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Abstract

This review focuses on time-resolved neutron scattering, particularly time-resolved
small angle neutron scattering (TR-SANS), as a powerful in situ noninvasive technique
to investigate intra- and intermembrane transport and distribution of lipids and sterols
in lipid membranes. In contrast to using molecular analogues with potentially large
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chemical tags that can significantly alter transport properties, small angle neutron
scattering relies on the relative amounts of the two most abundant isotope forms of
hydrogen: protium and deuterium to detect complex membrane architectures and
transport processes unambiguously. This review discusses advances in our understand-
ing of themechanisms that sustain lipid asymmetry inmembranes—a key feature of the
plasma membrane of cells—as well as the transport of lipids between membranes,
which is an essential metabolic process.

Abbreviation
AMP antimicrobial peptide

CM contrast matched

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

HDL high density lipoproteins

LDL low density lipoproteins

MD molecular dynamics

NMR nuclear magnetic resonance

NR neutron reflectivity

POPA 1-palmitoyl-2-oleoyl-glycero-3-phosphatidic acid

POPC 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine

POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol

SANS small-angle neutron scattering

SAXS small-angle X-ray scattering

SLD scattering length density

TR-NR time-resolved neutron reflectivity

TR-SANS time-resolved small-angle neutron scattering

1. Introduction

Lipids are essential components of cellular membranes (Yeagle, 1993).

The structure of membranes consists of a continuous double layer (bilayer)

of lipid molecules in which membrane proteins are embedded. Cells use

this structure as the boundary that separates their interior from the environ-

ment that surrounds them (the extracellular space). Eukaryotic cells also

bound organelles, having specialized functions, with membranes that

require unique protein and lipid compositions (van Meer, Voelker, &

Feigenson, 2008). Further, some of these membranes, like the cell’s bound-

ary, the plasma membrane (PM), are known to have a strict asymmetric

distribution of lipids between the cytosolic facing leaflet and the extracel-

lular facing leaflet and this distribution is responsible for the physiological
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fate of cells (Bretscher, 1972; Kobayashi & Menon, 2018; Opdenkamp,

1979; van Meer et al., 2008). For example, serine lipids, normally in the

inner cytosolic facing leaflet, when present in the outer exocellular leaflet,

signal for phagocytosis and blood coagulation (Fadok et al., 1992).

Indeed, transbilayer flip-flop rates and energetics can influence inter-

organelle lipid transport by rearranging lipids from inner to outer leaflets

or vice versa; this directly affects membrane curvature, for example, and

consequently vesicle budding and fission and vesicle fusion (Lev, 2006;

Sprong, van der Sluijs, & van Meer, 2001). In addition to an asymmetric

distribution of lipids across membranes, the distribution of molecular com-

ponents in membranes can be laterally heterogeneous (Devaux & Morris,

2004; Gupta, Korte, Herrmann, & Wohland, 2020; Simons & Ikonen,

1997) and implicated in signaling processes through the PM (Carbone

et al., 2017; Stone, Shelby, Nunez, Wisser, & Veatch, 2017; Xiao,

McAtee, & Su, 2021).

As a result, the quest to understand lipid trafficking as it relates to lipid

homeostasis and metabolism, and how this lipid organization leads to proper

membrane function, has been the focus of numerous studies for half a cen-

tury (Holthuis & Levine, 2005; Nicolson, 2014). These studies have lead to

significant breakthroughs, including those that lead to the 2013 Nobel

Award in Medicine and Physiology for the finding that vesicular transport

plays a major part in protein and lipid translocation along several

energy-dependent pathways (Mellman & Emr, 2013). Further, it was dis-

covered that nonvesicular transport mechanisms, including the spontaneous

movement of lipids, also play critical roles in lipid homeostasis (Lev, 2010) as

demonstrated by the existence of such transport, even under conditions

in which vesicular transport is blocked (Kaplan & Simoni, 1985; Vance,

Aasman, & Szarka, 1991).

One way to gauge the energetic toll of lipid transport is to quantify the

passive movement of lipids between and within membranes. Unfortunately,

the field has moved slowly due to the wide variation in the rates of lipid

transfer between and particularly within membranes. Even in studies of

model membrane systems, where lipid composition is controlled, the

reported transfer rates have been inconsistent. For example, the reported

half-life for cholesterol’s transmembrane flipping varies by five to six orders

of magnitude, ranging from several hours (Brasaemle, Robertson, &

Attie, 1988; Poznansky & Lange, 1978; Rodrigueza, Wheeler, Klimuk,

Kitson, & Hope, 1995) to a few minutes or seconds (Backer &

Dawidowicz, 1981; John, Kubelt, Muller, Wustner, & Herrmann, 2002;
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Leventis & Silvius, 2001; Schroeder et al., 1996; Steck, Ye, & Lange, 2002),

and to even a few milliseconds (Baral, Levental, & Lyman, 2020; Bruckner,

Mansy, Ricardo, Mahadevan, & Szostak, 2009) to tens of nanoseconds

(Bennett, MacCallum, Hinner, Marrink, & Tieleman, 2009; Gu,

Baoukina, & Tieleman, 2019). Noninvasive approaches like time-resolved

small angle neutron scattering (TR-SANS) or sum-frequency generation

vibrational spectroscopy (SFGVP) have shown that the movement of lipids

is extremely sensitive to slight chemical structure differences, finding that the

transfer rates of unaltered lipid molecules are dramatically different from

their chemically tagged counterparts (for example, due to a fluorescent label)

(Garg, Porcar, Woodka, Butler, & Perez-Salas, 2011; Liu & Conboy, 2005).

Even studies using the same lipids and similar time resolved noninvasive

approaches to investigate the movement of lipids across the bilayer (flip-flop)

found drastically different results: in single flat supported membranes flip-

flop of lipids are found to be several orders of magnitude faster (Anglin &

Conboy, 2009; Gerelli, Porcar, Lombardi, & Fragneto, 2013) than in vesicles,

which are reported to take hours (Liu, Kelley, Batchu, Porcar, & Perez-Salas,

2020; Marquardt et al., 2017; Nakano, Fukuda, Kudo, Endo, & Handa,

2007). As it turned out, the surface supporting the membranes produce

membrane defects (Marquardt et al., 2017), as well as a broadening of the

melting phase transition of lipids (Gerelli, 2019) and surface driven lipid

packing constraints (Wah et al., 2017) that promote fast flip-flop.

The past decade and in particular the past 5 years have seen progress in

the revision of protocols to remove possible artifacts and biases that may be

responsible for these hugely varying reports. Indeed, it became clear that

the use of chemical tags, extraneous compounds, and even a supporting

surface affect or influence lipid transport. Hence the use of nonperturbing

approaches has become a strict requirement for a detailed study of the behav-

ior of lipids in membranes. As a result, neutron scattering and in particular

TR-SANS coupled with contrast matching, has emerged as a powerful

tool to study lipid transport which, in addition, can track the movement

of lipids in situ, removing the need to do step-wise sampling of the kinetic

process.

2. Small angle neutron scattering (SANS) in the study
of membranes

2.1 SANS nuts and bolts
SANS is an ideal technique to obtain structural information of particles,

such as lipid vesicles and here we will briefly review the basics of SANS
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to describe the strengths and advantages of this method (Mahieu & Gabel,

2018; Qian, Sharma, & Clifton, 2020). A careful and very detailed descrip-

tion of SANS, with an emphasis on biological systems, can be found in these

references (Hamley, 2021; Sivia, 2011; Svergun, 2010; Svergun, Feı̆gin, &

Taylor, 1987).

In a small angle scattering experiment, a collimated incoming beam of

neutrons—produced in nuclear reactors or in an accelerator-based spallation

facility—impinge on a sample (typically in a 300μL quartz or other high

neutron transmission cuvette) and the scattered neutrons are detected on

a 2 dimensional 3He detector. Neutrons and other subatomic particles are

characterized by a wavelength, λ, in the same way that X-rays, visible light,

and other types of radiation are. For SANS, the neutron wavelength typi-

cally varies between 1 and 20Å. The wave nature of the neutrons when

scattered by nanoparticles ranging between 1 and 1000nm results in an

interference pattern that is then captured on a 2D detector. A schematic

of the scattering process and the intensity pattern obtained from a solution

of particles is shown in Fig. 1A.

The intensity pattern on the 2D detector for a random distribution of

nanoparticles is radially symmetric and therefore can be radially averaged,

as shown in the schematic in Fig. 1A. After being corrected by the empty

sample container (quartz cell for example), sample transmission factor and

incident neutron flux, an intensity versus Q curve in absolute scale

(cm�1) as shown in Fig. 1B is obtained. Q, as shown in Fig. 1A, corresponds

to the magnitude of the neutrons’ momentum direction change due to an

elastic scattering event with the sample. In atomic units, Q is related to

the scattering angle θ (see Fig. 1A) as follows:

Q ¼ 4π
λ

sin
θ
2

� �
(1)

Since Q is inversely proportional to λ, it is inverselely porporional to length.
Consequently, the larger length scales of the system, such as size and shape

and overall composition, are captured in the low Q part of the spectra while

smaller length scales such as the bilayer’s structure and leaflet composition are

captured in the higher Q range of the spectra (see Fig. 1B). Direct evaluation

of the scattertered intensity pattern provides information on the particles’

size and their inner structure as well as information relating to correlated

distances between particles, typically found in concentrated solutions.

The scattering intensity pattern however has significantly more detailed

information which is retrieved through the use of models whose parameters
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are optimized by fitting algorithms. Based on the best-fit values of these para-

meters, the experimenter makes conclusions about the nature of the scatterer.

In the simple case of a dilute solution of homogeneous particles, the

intensity is given by:

I Qð Þ � I background ¼ v SLDparticle � SLDsolvent

� �2
P Qð Þparticle (2)

Here P(Q), the form factor, represents the model for the particles and con-

tains the details of their shape and size. v corresponds to the volume fraction

of particles. The scattering length density, or SLD, corresponds to a measure

Fig. 1 (A) Neutron scattering schematic showing the interference pattern emerging
from the scattering of neutrons by the sample, such as a solution of lipid vesicles, on
a 2D detector which can be radially averaged if scattering is isotropic. (B) Scattering
curve from unilamellar lipid vesicles, where the background has been removed and
where the intensity, in the high Q (Q�0.4/Å) has reached 10�3/cm. Hence, in this case,
the data is reliable up to Q�0.4/Å. Inset: Data before background subtraction. The near
Q-independent solvent scattering, in this case D2O, corresponds to the background sig-
nal. The line through the data corresponds to a fit for vesicles having amean diameter of
50nm—provided by the low Q—and inner structure corresponding to the headgroup
and tail regions with distinct SLDs—provided by the high Q. (C) Scattering length
density membrane profile corresponding to the fit shown in (B).
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of the interaction of neutrons with the atomic and isotopic make-up of the

particles and solvent. For example, at room temperature (�20 °C), the SLD
of H2O is �0.56�10�6 Å�2, and of D2O it is 6.37�10�6 Å�2,

corresponding to an order of magnitude difference in SLD values plus a

sign reversal, while mixtures of H2O and D2O produce SLD values in

between, given by a volume fraction relationship; for lipids (including

lipid tails and headgroup), the SLD value is typically 0.2�10�6 Å�2, but

when hydrogens are replaced with deuteriums the SLD changes signifi-

cantly, up to �6.5�10�6 Å�2 when most hydrogens are replaced with

deuteriums. Hence, the contrast term in Eq. (2), SLDparticle�SLDsolvent,

can be exquisitely manipulated by the use of hydrogen to deuterium isotopes

in the system, which makes the use of SANS so advantageous in the study

of biological systems, where hydrogen (and therefore its substitution with

deuterium) is abundant.

