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ABSTRACT Voltage-sensitive dyes are frequently used to measure electrostatic potentials across (cell) membranes. Their 

use is based on the observed linear correlation between the second harmonic (SH) emission and an applied transmembrane 

potential. However, this intensity-to-potential conversion implicitly assumes a single, fixed dye orientation and a constant surface 

number density in the membrane, both taken to be independent of the local molecular environment. Here, we investigate 

whether these assumptions hold by imaging the SH response of a voltage-sensitive dye (FM4-64) in giant unilamellar vesicles. 

Using polarimetric SH microscopy, we determine changes in the orientational distribution parameter D and surface number den

sity of FM4-64. We find that the orientational distribution of FM4-64 is influenced by the type of lipid and the charged state of the 

membrane. Zwitterionic saturated and unsaturated lipids display different orientational distributions of FM4-64, and the charge 

density of charged membranes also influences the orientational distribution, with higher charge opening the possibility of broader 

orientational distributions. The addition of Ca2+ ions in the solution leads to a change in the number of adsorbed probe 

molecules, which can be quantified for zwitterionic lipids. Because variations in the orientational distribution and surface number 

density due to different lipid compositions and ionic environment result in widely different SH responses, these factors must be 

accounted for when interpreting SH signals from voltage-sensitive probes.

INTRODUCTION

Voltage-sensitive dyes (VSDs) are fluorescent molecules 

used for the detection of electrical activity in living cells 

and tissues. Their use relies on the change in their optical 

properties in response to changes in membrane potential 

or applied potential.1 VSDs have significantly impacted 

the field of electrophysiology by providing a noninvasive 

method to monitor neuronal2–9 and cardiac activity10–12

with high spatial and temporal resolution. Additionally, 

VSDs offer the advantage of capturing dynamic electrical 

events across large populations of cells or entire tissues. 

VSDs were originally used in fluorescence measure

ments13,14 and were also applied in second harmonic (SH) 

microscopy, in which the surface sensitivity of the second 

harmonic generation (SHG) process was combined with 

the resonantly enhanced measurement of membrane poten

tials.15–19 This has resulted in high-speed optical recordings 
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SIGNIFICANCE Voltage-sensitive dyes used in second-harmonic imaging are used to uncover membrane potential. 

However, their response not only depends on voltage but also on the dye orientation and its surface number density. Using 

FM4-64 in giant unilamellar vesicles, we show that changes in lipid composition and in the ionic environment alter the 

orientational distribution and surface number density of the dye independently of the potential, leading to a different SH 

response. Experimental conditions that affect these two parameters must therefore be carefully considered to avoid 

misinterpreting the SH response and introducing errors on the obtained membrane potential.
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of membrane potentials in various systems, including 

neurons and bacteria.20–26 A typical example of a VSD 

is FM4-64,27 an amphiphilic molecule with a chain of 

π-conjugated bonds whose structure is given in Figure 1A.

The voltage dependence of the resonant SH emission 

of VSDs inserted in lipid bilayers in relation to an 

applied or existing bias has been investigated in many 

studies.20,25,29–32 The SH emission of VSDs under the 

influence of the external electric field (E(ω)) of exciting 

light is characterized by the macroscopic second-order 

polarization P(2) (2ω). Two primary contributions to the 

SH emission arise at the interface of a lipid bilayer27: the 

first one is related to the surface second-order suscep

tibility χ (2)
s , originating from the orientational average 

along the surface normal of the second-order hyperpolar

izability β(2) of the VSDs inserted in the membrane. The 

second contribution is related to the effective third-order 

susceptibility χ (3)
′

. χ (3)
′

accounts for interactions with a 

static electric field associated with an electrostatic poten

tial difference ΔΦ0. Therefore, χ (3)
′

mediates the poten

tial-modulated SH emission and is the macroscopic 

manifestation of the molecular third-order hyperpolar

izability β(3). Additionally, it may also give rise to SH 

emission due to electric-field-oriented VSDs in the bulk 

solution. In the case of VSDs, this second contribution is 

expected to be minor as the chromophores have a relatively 

low bulk concentration due to their amphiphilicity.27,33

The induced nonlinear polarization at the second-harmonic 

frequency P(2) (2ω) is therefore

P(2)(2ω) = ε0

[
χ (2)

s E(ω)E(ω) + χ (3)
′

E(ω)E(ω)ΔΦ0

]

(1) 

The observed SH intensity is given by

I(2ω)∽
⃒
⃒P(2)(2ω)

⃒
⃒2∽
{⃒
⃒ χ (2)

s

⃒
⃒2 + 2 χ (2)

s χ (3)
′

ΔΦ0

+
⃒
⃒χ (3)

′

(ΔΦ0)
⃒
⃒2
}

I(ω)2

(2) 

Here, ΔΦ0 represents the electrostatic potential difference 

across the membrane, which comprises both the intrinsic 

membrane potential and a contribution from an externally 

applied bias. Similar expressions as Equations 1 and 2 are 

used for nonresonant SH imaging of interfacial water at 

the glass/water interface,34 free-standing lipid membranes/ 

giant unilamellar vesicles (GUVs) in water,35,36 and the 

membranes of living neurons in aqueous media.37 The 

nonresonant response from interfacial water is ∼7 orders 

of magnitude smaller than the resonant response from 

VSDs and can therefore be neglected when investigating 

VSDs.36

Resonant SHG studies using VSDs demonstrated a 

linear response between the SH intensity and an external 

bias applied to the VSD-containing lipid bilayer.31 Based 

on Equation 2, a linear response between the SH intensity 

and potential in the presence of a VSD indicates that the 

term 

[

2χ (2)
s χ

(3)
′

ΔΦ0

]

is dominant, and that χ (2)
s > χ

(3)
′

. 

Therefore, any changes to the surface term χ (2)
s (associated 

to β(2)) or, to a minor extent, to the effective third-order 

susceptibility term χ (3)
′

(as discussed above, dominated 

by the β(3) term) will modify the VSD response. So far, 

most studies employing VSDs have assumed that VSDs 

respond to changes in electrostatic potential difference by 

altering their electronic properties through field-induced 

A B C

Figure 1. SH imaging of VSDs on GUV membranes and orientation parameter D. (A) Molecular structure of FM4-64 with an illustration of a cylindrical 

chromophore at a membrane interface, and the dashed cone schematically illustrates the orientational distribution. (B) Contour plot of the calculated orien

tation parameter D as a function of the mean tilt angle θ0 and width σ of a Gaussian distribution. D = 0.5 (blue dashed line) physically indicates that the 

molecular orientational distribution may be very broad. The red star indicates the second-harmonic magic angle considering a one-dimensional molecular 

distribution as discussed in Simpson and Rowlen.28 (C) Schematic diagram of the SH imaging of VSDs embedded in the outer leaflets of GUVs in solution. 

