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Abstract 
Membrane potential fluctuations have previously been detected by second harmonic (SH) 

water imaging on neuronal cells and model lipid bilayer membranes. We report that such 

fluctuations are also visible when membrane potential-sensitive fluorophores are used as 

contrast agents, and fluctuations are imaged on both free-standing lipid membranes (FLMs) 

and on the plasma membranes of neuroblastoma cells. We show that upon K+ depolarization, 

non-uniform recovery responses occur across cells and within single cells. We discuss the 

origins and implications of such fluctuations, and investigate the molecular-level details of 

membrane potential distributions on FLMs and compare it to those on giant unilamellar vesicles 

(GUVs). SH water imaging shows that the hydrated part of lipid membranes is most likely 

composed of regions having a diffuse double layer, and other regions having an additional 

condensed double layer, with a high concentration of ions / ionic groups. In terms of 

transmembrane potential distributions, FLMs and GUVs show similar signatures, as expected 

from electrostatics. Comparing passive ion transport, FLMs and GUVs of identical composition 

behave differently, with GUVs being more permeable for proton transport (~20x). This is likely 

caused by differences in the hydrophobic cores of the membranes, which create different 

energetic barriers for the proton transport.  
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1. Introduction 
The inner and outer leaflets of cellular and organelle membranes are compositionally diverse, 

which is crucial for cell functioning. Leaflet composition is often non-random and occurs in 

eukaryotic membranes (1–4). Transmembrane asymmetry can be achieved actively and 

passively (5–7). Active pathways use regulating proteins and peptides to induce asymmetry, 

whereas passive pathways derive from a balance of intermolecular interactions (8). 

Interactions that are strong enough to impart asymmetry are, in decreasing order of strength 

(9), electrostatic, and hydrogen (H) bonding interactions, followed by dispersive and steric 

interactions. Although electrostatic and H-bonding are the most relevant interactions and 

responsible for stabilizing membranes in water, they are rarely studied in the context of 

membrane asymmetry (10–12). These interactions are the topic of this work. 

The part of lipid membranes that is immersed in water is the hydrated head group 

region. The charged head group moieties (e.g. R2PO4
-, COO-, NH3

+, and N(CH3)3
+) as well as 

their counterions (e.g. Na+, K+), and water and ionic species from the bulk aqueous phase form 

the electric double layer (EDL, sketched in Fig. 1A) (13,14). The EDL comprises a 

concentration gradient of co- and counterions, as well as oriented and interacting water 

molecules, and is part of every aqueous interface and membrane (15). In the vicinity of a 

charged interface, dipolar molecules and ions distribute in a manner that lowers the free 

energy. A balance between enthalpic and entropic driving forces creates a layer of charge 

separation, as sketched in Fig. 1A. According to Gouy-Chapman (GC) theory or Gouy-

Chapman-Stern (GCS) theory, this gradient can be either gradual, giving rise to a diffuse 

double layer (DDL), or composed of a condensed part (Stern layer) in combination with a 

diffuse part. The GC and GCS models comprise linearized solutions to the Poisson-Boltzmann 

equation, which describe the distribution of point charges in the vicinity of a homogeneously 

charged interface in contact with a mean-field dielectric medium. In the GCS model, the surface 

potential (𝛷0) of a charged planar surface with surface charge density 𝜎0 in contact with an 

aqueous solution having a symmetric 1:1 electrolyte with concentration 𝑐 is given by (15):  

𝛷0 =
𝜎0𝑑𝑠

𝜀0𝜀𝑟′ +  2𝑘𝐵𝑇
𝑒 𝑠𝑖𝑛ℎ―1(

𝜎0

8000𝑘𝐵𝑇𝑁𝐴𝑐𝜀0𝜀𝑟
), (1)

where 𝑑𝑠, 𝜀0, 𝜀𝑟′, 𝜀𝑟, 𝑘𝐵, 𝑇, 𝑒, 𝑁𝐴, are the Stern layer thickness, the permittivity of vacuum, the 

dielectric constant in the Stern layer, the dielectric constant of the bulk medium (water), the 

Boltzmann constant, the temperature, the elementary charge and Avogadro’s number, 

respectively. 

Although other idealized models of this charge separation phenomena exist (16,17), 

many aspects remain unknown, such as when/how exactly a Stern layer is formed, how 
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different ionic species influence this formation (known as specific ion effects), and what is the 

effect of interfacial heterogeneities. Historically, the understanding of the EDL on lipid 

membranes has been driven by theoretical / computational efforts (14,18), aided primarily by 

electrical recordings (17). This has led to the conceptual idea that electrostatic interfacial 

potentials are ‘fixed’ properties of membranes. This is perhaps best exemplified by the notion 

that every cell has a specific resting potential and that, upon (de)polarization, the whole cell 

changes its membrane potential (19). Recent imaging developments are beginning to alter this 

picture. It has become possible to image interfacial water on sub-second time scales. This is 

important, as water is generally the main compound in any biological system, and the obtained 

data provides quantified information about the electric double layer on the molecular level (20). 

The enabling imaging method is called high throughput non-resonant second harmonic (SH) 

imaging and is described in detail in Refs. (20–22).

SH imaging was invented in the 1970s (23–25), and became an important tool for 

biomedical applications, whereby either non-centrosymmetric bulk structures were probed, see 

e.g. Refs. (26–31), or interfaces, combined with the use of resonant dyes, see e.g. Refs. (32–

35). These strategies were necessary to obtain sufficient imaging contrast for the generally 

weak nonlinear optical process. Non-resonant SH generation, is a process in which two 

photons with frequency 𝜔 are converted into a photon with frequency 2𝜔 via a series of non-

resonant interactions (illustrated in Fig. 1B). Using an approach with a medium-repetition rate 

near-infrared femtosecond illumination with gated detection, it became possible to perform 

non-resonant wide-field SH imaging of interfacial water on sub-second time scales (20,36). 

SHG has a unique sensitivity to interfaces (37), by virtue of a spatial symmetry selection rule 

that applies to all even-order nonlinear optical techniques within the electric dipole 

approximation (37). Anisotropic molecular arrangements of non-isotropic molecules generate 

coherent SH photons, while isotropic arrangements do not. Therefore, coherent SH photons 

are uniquely generated in the phase matching direction from an interface if it is sandwiched 

between isotropic media. This offers a unique optical contrast mechanism for bilayer imaging. 

A fully symmetric bilayer (Fig. 1C (i)), with all components superimposable by reflection, 

generates no coherent SH photons (38). An asymmetric bilayer that lacks such a symmetry 

does generate coherent SH photons (36). The asymmetry can be static, by having 2 different 

leaflets with on-average asymmetric lipid/protein distributions (Fig. 1C (ii)), specific interactions 

in the EDL of one leaflet, e.g. with divalent ions or protons (Fig. 1C (iii)), or by spatio-temporal 

fluctuations (Fig. 1C (iv)). When a liquid interface is probed, coherent SH photons are emitted 

only from a 2-3 molecular diameter layer. It has been determined in Ref. (20) that ~60 % of all 

SH photons emerge from a 0.6 nm-thick region. Note that the probed region is located in the 

aqueous phase and that the lipids do not contribute to the SHG signal intensity, which will be 
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further explained in 2.4. The thickness of this layer is determined by the optical geometry and 

the ionic strength of the solution, not by the nature of the substance in contact with water (39). 