In Eq. (2) the particles are characterized by a single homogeneous SLD.

In general, however, particles can certainly have inner structure, leading to

regions with different SLDs. For example, lipid vesicles, depending on the

contrast condition and on the experiment’s Q-range and resolution, may

reveal their inner structure: four onion-like layers corresponding to the

two leaflets, each with a headgroup region and a tail region (as shown in

Fig. 1C). In this case, Eq. (2) has to be modified to contain additional terms

from these contributions.

In a system consisting of a solution of particles, such as vesicle dispersions

in an aqueous solvent, the solvent background scattering, Ibackground, is nearly

Q-independent as shown in the inset of Fig. 1B. When the Ibackground is

removed from the intensity, I(Q), the scattering signal can reach values as

low as 10�3/cm as shown in Fig. 1B, corresponding to attainable Q values

typically between �0.3/Å and 0.4/Å. This Q range corresponds to a spatial

resolution of �10Å. Although a scattering signal down to 10�4/cm with

reasonable statistics can be reached, it would take extremely long counting

times and additional sample environment considerations which make it

impractical in the typical beamtime awarded to use the instrument.

Although small angle scattering with X-rays (SAXS) has a higher flux

than SANS and higher spatial resolution, the contrast variation tool-set

available to SANS makes this the technique of choice in many contexts,

particularly relating to direct measurement of membrane structures (e.g.,

membrane asymmetry (Liu et al., 2020; Nguyen et al., 2019) and/or domain

formation (Heberle et al., 2013, 2016), or highlighting particular lipid

species, like cholesterol (Garg et al., 2014, 2011). Still, SAXS and SANS
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are certainly excellent complementary techniques when studying mem-

brane structures in model lipid vesicles (Eicher et al., 2017; Heberle &

Pabst, 2017) or in the complexity of cells (Semeraro, Devos, Porcar,

Forsyth, & Narayanan, 2017; Semeraro, Marx, Frewein, & Pabst, 2021;

Semeraro, Marx, Mandl, et al., 2021).

2.2 Contrast and contrast matching
As mentioned above, the difference in the scattering between hydrogen and

deuterium makes SANS particularly powerful because it can straightfor-

wardly reveal a specific process of interest or it can highlight a specific feature

within a biological complex by eliminating the contribution from any other

feature or process that is not the one of interest. Eliminating a particular

signal is done through contrast matching which is a technique that is

implemented straightforwardly. For example, if the scattering from the

particles described by Eq. (2) is to be eliminated, the procedure consists on

obtaining the solvent condition (a mixture of D2O and H2O) that brings

the contrast term to 0 and produces an intensity that is flat and indistinguishable

from the background scattering. To do this, one has to measure the scattering

of the particles in solvents having several D2O/H2O ratios, and then, from a

linear fit to the square root of the average low Q intensity minus the back-

ground vs the D2O/H2O ratio, we can obtain the zero intensity condition,

known as the contrast match-point. Fig. 2 shows a schematic of vesicles in three

different solvents, including the contrast match point as well as the contrast

scattering series for deuterated POPC (1-palmitoyl-2-oleoyl phosphocholine)

where the palmitoyl tail is fully deuterated (designated dPOPC). The scattering

curves shown in the figure include the measurement of these vesicles in

their contrast-matched (CM) solvent (48.6% D2O), where indeed the

corresponding scattering is flat as the solvent’s SLD now matches the SLD

of the vesicles. Fig. 2 also shows the linear fit to the square root of the

background-subtracted low Q average intensity, from which the contrast

matched point was determined. Then, from this invisible scaffold, any third

component will then be revealed. For example, when studying cholesterol

transport or cholesterol solubility in membranes, it is advantageous to eliminate

the contribution from the phospholipids (Garg et al., 2014, 2011); in the studies

of membrane proteins, it is advantageous to eliminate the contribution of the

lipid scaffolding (Heinrich, Kienzle, Hoogerheide, & Losche, 2020; Johansen,

Pedersen, Porcar, Martel, & Arleth, 2018); in the study of protein complexes,
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it is advantageous to obtain separate signals from distinct protein domains

(Mahieu & Gabel, 2018; Sugiyama et al., 2014; Zaccai et al., 2016). This

“highlighting” strategy has some parallel with 1H NMR where the use of

deuterium substitutions eliminate their peak contributions to the spectra. As

has recently been highlighted, the diversity and complexity of the systems pro-

bed with neutrons, including membranes directly derived from cells, are

dependent on our ability to deuterate selected parts of the system (Ashkar

et al., 2018). This selective deuteration allows contrast conditions that

highlight membranes in all their complexity, as shown recently by Nickels

et al. in their study of nanoscale domains in the plasma membrane of

gram-positive bacteria in vivo (Nickels et al., 2017). Although it is not neces-

sarily trivial to perform high levels of deuterium substitutions, hydrogen is

abundant in biological systems, and—to a lesser or greater extent, depending

on the system’s components—makes this approach possible. As such, in

support of its user community, national neutron facilities have deuteration

Fig. 2 Top: Schematic of vesicles in different solvent conditions. Lower Left: Scattering
from dPOPC vesicles in five solvents: 100% D2O, 80% D2O, 48.6% D2O (CM-point), 20%
D2O, 0% D2O (100% H2O). Lower Right: Square root of the average low Q intensity
minus the background vs the D2O/H2O ratio. The contrast-matched (CM) point, corre-
sponds to a 0.486 D2O fraction from the linear fit, which indeed corresponds to fully
CM vesicles as shown from the flat scattering in this solvent condition on the scattering
plot shown on the left.
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initiatives to deuterate materials that are usually not available elsewhere, such as

in the production of deuterated unsaturated lipids (Chakraborty et al., 2020;

Darwish et al., 2013) and deuterated cholesterol (Moulin et al., 2018;

Nickels et al., 2015).

Although deuteration does not change the chemical identity of lipids,

deuteration does slightly affect their density and melting transition and

can modify hydrogen bonding (Bryant et al., 2019; Luchini et al., 2018).

The use of D2O also affects the solubility of biomoleculaes compared to

H2O and modifies the solvent’s pH (Efimova, Haemers, Wierczinski,

Norde, & van Well, 2007). Indeed, D2O has a significant effect on living

organisms (Thomson, 1960). In spite of these effects, we have found that

the transport properties of lipids appear not affected, as will be shown later

in this chapter.

In this chapter, we will present work with lipids with all their hydrogens

(also referred to as hydrogenated lipids) as well as lipids where selected hydro-

gens have been replaced with deuteriums, which we refer to as deuterated

lipids. To highlight these differences, we use the letter h or d next to the

lipid’s acronym; for example, POPC is either hydrogenated, hPOPC or

with 31 substituted deuteriums in the palmitoyl tail, dPOPC. Contrast

matched points for the lipids used in the data presented in this chapter

are: 13% D2O for hPOPC, 48.6% D2O for dPOPC, 56% D2O for dPOPS

(1-palmitoyl (d31)-2-oleoyl phosphoserine) and 87% D2O for dDMPC

(di-myristoyl (d54) phosphocholine) and 92% dDPPC (di-palmitoyl

(d62) phosphocholine).

2.3 Time-resolved small angle neutron scattering (TR-SANS)
Time-resolved small angle neutron scattering has been successfully applied

to the study of the transfer of lipids and sterols between and within mem-

branes using unilamellar vesicles (Breidigan, Krzyzanowski, Liu, Porcar,

& Perez-Salas, 2017; Garg et al., 2011; Nakano et al., 2007, 2009) and lipid

nanodiscs (Nakano et al., 2009; Xia et al., 2015) by tracking structure and

composition changes as a function of time. TR-SANS has also been used in

the study of lipid exchange between vesicles and lipoproteins (Maric et al.,

2019), and the transfer of lipids in the presence of transport modulators,

which does not require any additional experimental design (Maric et al.,

2019; Nakao, Kimura, Sakai, Ikeda, & Nakano, 2021; Nguyen et al.,

2019, 2021; Nielsen, Bjørnestad, Pipich, Jenssen, & Lund, 2021; Nielsen,

Pr�evost, Jenssen, & Lund, 2020). More recently, TR-SANS has been used
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to exclusively study lipid flip-flop in vesicles with compositional asymmetry

across membrane leaflets and changes in these kinetics due to protein inter-

actions (Marx, Frewein, et al., 2021; Marx, Semeraro, et al., 2021; Nguyen,

DiPasquale, Rickeard, Doktorova, et al., 2019). In addition to lipids and

sterols, TR-SANS has been applied to other types of systems that exchange

molecules such as the exchange of polymer chains between polymer

micelles(Choi, Bates, & Lodge, 2011; Choi, Lodge, & Bates, 2010; Lund,

Willner, Stellbrink, Lindner, & Richter, 2006).

The smallest temporal step with TR-SANS is in the subsecond range

due to the relatively low number of neutrons produced at neutron facilities

compared to the very large production of photons at X-ray facilities. More

intense neutron sources are being planned or are under construction and

they will certainly provide shorter time scales.

2.4 Measurement of the transfer of lipids and sterols between
membranes using TR-SANS

To measure the transfer rate of a “probe” molecule of interest between

membranes the approach is to have two vesicle populations, one enriched

with the “probe” molecule, called donor vesicles, and the other devoid

of the “probe” molecule, called acceptor vesicles. A schematic of possible

contrast-matching schemes used to measure the transfer of one lipid species

or a sterol between vesicles is shown in Fig. 3. At t¼0, the two vesicle

populations are mixed with “ideal” contrast conditions. For fast processes

(<�s), their capture requires the use of a stopped-flow apparatus (Cuevas

Arenas et al., 2017) and a multitude of repeated experiments to obtain good

statistics while for slow exchange, a single manual mixing is enough. Upon

mixing, the exchange of the “probe” molecule between vesicles follows and

is continuously tracked with TR-SANS until no more changes are detected

in the scattering, indicating that the “probe” molecule is evenly distributed

between all vesicles. TR-SANS directly detects the transport of the “probe”

molecule from donor-to-acceptor vesicles without the need to physically

separate donor from acceptor vesicles as other approaches have required,

such as having to use centrifugation (Doktorova et al., 2018; Liu et al.,

2020; Wimley & Thompson, 1991), filtration (Yancey et al., 1996), column

separation (Dawoud & Abdou, 2021; McLean & Phillips, 1981), as well as

other techniques (Sahoo et al., 2021).

The contrast scheme of Fig. 3 is not unique and certainly others are

applicable too (Nakano et al., 2007; Wah et al., 2017). The advantage of

the scheme shown in Fig. 3 is that it tracks a single species by removing
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the contribution of all other species in the system and therefore inarguably

showing that changes in the scattering can only be due to the redistribution

of that one species, such as was the case for cholesterol (Breidigan et al.,

2017; Garg et al., 2011).