The red arrows represent the incident near-infrared (1,030 nm) illumination, and the green arrows represent the emitted (515 nm) SH light. L is the pixel-wise 

spatial position over the GUV equator. P and S indicate the polarization of the incoming/outgoing beams and are related to the X and Y directions of the 

laboratory frame. α defines the angle between the surface normal in the equatorial plane and the laser polarization direction.
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modulation of the molecule’s electronic structure, thereby 

modulating the SH intensity by changes in both β(2) and β(3) 

terms (sometimes referred to collectively as the ‘‘effec

tive’’ hyperpolarizability).16,29,32 We will refer to this 

mechanism as the electro-optic response. However, other 

factors may contribute to the VSDs’ response and change 

the dominant χ (2)
s term in the presence of a static electric 

field. Considering the molecular origin of SHG, the χ (2)
s 

response is30

χ (2)
s = Nsβ(2)〈cos3 θ〉 ; (3) 

where Ns is the surface number density of the VSD, θ 
is the tilt angle of the VSD with respect to the inter

face normal (Figure 1A), and 〈 … 〉 denotes averaging 

over the orientational distribution function (ODF). 

Equation 3 therefore shows that to account for SH inten

sity changes, not only the changes in β(2) via charge redis

tribution must be considered, but also variations in the 

surface number density of the VSDs and in their orienta

tional distribution at the interface. Thus, attributing the 

VSDs’ potential sensitivity solely to the effective hyper

polarizability of the dye under the influence of an electric 

field oversimplifies the underlying mechanism. Indeed, 

it has been shown by Pons et al. that the electric field 

alters the alignment of stilbazolium VSDs and conse

quently changes the SH response.31 Later works have sug

gested that some VSDs show a noninstantaneous SH 

response that cannot be explained by invoking uniquely 

the electro-optic mechanism and must involve some 

conformational change.38,39 Given this evidence, experi

mental data that consider structural changes in the mem

brane, a situation particularly relevant for living cells, 

are therefore needed.

Here, we systematically address the effect of the lipid 

composition and the presence of ions on the SH emission 

of FM4-64 inserted in GUVs. GUVs are vesicles composed 

of a lipid bilayer membrane that provide an ideal model 

system for well-controlled biophysical studies because of 

their cell-sized dimensions (in the tens of microns range), 

while also offering a protein-free and compositionally 

controllable lipid membrane environment. We first discuss 

how to extract the ODF of FM4-64 and how to use it to 

quantify membrane disorder. Then, we show how the 

different lipid compositions and the ionic environment in 

the aqueous phase (using Ca2+ as an example) act on the 

lipid membrane and FM4-64 ordering, directly influencing 

the ODF and surface number density of FM4-64. These 

variations in the orientational distribution and surface 

number density result in widely different SH intensities. 

As a result, any change in experimental conditions that 

may lead to variations in the ODF and surface number den

sity should therefore be accounted for when converting SH 

signals to membrane potentials.

MATERIALS AND METHODS

Chemicals and cleaning procedures

1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), 1,2- 

diphytanoyl-sn-glycero-3-phosphate (DPhPA), and 1,2-dio

leoyl-sn-glycero-3-phosphocholine (DOPC) were purchased 

from Avanti Polar Lipids. CaCl2 (99.999%), poly(vinyl 

alcohol) (PVA, Mw 146,000–186,000, >99%), bovine serum 

albumin (BSA, >99%), glucose, sucrose, and chloroform 

(>99.8%) were purchased from Sigma-Aldrich. N-(3- 

triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrie 

nyl)pyridinium dibromide, commonly known as FM4-64, was 

purchased from Thermo Fisher. The molecular structure is shown 

in Figure 1. All chemicals were used as received. All aqueous 

solutions were made with ultrapure water (H2O, Milli-Q UF 

plus, Millipore, electrical resistance of 18.2 MΩ ⋅ cm). All 

aqueous solutions were filtered with 0.1-μm Millex filters. The 

cover slips used in the imaging were pre-cleaned with piranha 

solution (1:3, 30% H2O2: 95%–97% H2SO4) and thoroughly 

rinsed with ultrapure water.

PVA-assisted GUV growth and transfer

GUVs were formed by gel-assisted growth with polyvinyl 

alcohol (PVA) following a method similar to the one of 

Weinberger et al.40 Briefly, a 5% (w/w) solution of PVA in 

water was prepared and heated to 90◦C in a water bath, 

and 50 μL of heated PVA was spread on a glass-bottom cul

ture dish (FluoroDish, WPI) and dried for 1 h at 50◦C. 

Charged lipids (PA) were mixed with DOPC or DPhPC in 

chloroform before film formation. The molar ratio of PA 

to PC lipids was varied according to the experimental con

dition (see results and discussion for specific ratios). After 

depositing the solution of lipids in chloroform on the dried 

PVA film, the sample was placed on a heat plate kept at 

40◦C for 30 min to 1 h to accelerate chloroform evaporation. 

The sample was then transferred to a vacuum desiccator or a 

chemical hood with continuous airflow and dried for a min

imum of 3 h up to overnight. Samples were typically pre

pared 1 day before SH measurements. The GUVs were 

grown as follows: The growth chamber was filled with a so

lution composed of 50 mM sucrose to match the osmolarity 

of the observation solution. The growth chamber was 

observed using a light microscope to track the formation 

of vesicles. After the desired vesicle sizes were reached, 

typically in less than 20 min, the GUVs were transferred 

into the observation chamber using a pipette. GUVs were 

grown to a diameter around 40 μm as verified by white-light 

microscopy. All analyzed GUVs had diameters in the range 

of 30–50 μm. Due to the difference in density of the inside 

and outside solution, many GUVs were found to precipitate 

to the bottom of the observation chamber. The observation 

chamber was made using a cleaned cover slip, coated with 

BSA for passivation in order to prevent rupture of GUVs 
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that come into contact with the glass surface, and rinsed 

with ultrapure water. It was then placed inside the SH micro

scope and filled with an observation solution. For experi

ments without Ca2+, the observation solution contained 

50 mM glucose. For Ca2+ experiments, CaCl2 was added 

to the observation chamber before GUV transfer, at a final 

concentration of 5 mM. The glucose concentration was 

adjusted to 35 mM in Ca2+ experiments to match the osmo

larity of the solution inside the GUVs (50 mM sucrose). In 

all cases, FM4-64 was added from a 1 mM stock solution to 

the observation chamber containing GUVs, achieving a final 

concentration of 2 μM.