Figure 1: Electric double layer, lipid hydration and SH imaging of hydration asymmetry. (A) Illustration of the 

molecular structure of the hydrated lipid headgroup region which forms an electric double layer in the aqueous 

phase. The electrostatic potential arising from the distribution of ions is modelled by the Gouy-Chapman-Stern 

model and a typical potential decay into the solution as a function of distance is depicted. (B) Energy level diagram 

of a non-resonant second harmonic process. (C) (i) Fully symmetric bilayer with symmetric hydration (no coherent 

SH emission), and three ways in which this symmetry can be broken (with coherent SH emission): (ii) on-average 

asymmetric lipid/protein distributions, (iii) specific ion binding or (iv) by spatiotemporal fluctuations. (D) SH imaging 

configuration for imaging free standing lipid membranes (FLMs) in aqueous solution (36,40–44), (E) SH imaging 

configuration for SH imaging  GUVs (45–47) and cells (48).

High-throughput SH imaging has shed new light on the electrostatics / EDL properties 

of interfaces. SH imaging of a variety of surfaces has generated surface potential videos of 

glass-water (20), electrode-water (49,50), membrane and cellular interfaces 

(42,44,45,47,48,50). In terms of lipid membranes, SH imaging was applied to free-standing 

lipid membranes (FLMs) (40,41,44) and giant unilamellar vesicles (GUVs) (45,47), whose 

importance as a model membrane system is detailed in Ref. (51,52). All interfaces displayed 

membrane potential fluctuations. The source of these fluctuations lies in the fact that interfacial 

surface chemistry is spatially varying and that transport of chemicals in the EDL is not a 
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diffusion-limited motion but rather determined by jamming, field gradients and nanoscale 

fluctuations, which are also found in concentrated electrolyte solutions (47), as further 

explained below in section 3.4. The spatiotemporal variation of the charged state of lipids and 

ions along lipid leaflets induces transient electrostatic fields that aid in the formation of transient 

nanopores (46,47) and water wires / needles (40), which have both been predicted previously 

by simulations (40,47).

Here, we report membrane potential fluctuations as seen by water molecules as well 

as the intensity variations of a potential-sensitive fluorophore on both model and plasma 

membranes of cells. We also show that upon K+ depolarization, non-uniform recovery 

responses occur across cells and within single cells. The origins and implications of such 

fluctuations are considered in detail, which warrant investigating the molecular level details of 

membrane potential distribution on FLMs and GUVs on the molecular level using water as a 

probe. The hydrated region of lipid membranes are composed of areas having a diffuse double 

layer, and other regions having an additional condensed double layer. The condensed regions 

have a high concentration of ionic groups. In terms of transmembrane potential distributions, 

FLMs and GUVs behave similarly, as expected from electrostatics. Comparing the passive ion 

transport properties, FLMs and GUVs of identical composition behave differently, with GUVs 

being much more permeable for ions, which is illustrated by examining proton transport. 

Protons transport on average ~20x faster through GUV membranes than through FLMs having 

identical compositions. This transport difference is likely caused by differences in the 

hydrophobic cores of the membranes.  

2. Experimental section 
2.1 Chemicals
1,2-diphytanoyl-sn-glaycero-3-phosphocholine (DPhPC), 1,2-diphytanoyl-sn-glycero-3-

phospho L-serine (DPhPS), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-

sn-glycero-3-phospho-L-serine (DOPS), and 1,2-diphytanoyl-sn-glycero-3-phosphate were 

obtained in powder form (>99%, Avanti Polar Lipids, Alabama, USA). Hexadecane (C16H34, 

99.8%, Sigma-Aldrich), hexane (C6H14, 99%, Sigma-Aldrich), chloroform (CHCl3, 99.8%, 

Merck), hydrogen peroxide (H2O2, 30-32%, Reactolab SA), sulfuric acid (H2SO4, 95-97%, ISO, 

Merck), hydrochloric acid (HCl, 36-38%, Sigma-Aldrich), potassium chloride (KCl, 99.999%, 

Aros), monosodium phosphate (NaH2PO4 ≥ 99.0%, Sigma-Aldrich), disodium phosphate 

(Na2HPO4 ≥ 99.0%, Sigma-Aldrich), N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) 

Phenyl) Hexatrienyl) Pyridinium Dibromide (FM4-64 dye (Sigma-Aldrich)), calcium chloride 

(CaCl2, 99.999%, Sigma-Aldrich), 4-(2-Hydroxyethyl)piperazine-1-ethane-sulfonic acid 

(HEPES), poly-D-lysine (PDL), and agar ((C12H18O9)n, > 99%, Sigma-Aldrich) were used as 
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received. All aqueous solutions were made with 18.2 MΩcm ultra-pure water (H2O, Milli-Q UF 

plus, Millipore, Inc.), and filtered with 0.1 µm Millex filters. For each experiment, the coverslips 

were taken freshly from the packaging and were pre-cleaned by soaking them thoroughly in 

piranha solution (a 1:3 mixture of 30-32% H2O2 : 95-97% H2SO4) for 30 mins after which they 

were thoroughly rinsed with ultrapure water. For FLM formation, 13 mM lipid in CHCl3 solutions 

were used, which is sufficient to make a well-packed lipid monolayer on an air/water interface. 

The pH was adjusted by micro-pipetting a 3 M HCl solution to the bottom compartment of the 

membrane.

2.2. Sample preparation and characterization
FLMs: Freestanding horizontal planar lipid membranes were formed using the Montal-Müller 

procedure (53,54), and subsequently characterized by wide-field imaging and electrical 

recordings as described in Ref. (36). Briefly, two lipid monolayers were formed on two air/water 

interfaces that were separated by a 25-µm thick Teflon film having ~110-µm diameter central 

aperture. The aperture in the Teflon was treated with a 99.5:0.5 vol % mixture of n-hexane and 

n-hexadecane. The bilayer was created by apposition. Wide-field white light imaging, the 

electrical recording of resistance and SH imaging were performed after ~15 mins. Capacitance 

and resistance measurements were taken with a HEKA patch clamp amplifier. Only bilayers 

with specific capacitance, Cm>0.7 µF/cm2 and specific resistance, Rm~108 Ω∙cm2 were used.

GUVs: Giant unilamellar vesicles were formed by gel-assisted growth using polyvinyl alcohol 

(PVA) similar to the process described by Weinberger et al (55), and detailed in Ref. (47). In 

brief, a 5% (w/w) solution of PVA in water was prepared and heated to 90 °C in a water bath. 

