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Assessing the use of ellipsoidal microparticles for
determining lipid membrane viscosity
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ABSTRACT The viscosity of lipid membranes sets the timescales of membrane-associated motions, whether driven or diffu-
sive, and therefore influences the dynamics of a wide range of cellular processes. Techniques to measure membrane viscosity
remain sparse, however, and reported measurements to date, even of similar systems, give viscosity values that span orders of
magnitude. To address this, we improve a method based on measuring both the rotational and translational diffusion of mem-
brane-anchored microparticles and apply this approach and one based on tracking the motion of phase-separated lipid domains
to the same system of phase-separated giant vesicles. We find good agreement between the two methods, with inferred viscos-
ities within a factor of two of each other. Our single-particle tracking technique uses ellipsoidal microparticles, and we show that
the extraction of physically meaningful viscosity values from their motion requires consideration of their anisotropic shape. The
validation of our method on phase-separated membranes makes possible its application to other systems, which we demon-
strate by measuring the viscosity of bilayers composed of lipids with different chain lengths ranging from 14 to 20 carbon atoms,
revealing a very weak dependence of two-dimensional viscosity on lipid size. The experimental and analysis methods described
here should be generally applicable to a variety of membrane systems, both reconstituted and cellular.
SIGNIFICANCE The lipid bilayers that underlie cellular membranes are two-dimensional fluids whose viscosity sets
timescales of motion. Lipid membrane viscosity remains poorly quantified, with a paucity of methods and considerable
disagreement between values reported using different techniques. We describe a method based on measuring the
Brownian diffusion of ellipsoidal microparticles which we apply to phase-separated membranes alongside a previously
established method for determining membrane viscosity, finding good agreement between the two techniques. We further
examine homogenous membranes composed of lipids with different chain lengths, not amenable to phase-separation-
based methods, revealing a very weak dependence of viscosity on lipid size. Our approach should be applicable to a wide
range of membrane systems, both in vitro and in living cells.
INTRODUCTION

Viscosity is a key determinant of lipid membrane behavior as
it governs the force and timescales for the motion of mem-
brane-embedded objects. Even for pure lipid bilayers, viscos-
ity remains challenging to measure, as membranes are thin
and fragile. In recent years several techniques have emerged,
based in many cases on tracking the positions of membrane-
associated objects including phase-separated lipid domains
(1–6), microparticles or macromolecules anchored to mem-
branes (7, 8), and microparticles near membranes (9). None-
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theless, considerable disagreement exists between reported
membrane viscosity (hm) values. Even for bilayers composed
almost completely of the simple phospholipid DOPC (1,2-di-
oleoyl-sn-glycero-3-phosphocholine), viscosity assessments
at room temperature (21�C–25�C) span more than an order
of magnitude (7, 8, 10, 11). Different experiments using
similar platforms of freestanding DOPC bilayers spanning
apertures in solid supports give hm < 0.6 � 10�9 Pa s m
(10) and hm ¼ 16 5 3 � 10�9 Pa s m (8), the former using
optical traps to apply and assess forces on either side of the
membrane, the latter analyzing the translational and rota-
tional diffusion of membrane-anchored microsphere pairs.
Measurements of domain diffusion in phase-separated giant
unilamellar vesicles (GUVs) with three major components
including DOPC give less varied results, with hm around
1–10 � 10�9 Pa s m (4, 6, 12).
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FIGURE 1 (a and b) Tracking the position and orientation of non-

isotropic membrane-anchored particles allows determination of membrane

viscosity and the effective size of the linkage. (a) Schematic of an earlier

method, using pairs of spherical tracers. (b) Schematic of the method pre-

sented here, using single ellipsoidal tracers. (c and d) Simultaneously ac-

quired fluorescence images of (c) a phase-separated giant unilamellar

vesicle and (d) a membrane-anchored ellipsoidal particle. The particle po-

sition and orientation are indicated in (c) by the cyan oval. Scale bar, 10 mm.