Second-harmonic imaging of GUVs

The multiphoton microscope used in this work builds on 

the foundations of other imaging systems developed in 

our laboratory and is optimized for the highest possible 

efficiency of label-free SH imaging of GUVs.36 Figure 

S1 shows the schematic diagram of the SH microscope. 

The microscope is powered by a femtosecond laser source 

(Femtolux 3, 1,030 nm, 1 MHz, 220 fs). The combination 

of a lens (f = 25 cm, N-BK7 uncoated Plano-Convex 

Lenses, Thorlabs) and a 60× water immersion objective 

lens (Olympus LUMPFLN 60XW, NA 1.0) allows the laser 

beam to excite an area of around 90 μm on a sample plane 

at normal incidence angle. The excitation power at the 

sample was set to 20 mW (corresponding to a fluence of 

0.314 mJ/cm2), measured after the objective. The SH light 

is collected in the forward direction with a 60× objective 

lens (Olympus LUMFLN 60XW, NA 1.1). A 750-nm 

short-pass filter (FESH0750, Thorlabs) and a 515-nm 

band-pass filter (FL514.5–10, Thorlabs) are used in the 

detection path to remove the fundamental beam. For polar

ization control, a half-wave plate for the fundamental beam 

and a combination of a half-wave plate and a Glan-Taylor 

prism for the detected light are used. The collected SH light 

is imaged into an electronically amplified intensified CCD 

camera (EM-iCCD, PiMax-4, Princeton Instruments) with 

an f = 18 cm lens (TTL 180A, Thorlabs). The camera was 

gated at a frequency corresponding to the repetition rate of 

the laser. SH images were collected with the gain set to 

100. The recorded images had an equivalent pixel size on 

the sample of 400 nm. The GUV’s diameter was approxi

mately 40 μm. The nonlinear axial detection depth was 

800 nm. The membrane curvature angle over an 800-nm 

length was < 3◦, making a planar approximation of the 

interface accurate. For white-light imaging, the sample is 

illuminated from the top using a white-light source, and 

the linear scattered light is detected in the forward direc

tion with the same objective lens. The main body of the mi

croscope is built on top of a Rapid Automated Modular 

Microscope frame (RAMM system, ASI imaging). Trans

lation of the sample is performed using an XYZ translation 

stage (PZ-2000FT, ASIimaging). X and Y positioning is 

performed using motors with linear encoders, while Z posi

tioning is performed using a piezo stack (300-μm travel 

range).

Theoretical background

Before experimentally investigating how number density 

and orientational distribution impact the estimated electro

static potential difference derived from measuring SH inten

sity, we review how the ODF enters the susceptibility/ 

intensity expression and what can be experimentally 

deduced from measuring the SH intensity in different polar

ization combinations. The second-order susceptibility of a 

surface or interface arises from averaging the molecular hy

perpolarizability (β(2)) elements of its constituent molecules 

(Equation 3). Since β(2) is also direction sensitive, molecular 

contributions must be represented considering each molec

ular orientation with respect to the surface. Based on a 

known molecular symmetry and an ODF (denoted as func

tion f) that in its complete form involves three Euler angles, 

each of which may have their own distribution, relationships 

between χ (2)
s and β(2) can be calculated.41,42 For an in-plane 

nonchiral isotropic surface, only the tilt angle θ of the mo

lecular axis with respect to the surface normal is needed 

(see Figure 1A, and the ODF becomes f(θ)). For this case, 

χ (2)
s depends on the molecular density Ns, θ, and β(2)41–43:

⎛

⎜
⎜
⎜
⎜
⎜
⎝

χ(2)

s1

χ(2)

s2
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⎞

⎟
⎟
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⎟
⎟
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=
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⎝
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⎟
⎟
⎟
⎠

and

D =
〈cos3 θ〉
〈cos θ〉

(4) 

with χ(2)

s1 = χ(2)⊥⊥⊥ − χ(2)

‖‖⊥
− χ(2)

‖⊥‖
− χ(2)

⊥‖‖
, χ(2)s2 = χ(2)

‖‖⊥
, 

χ(2)

s3 = χ(2)
‖⊥‖

, and χ(2)s4 = χ(2)

⊥‖‖
; and β(2)

1 = β(2)
ccc −

β(2)

2 − β(2)

3 − β(2)

4 , β(2)

2 =
(β(2)

aac+β(2)

bbc)
2

, β(2)

3 =
(β(2)

aca+β(2)

bcb)
2

, 

and β(2)

4 =
(β(2)

caa+β(2)

cbb)
2

, using (a,b,c) as the right-handed coor

dinate system of the molecule (Figure 1A). Ns is the surface 

number density of molecules. 〈cos θ〉 denotes the average 

cosine of the tilt angle θ between the c axis of the molecule 

and the surface normal (the ⊥ direction).44 For a rod-like 

chromophore such as FM4-64, the molecular second-order 

and third-order hyperpolarizability tensors are approxi

mated by a single tensor element, β(2)
ccc and β(3)

cccc along its 

symmetry axis.45 The orientational parameter D defined in 

Equation 4 can be determined from the SH intensity re

corded at different polarization combinations, as will be 

described explicitly below.
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An interfacial orientational distribution can have any 

configuration between completely aligned along the surface 

normal (that is, all molecules have precisely the same orien

tation perpendicular to the surface) to a completely random 

distribution (that is, each value of θ appears equally often). 