A rubber O-ring was bonded to a cleaned circular glass coverslip using a silicone elastomer 

(Kwik-Cast, World Precision Instruments) to form an open growth chamber. 50 µl of a heated 

5% w/w PVA solution in water was spread on a coverslip and dried. Lipids dissolved in 

chloroform (5–10 µl, 1 mg/ml) were deposited, and the chloroform was evaporated, after which 

the growth chamber was filled with a solution composed of 45 mM sucrose in order to match 

the osmolarity of the observation solution in the SH imaging chamber. The formed vesicles 

were tracked by light microscopy and pipetted into an open observation chamber, assembled 

separately using a bovine serum albumin (BSA) coated coverslip, which was placed under the 

SH microscope. The solution in the chamber was adjusted to match the osmolarity of the inner 

solution and contained 30 mM glucose and 5 mM divalent salt solution.

Cells: Primary cultures of cortical neurons were prepared from E17 OF1 mice embryos. The 

average plated density of cells was 15,000 cells/cm2 per coverslip. Cultured neurons were 

maintained at 37°C in a humidified atmosphere of 95% air/5% CO2 and were used for 

experiments after 17 days in vitro (Fig. 2A-C). Coverslips with plated cells were inserted in a 

3 mL laminar flow (1 mL/min) Quick Change Imaging Chamber from Warner Instruments 
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(Series 40 RC-41LP). The extracellular solution contained 140 mM NaCl, 5 mM KCl, 3 mM 

CaCl2·2H2O, 2 mM MgCl2·6H2O, 5 mM glucose and 10 mM Hepes. During the depolarization 

experiments the solution was switched for 2 mins to one that had 93 mM NaCl, 5 mM KCl. For 

more details, see Ref. (48). Neuroblastoma cells were cultured in the same extracellular 

solution and imaged following the same protocol. For imaging applications that require glass-

bottomed dishes, the dish was coated with poly-D-lysine (PDL) before use. Cells were seeded 

evenly in a 35-mm glass-bottomed well dish, while avoiding air bubbles at the bottom of the 

dish. The cells were imaged 48 - 72 hours after seeding. For resonant SHG imaging 10 µM 

FM4-64 was added to the extracellular solution. For K+ depolarization experiments, 50 mM 

aqueous KCl solution was added to the extracellular solution and flushed out after ~ 1 min.

2.3. SH imaging
SH images were obtained with custom-built wide-field second harmonic microscopes that have 

been previously characterized in detail, see Refs. (21,36) for details on the microscope used 

to image FLMs, and Refs. (45,47) for the microscopes used to image GUVs and cells. Briefly, 

in both cases the fundamental (𝜔) beam consisted of a pulsed 190 fs, 200 kHz, 1030 nm light 

source that is polarization controlled. The coherent SH light (2𝜔) is emitted in the phase-

matched direction, spectrally filtered, polarization controlled and imaged with an electronically 

amplified intensified gated CCD camera. White-light imaging was performed in parallel. 

FLMs: The FLMs were imaged by means of two weakly focused 100 mW counter-propagating 

polarization-controlled beams (having a 90o angle, see Fig. 1D), each incident at 45° with 

respect to the membrane. The chamber with the FLM is installed slightly out of the focus of 

both lenses to create a wide-field illumination of ~140 µm in diameter. The polarization state 

in which the images were recorded was PPP, where the first letter indicates the SH beam, and 

the last two the incoming photons. The signal was stable over hours and the images were 

recorded with 1 s integration time. A typical experiment lasts 2-3 hours. 

GUVs and cells: The GUVs and cells were imaged in a different geometry, whereby a 

combination of a 25 cm lens and a 60x water immersion objective was used to excite an area 

of 90 µm on a sample plane at normal incidence angle using a 100 mW beam (illustrated in 

Fig. 1E). SH light was collected in the forward/phase matched direction with a 60x objective 

lens, spectrally filtered, polarization controlled and imaged. For all SH imaging experiments 

using water as a contrast agent, the error bar on the intensity is 1.5 % of the average, while 

for resonant FM4-64 SH imaging the error bar is 0.9 % of the mean. In the case of FM4-64, 

the power was reduced to 7 mW and the acquisition time and/or the intensifier amplification 

were reduced. Typical experimental times are up to several hours. 

For all types of SH imaging white light imaging is conducted in parallel.
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2.4. Transmembrane potential obtained from non-resonant high throughput SH imaging
Wide-field high-throughput SH imaging increases the SH imaging throughput by a factor of > 

5000 (20), compared to scanning confocal approaches that are typically applied to study 

resonant SHG (56). This approach allows for imaging interfacial water with ~400 nm spatial 

resolution and sub-second acquisition times. Although the non-resonant interaction scheme 

(Fig. 1B) is not chemically selective, it is used to specifically detect the orientational distribution 

of interfacial water, and the recorded intensity is proportional to the square of the 

transmembrane potential difference ( |∆𝛷0|), and the transmembrane potential difference in 

mV can be determined from each pixel.

In a non-resonant nonlinear optical interaction, the molecular response is independent 

of the molecular species, and the number of non-zero nonlinear optical parameters is small, 

which each of these being frequency independent (37). At most interfaces, water outnumbers 

every other molecule with typical ratios >10:1 (typically ~10–50 for lipids (12,57)), resulting in 

>102:1 SH intensity ratio in favor of water. This ability to SH image water has been 

demonstrated and exploited for solid-liquid, liquid-liquid, and cellular membrane interfaces 

(20,44,48). The surface potential information derives from the proportionality of the emitted SH 

field to the nonlinear optical polarization (𝐏(NL)(2ω)). 𝐏(NL)(2ω) depends on the incoming 

electromagnetic fields (𝐄1(ω), 𝐄2(ω)) from the light source having frequency ω, and 𝐄DC(z), 

the electrostatic field in the aqueous phase that emerges from the surface charges (Fig. 1A). 

This field relates to the electrostatic potential, since 𝑬𝐷𝐶(𝑧) = ― 𝑑
𝑑𝑧Φ(z)), and the expression for 

becomes 𝐏(NL)(2ω) (39):

𝐏(NL)(2ω, x,y) = ϵ0(𝛘(2)
s :𝐄1(ω)𝐄2(ω) + 𝛘(3)′⋮∫+∞

0 𝐄1(ω,z)𝐄2(ω,z)𝐄DC(z) 𝑑𝑧) (2)

The parameters 𝛘(2)
s , and 𝛘(3)′ are the second-order surface susceptibility and the third-order 

effective susceptibility respectively. For non-resonant SH imaging of interfacial water, these 

tensors reduce to scalars (𝜒 (2)
𝑠  and 𝜒(3)′) (39,57). They report on the orientational distribution 

of interfacial water in the direction of the surface normal due to chemical interactions (𝜒 (2)
𝑠 ), 

and due to electrostatic field-driven interactions (𝜒(3)′), respectively. The intensity is related to 

the polarizability by: 𝐼(2ω) ∝ |𝐏(NL)(2ω)|2. For a lipid membrane with two opposing leaflets (i 