In the case of a dilute mixture of donor and acceptor vesicles, the scat-

tering intensity has the contribution from both populations; following from

Eq. (2) this is given by:

I Qð Þ � I incoh ¼ vd SLDd � SLDsolventð Þ2P Qð Þd
+ va SLDa � SLDsolventð Þ2P Qð Þa: (3)

Here, the subscripts d and a correspond to the donor and acceptor

populations, respectively.

Fig. 3 Schematic of a scheme that focuses on highlighting one lipid species by contrast
matching all other contributions. Therefore, the lipid species out of contrast is the
only contribution to the scattering. (A) Schematic to highlight one lipid species while
to other is CM. (B) Schematic to highlight cholesterol exchange in CM d-lipids.
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If the volume fraction of each population is the same and the vesicles are

the same size, which is done by extruding the vesicles with the same filter

size, the analysis of the experiment is simplified significantly. In this case, the

changes in the scattering are only due to changes in composition in the

vesicles, reflected in their SLDs. Hence Eq. (3) is simplified to:

I Q, tð Þ� Iincoh¼ vP Qð Þ SLDd tð Þ�SLDsolventð Þ2 + SLDa tð Þ�SLDsolventð Þ2� �
(4)

The SLD of the vesicle can be obtained by averaging the SLD of the “probe”

molecule (SLDP) with that of the membrane (SLDmembrane) based on their

corresponding volume fractions in the vesicle:

SLDd tð Þ ¼ ϕd tð ÞSLDP + 1� ϕd tð Þð ÞSLDmembrane (5a)

SLDa tð Þ ¼ ϕa tð ÞSLDP + 1� ϕa tð Þð ÞSLDmembrane (5b)

where ϕd(t) and ϕa(t) are the time-dependent volume fractions of the

“probe” molecule in the donor and acceptor vesicles respectively, and

where:

ϕa tð Þ ¼ ϕd 0ð Þ � ϕd tð Þ (6)

As mentioned earlier, the SLD of the solvent can be tuned by changing

the D2O/H2O ratio and it can be set such that SLDmembrane¼SLDsolvent

(as schematically shown in Fig. 3). In this case, the scattering intensity from

the system is reduced to:

I Q, tð Þ � I incoh ¼ vP Qð Þ ϕd tð ÞΔSLDð Þ2 + ϕd 0ð Þ � ϕd tð Þð ÞΔSLDð Þ2� �
(7)

where ϕd(0) is the initial volume fraction of the “probe” molecule in the

donor vesicles andΔSLD¼SLDP�SLDmembrane. Hence, the final expression

for the intensity is given by:

I Q, tð Þ ¼ β Qð Þ eI t:ð Þ
where β(Q) is a time-independent prefactor corresponding to the scattering

from the donor vesicles:

β Qð Þ ¼ vΔSLD2ϕ2
d 0ð ÞP Qð Þ (8)

while eI tð Þ correspond to the compositional changes in the vesicles as a result

of the transfer of only the “probe” molecule:
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eI tð Þ ¼ φ2
d tð Þ+ 1� φd tð Þð Þ2 (9)

Here, φd(t)¼ϕd(t)/ϕd(0). At t¼0, φd¼1 and thus eI ¼ 1, which reflects that,

initially, the acceptor vesicles are invisible to neutrons. At t!∞,φd¼1/2

which in turn results in eI ¼ 1=2, meaning that the overall scattered intensity

drops by half at equilibrium when all vesicles have the same concentration

of the “probe’” molecule. Fig. 4A shows the initial and final scattering

curves corresponding to the transfer of hPOPC in CM dPOPC vesicles

as well as the transfer of dPOPC in CM hPOPC vesicles. The initial

scattering curves change in intensity by half when they reach the equilibrium

state since the donor-to-acceptor vesicles concentrations are the same.

As shown in the plot, the acceptor vesicles were indeed CM since their

scattering signal is flat. The signal from CM hPOPC vesicles is higher than

the signal from CM dPOPC vesicles because of the higher content of

hydrogen—coming mostly fromH2O. Hydrogen, in contrast to deuterium,

produces a significantly higher background (for 48.6% D2O it is 0.66/cm

while for 13% D2O it is �1/cm). Also shown is a plot of the normalized

intensity change due to the redistribution of hPOPC or dPOPC between

the vesicles in the system. As expected, with a ratio of donors to acceptors

of one, eI ¼ 1=2 at equilibrium. Given that these curves overlap, we

conclude that both hPOPC and dPOPC have the same transfer character-

istics and that deuteration does not affect the transport mechanism. Fig. 4B

shows the case of cholesterol transfer in CM dPOPC vesicles and the

corresponding changes in the normalized intensity due to the redistribution

of cholesterol between equal donor-to-acceptor vesicle populations. As

with POPC transfer, at equilibrium eI ¼ 1=2.
If the ratio of donor-to-acceptor vesicles is not the same then Eqs. (8) and

(9) have to be modified as follows:

β Qð Þ ¼ vdΔSLD2ϕ2
d 0ð ÞP Qð Þ (10a)

eI tð Þ ¼ φ2
d tð Þ+ va

vd
φ2
a tð Þ ¼ φ2

d tð Þ+ vd
va

1� φd tð Þð Þ2 (10b)

where,

φa tð Þ ¼ ϕa tð Þ=ϕd 0ð Þ ¼ vd
va

1� φd tð Þð Þ (10c)
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Fig. 4 (A) Left: Initial and final scattering from the transfer of hPOPC in CM dPOPC
100nm in diameter vesicles as well as the transfer of dPOPC in CM hPOPC 100nm in
diameter vesicles at 75 °C. Scattering from CM acceptor vesicles is flat, with a higher
overall signal from CM hPOPC vesicles due to the higher hydrogen content. TR-SANS
data was acquired using a resolution that is not optimized to resolve structure but to
obtain high flux and be able to track the changes over time with high statistics. Also,
noteworthy, is that the compositional changes are captured in the low Q region of
the spectra (Qmax<0.04). Right: Normalized total intensity change due to the transfer
of hPOPC between donor and acceptor vesicles as well as the transfer of dPOPC
between donor and acceptor vesicles. The lines through the data are fits using
first-order kinetic equations (Eqs. 12a–12d). Because these curves overlap, we conclude
that deuteration does not affect the transport characteristics of POPC. The donor-to-
acceptor vesicles concentrations, being the same, shows an equilibrium value for the
normalized total intensity of 0.5. (B) Left: t¼0 and t¼600min scattering curves from
the transfer of cholesterol in CM dPOPC at 50 °C. t¼0, was measured without the
acceptor vesicles and was used to normalize the total intensity as a function of time.
The lines through the data correspond to fits using the vesicle form factor for a symmet-
ric vesicle. Right: Normalized total intensity changes due to the transfer of cholesterol
from donor-to-acceptor vesicles. The ratio of donor-to-acceptor vesicles is 1, and there-
fore, at equilibrium, the normalized intensity value is also 0.5. Lines through the data are
a fit using Eqs. (12a)–(12d). Panel (B) left figure is reproduced from Garg, S., Porcar, L.,
Woodka, A. C., Butler, P. D., & Perez-Salas, U. (2011). Noninvasive neutron scattering mea-
surements reveal slower cholesterol transport in model lipid membranes. Biophysical
Journal, 101(2), 370–377. doi:10.1016/j.bpj.2011.06.014.



Fig. 5A shows the normalized intensity, eI tð Þ, for the transfer of hPOPC

between donor and acceptor vesicles having different population ratios.

Because at equilibrium the “probe” is distributed evenly over all vesicles,

with φd,a t ¼ ∞ð Þ ¼ vd
vd+ va

, then, from Eq. (10b),

Fig. 5 (A) Left: Normalized intensity,eI tð Þ, for the transfer of hPOPC between donor and
acceptor vesicles measured at constant total lipid concentration of 20mg/mL, and
where, initially, the acceptor vesicles are CM to the solvent. Shown are donor-to-
acceptor ratios: 1:5, 1:1, 5:1 and 1:10. The kinetics were performed at 65 °C. The contin-
uous lines correspond to fits to the data using Eqs. (12a)–(12d) and (13a)–(13c).
Right: The fractions of hPOPC in donor and acceptor vesicles as a function of time

derived fromeI tð Þ using Eqs. (10b) and (10c). (B) Respective rates for flip-flop and mem-
brane desorption, kf and kdesorption, obtained from the fits presented in (A). These rates

are found to be independent of donor-to-acceptor ratio. (C) eI tð Þ for 4:3 donor-to-
acceptor ratio at 20, 10, 5 and 2.5mg/mL highlighting free-diffusion of lipids rather
than a transfer due to collisions ( Jones & Thompson, 1989). The rates found from
the fits (dashed line) are the same within the error bars: kf¼0.001�0.0001min�1

and kdesorption/2¼0.006�0.0002min�1. These data were taken at 75 °C.
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eI t ¼ ∞ð Þ ¼ v2d

vd + vað Þ2 +
vdva

vd + vað Þ2 ¼
vd

vd + va

Hence, when more acceptor vesicles are present than donor vesicles, the

equilibrium intensity drops below½, and when the number of donors dom-

inates, the equilibrium intensity will be above ½, as shown in the figure.

Indeed the equilibrium intensity is ½ when the ratio of donors to acceptors

is 1:1.

As expressed by Eq. (10b), it is possible to obtain the overall composition

changes in both the donor and acceptor vesicles directly from eI tð Þ. Fig. 5A
also shows the corresponding compositional changes in donor and acceptor

vesicles directly derived from eI t, vd, vað Þ.
Although in this calculation we set SLDmembrane¼SLDsolvent following the

scheme shown in Fig. 3, this is not a requirement and experiments can

certainly be done using other contrast schemes (Nakano et al., 2007;

Wah et al., 2017). For example, the use of the final equilibrium SLD of

the vesicles may be the preferred solvent condition (Nakano et al., 2007;

Nakao et al., 2021). The strength of the approach described in Fig. 3, how-

ever, is that the scattering comes only from the “probe” molecule with no

other contribution, which is a procedure we used to track cholesterol

(Breidigan et al., 2017; Garg et al., 2011) and shown in Fig. 4B. Indeed,

if the simplifications used above are not valid then the new conditions

have to be implemented starting with Eq. (3). Although the calculations

may become more innvolved, the equation certainly still holds.

3. Kinetic and thermodynamic characteristics
of the transport of lipids and sterols between
and within membranes obtained from TR-SANS
measurements

3.1 Obtaining transfer coefficients: Exchange and flip-flop
of lipids and sterols in membranes

To extract the transfer coefficients from the scattering curves, we propose a

simple first-order transfer between donor and acceptor vesicles as used pre-

viously (Garg et al., 2011). This model supposes that the transfer of the

“probe” molecules originates from two types of pools: one pool resides in

the outer leaflet of the membranes and is directly available to exchange with

the outer leaflets of other membranes, while the other pool resides in the

inner leaflet of the membrane which can only exchange with other vesicles
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after it flips to the outer leaflet. If the intramembrane flipping rate is slow and

hinders the intermembrane exchange rate, then both transfer contributions

can be accessed by TR-SANS; otherwise, only the exchange process is

captured. But how slow is “slow”? An analysis to this question was per-

formed by Wah et al. (Wah et al., 2017) and found that in order to distin-

guish these two processes the flip-flop rate’s upper limit has to be about 1.5

times the exchange rate. Currently the literature reports flop-flop events

that range from minutes to days; however, the current technical limit is

in the subsecond to seconds range with the use of a stop-flow apparatus

and multiple measurements as mentioned earlier.

