dimpled drainage at low
capillary numbers, where the barrier ring traps a large portion
of fluid within the center of the film. Finally, the fusogenic
status of a lipid (DOPS) increases the drainage rate beyond a
[CaCl2] threshold somewhere between 0.5 and 1.5 mM. The
DOPS film behavior is a reversal in trend when compared to all
other films and points to structural forces in addition to
electrostatics acting upon phospholipid films. It is possible that
the amount of surface-bound Ca2+-PS is enough at these
concentrations to transition DOPS from a cylindrical shape,
(packing parameter = ∼1) to a conical shape (packing
parameter >1) which can potentially promote processes that
involve membrane deformation. The emergence of structural
forces as the main driving factor in DOPS film thinning beyond
0.5 mM CaCl2 is further reinforced by the Ca2+ DMPS:DOPS
binding and permeation studies. Binding studies suggest little
dependence of surface charge, while permeation experiments
suggest crystallization of acyl chains beyond 1 mM CaCl2.

48,56

The interactions between membranes and cations such as
calcium and sodium are important in understanding not only
biological processes but also the stability of LNP formulations.
Capillary numbers obtained from simple drainage experiments

Figure 7. Film capillary number and mode of drainage for all films.
Symbol color and fill correspond to the visual drainage characteristics
of each film, while the symbol shape denotes the lipid and ionic
content.
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will enable further study of complex lipid film interactions
across a range of salt concentrations and lipid compositions. In
the future, complex multicomponent lipid films with additional
biomolecules can be formed to mimic exosome-cell membrane
adhesion and fusion. Understanding headgroup interactions in
the context of complex protein-free films can thus inform lipid
selection for selective, compositionally dependent fusion. This
would in turn facilitate either maximizing or minimizing
interactions between vesicles during storage or vesicles and
cellular membranes in vivo.
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