= 1 or 2) and  𝐼(𝜔) = |𝐄1(𝜔)|2 =  |𝐄2(𝜔)|2, the total emitted SH intensity 𝐼(2𝜔,𝑥,𝑦) originating 

from the spatial coordinates 𝑥,𝑦 is related to the membrane surface potential on the aqueous 

side of each leaflet (𝛷0,𝑖) (36):
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𝐼(2𝜔,𝑥,𝑦) ∝  𝐼(𝜔,𝑥,𝑦)2|𝜒 (2)
𝑠,1 (𝑥,𝑦) ― 𝜒 (2)

𝑠,2 (𝑥,𝑦) + 𝜒(3)′𝑓3(𝛷0,1(𝑥,𝑦) ― 𝛷0,2(𝑥,𝑦))|2
(3)

where 𝑓3 is an interference term determined by the geometry of the experiment, and 𝑓3 = 1 for 

the cases discussed here. For symmetric membranes that have, on average, an identical lipid 

composition on each leaflet, 𝜒 (2)
𝑠,1  ≅ 𝜒 (2)

𝑠,2 . Because  |𝜒 (2)
𝑠,1 ― 𝜒 (2)

𝑠,2 |~10―24 𝑚2/V is much smaller 

than 𝜒 (3)′
𝑠  (-10.3  10-22 m2/V2, (36,57))  and does not change significantly upon the addition of 

ions, the SH intensity variations in the images are attributed to the transmembrane potential 

difference 𝛥𝛷0(𝑥,𝑦) = 𝛷0,1(𝑥,𝑦) ― 𝛷0,2(𝑥,𝑦).  Eq. (3) becomes:

𝐼(2𝜔,𝑥,𝑦) ∝  𝐼(𝜔,𝑥,𝑦)2|𝜒(3)′𝛥𝛷0(𝑥,𝑦)|2  (4)

Eq. 4 shows that 𝛥𝛷0(𝑥,𝑦) is proportional to 𝐼(2𝜔,𝑥,𝑦). To obtain 𝛥𝛷0(𝑥,𝑦) in V, the image-

integrated SH intensity is recorded as a function of external electric bias across the membrane 

(𝑈). Using this curve, the intensity is converted into a membrane potential difference in mV 

(see Ref. (36) for details). An example of such a curve is shown in Fig. 2B. Because there is 

only one connecting parameter, which is the effective third-order susceptibility of water (𝜒(3)′), 

Eq. 4 is the same for all on-average symmetric lipid membranes, no matter the membrane 

composition or type of solutes at physiological concentration in the aqueous solution, as they 

do not contribute to 𝜒(3)′. For an asymmetric membrane, |𝜒 (2)
𝑠,1 ― 𝜒 (2)

𝑠,2 | can be determined with 

a parabolic fit to a plot of the image averaged intensity recorded as a function of external bias 

(36,40,42). With 𝜒(3)′ and |𝜒 (2)
𝑠,1 ― 𝜒 (2)

𝑠,2 | determined, the transmembrane potential 𝛥𝛷0(𝑥,𝑦) of 

every pixel in a SH image can then be computed in mV using Eq. 3 or 4. This procedure was 

previously tested in three ways: (1) By comparing the image averaged membrane potential 

difference to the one measured with capacitance minimization, a purely electrical recording 

(36). This gave identical values. (2) By determining membrane-averaged binding constants of 

divalent ions (Ca2+, Ba2+) that complex with certain lipids. The image-averaged values 

compared well to reported values in the literature (42). (3) By performing simulations (36). 

3. Results and Discussion
3.1 Hydration / membrane potential asymmetry of model lipid and cellular membranes
We start by reviewing SH water imaging of model free-standing lipid membranes (FLMs), and 

then on living mouse brain neurons. Fig. 2A-C shows several measurements of FLMs. Fig. 2A 

shows SH images of membranes having a symmetric composition, 70:30 mol% 

DPhPC:DPhPS (i) and DOPC:DOPS (ii) in contact with a pH 7.3, 50 mM KCl and 10 mM 

phosphate buffer solution, a single frame with a 1 s acquisition time. The SH intensity is 
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converted to membrane surface potential as described in section 2.4. and published in Refs. 

(36,40–42). Fig. 2B shows image averaged SH intensity values (blue squares) plotted as a 

function of external bias (𝑈) for membrane (i) in Fig. 2A. The computed image-averaged trans-

membrane potential 𝛥𝛷0 values are also plotted on the bottom axis, and they are the same as 

the external bias (36). The red curve is a parabolic fit to Eq. 4. The symmetry of the membrane 

is experimentally confirmed by capacitance minimization measurements shown in Fig. 2C. The 

minimum of the capacitance for a symmetric membrane occurs when the applied external bias  

𝑈 = 0 mV. Transient membrane potential fluctuations are observed for both membrane 

compositions and reach absolute values of up to 350 mV. Such fluctuations agree with 

previous observations (36,40,42,43,46,47). 

Figure 2D shows an electrophysiological recording in whole-cell current clamp mode, 

of a mouse brain neuron, 17 days in-vitro, that is being subjected to a temporary increase in 

extracellular concentration of K+ ions from 5 mM (normal concentration) to 50 mM (indicated 

by the shaded area). The resting membrane potential of the neuron 𝛥𝛷0 (which corresponds 

to the difference in surface potentials of the two membrane leaflets) changes from −65 to −34 

mV, in response, after which it recovers back to its original value. The electrophysiological 

recording suggests that the membrane potential of the neuron is constant over the whole cell 

membrane. The neurons in Fig. 2E are SH imaged with 300 ms acquisition time (Fig. 2F), and 

the interfacial water response around the neuron is extracted and processed into membrane 

potential changes (𝛥𝛷0). Fig. 2G shows the average membrane potential change over the 

entire image. This graph shows that the average SH response matches with the electrical 

recording in Fig. 2E, as it should. However, the spatiotemporal distribution of membrane 

potential values in the snapshot of Fig. 2F is not constant. This suggests that ion channels are 

opening and closing at different times, and with different efficiencies. It also implies that the 

charge distribution on the cell membrane is dynamically fluctuating. This data set was 

previously published in Ref. (48). 
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Figure 2: Electrical recording and SH water imaging of FLMs and living mouse brain neurons. (A) SH intensity 

(ISH) and corresponding transmembrane potential difference (Δ𝛷0) images (acquisition times 1 s) of a symmetric 

membrane composed of a 70:30 mol% (i) DPhPC:DPhPS and (ii) DOPC:DOPS lipids. (B) Image averaged SH 

intensity (blue squares) as a function of external bias (𝑈) for the membrane (i) in A and image-averaged trans-

membrane potential 𝛥𝛷0. The red curve is a parabolic fit according to Eq. 4. (C) Capacitance as a function of applied 

bias 𝑈 for a symmetric membrane. (D) Whole cell current patch clamp potential recording. The orange area 

represents the time lapse application of the K+ enriched solution and the arrow shows when the K+ solution reaches 

the neurons. (E, F) SH imaging of K+ depolarization: Phase contrast image (E) of cortical neurons, 15 days in vitro. 