Let,Cin_d andCout_d be the concentration of the “probe” molecule in the

inner and outer leaflet of the donor population such that:

φd ¼ Cin_d+ Cout_d (11a)

and

1� φd ¼ Cin_a+ Cout_a (11b)

whereCin_a andCout_a are the concentration of the “probe” molecule in the

inner and outer leaflet of the acceptor population. Then the time-varying

concentration of the “probe” molecule in the leaflets of donor and acceptor

vesicles is described by Eqs. (12a)–(12d):

dC tð Þin_d
dt

¼ �k f C tð Þin_d �C tð Þout_d
� �

(12a)

dC tð Þout_d
dt

¼ k f C tð Þin_d �C tð Þout_d
� �� kexC tð Þout_d+ k0exC tð Þout_a (12b)

dC tð Þout_a
dt

¼ k f C tð Þin_a � C tð Þout_a
� �� k0exC tð Þout_a+ kexC tð Þout_d (12c)

dC tð Þin_a
dt

¼ �k f C tð Þin_a � C tð Þout_a
� �

(12d)

where kf corresponds to the rate coefficient for intraleaflet flip-flop, and

where, kex and kex
0 correspond to the rate coefficients for exchange between

the donor population and acceptor population.

If we assume the transfer of the “donor” molecules between vesicles

happens through the aqueous phase via desorption from the bilayer (and

where we also assume that the concentration of the “donor” molecule in

the solvent is saturated and not changing in time) we find, as obtained by
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Jones et al. ( Jones & Thompson, 1989), that the exchange rate, kex, is a func-

tion of the relative population of acceptors to donors and given by:

kex ¼ va
vd+ va

kdesorption (13a)

where kdesorption is the desorption rate from the bilayer into the aqueous phase.

When va¼vd, the exchange rate is directly related the desorption rate:

kex,vd¼va ¼ 1

2
kdesorption (13b)

In addition, kex and kex
0 are related by:

k0ex ¼ vd
va

kex ¼ vd
vd+ va

kdesorption (13c)

In Fig. 5A, the continuous lines through the data correspond to fits to eI tð Þ
using the kinetic model described by Eqs. (12a)–(12d) and (13a)–(13c).
From the fits we obtained the rates for lipid desorption, kdesorption, and for

lipid flip-flop, kf. As shown in Fig. 5B, these rates are independent of the

donor-to-acceptor ratio, as expected.

When flip-flop is not rate-limiting to the exchange process,

Eqs. (12a)–(12d) reduce to:

dφd tð Þ
dt

¼ � kex
2
φd tð Þ+ k0ex

2
1� φd tð Þð Þ (14)

where the exchange coefficients are given by Eqs. (13a)–(13c).
A comparison between the case where we consider flip-flop

between inner and outer leaflets as rate-limiting to the exchange process

(Eqs. 12a–12d) and the case where we only consider an exchange

process (Eq. 14) is shown in Fig. 6. The plot on the left corresponds to

the transfer of hPOPC in CM dPOPC vesicles, while the plot on the right

corresponds to the transfer of cholesterol in CM dPOPC vesicles. This

experimental scheme (schematically outlined in Fig. 3) assures that the inten-

sity changes are only due to hPOPC or cholesterol transferring between

donor and acceptor vesicles. As shown, we clearly find that the model

where flipping is limiting the exchange process is the one that best describes

both data sets (Garg, Porcar, Woodka, Butler, & Perez-Salas, 2012).

In the case where the transfer does not primarily happen through

the aqueous phase, but through vesicle collisions, Jones et al. propose an

effective concentration-dependent exchange rate ( Jones & Thompson,

1989). Fig. 5C shows the normalized intensity changes for the transfer of
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hPOPC between CMdPOPC vesicles having a 4:3 donor-to-acceptor pop-

ulation ratio at four concentrations, 2.5, 5, 10 and 20mg/mL. The data, as

well as the fits, show that there are no perceptible concentration-dependent

effects.

If we take a closer look at the schematic in Fig. 3, there is a fundamental

difference between the two experiments. In Fig. 3A, for the case of lipids,

there is no mass exchange—the exchange is isotopic—while in Fig. 3B,

which is the case of cholesterol, the transfer is driven by a redistribution

of mass. In the case of mass transfer, such asymmetry in the composition

of the vesicles could generate a driving force to equilibrate the chemical

potential such that the exchange becomes faster than in the isotopic

exchange case. Fig. 7 compares the two cases. In one case, we studied the

isotopic exchange of 35mol% of h and d DMPC in CM dDPPC vesicles

while in the other case we studied the redistribution of 35mol% hDMPC

between CM dDPPC vesicles. We find that the isotope exchange is cap-

tured quite accurately by Eqs. (12a)–(12d). In the case of mass transfer, while

the fit is not as good, the model captures the overall behavior of the data

Fig. 6 Normalized total intensity, eI tð Þ, for the transfer of hPOPC (left) and cholesterol
(right) in CM 100nm in diameter dPOPC vesicles having a 1:1 donor-to-acceptor ratio.
The lines through the data compare the case where flip-flop between leaflets is rate
limiting to the exchange process and the case when it is not (hence we only detect
exchange). The model where flipping is limiting the exchange process (dashed line)
is the one that best describes both data sets. Inset: a close-up on the kinetic intensity
change at short times for the case of cholesterol exchange. Figure on the right is
reproduced from Garg, S., L. Porcar, A. C. Woodka, P. D. Butler, and U. Perez-Salas.
(2012). Response to "how slow is the Transbilayer diffusion (Flip-flop) of cholesterol?
Biophysical Journal, 102(4), 947–949.
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and both fits produce rates that differ by only factors of order 1 as shown in

the figure. Hence, in this case, mass transfer is having a negligible effect on

the rates of transfer.

3.2 Obtaining the energetics of lipid and sterol transport
The rate constants measured are temperature dependent, increasing with

increasing temperature and generally following an Arrhenius behavior.

This behavior establishes a linear relation between the natural logarithm

of the rates and the inverse of the absolute temperature. Fig. 8A shows

the temperature dependent eI t,Tð Þ for the transfer of hPOPC in CM

dPOPC membranes as well as the transfer of cholesterol in CM dPOPC

membranes. Fig. 8B shows the corresponding Arrhenius plot for the transfer

rate coefficients, flipping and exchange for both cholesterol (red) and

hPOPC (blue). The activation energy, Ea, for flipping and for exchange

is obtained from the slope in the Arrhenius plot. In addition to the activation

energy, it is possible to extract thermodynamic parameters according to

Eyring’s transition state theory (Eyring, 1935; Laidler & King, 1983)

through the implementation by Homan et al. (Homan & Pownall, 1988)

where the activation entropy, ΔS‡, and the activation enthalpy, ΔH‡, are

related as follows:

Fig. 7 Normalized total intensity, eI tð Þ , for, left, isotopic transfer: hDMPC
+dDPPC , dDMPC+dDPPC and, right, mass transfer: hDMPC+dDPPC, dDPPC.
The concentration of hDMPC in the donor vesicles was 35mol%. The concentration
of dDMPC in the acceptor vesicles, in the case of the isotope exchange experiment,
was also 35mol%. The temperature was set to 65°C. The lines through the data
correspond to fits using the exchange and flipping model (Eqs. 12a–12d).
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eΔS
‡=R ¼ NAh

RT
κT∗e�ΔH‡=RT (15)

where NA, h, R are Avogadro’s number, Plank’s constant and the gas con-

stant, respectively. T is temperature in Kelvins and κT∗ corresponds to the

rate extrapolated to 37 °C (in absolute temperature, 310K). The activation

enthalpy is related to the activation energy as followsΔH‡¼Ea�RT and the

difference between the activation enthalpy and the activation entropy term

TΔS‡ is the activation free energy: ΔG‡¼ΔH‡�TΔS‡.
Table 1 shows the corresponding thermodynamic values obtained

through this analysis for hPOPC as well as for cholesterol transfer, flip-flop

and exchange, in CM dPOPC vesicles. Although we will discuss in more

detail these results in the section below, we can make the following obser-

vations. We find that the rates for exchange and flip-flop for POPC and

the energetics for these processes are consistent with values found in the

literature. However, for cholesterol, the results shown in Fig. 8 and

Table 1 are surprising. Fig. 8B shows that the exchange and flip-flop rates

of POPC are about 20 times slower than those found for cholesterol, but

cholesterol is found to flip-flop surprisingly slow too, taking many hours

at physiological temperatures.We also find that the energetics for cholesterol

exchange is similar to those of POPC. This is perhaps not too surprising

Fig. 8 (A) Normalized total intensity, eI t, Tð Þ , for the transfer of hPOPC in CM dPOPC
vesicles (left) and cholesterol transfer in CM dPOPC vesicles (right) as a function of
temperature. Lines through the data correspond to fits using Eqs. (12a)–(12d).
(B) Arrhenius plot for the rates of exchange and flip-flop for cholesterol (red) and
hPOPC (blue) in dPOPC CM vesicles obtained from the fits shown in (A) as a function
of temperature. Open symbols correspond to flip-flop rates and solid symbols corre-
spond to exchange rates. Cholesterol data reproduced from Garg, S., Porcar, L.,
Woodka, A. C., Butler, P. D., & Perez-Salas, U. (2011). Noninvasive neutron scattering mea-
surements reveal slower cholesterol transport in model lipid membranes. Biophysical
Journal, 101(2), 370–377. doi:10.1016/j.bpj.2011.06.014.
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knowing the location of cholesterol in the membrane (Waldie et al., 2019).

On the other hand, the energetics for flipping is slightly lower for choles-

terol, which can be understood in terms of its smaller hydrophilic volume.

4. Transport behavior of lipids and sterols
in membranes

4.1 Exchange and flip-flop behavior of lipids in model
membranes

The passive exchange of lipids between membranes and flip-flop within

membranes has been demonstrated to be slow. But it is also because lipids

move slowly that lipid gradients between different membranes and within

membranes can be established. The structural characteristics of lipids,

imparting in them slow transport through an aqueous environment as well

as between membrane leaflets, allows for some passive regulation mecha-

nism to maintain composition gradients without having, potentially, a sig-

nificant contribution from ATP-dependent mechanisms to maintain them.

Tail structure, tail length as well as lipid headgroup type determine the

time-scale of this passive regulation. Using TR-SANS, we have started to

quantify lipid transport characteristics and passive energetic landscapes.

We found, that DMPC (dimyristoyl phosphocholine), which is a two tail

14 carbon (C14) long saturated phosphocholine lipid, exchanges and

flip-flops in DMPC membranes faster than in DPPC (dipalmitoyl pho-

sphocholine) membranes, where DPPC is a two tail 16 carbon (C16) long

saturated phosphocholine lipid. Although this is an expected trend, it was

interestingly to find that it is the membrane thickness (a change of �8Å

(Kucerka, Nieh, & Katsaras, 2011)) that produces the largest effect.