For the first scenario 〈cos θ〉 = 1 and D = 1, so that Equation 

3 simplifies to χ(2)si = Nsβ
(2)
i , where i denotes one of the 

indices of the matrix in Equation 4. For the second scenario, 

we have 〈cos θ〉 = 0 and D = 0, so that Equation 3 simplifies 

to χ(2)si = 0. The actual molecular orientation distribution at 

an interface will be in between those extremes. Equation 4

cannot be solved explicitly and without assumptions from 

the available independent polarization combinations that 

can be measured in an SH or sum frequency generation 

experiment from an isotropic interface. Therefore, a number 

of studies have aimed to simplify the involved relations (re

viewed in Wang et al.46). Assuming that only the polar angle 

is relevant reduces the expressions connecting χ (2)
s to β(2) to 

a simpler expression,43,47 and this would be a reasonable 

assumption for a cylindrical chromophore, such as FM4- 

64 as used in this study. If the interfacial molecules are high

ly ordered, ODFs can be modeled as δ-functions or 

Gaussian distributions that have widths <∼15◦,46,48 in 

which case an average tilt angle and tilt angle distribution 

can be determined from comparing intensities measured in 

different polarization combinations. However, when the 

tilt angle distribution is broad, the ODF is better described 

by a cosine Legendre polynomial series, and a single tilt 

angle or range of tilt angles cannot be retrieved from the 

data.28,49 If one performs SHG or SFG experiments to 

obtain the molecular tilt angle distribution from an interface 

containing a broad molecular distribution and analyzes the 

data under the assumption that all molecules have the 

same tilt angle (i.e., taking f (θ) =
δ(θ − θ0)

sin(θ) ), one incorrectly 

arrives at the conclusion that θ0 ∼39.2◦. This θ0 is referred 

to as the ‘‘magic angle.’’

Alternatively, one can think of the distribution as undeter

mined since an SH measurement cannot be used to make 

any statements about the width. To illustrate this and the sig

nificance of it for understanding molecular distributions 

based on SHG measurements, we next assume that the 

ODF (f(θ)) is a Gaussian function in 3 dimensions (illus

trated by the cone in Figure 1A). For any quantity g(θ), 

the ensemble average over molecular orientations in an 

azimuthally isotropic system, considering a Gaussian 

distribution for the probability distribution of 

molecular orientations, can be written as 〈g(θ)〉 =

∫ π
2

0
g(θ)e

(

−
(θ − θ0)

2

2σ2

)

sin θdθ

∫ π
2

0
e

(

−
(θ − θ0)

2

2σ2

)

sin θdθ

. Substituting this expression 

in Equation 4, the parameter D becomes

D =

∫ π
2

0
cos3 θ exp

(

−
(θ − θ0)

2

2σ2

)

sin θdθ

∫ π
2

0
cos θ exp

(

−
(θ − θ0)

2

2σ2

)

sin θdθ
(5) 

Figure 1B shows a contour plot of the parameter D calcu

lated as a function of the mean tilt angle of the distribution 

(θ0, y axis) and the width (σ, x axis). Smaller values of σ 
indicate a narrower distribution (strong molecular align

ment), while larger values of σ are representative of a large 

distribution width (weak alignment, or a broad molecular 

distribution).

The plot in Figure 1B illustrates that a specific D value 

(indicated by the black contour lines) can be obtained 

with a variety of different combinations of the parameters 

θ0 and σ. The intersections of the contour lines with the σ 
axis determine the maximum plausible degree of disorder 

of the system. For example, the line at D = 0.1 shows that 

a measurement that gives a value of D = 0.1 can originate 

from multiple distributions, having either a δ-function dis

tribution with an angle of ∼70◦ or even larger tilt angles 

with progressively broader distributions. D = 0.4 shows a 

similar trend but permitting even larger distribution width. 

D = 0.5 is a horizontal line, indicating that any value of σ 
between 0◦ and 90◦ is accessible, and that the corresponding 

distribution mean angle is θ0 = 45◦. Therefore, D values 

close to 0.5 indicate the possible presence of a broad molec

ular distribution, as they account for the possibility to have 

distribution width with σ > 70◦. This result is similar to 

what was obtained previously for a 1-dimensional distribu

tion of θo values, which results in D = 0.6 and θ0 = 39.2◦

(assuming a δ-function as ODF).28 Figure 1B also shows 

that values of D > 0.6 indicate that the molecules are, on 

average, oriented closer to the surface normal (more upright, 

with the mean tilt angle < 45◦). Conversely, values of 

D < 0.4 indicate that molecules are preferentially oriented 

closer to the surface plane (lying down, with the mean tilt 

angle > 45◦).

It is important to note that D alone does not uniquely 

determine the orientational distribution, but it rather defines 

the range of possible mean tilt angles and distribution 

widths (Figure 1B). Within the range defined for a specific 

D value, we assume that all orientational distributions 

within the allowed range are equally probable. This assump

tion does not affect our study: indeed, in what follows, we 

do not attempt to derive an averaged orientational angle of 

chromophores from SH images but rather derive D values 

and use them to infer if orientations have changed, and 

how this might reflect membrane structural changes. In 

our experiments on GUVs, SH photons are emitted in the 

polarization directions S and P, perpendicular and parallel 

to the imaging plane (plane of incidence). Two independent 

polarization combinations are recorded, IPPP with all beams 

identically polarized parallel to the imaging plane and IPSS 
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with the SH beam polarized parallel to the imaging plane 

and the incoming beams polarized perpendicular to the 

SH beam. With α the angle between the surface normal in 

the equatorial plane and P direction, the SH intensity is as 

follows:

IPPP = C

(

1 +
β(3)

CCCC〈cos θ〉Φ0;1

β(2)

CCC

)2(

〈cos3 θ〉cos3 α 

+
3

2
〈cos θ − cos3θ〉cos α sin2 α

)2

(6) 

IPSS = C

(

1 +
β(3)

CCCC〈cos θ〉Φ0;1

β(2)

CCC

)2(

〈cos3 θ〉cos α sin2 α 

+
1

2
〈cos θ − cos3θ〉cos α

(
1 − 3 sin2 α

)
)2 

The detailed derivation of these equations can be found in 

the supplemental information S3. The orientation distribu

tion parameter D can be derived from the ratio31:

̅̅̅̅̅̅̅̅
IPPP

IPSS

√

∼

⃒
⃒
⃒
⃒
⃒
⃒
⃒

D cos3 α +
3

2
(1 − D)cos α sin2 α

D sin2 α cos α +
1

2
(1 − D)cos α

(
1 − 3 sin2 α

)

⃒
⃒
⃒
⃒
⃒
⃒
⃒

(7) 

Note that there is no dependence on an electrostatic po

tential difference in Equation 7 as it cancels out if we take 

the ratio of IPPP/ISSS. We can therefore use the parameter 

D to assess whether the ODF changes, and by how much 

it changes for different lipid compositions and chemical en

vironments in GUVs.

RESULTS AND DISCUSSION

Effect of lipid ordering in neutral membranes

We next investigate if the ODF of FM4-64 depends on lipid 

structure, as characterized by the parameter D. Single-lipid 

GUVs prepared with neutral lipids, DOPC and DPhPC, 

were employed to investigate the effect of membrane ordering 

on the ODF. In the case of neutral lipids and in the absence of 

an external bias, ΔΦ0 is on average equal to zero, and the SH 

intensity is therefore directly related to the magnitude of χ (2)
s 

as shown in Equation 2. DOPC is an unsaturated lipid, while 

DPhPC is a branched saturated lipid. This difference provides 

a useful framework for investigating how the ODF of the dye 

changes in distinct lipid environments.