Three cell bodies are seen in the image. The black line indicates the area in which the membrane potential 

calculations were made. (F) Membrane potential map at a time point indicated by (x) in (G). The scale bar is 20 m. 

(G) Spatially-averaged SH intensity changes (left axis) and extracted average membrane potential (right axis) as a 

function of time during two applications and recovery cycles of a 50 mM K+ enriched extracellular solution (orange 

areas). The data and analysis procedure of D-G are from Ref. (48). 

Fig. 2 illustrates that both free-standing lipid membranes as well as the plasma membrane of 

neurons display drastic membrane potential fluctuations on sub-second time scales. These 

fluctuations have a spatial correlation of ~ 1 m, a temporal correlation < 300 ms, and 

membrane potential fluctuations reaching values of several hundreds of millivolts. 

Next, the following aspects are examined:

• Do fluorescent imaging methods also display membrane potential fluctuations?

• Do the distributions depend on the alkyl chains and ionic composition of the adjacent 

solution?

• Are they different for FLMs and GUVs?

• Is passive proton transport, a process that depends on membrane potential 

fluctuations, different across FLMs and GUVs?
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Figure 3. Transmembrane potential distributions as seen by a membrane potential-sensitive dye: (A) 

Structure of FM4-64 and emission spectrum of a DOPS liposome solution containing 10 M FM4-64. (B) SH images 

of an asymmetric FLM in contact with 0.165 mM KCl aqueous solution, composed of a 7:3 mol% DPhPC:DPhPA 

lipid mixture on the top leaflet in contact with a DPhPC bottom leaflet. Image (i) is a non-resonant SH water image, 

and image (ii) is a resonant SH image with 10 M FM4-64 added to the top leaflet. (C) Bright field image of 

neuroblastoma cells on a glass coverslip and SH image after with 10 M FM4-64 is added to the solution. The SHG 

images are recorded with 50 ms integration time. (D) Histograms of several ROIs from image displaying large 

variations in the SH intensity, which is proportional to  |∆𝛷0|. (E) Bright field and FM4-64 SH image superimposed 

and (F) time lapse depolarization response of the indicated ROIs after adding a 50 mM K+ solution to the 

extracellular solution. Each trace is normalized by the first data point, the intensity counts of which are 1126, 1814, 

1125, 1423, 621 for ROI 1, ROI2, ROI3, ROI4, and ROI5, respectively. 
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3.2. Membrane potential fluctuations imaged using a voltage sensitive fluorophore
To investigate if membrane potential fluctuations are also seen when imaged by other means, 

we use a membrane potential sensitive fluorophore, FM4-64 (Fig. 3A (58)), which resonantly 

enhances the SH intensity by a factor of ~ 107 compared to water (45). FM4-64 is commonly 

used for neuro-imaging (59–63). The spectrum shown in Fig. 3A shows that the SH emission 

(515 nm) is spectrally sharp and isolated from the 2-photon fluorescence of the dye (550-750 

nm). Fig. 3B shows SH images of an asymmetric FLM composed of DPhPA/DPhPC (3:7 mol%) 

+165 M KCl on the top leaflet and DPhPC +165 M KCl on the bottom leaflet. Fig. 3B (i) was 

generated by SH imaging of membrane water (1 s snapshot), while Fig. 3B (ii) was SH imaged 

after 10 M of FM4-64 in 165 µM KCl was added to the solution adjacent to the top leaflet. The 

square root of the SH intensity that is emitted by FM4-64 correlates linearly with an applied 

voltage bias (35) and is therefore used as an indicator of the transmembrane potential. Fig. 3C 

shows a superimposed bright field and SH image of neuroblastoma cells stained with 10 M 

FM4-64. Several ROIs are indicated for which intensity histograms are shown in Fig. 3D. It can 

be seen that the intensity and thus also the membrane potential is varying drastically across 

the membrane surface. Repeating the same K+ depolarization experiment as in Fig. 2D-G, 

neuronal depolarization is SH imaged using FM4-64 in Fig. 2E, and analyzed in Fig. 2F. 

Different response curves are seen for different cells, and even different regions within the 

same cells. Interestingly, similar fluctuations in the intensity of FM4-64 have been observed 

previously with scanning confocal 2-photon imaging within the context of several neuroimaging 

studies (60,64) by the Yuste lab, but were not published (Yuste, personal communication, 

2024). Scanning confocal measurements, in contrast to wide-field imaging, record one pixel at 

a time, with some time, on the order of micro-milliseconds between different pixel recordings. 

In such a measurement scheme transient effects are not easily spotted. Thus, both the 

membrane potential fluctuations observed at FLMs and neuronal cell membranes are seen 

with two different optical methods, and agree with three different types of electric recordings 

(patch clamp, free space electrical recording and capacitance minimization). The presence of 

membrane potential fluctuations in different membrane systems, model membranes, and cell 

membranes of living neurons indicates that the membrane potential and thus also the 

electrostatic free energy (ΔG=eΔ𝛷0) is a dynamic feature of lipid membranes. Next, we 

consider the origin of these fluctuations in more detail, and then examine their dependence on 

several parameters such as clustering of ionic species and fluctuating gradient in concentration 

of ions in FLMs and GUVs. 
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3.3. The origin and implications of membrane potential fluctuations
3.3.1. Considerations involving the electric double layer
Having observed trans-membrane potential fluctuations in different model and living systems 

using different imaging modalities, we next discuss their origin and implication. The source of 

trans-membrane potential fluctuations is found in the structure of the hydrated lipid headgroup 

region (sketched in Fig. 1A), since this is what is imaged in the non-resonant SH experiments. 

This region consists of charged head group moieties (R2PO4
-, COO-, NH3

+, N(CH3)3
+, etc.) as 

well as their counterions (Na+, K+); it also includes water and ionic species from the bulk 

aqueous phase. SH imaging probes this region by measuring the orientational distribution of 

the water, as explained in section 2.4. Counting all the charges per lipid in a typical bilayer 

membrane, the local concentration of ions inside the hydrated head group region is easily > 1 

M. This also applies for zwitterionic lipids as they have charged groups on them. Such a 

concentration exceeds the Kirkwood transition (65,66) of ionic solutions (~0.1 M). Above this 

concentration the distribution of ions is no longer stochastic, leading to non-random 

distributions. X-ray diffraction experiments in the 1930’s (67) and, more recently, also 

molecular dynamics simulations (68) show that at concentrations exceeding the Kirkwood limit, 

ions are partially and dynamically distributed in quasi-periodic lattices spaced by more dilute 

regions of ions (69). Segregation over longer length scales in ionic solutions has also been 

observed with dynamic light scattering, where domains on the length scale of 0.1–0.5 microns 

are observed (70). The autocorrelation function of scattered light decays on time scales 

ranging from 10 s - 0.1 s, depending on the type of salt and concentration used. This type of 

clustering behavior is a manifestation of the statistical distribution of matter. 