Table 1 Thermodynamic parameters for cholesterol and POPC exchange and flipping
at 37 °C.

K (h21) T1/2 (h) Ea (KJ) ΔH‡(KJ) TΔS‡(KJ) ΔG‡(KJ)

POPC

Flipping 0.0029�0.0001 234�1 72�2 69�2 43�2 112�1

Exchange 0.0040�0.0001 158�1 106�7 103�7 8�7 111�5

Cholesterol

Flipping 0.05�0.03 13�3.7 90�14 88�14 17�14 105�10

Exchange 0.09�0.02 8.5�0.3 104�5 101�5 2�5 104�3
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Flipping and exchange transport rates for DMPC in DMPC membranes at

65 °C can be extracted from the thermodynamic parameters reported by

Nakano et al. (Nakano et al., 2007), and giving a flip-flop rate of

0.63h�1 and an exchange rate of 4.2h�1. Comparing to the values found

in DPPC membranes (Fig. 7) we see a slowdown by a factor of �4 for flip-

ping and�1.3 for exchange. It is not too surprising to find roughly the same

value for the exchange of DMPC between DMPC and DPPC (C14 vs

C16). However, for flipping, it is clear that DMPC will necessitate more

energy to flip inside a thicker bilayer. DPPC flip-flop in DPPC membranes

at 65 °C, on the other hand, was found to be 0.03h�1 by Marquardt et al.

(Marquardt et al., 2017) using 1H NMR, which is roughly a factor of 5

slower than DMPC in DPPCmembranes. NMR is an alternative technique

that can be used to measure lipid flip flop in vesicles. We recently found

that in the case of DPPC, flip flop rates measured by 1H NMR and

SANS were consistent (Liu et al., 2020). Hence, both the hydrophobic

volume of the molecule that flips and the host membrane thickness are

important determinants in the flip-flop rates.

Another important potential factor affecting the rates is the tail structure.

DPPC and POPC membranes have a similar thickness (within �1Å

(Kucerka et al., 2011)), however, POPC has one 18 carbon long monoun-

saturated tail and a second C16 saturated tail. From Table 1, we see that

POPC flips in POPC membranes at a rate of 0.03h�1 at 65 °C, which is

the same flip-flop rate for DPPC in DPPC at 65 °C. Perhaps surprising is

that the differences in the tail order between these two lipids (Seelig &

Seelig, 1977) is not showing a difference in the flip-flop rate in this case.

Hence, the dominant effect for flipping is a correlation between membrane

thickness and the tail length of the lipid “probe.”

Although in this case we do not have the exchange rate of DPPC

between DPPC membranes we anticipate them to be similar to those of

POPC because they have similar tail lengths and have the same headgroup.

Comparing the exchange rate of DMPC in both C14 and C16 and the

exchange rate of POPC between POPC membranes at 65°C we find that

POPC exchanges about 30 times slower than DMPC.

In addition to the rates, we find that the thermodynamic parameters for

lipid exchange and flip flop obtained from TR-SANS measurements for

DMPC by Nakano et al. (Nakano et al., 2007) and for POPC (as shown

above) show similar trends: the activation energy to flip is slightly lower

than to exchange (by�20 to 30kJ/mol) while the corresponding free ener-

gies are slightly lower for DMPC (around 100kJ/mol) than for POPC

(around 110–115kJ/mol).
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These trends were also captured by MD simulations (Sapay, Bennett, &

Tieleman, 2009). The simulations show that the energy barrier for lipids

to desorb from the membrane into the aqueous medium and the energy

barrier to flip across the bilayer center are similar and increase with bilayer

thickness. Interestingly, Sapay et al. also find that these energy barriers in

membranes that have similar bilayer thickness but different saturation (for

example, DPPC vs POPC) are nearly identical. A quantitative comparison

between the free energies obtained by the simulations and TR-SANS, how-

ever, show that the free energies in the simulations are lower than what is

obtained in TR-SANS experiments. In the case of POPC, the difference

is not large, with simulations predicting an energy barrier of�95kJ for both

lipid desorption from the membrane and lipid flip-flop. In the case of

DMPC the difference is a factor of more than 2, with simulations predicting

a value of 40kJ/mol.

Although membrane order (between POPC and DPPC) has no detect-

able effect on lipid flip-flop, as discussed above, Nakano et al. (Nakano,

Fukuda, Kudo, Matsuzaki, et al., 2009) showed that membrane order

induced by cholesterol has a significant effect. Using TR-SANS Nakano

et al. showed that DMPC membranes with cholesterol can slow down

the flip-flop rates of DMPC significantly; at 40mol%, the highest concen-

tration of cholesterol studied, the flip-flop rate of DMPC had decreased by

a factor of at least �20, while at 20mol% the flip-flop rate had only slowed

down by a factor of �4. Yet the exchange of DMPC between membranes

remained unaffected.

MD simulations studying the process of flip-flop of lipids in the presence

of cholesterol show similar trends overall (Bennett, MacCallum, &

Tieleman, 2009). The study, using DPPC, finds that the energy barrier

to flip increases at the bilayer center, from �75kJ/mol with no choles-

terol to �115kJmol with 40mol% cholesterol. The simulations, how-

ever, also predict a lowering of the energy barrier to desorb from the

bilayer with the addition of cholesterol, which is not detected in the

experiments.

In addition to tail variations through saturation state and length, lipids

also have different headgroup types, particularly in regard to charge.

POPS, POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol) and

POPA (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate), for example, have

the same tail structure as POPC, but the headgroups are negatively charged.

POPS, POPG and POPA are important signaling lipids and their distri-

bution in cellular mambranes is specific (vanMeer et al., 2008); for example,

POPS is found primarily in the inner leaflet of the PM, while POPC,
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and saturated lipids, are foundmostly in the outer leaflet of the PM. In their

study of POPA (Nakano, Fukuda, Kudo, Matsuzaki, et al., 2009) and

POPG (Nakano, 2019), Nakano and colleagues find that the smaller

headgroups in these lipids, though charged, produce a slower inter-

vesicluar exchange and in particular faster flip-flop rates, which at 37 °C
correspond to halftimes between 420 and 230min, while for POPC, as

shown in Table 1, it takes hundreds of hours. Fig. 9 supports this observa-

tion, where POPS, having a similar size headgroup to POPC, has similar

exchange and flip-flop rates to those of POPC, varying by less than a

factor of 2.

Experimentally, we have also investigated the effect of membrane

curvature on the transfer rates (potentially being another source of discrep-

ancy) by comparing the transport of DMPCusing 100nm vesicles and 30nm

vesicles. We found that the rates increase slightly when increasing the cur-

vature of the vesicles, ie, we find faster rates in 30nm vesicles compared to

100nm vesicles. The effect, however, is of order �1. On the other hand,

the energetics for both flip-flop and exchange remain essentially the same

(Wah et al., 2017). Recent MD simulations find a similar result, where

the energetics of lipid flip-flop and lipid desorption are found to be indepen-

dent of curvature ( Jing, Wang, Desai, Ramamurthi, & Das, 2020).

Certainly, the feedback loop between experiments and MD simulations

will ultimately reveal an ever more detailed molecular picture underlying

various structural and dynamic processes in membranes.

Fig. 9 Normalized total intensity,eI tð Þ, for the transfer of hPOPC in CM dPOPC vesicles
and hPOPS in CM dPOPS vesicles at T¼75 °C. The lines through the data correspond
to fits using Eqs. (12a)–(12d). The rates found were for POPC: kf¼0.001�0.0001min�1

and kdesorption/2¼0.006�0.0002min�1, and for POPS: kf¼0.0018�0.0001min�1 and
kdesorption/2¼0.0043�0.0002min�1.

384 Ursula Perez-Salas et al.



4.2 Exchange and flip-flop behavior of sterols in model
membranes

4.2.1 Cholesterol transfer
Cholesterol is the most abundant lipid of the PMwith a 2:1 ratio to the total

amount of lipids (Kobayashi & Menon, 2018). Currently, existing evidence

on cholesterol’s distribution in the PM spans almost the entire range of

possible outcomes, from mostly residing in the inner leaflet (Courtney

et al., 2018; Mondal, Mesmin, Mukherjee, & Maxfield, 2009; Solanko

et al., 2018) to more than 10-fold enrichment in the outer leaflet

(Buwaneka, Ralko, Liu, & Cho, 2021; Liu et al., 2017). Therefore, there

is significant debate concerning possible biases in understanding these

conflicting results. This highlights the challenges of measuring the leaflet

occupancy of this molecule (Steck & Lange, 2018). Cholesterol, in contrast

to lipids, is seen as a molecule that can traverse the lipid bilayer much

faster than lipids (Bruckner et al., 2009; Hamilton, 2003; London, 2019;

Steck et al., 2002). Simulations support this result as well (Atkovska,

Klingler, Oberwinkler, Keller, & Hub, 2018; Baral et al., 2020; Bennett,

MacCallum, Hinner, et al., 2009; Bennett & Tieleman, 2012; Gu et al.,

2019). Therefore in order to produce an asymmetric distribution of choles-

terol in the PM other mechanisms—yet to be identified—have to play a

significant role (Doktorova, Symons, & Levental, 2020).

Our TR-SANS findings suggest that onemechanism facilitating this is, as

with lipids, a spassive regulation strategy: if flips slowly (Breidigan et al.,

2017; Garg et al., 2011). As shown in Table 1, the flip-flop and exchange

rates for cholesterol in POPC membranes are an order of magnitude faster

than those for POPC in POPCmembranes. In contrast, the corresponding

energies of activation and free energy barriers for flip-flop and for

exchange between membranes are similar. MD simulations do show that

cholesterol’s free energy barrier to desorb from the lipid bilayer into the

aqueous environment is similar to lipids, such as DPPC and POPC.