Equation 7 shows that two measurements, in the PPP and 

PSS polarization combinations, need to be performed to 

extract D. We therefore conducted polarization measure

ments using the PPP and PSS polarization combinations 

on both DOPC and DPhPC GUVs. Figures 2A and 2B 

show the SH images of a DOPC GUV and a DPhPC GUV, 

respectively, in a glucose/sucrose solution (outside/inside) 

stained with FM4-64 on the outer leaflet for both PPP 

and PSS polarization combinations. The concentration of 

FM4-64 was set to 2 μM in the outside solution. The SH 

intensity in the PSS polarization combination was magnified 

three times for better visualization. The data in Figures 2A 

and 2B can then be used to determine the orientation param

eter D. We focus on the regions along the GUV equator 

where the signal-to-noise ratio is sufficiently high in both 

polarization combinations, schematically denoted as L in 

Figures 1C and 2A. To do so, we use the intensity profiles 

along the GUV equator between 55◦ and 125◦, starting 

from the right end of the GUV equator as shown in Figure 

2A. In this region, both the numerator and denominator 

are positive in Equation 7 (the term 1-3sin2α is positive).

The spatial variation of D as a function of L was obtained 

from DOPC and DPhPC GUVs, and two representative 

GUVs for each lipid type are shown in Figure 2C. A profile 

length of 50 pixels corresponds to a physical distance of 

∼20 μm along the GUV equator. The GUVs composed of 

DOPC (blue triangles) show D values higher than for the 

GUVs made of DPhPC (red squares). Furthermore, the 

spatial fluctuations of D point to a nonuniform orientation 

distribution of FM4-64 across the membrane surface. The 

lower values of D occasionally observed in DPhPC GUVs 

(e.g., Figure 2C) are not present in all vesicles (see Figure 

S4) and may arise from local membrane defects or a small 

fraction of dye molecules with different insertion geometry. 

This spatial heterogeneity contributes to the width of the D 

value distribution but does not affect the comparison be

tween averaged values of both lipids shown in Figure 2D.

To better quantify the difference between DOPC and 

DPhPC GUVs, histograms of D values extracted from 10 

different GUVs for each lipid are plotted in Figure 2D. 

The distribution of D values is fitted with a Gaussian distri

bution (indicated by the solid line). Specifically, the D 

values of the DOPC GUVs consistently fall in a distribution 

centered at D = 0.5, D being the mean value of the Gaussian 

distribution. The D values observed for DOPC are higher 

than those observed for DPhPC GUVs (D = 0.42). From 

the distribution histograms in Figure 2D, we also extracted 

the full width at half maximum (FWHM), an intuitive 

parameter indicating the degree of fluctuation. For DOPC 

GUVs, the FWHM is around 0.08, corresponding to a fluc

tuation percentage of 16%. For DPhPC GUVs, the FWHM 

is 0.07, which is a similar value as obtained for DOPC. 

Based on the results of Figure 1B, the D values obtained 

for FM4-64 in different GUVs give some information about 

the maximum plausible degree of disorder. With D = 0.42, 

FM4-64 on DPhPC spans a range of orientation distribution 

widths from 0◦ up to 54◦, while FM4-64 on DOPC displays 

D = 0.5, indicating that distribution widths spanning the full 

range from 0◦ to 90◦ are possible, including very broad 
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distributions with widths exceeding 70◦. This difference 

likely reflects the more ordered structure of the DPhPC bi

layers, as schematically illustrated in Figure 2E, and would 

be consistent with the expectation that saturated lipids 

exhibit a higher packing order than unsaturated lipids such 

as DOPC, as also demonstrated with previous studies using 

X-ray diffraction or NMR.50–53 Nonetheless, it is interesting 

to note that the branched acyl chains do confer special prop

erties to DPhPC. The area per lipid of DPhPC is high (80.5 

Å2 at 30◦C)54 relative to other saturated lipids such as DPPC 

or DMPC (values range between 47.9 Å2 at 20◦C to 71.2 Å2 

at 50◦C),55 and a high area per lipid is commonly taken as an 

indicator of a poorly packed structure. Furthermore, the 

melting temperature of DPhPC is very low (<− 120◦C),56

which is also a typical characteristic of lipids forming 

more disordered bilayers. Despite these factors, DPhPC 

has been found to form stable bilayer membranes with 

low ion leakage57 and to have an order parameter close to 

other phospholipids forming liquid crystalline phases.56 In 

such liquid crystalline phases, a certain degree of fluidity 

is allowed, while still retaining structural order. Our SH re

sults therefore further support the formation of structurally 

ordered bilayer membranes with DPhPC, at least in compar

ison with DOPC.

Fluorophores inserted in membranes have been shown to 

relocate to the inner leaflet over time58 and flip-flop of a styryl 

dye such as Di-6-ASPBS has been shown to occur.59 Flip-flop 

of an SH-emitting molecule reduces the SH intensity as a 

result of the increasing centrosymmetry, and Moreaux 

et al.59 report a decay of the SH signal intensity to half of 

the initial value after 1 h. In our experiments, a single GUV 

measurement required only a few minutes, during which we 

observed no obvious decay in SH intensity. Over such a short 

interval, flip-flop is therefore considered to be negligible.

Thus, VSDs embedded in single-lipid GUVs made of two 

different zwitterionic lipid membranes display different 

orientational distributions, which indicates that SH intensity 

changes of VSDs are not solely due to electro-optical effects.

Effect of lipid ordering in charged membranes

Having tested the effect of different lipid composition on the 

membrane packing order, we next investigate how varying 

the proportion of charged lipids (DPhPA, containing the 

phosphatidic acid [PA] charged headgroup) affects the 

ODF of the membrane-associated FM4-64, due to lipid 

ordering being influenced by electrostatic interactions. 