Lipid membrane interfaces have hydrated headgroup regions that make up ~40 % of a 

bilayer thickness (12,71). Such regions can be considered as partially confined electrolyte 

solutions, that are open ended on the diffuse double layer side. Being a half-open highly 

concentrated electrolyte solution, such systems are likely displaying the same kind of behavior 

as observed in 3D concentrated ionic solutions. The relevant time scale for the observed 

transient membrane potential fluctuations thus falls in the same time scale as the one 

measured by DLS in concentrated salt solutions (10 s - 0.1 s). The clustering of ionic species 

and the dynamically fluctuating gradient in concentration leads to dynamic fluctuations in the 

distribution of ions, which manifests itself as membrane potential fluctuations (47). To get to 

the bottom of this process, more research is needed.

Another aspect that contributes to charge segregation is that the fluctuation-induced 

electrostatic fields create strain in the membrane. This strain arises from a surface pressure 

gradient across the membrane in combination with steric pressure along the membrane 

(42,72,73). Although the details have not been worked out completely, this interaction most 
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likely leads to nano/micron scale curvature changes and charge segregation (42). The coupling 

between mechanical curvature changes and the electrostatic properties of the membrane in 

relation to its EDL structure is complex, and more research in this direction is needed as well. 

3.3.2. Implications for membrane free energy and passive ion transport

Figure 4: Transient membrane potential fluctuations drive passive ion transport. (A) Molecular dynamics 

snapshot of a transient nanopore (47), (B) illustration of a water wire or needle that facilitates H+ transport, (C) 

illustration of the nanopore formation process proposed in Ref. (47) and (D) single GUV averaged SH intensity over 

time (blue data points: 1:1 mole% DOPC:DOPA; orange color data points: 1:1 mole% DPhPC:DPhPA) after a 5 

mM CaCl2 solution is added to the outer solution. The lines are exponential fits (dark blue). The SH images show 

two 1 s acquisitions taken of the GUV composed of unsaturated lipids at 2 min and 27 minutes after addition of 

CaCl2.

Higher charge densities lead to on-average higher transmembrane potentials. Since the 

potential distribution is broad, fluctuations lead to significantly higher 𝛥𝛷0 values than the 

average.  For chemical/physical transformations the high values at the tails of the distributions 

are likely more important than the average value. For a given transient transmembrane 

potential 𝛥𝛷0, there is also a transient electrostatic field across a membrane. For a membrane 

with thickness 𝑑, this has magnitude 𝐸 = 𝛥𝛷0/𝑑. 

Besides curvature fluctuations (42), another biophysical process that is strongly 

affected is passive ion transport (46,47,74–76). This is illustrated in Fig. 4. A transient 

electrostatic field drastically lowers the free energy to form a transient nanopore (Fig. 4A) for 

the transport of cations, or a transient water wire/needle (Fig. 4B) for the transport of protons 

(40,77,78). Water wire transport involves the transport of protons through water molecules that 

are connected by hydrogen bonds. The protons move across via the breaking and making of 

correlated hydrogen bonds along the water molecules whose connected hydrogen bond 

network forms the wire  (the Grotthuss mechanism) (79). This passive ion transport - either 

ions through nanopores or protons through water wires - depends on the magnitude of the 

transmembrane potential (47) and on the hydrophobic barrier formed by the alkyl chains of the 
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lipids and other molecules such as cholesterol (46). The electrostatic free energy, 𝛥𝐺 = 𝑒𝛥𝛷0, 

contributes to the probability 𝑃𝑝𝑜𝑟𝑒 to form a transient pore via:  𝑃𝑝𝑜𝑟𝑒~ 𝑒―𝛥𝐺𝑝𝑜𝑟𝑒/𝑘𝐵𝑇~1/𝜏, where 

𝛥𝐺𝑝𝑜𝑟𝑒 is the free energy of the pore relative to the unperturbed membrane, kB is the Boltzmann 

constant, T the temperature, and 𝜏 is the translocation time of ions (47). The transport of 

protons and divalent ions can be SH imaged. Ions that interact with the lipid headgroups on 

one leaflet, such as Ca2+, associate/bind with charged (e.g. PS or PA) head groups and 

neutralize charges on one leaflet. This severely distorts the water orientation on this leaflet. 

The opposing leaflet, which is uncoupled to the first, has not been neutralized, and its water 

orientation has not been changed. This difference in the orientational distribution of water 

creates a SH contrast, which can be imaged and converted in membrane potential value. This 

mechanism is illustrated in Fig. 4Ci, and a SH image of a GUV composed of a 1:1 mole% 

mixture of DOPC:DOPA immersed in an osmolarity-balanced solution with 5 mM CaCl2 added 

to the outside is shown in the inset of Fig. 4D, (image i). When a transient nanopore is formed, 

ions transport though the membrane (Fig. 4Cii), which will restore the imbalance of Ca2+ ions 

that are complexed on both leaflets. The difference in the orientational distributions of water 

molecules on both leaflets becomes smaller (Fig. 4Ciii), which decreases the SH intensity. This 

process continues until the distribution of divalent ions on both leaflets is equal. Fig. 4D shows 

the GUV averaged reduction in SH intensity, finally resulting in a vanished SH contrast. Adding 

cholesterol to the membrane slows down the transport process. Branched lipids slow it down 

further and no decrease in the SH intensity is seen on the time scale of the experiment (~ 2 – 

3 h), as can be seen in Fig. 4D. 

Previously, symmetric and asymmetric FLMs of the following lipids were studied: 

DPhPC, DPhPA, DPhPS, DOPC, DOPA, DOPS, DPPC (1,2-dipalmitoyl-sn-glycero-3-

phosphocholine), DPPS (1,2-dipalmitoyl-snglycero-3-phospho-L-serine), with ionic species 

Na+, K+, Mg2+, Ca2+, Ba2+, Cu2+, H+ (40,41,46,47). While divalent cations change the membrane 

potential distribution of FLMs they do not lead to changes to the SHG intensity over time, which 

means they do not translocate through the membrane. Protons, however, do change the 

transmembrane potential distribution and also transfer through the FLM, albeit on a time scale 

of hours (40). GUVs with compositions DOPC:PA interacting with Ca2+, Ba2+, Cu2+ ions have 

been investigated and simulated (46,47). Here, as shown in Fig. 4D, divalent cations can 

transfer through the membrane on timescales of 10s or minutes, depending on the composition 

of the membrane and the type of ion, and the magnitude of the transmembrane potential. For 

both FLMs and GUVS the magnitude of the transmembrane potential changes that are induced 

by the divalent cations is determined by the strength of the divalent – ion – headgroup complex, 

and follows the order Cu2+>Ca2+>Mg2+>Ba2+ and the density of the charged lipid headgroup. 