However, cholesterol’s free energy barrier to flip is found to be signifi-

cantly lower, by factors between 3 and 10 (Bennett, MacCallum,

Hinner, et al., 2009; Sapay et al., 2009). One hypothesis we proposed

for this inconsistency between TR-SANS and MD simulations was a

possible issue with the force fields used to describe cholesterol. For exam-

ple, using coarse grain MD simulations and the MARTINI force field,

we found that the amount of cholesterol incorporated into membranes

was overestimated; the simulations would put cholesterol molecules at

the bilayer’s center rather than expelling these molecules from the mem-

brane altogether(Garg et al., 2014).
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In terms of experimental biases, these include the use of analogs (Garg

et al., 2011; Nyholm, Jaikishan, Engberg, Hautala, & Slotte, 2019), or

the use of extraneous molecules like cyclodextrin (Garg et al., 2011). A bias

in the work by Bruckner et al. (Bruckner et al., 2009) using 13C NMR and

labeled 13C cholesterol is not obvious. Their work shows very fast flip-flop

(ms range) for cholesterol. A possible bias in our TR-SANS measurements

were brought up by Kelley et al., who have pointed out that unilamellarity

in vesicles between 30 and 100nm is not always reached and is actually

better attained when using at least a small amount of charged lipids

(�1–5%) (Scott et al., 2019). Fig. 10 shows a plot for the transfer of choles-
terol between CM 50nm in diameter dPOPC vesicles having 3mol% of

charged lipids at 50°C where found that the flip-flop and exchange rates

are the same as those in Garg et al. (Garg et al., 2011)

Other factors affecting the transfer rates are possible differences in the

state of cholesterol within the membrane, such as whether a higher concen-

tration of cholesterol will slow down the process because of synergetic or

collaborative motions. Fig. 10 shows that cholesterol concentration effects

depend on the lipid environment; we find that while in POPC the change

Fig. 10 Normalized cholesterol fraction in donor vesicles as a function of time at two
different cholesterol concentrations: 20 and 40mol%. Left plot, at 50 °C in 50nm in
diameter CM dPOPC vesicles with 3mol% dPOPG (1-palmitoyl (d31)-2-oleoyl-phospho-
glycerol). Right plot, at 65 °C in 100nm in diameter CM dDPPC vesicles with 2mol%
dDPPG (dipalmitoyl (d62)-phosphoglycerol). Lines through the data correspond to fits
with Eqs. (11a)–(11b) and (12a)–(12d). The rates for cholesterol in 50nm POPC vesicles
at 50°C are, kf¼0.01�0.004min�1 and kdesorption/2¼0.008�0.0005min�1. The rates
for cholesterol in 100nm DPPC vesicles at 65 °C are kf¼0.02�0.004min�1 and
kdesorption/2¼0.03�0.002min�1 at 20mol% cholesterol, and kf¼0.02�0.004min�1

and kdesorption/2¼0.01�0.002min�1 at 40mol% cholesterol.
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in cholesterol concentration from 20mol% to 40mol% has no effect on

the transport of cholesterol, in DPPC, a saturated lipid, there is. Fits to

the normalized intensity (or normalized cholesterol fraction, as shown

in the figure) with Eqs. (12a)–(12d) suggest that flip-flop is unaffected by

cholesterol concentration but that the exchange rate decreases by a factor

of nearly �3. Comparing the transfer rates of cholesterol between POPC

and DPPC in Fig. 10 as well as when varying the ratio of saturated to

monounsaturated tails, as shown in Fig. 11A (taken from Breidigan

et al. (Breidigan et al., 2017)), we find that the rates for cholesterol increase

gradually, by at most a factor of 6, as the fraction of unsaturated tails

increase from all DPPC membranes to all POPC membranes. One predic-

tion found by MD simulations that we did not observe in our measure-

ments was a significant slowdown of cholesterol flip-flop rates due to a

“raft” effect (a raft being a mixture of sphingomyelin, POPC and choles-

terol). In the simulations of a raft mixture, done at 50 °C, cholesterol’s
flip-flop halftimes increased several orders of magnitude to �30min in

contrast to milliseconds found in non-raft mixtures. Our measurement

of a raft-like system did not slowdown cholesterol’s flip flop dramatically;

instead the lifetimes (rates) were found to be similar to those in non-raft

mixtures as shown in Fig. 11A (Breidigan et al., 2017).

In deciphering cholesterol’s location in the cell, we start by noting that

the lipid environment across organelle membranes is very different (van

Meer et al., 2008). This difference could certainly have an impact on cho-

lesterol transfer and can hold clues as to what may drive cholesterol to one

particular environment over the other. Shown in Fig. 11B, are cholesterol’s

exchange kinetics in POPC and POPS. We find that the rates are not only

an order of magnitude slower in POPS than in POPC at near physiological

temperatures, but that they exhibit a surprising discontinuous Arrhenius

behavior around 48 °C, where cholesterol appears nearly frozen at physi-

ological temperatures. In this case, flip-flop kinetics were not rate limiting

and therefore not captured in these measurements. The thermodynamic

analysis showed that at biologically relevant temperatures, below the dis-

continuity, the exchange of cholesterol is entropically dominated while it

is enthalpically driven, as is the case in POPC vesicles, above that discon-

tinuity. In this case, the use of Laurdan (see chapter “Evaluating membrane

structure by Laurdan imaging: Disruption of lipid packing by oxidized

lipids” by Levitan in this volume) provided additional information,

pointing to a quasi order-disorder transition in the headgroup region

responsible for this effect, even while the lipid tail environment was in

the fluid phase.

387Studying membrane organization by small angle neutron scattering



Fig. 11 (A) Arrhenius plots comparing the exchange and flip-flop rates in different membrane environments, where the fraction of saturated
lipids is varied relative to the unsaturated lipid fraction. We observe a transfer slowdown with an increase in chain saturation in the mem-
brane. Surprisingly though, the energetics for exchange and flip-flop remains the same as can be assessed from the near parallel Arrhenius
behavior. (B) Arrhenius plot comparing the exchange of cholesterol in POPC vesicles to the exchange of cholesterol in POPS vesicles. We find
an unusual (anomalous) transition, where the exchange becomes nearly frozen for temperatures below 48 °C. Panel (A) is reproduced from
Breidigan, J. M., Krzyzanowski, N., Liu, Y., Porcar, L., & Perez-Salas, U. (2017). Influence of themembrane environment on cholesterol transfer. Journal
of Lipid Research, 58(12), 2255–2263. doi:10.1194/jlr.M077909. Panel (B) is reproduced from S. Garg, S., Liu, Y., Perez-Salas, U., Porcar, L., &
Butler, P. D. (2019). Anomalous inter-membrane cholesterol transport in fluid phase phosphoserine vesicles driven by headgroup ordered to
disordered entropic transition. Chemistry and Physics of Lipids, 223, 104779. doi:10.1016/j.chemphyslip.2019.05.004.



This surprising result also triggered research on cholesterol’s solubility in

POPS membranes. The strength of SANS to study how much cholesterol

can be incorporated into membranes comes from our ability to match-

out the lipids, and therefore only highlighting cholesterol. Using this

approach, we verified that cholesterol can incorporate in POPCmembranes

up to 61mol% as previously shown (Huang, Buboltz, & Feigenson, 1999;

Stevens, Honerkamp-Smith, & Keller, 2010), while in POPS it was found

to be unexpectedly high, 73mol% (Garg et al., 2014). The consequences of

these findings are still being investigated. However, as discussed in Garg et al.

(Garg et al., 2014), this finding suggests that a higher than physiologically

relevant cholesterol concentration in the PM is not driven to form toxic

cholesterol crystals due to the presence of POPS.

4.2.2 Sterol structure effects on transfer
In addition to the effects that the lipid environment has on the transfer rates

of cholesterol, we have also investigated the effect of structural changes to

the cholesterol molecule to identify correlations between structure and

transport properties. Fig. 12A shows the effect of adding double bonds on

the steroid ring and its tail—dehydroergosterol (DHE)—while Fig. 12B

shows the effect of the replacement of the hydroxyl group by a sulfate group.

These sterols have physiological and even beneficial functions; for example,

DHE has been found to be help treat cognitive function loss (Ano &

Nakayama, 2018) while cholesterol sulfate, which is a component of cell

membranes, aids in protecting erythrocytes from osmotic lysis as well as

in regulating sperm capacitation (Strott & Higashi, 2003). As shown in

the figure, the increase in double bonds in the ring structure as well as

the tail in DHE, increases the transport properties dramatically; DHE

exchanges 8 times faster and flips 10 times faster than cholesterol (Garg

et al., 2011). This is an interesting results since DHE has been found to

be asymmetrically distributed in the PMof CHO (Mondal et al., 2009), yeast

(Solanko et al., 2018) and synaptic (Wood, Igbavboa, Muller, & Eckert,

2011) cells, which suggests that even though we found that this sterol moves

very fast through the lipid bilayer, the lipid and protein compositional asym-

metry in combination with sterol transport proteins in the PM, are likely

keeping DHE in the cytoplasmic leaflet. The presence of the sulfate moiety

in cholesterol sulfate produces a fast transfer through the solvent, shown

in the precipitous drop in the normalized total intensity. The value of

0.625 for the normalized intensity, as given by Eq. (9), corresponds exactly

to the outer leaflets of donor vesicles and acceptor vesicles attaining the
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same sterol composition but where the inner leaflets’ composition has not

changed; i.e., the inner leaflet of donor and acceptor vesicles is the same

as it was at t¼0, and therefore 75% of the sterol is still in the donor vesicles

while 25% (residing in the outer leaflet) has moved to the acceptor vesicles.

The normalized intensity change from 0.625 to 0.5 is slow, indicative of

the slow flip-flop process. Interestingly, we found that the flip-flop rate

for cholesterol sulfate was similar to that of cholesterol (Garg et al., 2011).

Sterols are critical for diverse functions in cells: structurally, for signaling

as well as biochemically, as these are precursors of, for example, hormones

and steroids (Ikonen & Jansen, 2008; Menon, 2018). From the results pres-

ented above, we find that the transport properties of sterols can be signifi-

cantly different. Therefore, how the cell transports and distributes these

sterols is possibly not via a “one-size fits all” mechanism. For example,

DHE and cholesterol sulfate transfer between membranes very fast while

cholesterol is slow, so their transfer mechanisms are surely different. In

terms of their distribution across membranes, they may be facilitated

by the sterol’s structure, like in the case cholesterol sulfate, but other

mechanisms—still unknown—are surely provided by other characteristics

Fig. 12 (A) Comparison of normalized intensity decay curves for DHE and normal cho-
lesterol in POPC vesicles at 50°C. Both the flip-flop rates and exchange rates are 8–10
times faster than for cholesterol. (B) Comparison of normalized intensity decay curves
for normal cholesterol and cholesterol-sulfate in POPC vesicles at 50 °C. The inset high-
lights the point where the outer leaflets of the donor and acceptor vesicles have the
same composition, but the inner leaflets remain unchanged from their initial state, pro-
ducing an intensity of 0.625. The long tail that follows is due to slow flip-flop of the sterol
in the bilayer. Figure is reproduced from Garg, S., Porcar, L., Woodka, A. C., Butler, P. D., &
Perez-Salas, U. (2011). Noninvasive neutron scattering measurements reveal slower choles-
terol transport in model lipid membranes. Biophysical Journal, 101(2), 370–377.
doi:10.1016/j.bpj.2011.06.014.

390 Ursula Perez-Salas et al.



of the membrane, as is likely the case for DHE. A detail study of sterol struc-

ture characteristics and how these impact transport behavior could help

elucidate sterol traffic pathways.

MD simulations studying the effects of different chemical modifications

on sterols have found also great variability in both flip-flop rates (Atkovska

et al., 2018; Dickey & Faller, 2007; Parisio, Sperotto, & Ferrarini, 2012) and

their desorption rate from the membrane (Atkovska et al., 2018). The work

of Atkovska et al., who studied 26 steroids, highlights a kinetics spectrum

that is broad and that varies by orders of magnitude (Atkovska et al.,

2018). To compare to the data presented here, they find that changing

the hydroxyl group for a sulfate group in the steroid pregnenolone pro-

duces it to desorb fast from the membrane, a difference of 8–9 orders of

magnitude compared to cholesterol, while the flip-flop rate remains similar

to cholesterol (in their study, cholesterol flip-flop is fast). These trends are

qualitatively similar to our measurements of cholesterol sulfate and choles-

terol. In the case of DHE, their study shows that both the desorption

rate from the membrane and the flip-flop rate increase by a factor

�10 compared to cholesterol. Interesitngly, even if the rates do not agree

with our measurements, we also obtained that DHE flips and exchanges

�10 faster than cholesterol. Hence, it is expected that the rational for the

kinetics they observe, which follow cyclohexane/water and membrane/

water partition coefficients—except for long-tailed steroids, which have

an increased membrane affinity and therefore a greatly decreased membrane

exiting rate—will hold in concomitant, yet to be reported, experiments.