Contrarily to the neutral membranes investigated above, 

the presence of charged lipids may affect the electrostatic 

term in Equation 2. Each leaflet of the lipid membrane can 

be characterized by its surface potential, defined as the poten

tial difference between the surface and the bulk solution. In 

Figure 2. Orientation distribution of FM4-64 on 

GUV membranes with different zwitterionic lipid 

compositions. (A and B) SH images of DOPC 

and DPhPC GUVs, respectively, acquired using 

the PPP (left) and PSS (right) polarization config

urations. The concentration of FM4-64 was set to 

2 μM in the outer aqueous solution to ensure the 

dye could insert in the outer leaflet of the GUV 

membrane. The PSS SH intensity is shown multi

plied 3 times (top image) and as recorded (bottom 

one). Scale bar: 20 μm. (C) Spatial distribution of 

D for FM4-64 as a function of L (the pixel-wise 

spatial position over the GUV equator) for different 

GUVs prepared with DOPC and DPhPC. Each 

pixel (symbol) corresponds to 400 nm in physical 

length, and each line corresponds to a different 

GUV. (D) Histogram showing the overall distribu

tion of D values for 10 DOPC and 10 DPhPC 

GUVs, highlighting distinct differences between 

the two lipid compositions. The solid line repre

sents a Gaussian fit to the histogram. (E) Sche

matic illustration of the influence of lipid 

ordering on the orientation of FM4-64. GUVs 

made with DOPC lipids exhibit D values centered 

at 0.5 (D = 0:5), suggesting a broader orientation 

distribution due to lower membrane ordering is 

possible.
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the following, Φ0,1 and Φ0,2 denote the surface potentials of 

the outer and inner leaflets. The transmembrane potential dif

ference is then given by the difference between these two 

terms: ΔΦ0 = Φ0,1-Φ0,2. If the charged lipids distribute ho

mogeneously between the inner and outer leaflet (Φ0,1 =

Φ0,2), no transmembrane potential difference is present in 

the system. However, the surface potential difference be

tween each individual leaflet and its surrounding solution 

can still be sensed by a voltage-sensitive probe. As discussed 

above, FM4-64 inserts in the outer leaflet of the GUV, and 

flip-flop to the inner leaflet is not observed. The chromophore 

thus reports on the surface potential of the outer leaflet (Φ0,1).

While the effect of an electrostatic potential difference on 

the VSD SH emission is expected through modulation of 

the electro-optic response, the influence of charged lipids 

on the ODF of the VSD has not been considered in other 

studies. With the method developed above to calculate the 

orientation parameter D, we can selectively separate the ef

fect of charged lipids on the ODF from their effect on the 

electro-optic response. Figures 3A–3C show SH images of 

GUVs made with branched lipids with different PA:PC ra

tios, 50:50, 30:70, and 0:100, respectively, acquired using 

the PPP polarization configuration. Figure 3D shows the his

togram of D values for DPhPC/PA (50:50) and DPhPC/PA 

(70:30) compared with the pure DPhPC sample (10 GUVs 

of each composition were measured). The mean D value 

for DPhPC/PA (50:50) (D = 0.51) is higher than that of 

neutral DPhPC GUVs (D = 0.42). We interpret this increase 

as suggesting the possibility of a broader orientational distri

bution of FM4-64 on the DPhPC/PA surface, resulting from 

reduced lipid ordering. This increased disorder is attributed 

to electrostatic repulsion between negatively charged PA 

headgroups, as illustrated in Figure 3E, which leads to a 

more disordered membrane environment and thus a wider 

orientational distribution of the dye.

To further test this hypothesis, we examine GUVs with a 

lower charge density (DPhPC/PA 70:30), as shown in Figure 

3D. The mean D value of the GUVs with DPhPC/PA (70:30) 

(D = 0.46) is intermediate between the case of neutral lipids 

and the highly charged ones, which is consistent with our 

interpretation. These findings indicate that the ODF is 

directly affected by changes in the lipid bilayer structure 

due to variations in the charge density within the membrane.

Ion effects in charged membranes

In the following parts, we investigate the effects of a repre

sentative divalent cation, Ca2+, on the SH emission of 

FM4-64 embedded in the membrane environment. We first 

use negatively charged GUVs composed of DPhPC/PA 

(50:50). Figures 4A and 4B show SH images of GUVs 

made of DPhPC:PA (50:50) with and without Ca2+ in the 

external solution, respectively. With the presence of 5 mM 

Ca2+ (CaCl2) in the external solution, the SH intensity de

creases by two orders of magnitude in this image. Figure 

4C presents the average SH intensity from 8 GUVs in 

Figure 3. Effect of charge on lipid membrane or

ganization and FM4-64 orientation. (A–C) SH im

ages of GUVs made of branched lipids with 

different PA:PC headgroup ratios, 50:50, 30:70, 

0:100, respectively, acquired using the PPP polar

ization configuration. Scale bar: 20 μm. The con

centration of FM4-64 was set to 2 μM in the 

outer aqueous solution. (D) Variation in D values 

on membranes with a different percentage of nega

tively charged PA lipids. 10 GUVs were measured 

for each lipid composition. (E) Schematic illustra

tion of the different orientational distribution of 

FM4-64 with increasing charge.
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presence and absence of Ca2+. The SH intensity differs by 

two orders of magnitude between the two conditions. These 

results highlight a strong ion-induced modulation of the 

dye’s nonlinear optical response.

Here, several effects are expected to modulate the SH 

emission of the FM4-64 upon Ca2+ addition: (1) the binding 

of Ca2+ to the negatively charged PA headgroups neutralizes 

the membrane surface charge and reduces the surface poten

tial Φ0,1, therefore reducing the FM4-64 emission intensity 

(Equation 2); (2) FM4-64 carries a positive charge and pref

erentially associates with negatively charged membranes; 

thus, Ca2+-induced surface charge neutralization could result 

in a reduced dye incorporation (lower Ns) and a correspond

ing decrease in the total SH intensity; (3) the neutralization of 

the electrostatic repulsion between negatively charged PA 

headgroups may lead to a different ODF of FM4-64.