Membrane potential changes only occur when ions form complexes with the charged groups 
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of the lipids, and higher for charged lipids that have smaller footprints. PA headgroups, with 

their small areas generate higher interfacial charge densities / transmembrane potential 

differences than PS headgroups. Adding monovalent K+ ions does not change the membrane 

potential distribution up to and above physiological concentrations. 

Having considered the origin of the membrane potential fluctuations, and discussed the 

implications for passive ion transport, we next investigate membrane potential distributions on 

FLMs, whether these depend on the alkyl chain length and the adjacent solution (with or 

without buffer), and what we can learn from the measured distributions. We then make a 

comparison with GUVs, considering the amount of charged lipids in the membrane. Finally, we 

will compare passive proton transport across FLM and GUV membranes having identical 

composition, and explain the observed differences.

3.4 The structure of the hydrated interface in FLMs and GUVS

Figure 5. Transmembrane potential distributions on FLMs and GUVs. FLMs: (A) Transmembrane potential 

values per domain ( < 𝛥𝛷𝑑𝑜𝑚𝑎𝑖𝑛>, taken from 1 s SH images and averaged over 20 images) from 3 different 

symmetric FLMs composed of 70:30 mol% DPhPC:DPhPS (turquoise), 70:30 mol% DOPC:DOPS (red/white) 

immersed in a pH 5.3, 50 mM KCl solution, and the same DOPC:DOPS mixture but with 10 mM PBS buffer added 

to both sides (dashed grey). The lines are Gaussian fits to the data. (B) Computed curves (Eq. (1)) of the surface 

potential difference (|∆𝛷0|) as a function of the surface charge density (𝜎0) plotted for different thicknesses of the 

Stern layer (ds). The x axis spans a neutral surface up to a fully ionized DPhPS layer. (C) Transmembrane potential 

values per 20 m2 domain obtained for GUVs composed of DPhPC:DPhPA with 3 different mole% ratios of 1:1 

(blue), 7:3 (green), and 8:2 (red). The solution inside the GUV contains 45 mM sucrose, and the solution outside 
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the GUV contains 30 mM glucose and 5 mM CaCl2. (D) Bar graph showing how the distribution of average SH 

intensity per GUV changes for different GUVs prepared according to the same protocol. Each marker represents 

one GUV. Between 9 and 29 GUVs were imaged per lipid composition.

3.4.1. FLMs
In Fig. 2A two 1 s snapshot SH images were presented of symmetric FLMs composed of 70:30 

mol% DOPC:DOPS and DPhPC:DPhPS lipid mixture surrounded by an aqueous solution 

containing 50 mM KCl. The SH contrast was shown to arises from an asymmetric distribution 

of charges per leaflet, which modifies the measured water structure. This is asymmetry caused 

by spatio-temporal fluctuations (Fig. 1C (iv)). The intensity scale as well as the converted 

transmembrane potentials (Δ𝛷0) were shown. Fig. 5A shows a histogram of the Δ𝛷0 values 

obtained from an analysis of the domain intensity of the image stack from which the images of 

Fig. 2A are taken. Fig. 5A also shows histograms obtained for a symmetric FLM composed of 

a 70:30 mol% DOPC:DOPS lipid mixture, surrounded by an aqueous solution containing 50 

mM KCl and 10 mM PBS buffer. The lines are fits to a Gaussian distribution. All three bilayer 

membranes have very similar transmembrane potential distributions with an average domain 

transmembrane potential of |Δ𝛷0|~122 mV, and a maximum (transient) value of |Δ𝛷0|~390 

mV. This confirms the notion that the transmembrane potential distribution is a phenomenon 

that is independent of the alkyl chain structure and relatively insensitive to pH (which is 5.3 

without buffer and 7.3 with buffer). 

Next, we analyze the structural implications of the Δ𝛷0 values using the GC and GCS 

models (Eq. (1)). This determines what is the degree of ionization and whether there is a Stern 

layer present. In this analysis we assume that for a given domain, the charge is on one leaflet 

only. Fig. 5B shows computed surface potential (∆𝛷0) vs. surface charge density (𝜎0) curves 

using the GC and GCS models in light and progressively darker blue curves, whereby the 

Stern layer is varied from 0 nm (absent, GC model) to one with a thickness of 0.3, 0.6, and 0.9 

nm corresponding to a thickness of ~1, ~2 and ~3 hydration layers respectively (GCS model). 

The graph shows that, in absence of a condensed charge or Stern layer, the maximum 

membrane potential value that can be reached is 142 mV. Potential measured above this 

value, can only be generated when a Stern layer is present. Considering a hypothetical 7:3 

mol% PC:PS lipid leaflet with a uniform surface charge density and 100 % ionization, the 

surface charge density is 𝜎0=0.0735 C/m2, which corresponds to an area of 212 Å2 per charge, 

indicated by the dashed grey arrow. Such a charge density leads to surface potentials of 85 

mV, 142 mV, 199 mV and 259 mV for Stern layer thicknesses of 0, 0.3, 0.6 and 0.9 nm 

respectively. A 100 % PS membrane with 100 % ionization, in which a PS headgroup has a 

cross-sectional area of ~65 Å2 per charge (10), (𝜎0=0.245 C/m2), can have a surface potential 
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of 142 mV (ds=0 nm, GC model), 338 mV (ds=0.3 nm), 530 mV (ds=0.6 nm), 730 mV (ds=0.9 

nm). 

Examining the measured domain values in Fig. 5A, ~ 73 % of the Δ𝛷0 values are above 

85 mV and ~ 40 % of the Δ𝛷0 values are above 142 mV. This means that most of the charged 

domains will have charge condensation or Stern layers in them, as the measured potential 

exceeds the theoretical GC potential maximum. In addition, there needs to be a higher 

percentage of PS than present in the ‘average’ 7:3 mole% structure. Also, for the highest 

potentials, > 300 mV, which comprises ~1.5 % of the charged domains, the Stern layer is more 

than 1-2 hydration layers thick (> 0.3 nm). 

3.4.2. GUVs

Figure 5C displays transmembrane potential (Δ𝛷0) distributions extracted from SH water 

imaging from GUVs composed of mixtures of DPhPC:DPhPA having 3 different mole ratios of 

1:1, 7:3, and 8:2. Figure 5D shows the GUV averaged intensity for different measurements on 

GUVs, in which between 9 and 29 GUVs were measured for each lipid composition indicated 

in the graph. In each case, the solution inside the GUV contains 45 mM sucrose, and the 

solution outside the GUV contains 30 mM glucose and 5 mM CaCl2. In these experiments, the 

SH contrast observed in the GUV images is enhanced by the complexation of Ca2+ ions with 

the phosphate headgroups of the outer leaflet. The asymmetry is here caused by specific 

divalent ion-head group interactions on top of spatio-temporal fluctuations (Fig. 1C (iii)).  Note 

that adding additional ionic strength to the aqueous solution does not change the observations 

in any way. Also note that, by using branched lipids divalent ion transport is halted.