4.3 Decoupling exchange from flip-flop
From TR-SANS measurements, we have shown that it is possible to obtain

transport characteristics of the exchange of lipids and sterols between

membranes in situ, and, if rate limiting, the flip-flop between leaflets with-

out the need of perturbative tags. Even though the experimental results are

robust, shown to have statistical confidence (using tools like the Akaike

information criterion (Burnham & Anderson, 2002)), the results do occur

while two processes, of possibly similar time scales, are happening simulta-

neously. Further, despite the evidence that the transport kinetic model

based on exchange and flipping from donor-to-acceptor vesicles agrees

extremely well with the experimental data, we have not yet unambiguously

demonstrated an asymmetric composition in the bilayer while the exchange

is occuring. Hence analysis of the compositional changes over time relies
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more on mathematical fitting having statistical significance than in our

ability to distinguish these two processes “by eye.” Indeed, in cases where

the two kinetic processes are naturally separated by an order of magnitude,

flipping being slow and exchange being fast, the two are clearly visually

separated, as are the case shown in Figs. 7 and 12B, and consequently prone

to agree with our hypothesis. If not, decoupling the two processes becomes

an important goal in these types of measurements to confirm the numbers

obtained.

4.3.1 Studying lipid flip-flop in asymmetric vesicles
Studying composition asymmetry across the lipid bilayer has been an

important goal to understand the consequences of two lipid leaflets having

different physicochemical properties. Examples are, the mechanisms of

interleaflet coupling in the context of overall mechanical properties and well

as in the formation of lipid domains (London, 2019; Weiner & Feigenson,

2019) or in membrane dynamics, such as bending fluctuations, in particular

as they compare to those of symmetric membranes (Blumer et al., 2020;

Rickeard et al., 2020). Several approaches have been developed to create

asymmetric membranes to be studied by optical, spectroscopic and scatter-

ing techniques and some of these strategies have been recently reviewed by

Scott et al. (Scott et al., 2021). Neutron scattering stands out as a particularly

well suited technique to studying leaflet compositional asymmetry and its

changes through flip-flop, in situ.

SANS/TR-SANS is sensitive at discerning lipid composition differences

across the lipid bilayer because the scattering signal from vesicles allows for

the retrieval of structure information of individual leaflets in the high Q

region of the spectra as shown in Fig. 1B. In order to extract this informa-

tion, contrast between leaflets, reflecting their compositional asymmetry,

is key and this is provided by the use of hydrogenated and deuterated

lipids. The high Q of the scattering plot shown in Fig. 13 displays a highly

asymmetric dDPPC/hDPPC distribution across the leaflets of the vesicles

with the characteristic up-lift in the scattering. In this case, the outer leaflet

is enriched with hDPPC while the inner leaflet is enriched with dDPPC

as obtained from the fit and shown in the SLD profile plot. Indeed, upon

allowing the flip-flop process to proceed, the membrane becomes symmetric

in composition and the intensity in this Q region also drops producing the

typical signature of symmetric vesicles. Hence SANS can unambiguously

determine the lipid composition in each leaflet as shown in Fig. 13.
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While the scattering analysis and the corresponding asymmetric

composition can be resolved by SANS straightforwardly, the experimental

methods to produce asymmetric bilayers are not as straight forward. Several

approaches have emerged as pathways to creating a single monodisperse

population of unilamellar vesicles having the same asymmetric lipid

distribution. One technique that has proven to be robust for SANS/

TR-SANSmeasurements consists of utilizing cyclodextrin (CD) molecules.

CDs directly interact with membranes. These compounds are used to

deplete or add lipids and sterols to model (StClair, Wang, Li, & London,

2017) and cell membranes (Zidovetzki & Levitan, 2007). CDs are used in

the treatment of lipid diseases (Coisne et al., 2016) likeNiemann pick disease

type C (Matencio, Navarro-Orcajada, Gonzalez-Ramon, Garcia-Carmona,

& Lopez-Nicolas, 2020), as well as cancer (Qiu, Li, & Liu, 2017) and

SARS-COV-2 (Fatmi, Taouzinet, Skiba, & Iguer-Ouada, 2021). CDs, in

fact, have a broad applicability (Fourmentin, 2018) because they are small

molecules that are soluble in an aqueous environment but can host hydro-

phobic molecules in their inner barrel-like core (Scott et al., 2021).

Fig. 13 Left, SANS scattering curves with tight collimation to resolve bilayer features.
The vesicles are in D2O to have the lowest possible background. The scattering from
asymmetric vesicles have the characteristic up-lift in the scattering (blue). Upon mixing,
due to lipid flip flop, the scattering develops a well-defined minimum characteristic of a
symmetric bilayer (black). The lines through the data correspond to fits showing the
change in the composition in each leaflet between the initial and final bilayer config-
urations, as shown on the SLD profile on the right. Figure on the left is reproduced from
Liu, Y., Kelley, E. G., Batchu, K. C., Porcar, L., & Perez-Salas, U. (2020). Creating asymmetric
phospholipid vesicles via exchange with lipid-coated silica nanoparticles. Langmuir, 36(30),
8865–8873. doi:10.1021/acs.langmuir.0c01188.
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For the purpose of creating asymmetric unilamellar vesicles, the method

consists of using a donor lipid population that exchanges lipids with an

acceptor vesicle population where the exchange happens through the CD

carriers. CDs only change the composition of the outer leaflet of the accep-

tor vesicles by enriching it with donor lipids (Doktorova et al., 2018;

Markones et al., 2018; Scott et al., 2021). It has also been shown that the

method can be applied to generate asymmetric vesicles with peptides

(Nguyen, DiPasquale, Rickeard, Doktorova, et al., 2019) and fully func-

tional integrated proteins (Markones et al., 2020) pre-embedded in the

vesicles.

Notwithstanding, we found that in the case of cholesterol, as shown in

Fig. 14, the presence of CD not only produced a highly accelerated

exchange rate between donor and acceptor vesicles, it also produced a highly

accelerated flip-flop rate. As a result, we devised a completely different strat-

egy to producing asymmetric membranes, one in which we take advantage

of the fact that lipids do diffuse freely through an aqueous environment

and follow well-defined thermodynamic properties. The strategy consists

of combining lipid coated nanoparticles (we used silica nanoparticles) and

vesicles at a ratio dominated by the donor population (lipid coated

nanoparticles). By using a very unequal ratio of donors to acceptors, as

described by Eqs. (13a) and (13c), it is possible to build high compositional

asymmetry in the acceptor vesicle population while not affecting the

flip-flop process. The lipid-coated nanoparticles, having a higher density

Fig. 14 Comparison of normalized intensity decay curves for cholesterol in POPC
vesicles with and without the presence of 2mM cyclodextrin (CD) at 50 °C. Figure is
reproduced from Garg, S., Porcar, L., Woodka, A. C., Butler, P. D., & Perez-Salas,
U. (2011). Noninvasive neutron scattering measurements reveal slower cholesterol trans-
port in model lipid membranes. Biophysical Journal, 101(2), 370–377. doi:10.1016/j.
bpj.2011.06.014.
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than the vesicles, are removed by centrifugation, leaving behind the asym-

metric vesicle population. Our proof-of-principle measurements are

shown in Fig. 13 (Liu et al., 2020). In this study, which was complemented

with 1H NMR measurements (which is also sensitive to isotopic labeling

and can probe the distribution of hydrogenated and deuterated molecules

in a lipid bilayer (Marquardt et al., 2017)), we found that the rate of

flip-flop of DPPC, was consistent to the flip-flop rates found in asymmetric

vesicles that used the CD approach (Liu et al., 2020). Hence, at least for

DPPC and other long chain phospholipids, CDsmay not produce additional

or significant interleaflet scrambling at low CD concentration (Nakano

et al., 2009). However, the case shown in Fig. 14 for cholesterol highlights

awareness of possible biases induced by CDs (Zidovetzki & Levitan, 2007)

and the need to have alternative approaches.

4.3.2 Studying lipid exchange and flip-flop in single membranes
Techniques that can directly probe the structure of a single lipid bilayer

deposited on a surface like neutron reflectometry (NR) or sum frequency

generation vibrational spectroscopy (SFGVS) were seen as ideal to follow

flip-flop and exchange on a single membrane. In addition, both techni-

ques are sensitive to isotopic labeling and can probe the replacement and

displacement of protiated and deuterated molecules in the membrane.

With high spatial resolution (<1nm) and a temporal resolution of minutes,

with SFGVS and NR it is possible to follow the spontaneous loss of asym-

metry via lipid flip-flop in asymmetric bilayers (Allhusen & Conboy, 2017;

Gerelli, Porcar, & Fragneto, 2012). With NR it is also possible to monitor

the presence of asymmetric intermediates during experiments involving

lipid exchange between vesicles in solution and a single bilayer on a surface

(Gerelli et al., 2013).

Using this latter approach, we deposited a symmetric SLB on a solid

substrate (usually a large (�40cm2) and highly polished (rms roughness

�0.3nm) silicon crystals with a thin (1nm) silicon oxide layer) via vesicle

fusion which was then exposed to a solution of vesicles composed by the

same phospholipid but having the complementary deuteration form. This

type of experiment was developed to mimic the measurement of the transfer

of lipids between membranes (in vesicles) with TR-SANS with the addi-

tional advantage of directly monitoring composition changes in a single

membrane. In the case of DMPC, reported to flip slow in DMPC mem-

branes using TR-SANS by Nakano et al. (Nakano et al., 2007), we found
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that flip-flop was inaccessible. However, we were able to recapitulate

the results obtained by Nakano et al. for lipid exchange, including the

energetics.

Asymmetric SLB can also be formed, one leaflet at a time, on a solid

substrate by Langmuir-Blodgett and Langmuir-Schaefer deposition tech-

niques. Using this approach, we studied asymmetric SLB that either had

the same phospholipids (DPPC/dDPPC) or different ones (DMPC/

dDSPC). These layers were deposited in the gel phase where they remained

asymmetric until lipid flip-flop was activated by increasing the sample’s

temperature, i.e., by crossing the gel-to-fluid phase transition temperature

of the system. The phase transition from gel to the fluid phase behavior,

which is normally sharp in vesicles, it is broad in SLBs (Gerelli, 2019),

and this influences the activation and progression of lipid flip-flop, which

adds complexity to the experimental analysis (Porcar & Gerelli, 2020).

Unfortunately, for both approaches, the “surface” was found to acceler-

ate lipid flipping (Gerelli et al., 2012; Porcar & Gerelli, 2020). While in

defect-free supported membranes on silica nanoparticles we find that fast

flip-flop is driven by the surface’s induced disorder of chain packing

(Wah et al., 2017), as evidenced from the surface induced broad melting

temperature behavior on flat surfaces (Gerelli, 2019) and as needed in

NR experiments (or sum vibrational spectroscopy), SLB have additional

unavoidable membrane defects—membrane discontinuities (Marquardt

et al., 2017)—that accelerate flipping by several orders of magnitude and pro-

ducing a lower activation energy (Porcar & Gerelli, 2020). Notwithstanding,

in lipids that flip-flop very slowly, like DPPC, it is still possible to capture

membrane asymmetry as shown in Fig. 15, and therefore the technique

could still provide a platform to study asymmetry in membranes (Porcar &

Gerelli, 2020).