According to Li et al.,60 the average surface potential of 

DPhPC/PA (50:50) GUVs is approximately 250 mV. As 

shown in Figure S2, a surface potential change of 100 mV 

results in a 4.4% variation in the SH intensity. Therefore, 

a complete depolarization of the membrane potential can 

account for at most an ∼11% reduction in the SH signal (ef

fect 1). Consequently, the remaining ∼88% decrease in SH 

emission must originate from changes in the molecular 

number density at the interface (effect 2) and/or modifica

tions of the ODF of the chromophores (effect 3). In the 

case of charged membranes, it is not possible to quantita

tively estimate the surface number density of FM4-64 

from the SH images (quantitative estimation of Ns is howev

er possible for neutral membranes, as described below). As a 

result, for charged GUVs, it is not possible to unambigu

ously determine whether the observed SHG reduction is 

Figure 4. The effect of Ca2+ on the SH emission 

of FM4-64 inserted in charged membranes. (A and 

B) SH images of GUVs made of DPhPC:PA 

(50:50) with and without Ca2+ in the external solu

tion. The concentration of Ca2+ is 5 mM. A 

decrease in the SH intensity can be observed after 

Ca2+ addition. Scale bar: 20 μm. (C) Averaged SH 

intensity (counts/second) for a series of 8 different 

DPhPC:PA GUVs with and without Ca2+ in the 

outside solution (each point represents a single 

GUV). (D) Corresponding D parameter showing 

a significant change in the presence of Ca2+ (ob

tained for 8 GUVs in each case). (E) Schematic 

representation of the effect of Ca2+ ions on 

DPhPC:PA lipid ordering and FM4-64 membrane 

association.
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dominated by a decrease in the VSD surface number density 

or by changes in molecular orientation. Nevertheless, the D 

parameter can be determined independently and serves as a 

sensitive indicator of changes in the ODF.

We extract the orientation parameter D from the SH im

ages of 8 GUVs for each composition (with and without 

Ca2+) and plot the resulting histograms in Figure 4D. 

Figure 4D shows that the D values decrease when Ca2+ is 

added to the solution (D = 0.42), compared with conditions 

without Ca2+ (D = 0.51). Therefore, the orientation distri

bution of FM4-64 becomes narrower in the presence of 

Ca2+. The narrowing of the distribution can be attributed 

to Ca2+ binding to the negatively charged phosphate groups 

and neutralizing the membrane charges, which promotes 

lipid ordering within the membrane and consequently de

creases the orientational distribution parameter D, as de

picted in Figure 4E. These results are consistent with the 

ones of the charged lipid membrane with different propor

tions of charged lipids, shown in Figure 3, where a 

decreasing membrane charge also promotes lipid ordering.

Note that Ca2+ could potentially alter the presence/struc

ture of FM4-64 in the outer leaflet. For instance, Ca2+ bind

ing to negatively charged headgroups might reduce 

electrostatic repulsion and promote flip-flop. Here as well, 

we did not observe a decrease in the total SH intensity 

within the measurement time frame (minutes). The absence 

of such a decrease is inconsistent with significant signal 

cancellation from inner-leaflet dye, suggesting that flip- 

flop is negligible on our timescale.

These findings highlight the critical role of multiple fac

tors, and not only of an electrostatic potential difference, in 

interpreting SH signals from VSDs, underscoring the need 

to account for ODF effects and FM4-64 surface number 

density when analyzing SH images in complex membrane 

environments. A recent study comparing electrical record

ings with voltage measurements from SH FM4-64 and SH 

water imaging shows that the latter can be an alternative 

method to record electrostatic potential differences.61

Ion effects on neutral membranes

To further distinguish between the effects of ions on the 

FM4-64 surface number density Ns and on its ODF from 

their effect on the surface potential Φ0,1, we employed elec

trically neutral DPhPC GUVs, where Φ0,1 = 0, on average. 

Figure 5A shows SH images of a DPhPC GUV with and 

without Ca2+ ions in the solution. The comparison of the 

two images reveals a decrease in SH intensity upon the addi

tion of 5 mM CaCl2. To confirm that the surface potential 

remains unchanged upon addition of ions, we measured 

the ζ-potential of neutral liposomes (400 nm diameter) 

composed of the same lipids with and without Ca2+. The 

ζ-potential remained between − 1 and +5 mV, suggesting 

that no major change in surface potential occurs after addi

tion of CaCl2 (see supplemental information S5). This result 

allows us to rule out the effect of surface potential and, by 

extension, dismiss any significant influence of Ca2+ on the 

electro-optic response of FM4-64 (effect 1 discussed 

above). The remaining two factors potentially responsible 

for the observed SH intensity change are the surface number 

density of the dye and the ODF as discussed above (effects 2 

and 3). For a neutral membrane, the SH intensity is directly 

related to χ (2)
s and therefore β(2) (Equations 2 and 3). 

Knowing β(2) of the FM4-64, one can therefore estimate 

Ns (detailed calculation is in supplemental information 

S6). The orientation distribution parameter D and Ns are 

plotted in Figures 5B and 5C, respectively. In this case, 

the analysis of D in Figure 5B shows no appreciable dif

ference between conditions with and without Ca2+. 

Conversely, quantitative calculations of Ns on the membrane 

surface in Figure 5C show that the calculated Ns decreased 

by one order of magnitude, from 0.01 molecules/nm2 to 

0.001 molecules/nm2, upon the addition of Ca2+. To enable 

the comparison with Ns, the bulk dye concentration of 2 μM 

can be converted to an equivalent surface number density 

by assuming a hypothetical 3-nm-thick layer, yielding 

3.6 × 10− 6 molecules/nm2. This calculated value can be 

considered as the upper limit in an unlikely case where no 

molecule added to the bulk solution would absorb at the sur

face, and therefore one can realistically consider even lower 

values. The estimation of the equivalent surface number 

density for the bulk dye being orders of magnitude lower 

than the molecular surface density Ns calculated for the 

membrane, it indicates that FM4-64 is an amphiphilic dye 

that preferentially partitions into lipid membranes.33

At the molecular level, the results from Figures 5B and 

5C can be understood as follows: in DPhPC bilayers, which 

are already structurally compact, Ca2+ does not signifi

cantly enhance the order of the membrane and therefore 

does not modify the D values. In contrast, the observed 

reduction of Ns can be attributed to Ca2+ ions binding 

with the negative part of the PC headgroup, which leads 

to exclusion of the positively charged FM4-64 molecules 

from the membrane surface, as illustrated in Figure 5D. 

This experiment therefore provides strong evidence that 

the VSD surface number density is a crucial factor influ

encing the SH signal intensity and should be considered 

as one of the key mechanisms modulating the VSD SH 

response.

To assess the general applicability of these findings, we 

extended our investigation to GUVs composed of DOPC, 

as shown in Figure 5E. In contrast to the DPhPC system, 

the presence of Ca2+ does affect the orientation distribution 

of FM4-64 on the DOPC membrane. As depicted in Figure 

5F, the histogram obtained from 8 GUVs shows D = 0.45 in 

the presence of Ca2+ (as opposed to D = 0.5 in absence of 

Ca2+, obtained for 8 GUVs). Based on the map in Figure 1, 

such decrease can be interpreted as a shift to a narrower 

width of the orientation distribution function of FM4-64 

(for D = 0.4, values of σ above 48◦ are not allowed). 
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Additionally, in the presence of Ca2+, a decrease in Ns of 

FM4-64 on the DOPC membrane is also observed, as shown 

in Figure 5G, although the decrease is less significant than in 

the DPhPC case (2–3 times decrease). As discussed above, 

the unsaturated lipid DOPC is likely to have a lower degree 

of packing order with respect to DPhPC (see Figure 2). 