Increasing the amount of charged lipids increases the surface charge density, as well 

as the membrane potential, as expected (Fig. 5B). It is clear though that the spread per GUV 

(Fig. 5C) and between GUVs (Fig. 5D) is very large. The values for the 3:7 PA:PC membrane,  

―117 <  〈Δ𝛷0〉 < ―235 are consistent with those of the PC:PS FLM membranes in Fig. 5A. 

The graphs also show that as with the FLMs, the degree of ionization varies across the 

domains as does the presence of a Stern layer. The potential limit above which a condensed 

charged layer is formed is indicated by the dashed line. 

Thus, for both FLMs and GUVs the hydrated lipid membrane is most likely composed 

of some regions having a diffuse double layer, and regions having an additional condensed 

double layer, with a high concentration of ionic groups, and this is the same whether the 

asymmetry is due to having different amounts of charged lipids, or asymmetry induced by 

specific ion interactions. In terms of transmembrane potential distribution FLMs and GUVs 

behave similarly. This is expected as the determining factor is the amount of charge and the 

structure of the electric double layer, which are properties of the aqueous phase in contact with  

the lipid membrane (17). As discussed in section 3.3, transient transmembrane potentials of 
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several 100 mVs are sufficient to induce passive ion transport, via transient nanopores 

(divalent cations) or transient water wires. The probability to create such nanopores or water 

nanowires/needles depends also on the nature of the hydrophobic core of the membrane. 

Divalent ion transport through GUVs is slowed down / halted when branched lipids are used 

or when cholesterol is added to the membrane (46), and has not been observed for FLMs. 

Proton transport does occur through FLMs, and is faster in a symmetric FLM having 

unsaturated alkyl chains than in a symmetric FLM made with branched lipids that have the 

same head group composition (40). Because of the difference between divalent ion transport 

through FLMs (not detected on the time scale of the measurement) and GUVs (depends on 

the strength of specific ion-head group interaction, and alkyl chain/membrane composition) is 

different, proton transport may be different through FLMs and GUVs as well. We investigate 

this next.

3.5 Passive proton translocation in FLMs vs GUVs 

Figure 6. Passive (H+)aq translocation across FLMs and GUVs. (A) Illustration of proton translocation through a 

lipid membrane. The interfacial interactions change the orientational distribution of water, which provides the SH 

contrast. (B) SH intensity of an FLM (top row), and a GUV (bottom row) observed over time, before (t1) and after 

(t2, t3, and t4 indicated in C) adding (HCl)aq. In both cases the membrane is composed of 70:30 mol% 

DPhPC:DPhPS. Both leaflets are initially in contact with a pH 5.3, 50 mM KCl solution. Adding (HCl)aq, to the bottom 

compartment (outside solution) of the FLM (GUV) changes the pH from pH 5.3 to pH 2.5, while the pH value of the 

solution in contact with the top (inner) leaflet is pH 5.3. The SH images are obtained with all beams P-polarized. (C) 
The FLM (blue) and GUV (red) image average SH intensity after adding (HCl)aq to the solution (t1). The SH intensity 

increases after the addition of protons, and then decays over time, which is a manifestation of the translocation of 

protons. Exponential fits provide average membrane translocation times (𝜏). 

To compare passive proton transport through FLMs and GUVs, we examine proton transport 

across both types of membranes using the same lipid membrane composition, and the same 

ionic strength. FLMs and GUVs were made having symmetric lipid membranes composed of 
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70:30 mol% DPhPC:DPhPS. Both leaflets are initially in contact with a 50 mM KCl solution 

having identical pH values for both leaflets (pH = 5.3 / pH = 5.3). For the experiment on FLMs 

the pH of the bottom leaflet was changed by adding (HCl)aq to the solution, and for GUVs the 

pH was changed by changing the outer solution. In both cases the pH was brought down to 

2.5. 

After changing the pH of the solution in contact with one leaflet, the initially, on average, 

symmetric distribution of interfacial water is distorted by the interaction with (H+)aq, which 

changes the orientational distribution of water (Fig. 6A). Proton transport through the 

membrane diminishes the interfacial asymmetry, eventually resulting in symmetric interfacial 

orientational distributions of water. The SH contrast is very low before adding (H+)aq. It 

increases when protons reach the interface and then decays back to the initial value. The 

decay time is related to the proton translocation time across the membrane. Fig. 6B shows 

three SH images of an FLM (top row), and a GUV (bottom row) obtained before changing the 

pH (t1), and at times t2 and t3, t4 after changing the pH. Fig. 6C shows the image-averaged SH 

intensity over time after addition of (HCl)aq, for the GUV (red data), and an FLM (blue data). 

The times t1 - t4 are indicated in the graph. Both bilayers display the above-described rise-and-

fall behavior. The increase in intensity occurs on the same time scale, but the decrease is 

much faster for the GUV than for the FLM. Exponential fits provide average membrane 

translocation times (𝜏). The fitted decay time for DPhPC:DPhPS GUVs is 𝜏𝐺𝑈𝑉 = 14 mins, and 

for the FLM it is 𝜏𝐹𝐿𝑀 = 332 min. Note that the distributions in translocation time for each system 

is ~ 50 %, which is a manifestation of the spatial heterogeneity of the process. The value 

obtained for FLM is close to value obtained previously for translocations of protons on 

membranes having the same composition but with the pH buffered to 7.3 and 4.1 respectively 

(442 min (40)).

This experiment shows that the translocation rate for protons is much faster across 

GUV membranes compared to FLMs. Even though both membranes are composed of the 

same lipids, there is a difference of a factor of ~ 20 in the translocation time. This difference is 

likely caused by the hydrophobic core being somewhat different for the FLM compared to the 

GUV. The FLMs in these experiments are produced using a tiny amount of hexadecane oil, 

which results in a sub-monolayer amount of oil that interdigitates with the membrane (44). This 

likely results in a larger hydrophobic barrier for passive proton transport, as it increases the 

energetic barrier for creating a water wire needle. 

4. Conclusions
We investigated membrane potential fluctuations as seen by water as well as a potential 

sensitive fluorophore on FLMS, GUVs and living cells. We also showed that upon K+ 

depolarization, non-uniform recovery responses occur across cells and within single cells, 
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which are detected both by SH water and SH fluorophore imaging. The origins and implications 

of such fluctuations are considered in detail, arising from molecular level processes in the EDL. 

Next, the molecular-level details of membrane potential distribution on FLMs and GUVs using 

water as a probe were considered. Hydrated lipid membranes are most likely heterogeneous 

in structure, and composed of regions having a diffuse double layer, and other regions having 

an additional condensed double layer. The condensed double layer / Stern regions have a high 

concentration of ionic groups. In terms of transmembrane potential distributions, FLMs and 

GUVs behave similarly, displaying the same magnitude and spread in fluctuations, as 

expected from electrostatics. However, comparing the passive ion transport properties, FLMs 

and GUVs of identical composition behave differently, with GUVs being much more permeable 

for proton transport (~20x). This is likely caused by differences in the hydrophobic cores of the 

membranes.  
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