4.4 Lipid exchange and flip-flop behavior in the presence
of biological agents

Although cells use proteins and other molecular transporters to regulate the

distribution of lipids across membranes (Kobayashi & Menon, 2018), mem-

branes are also targets of biological agents which may alter this distribution

(Doktorova et al., 2020; Lohner, 2017). An example of important/critical

biological agents that interact with membranes are antimicrobial peptides

(AMPs). Antimicrobial peptides are, as its name suggests, small molecules,

ubiquitous in nature, that are an important part in the immune system of

different organisms and which have inhibitory effects against bacteria, fungi,
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parasites and viruses. In addition, the advent of antibiotic-resistant microor-

ganisms and the increasing concern in the use of antibiotics, has resulted

in the development of de novo AMPs (Vishnepolsky et al., 2019) which

have potential protective use in humans, animals and plants (Huan, Kong,

Mou, & Yi, 2020). Thus, there is great impetuous to understand their

mechanisms of action especially because these do not follow a direct

lock-and-key mechanism that makes antibiotics susceptible to the develop-

ment of resistance (Wimley & Hristova, 2011). As recently shown by Marx

et al. (Marx, Frewein, et al., 2021; Marx, Semeraro, et al., 2021), connecting

peptide activity in bacteria with its activity on model membrane mimics is

intricate. Notwithstanding, as the authors emphasize, membrane character-

istics do play an important role in the translocation of the peptide into cells,

Fig. 15 Top: Schematic representation of initial asymmetric SLB in gel phase and final
fully symmetric SLB in fluid phase. Different colors indicate deuterated and protiated
phospholipid molecules. Bottom: Collection of scattering length density profiles along
the normal direction to the bilayer surface (z�40Å indicate the SLB mid-plane). The
initial asymmetric structure is represented with the blue thick line while the final
symmetric system is represented by the thick red line. Intermediate curves collected
at different times and temperatures clearly indicate the gradual loss of symmetry.
Readapted from Porcar, L., & Gerelli, Y. (2020). On the lipid flip-flop and phase transition
coupling. Soft Matter, 16(33), 7696–7703. doi:10.1039/d0sm01161d.
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and hence studies in understanding peptide-lipid-membrane structure inter-

actions are important. TR-SANS studies that have examined how these

molecules affect the movement of lipids between and within membranes

have found that, independent of AMP structure, their presence accelerates

lipid flip-flop (Marx, Frewein, et al., 2021; Marx, Semeraro, et al., 2021;

Nguyen, DiPasquale, Rickeard, Doktorova, et al., 2019) as well as the

exchange of lipids between membranes (Nakao et al., 2021; Nguyen

et al., 2021; Nielsen et al., 2021, 2020). In these studies, the authors

looked at pre-inserted peptides as well as free peptides that interact

with membranes—which being cationic, interact electrostatically with

membranes—and found that in the latter case the effect is near instanta-

neous, while in the former it proceeds much slower, but faster than when

no peptides are present (Nguyen, DiPasquale, Rickeard, Doktorova,

et al., 2019). The combined results from the work of these groups of

researchers shows that these molecules share certain features that allow them

to disrupt membranes by promoting the transport of lipids between and

within membranes despite differences in structure and in how they interact

with membranes.

As it is always the case, possible sources of bias have to be identified

and parsed out from peptide action, such as the—separate—effect of

co-solvents commonly used in these studies (Nguyen, DiPasquale,

Rickeard, Doktorova, et al., 2019). Indeed solvents, such as short-chain

alkanes, are known to modify membrane properties in vitro (Ly &

Longo, 2004) and in vivo (Goldstein, 1986) as well as accelerate lipid

exchange and flip-flop, as recently reported by Nguyen et al. for methanol

(Nguyen, DiPasquale, Rickeard, Stanley, et al., 2019). Indeed solvents

having low solubility in water with preferential partitioning into mem-

branes, enhance these effects (Dickey & Faller, 2007). Fig. 16 shows the

dramatic increase in the transport characteristics of hDMPC between CM

dDMPC membranes in the presence of butanol, a low solubility solvent

in water.

Another example of physiological interest is the interaction of plasma

lipoprotein particles—low and high-density lipoprotein particles (LDL

and HDL)—with plasma membranes. HDL and LDL are currently used

as clinical markers for atherosclerosis, a disease in which plaques of lipids

and fibrous elements accumulate in the blood vessels (Carmena, Duriez,

& Fruchart, 2004; Lusis, 2000). Therefore, the mechanism of lipid exchange

between HDL and LDL particles with cellular membranes needs to be

carefully examined at a molecular level in order to understand how they
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participate in the buildup of arterial plaques. A study by Maric et al., using

TR-SANS, followed the lipid exchange between human HDL and LDL

particles and cellular membrane mimics (vesicles), which, through deutera-

tion and contrast matching, were “invisible” to neutrons (Maric et al., 2019).

The data they obtained shows that, in addition to lipid exchange through

monomer diffusion, the exchange also occurs through collisions and tether-

ing, which also depends on the apolipoprotein type. They find that the

exchange of lipids between cell membrane mimics and HDL particles is

more efficient than with LDL particles. The authors associate tethering effi-

ciency to their envelope protein density. Indeed, HDL have a larger concen-

tration of envelope ApoA proteins while LDL particles have a lower ApoB

protein content.

Lipid transport is also an important consideration when using lipid-based

scaffolds for membrane protein studies. Lipid nanodiscs consist of a protein

or a polymer or a detergent “belt” surrounding a nanometer (�3 to�30nm)

lipid bilayer patch. Lipid nanodiscs have become the method of choice as a

stabilizing scaffold for membrane proteins used in protein structural studies

(Denisov & Sligar, 2017). In addition, lipid nanodiscs are used in many other

applications, such as high-throughput screening and diagnostics or carriers of

hydrophobic therapeutics, to mention some (Ryan, 2010). Differences exist

between nanodiscs, particularly as it relates to the belt and its interaction

with lipids. Specific lipid associations with the transmembrane domain of

Fig. 16 Normalized total intensity decay curves for hDMPC in CM dDMPC vesicles
with and without butanol. Butanol’s molar concentration represents the total number
of Butanol molecules/(total number of DMPC molecules+Alcohol molecules). DMPC
concentration in the solution was 40mg/mL.

399Studying membrane organization by small angle neutron scattering



membrane proteins, like those commonly found with phosphatidylinositol,

may be altered by the belt. TR-SANS has thus been used to assess the ease

of movement of lipids between nanodics to understand lipid stability.

Overall, it is found that between nanodiscs lipids move faster than between

vesicles (Nakano, Fukuda, Kudo, Miyazaki, et al., 2009; Xia et al., 2015).

Further, different belt strategies for the nanodiscs can also produce large dif-

ferences in the exchange kinetics of lipids, as recently highlighted by Cuevas

et al. (Cuevas Arenas et al., 2017). They find that polymer-based belt

nanodiscs produce the most disorder of the lipid bilayer and therefore the

fastest exchange of lipids between nanodiscs, which, they suggest, could

be used advantageously to be able to only keep those lipids that strongly

associate with the protein while excluding those with weaker contacts.

5. Current and future perspectives

Eukaryotic cells generate thousands of chemically distinct lipids

(Sud et al., 2007) from which the membranes of organelles, including the

PM, can be built. These lipids confer these membranes with not only dif-

ferent physical properties but also host distinct functions. Interestingly,

the mapping of the distribution of lipids across organelle membranes reflects

the secretory pathway established by evolution (van Meer, 1989; Voelker,

1991). Key in preserving the homeostatic balance of cell membranes is

the machinery that distributes lipids—with high sensitivity—from their

place of synthesis, mostly in the endoplasmic reticulum, to their target

membrane and eventual disposal (Blom, Somerharju, & Ikonen, 2011;

Holthuis & Menon, 2014; Lev, 2010; Voelker, 1990). This machinery,

however, is constantly battling equilibrium, where entropy of mixing drives

homogenization (Callan-Jones, Sorre, & Bassereau, 2011). Lipid architec-

ture, lipid–lipid and lipid–protein interactions, as we are finding out, have

built-in passive regulatory roles in maintaining a relatively stable membrane

organization over hours or days, therefore aiding in the cost of its mainte-

nance. It has been recognized for many decades that understanding these

interactions including how they change—rapidly—as a result of signaling

(Doktorova et al., 2020) or fail with the onset of disease (Goldberg &

Riordan, 1986; Maxfield & Tabas, 2005) will provide a molecular-based

tool to detect and possibly address health in the membrane.

TR-SANS clearly stands out as a powerful technique to follow the

movement of lipids between and within membranes and extract the
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time-scales and energetics for maintaining compositionally distinct mem-

branes. This is critical information to map out the built-in mechanisms of

passive regulation of membranes. In addition, it can also detect and follow

in situ how these gradients are affected by the presence of peptides, proteins

or other molecules. The work in this regard is new because of breakthroughs

in identifying and resolving experimental biases, on the one hand, but also in

producing systems that had not been accessible before, like asymmetric ves-

icles. Deuteration capabilities will expand the complexity of the systems

studied, which together with advances in protein expression and purification

of membrane proteins, will open the road for detailed work on the lipid

transport machinery itself, such as the action of flippases and scamblases,

which is ultimately directly responsible of maintaining the homeostatic state

of cell membranes.

As already alluded to, scattering techniques have to be pursued in com-

bination with other techniques (e.g., NMR, calorimetry, gas chromatogra-

phy to name a few (Liu et al., 2020)) that provide additional information for

data analysis or checks. Most importantly, as recently shown by Marx et al.

(Marx, Frewein, et al., 2021; Marx, Semeraro, et al., 2021), the goal is to

seek congruency between experiments at different scales (molecular models

to cells). It is certainly now common or even expected that molecular biol-

ogy studies be combined with a powerful theoretical tool like MD simula-

tions and scattering studies of membranes are no exception (Ashkar et al.,

2018; Gupta & Ashkar, 2021). In hand with experiements, advances in

MD simulations are allowing current efforts to simulate physiologically rel-

evant membranes (Khakbaz & Klauda, 2015; Marrink et al., 2019).

The scattering techniques described herein are provided by large-scale

government sponsored facilities, and appear hard to access, but they are

not. Access is free once a peer-reviewed proposal has been allotted

beamtime. The scientific staff will help new users build scattering expertize

in support of their research program. Admittedly, the largest barrier to using

scattering more broadly is the need of extensive data modeling. There is a

significant effort to utilize complex algorithms (Treece et al., 2019) to

streamline the analysis and to conceivably incorporate multiple data sets

from different experimental techniques. This work is being provided by

the scattering community at large as well as directly from scientific staff at

facilities to make the technique accessible to none experts (Doucet et al.,

2021; Lewis-Laurent, Doktorova, Heberle, & Marquardt, 2021). Hence,

the future is bright for scattering techniques as they become utilized to their

full potential to understand cell membranes and beyond.
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