Therefore, the decrease of D from 0.5 to 0.45 for DOPC is 

likely to indicate an increase in lipid ordering in this system 

due to Ca2+ binding to the phosphate groups of DOPC 

lipids. At the same time, Ca2+ also results in the decrease 

of Ns, consistent with the same trend observed in DPhPC 

GUVs. A schematic representation of these effects, Ca2+- 

induced lipid ordering and dye exclusion, is provided in 

Figure 5H. Here, both the FM4-64 surface number density 

and its ODF are shown to modulate the SH response.

CONCLUSION

In summary, our study highlights the necessity for careful use 

of VSDs in SH microscopy. Using GUVs as a simplified 

membrane model system, the SH response of the voltage- 

sensitive probe FM4-64 and its response in diverse lipid 

membrane environments is studied. GUVs prepared with 

different lipids enabled variations in lipid packing and 

charge, resulting in distinct variations in the SH response of 

FM4-64. The change in the ODF of the chromophores was 

quantified by the parameter D, obtained through polarimetric 

measurements. We first computed the parameter D as a func

tion of the width and mean tilt angle of a Gaussian distribu

tion of VSDs (in three dimensions). D alone does not 

uniquely determine the orientational distribution but rather 

defines the range of possible mean tilt angles and distribution 

widths. We show that values of D = 0.5 indicate the possibil

ity that the dye exhibits any orientational distribution going 

from a strong molecular alignment to a weak one. Such value 

of D suggests the possible existence of a state in which the 

inserted dye molecules are only weakly aligned. Conversely, 

D values above or below 0.5 are representative of a system 

where the maximum plausible degree of disorder is smaller 

(i.e., the dye molecules have a higher degree of alignment). 

For D ∕= 0.5, we can therefore expect the dye to be inserted 

in a membrane having a higher degree of packing order.

Figure 5. Effects of Ca2+ on FM4-64 orientation distribution and surface number density in neutral lipid membranes. The procedure to calculate Ns is 

detailed in supplemental information S6. (A) SH images of FM4-64-labeled (2 μM) DPhPC GUVs in the absence and presence of 5 mM CaCl2. Scale 

bar: 20 μm. (B) Corresponding orientational distribution (D values) calculated on 8 GUVs for each case (with and without Ca2+) showing no significant 

change with Ca2+. (C) Calculated surface number density Ns of FM4-64 on the membrane surface, revealing a decrease upon Ca2+ addition. (D) Schematic 

illustration of Ca2+-induced dye exclusion from the membrane surface. (E) SH images of FM4-64-labeled (2 μM) DOPC GUVs with and without Ca2+. Scale 

bar: 20 μm. (F) D values analysis on 8 GUVs for each case (with and without Ca2+) yields D = 0.45 in the presence of Ca2+, pointing to increased lipid 

ordering. (G) Calculated FM4-64 surface number density Ns on DOPC membranes, also showing a reduction upon Ca2+ exposure. (H) Schematic represen

tation of Ca2+ effects on DOPC lipid packing and FM4-64 membrane association.
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From polarimetric SH microscopy measurements of elec

trically neutral GUVs, prepared with DOPC and DPhPC 

lipids, we find that the unsaturated lipids (DOPC) exhibit 

a distribution of D values centered at 0.5, pointing to a 

possibly more disordered membrane than in the case of 

branched saturated lipids (DPhPC, D values centered at 

D = 0.42). The formation of a more disordered membrane 

in the case of unsaturated lipids is expected from previous 

X-ray scattering and NMR studies comparing saturated 

and unsaturated lipids.51–54 Most importantly, these 

different values indicate that even in absence of an elec

tro-optic effect due to an electrostatic potential difference, 

the SH response is affected by the VSD orientational distri

bution. In charged GUVs, the ODF is directly affected by 

changes in membrane packing due to variations in the 

charge density within the membrane. GUVs with an increas

ingly high content of the charged lipid PA show a distribu

tion of D values centered increasingly closer to 0.5, likely 

reflecting an increased membrane disorder linked to the 

repulsion between charged lipid headgroups. Differences 

in membrane conformation due to charged lipids therefore 

need to be considered in addition to their direct effect on 

the electrostatic potential.

Furthermore, we explored how the chemical environment 

can change the SH response of VSDs, particularly in the 

presence of Ca2+ ions. Our findings indicate that the D 

values of FM4-64 are modified in the presence of salt in 

both charged and neutral membranes. For charged mem

branes, a distribution of lower D values in the presence of 

Ca2+ (D values centered at D = 0.42 with Ca2+, versus 

D = 0.51 without Ca2+) can be explained by the Ca2+ bind

ing to the negatively charged phosphate groups and neutral

izing the membrane charges, which promotes lipid ordering. 

For unsaturated lipids, the addition of Ca2+ has a similar 

effect (D decreases from 0.5 to 0.45). The decrease in D 

values upon salt addition on charged membranes and mem

branes prepared with unsaturated lipids indicates that the 

range of possible distribution widths has been restricted to 

favor stronger molecular alignment than in the case of 

branched saturated lipids (D unchanged with Ca2+ addi

tion). We additionally quantify the surface number density 

(Ns) of FM4-64 with and without Ca2+ ions on neutral 

GUVs and demonstrate its decrease in the presence of 

Ca2+. A reduced incorporation of FM4-64 in the membrane 

upon Ca2+ addition therefore also contributes to changes in 

the SH signal intensity.

Our findings therefore demonstrate that the SH response is 

not solely dependent on the VSD electro-optic response 

induced by variations in any electrostatic potential difference 

that may affect the membrane, but also significantly influ

enced by the orientational distribution and the surface number 

density of the VSD molecules. These factors can lead to much 

larger variabilities in the SH response, potentially confound

ing the interpretation of intensity changes if not properly ac

counted for: variations in chromophore alignment/surface 

number density can result in disparate SH responses, even un

der identical voltage conditions. Considering these findings, 

we conclude that accurate measurement and interpretation 

of electrostatic potential differences using VSDs in SH micro

scopy require meticulous calibration and control of any 

parameter that may influence the orientation distribution func

tion and/or the surface number density of the dye. Addressing 

these challenges will enhance the reliability and utility of this 

powerful imaging technique.
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