(e and f) Mean-squared displacements versus lag time for (e) translation and

(f) rotation for vesicle-anchored particles. The dashed line, with slope 1, in-

dicates Brownian diffusion.

Jahl and Parthasarathy
It is unclear whether all these discrepancies result from
unrecognized flaws in methodologies, differences in
membrane properties induced by different platforms and ge-
ometries, or other issues. Freestanding ‘‘black’’ lipid mem-
branes, for example, are formed using solvents that initially
separate two lipid monolayers and that must fully evaporate
to give a bilayer, a condition that is often difficult to check.
GUVs avoid this issue, but the use of phase-separated do-
mains to determine viscosity of course restricts their appli-
cation to compositions that are capable of phase separation.

Applying two different viscosity characterization methods
to membranes of the same composition formed from the
same process would improve our understanding of the
methods’ accuracy and applicability. We therefore examined
the Brownian motion of phase-separated domains in GUVs
and examined the translational and rotational diffusion of mi-
croparticles anchored to similarly formed or identical GUVs.
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The phase-separated vesicles make use of a well-known
miscibility transition in ternary mixtures of cholesterol and
lipids with saturated and unsaturated acyl chains; below a
critical temperature, the bilayer separates into coexisting
liquid-ordered (‘‘LO’’) and liquid-disordered (‘‘LD’’) phases
(13, 14). The circular domains of the minority phase act as
membrane inclusions of varied but well-defined and optically
measurable radii. The domains’ Brownian trajectories can be
analyzed by 1-point (1, 12) or 2-point (4) microrheological
methods to reveal the underlying viscosity.

Analyzing the diffusion of membrane-anchored particles
is, in principle, applicable to all lipid compositions. Knowing
the translational diffusion coefficient DTand the radius of the
attachment a, one can infer the two-dimensional viscosity of
the membrane via hydrodynamic models such as that of
Hughes, Pailthorpe, and White (HPW) (15), a general exten-
sion of the large viscosity/low radius analysis of Saffman and
Delbr€uck (16). However, even if the particle-membrane con-
tact can be assumed to be circularly symmetric, its radius is
not well known in practice; a may differ from the particle
radius due to the smaller extent of attachment sites, giving
a lower effective a, ormembrane deformation, giving a larger
effective a (8). For this reason, Hormel et al. developed the
technique of linking two spherical particles together, one of
which was coated with streptavidin proteins that bind to a
small fraction of biotinylated lipid, the other of which, coated
with biotin that binds to streptavidin on the first bead, serves
solely to make the pair anisotropic (Fig. 1 a). Measuring the
rotational and diffusion coefficient (DR) aswell asDTenables
determination of hm and a, as demonstrated for freestanding
bilayers previously (8).

Tomake thismethod easier to implement,wemodify it here
to use ellipsoidal particles, formed by stretchingmicrospheres
(17) and coating them with streptavidin (see materials and
methods). This gives a non-circular attachment footprint
(Fig. 1 b), assessed below, but simplifies sample preparation
by avoidingdelicate adjustment of concentrations tominimize
formation of particle multimers or monomers.

We report here the comparison of membrane viscosity
values derived from tracking ellipsoidal particles and
phase-separated domains in GUVs, showing that if the ellip-
soidal contact geometry is accounted for, the two methods
are in good agreement. To illustrate the generality of the par-
ticle attachment method, we report the viscosity of a series
of single-component, non-phase-separating bilayers made
of lipids with monounsaturated acyl chains of lengths
ranging from 14 to 18 carbons, revealing a weak depen-
dence of viscosity on chain length.
MATERIALS AND METHODS

Giant unilamellar vesicles

GUVs were formed by electroformation (18) in 0.1 M sucrose. In brief,

lipids of the desired composition dissolved in chloroform are deposited
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on glass coated with indium tin oxide (ITO) and allowed to dry under vac-

uum. The space between two such ITO-glass pieces, set by a silicone

spacer, is filled with a sucrose solution. An alternating voltage across the

ITO-glass leads to membrane swelling and the formation of GUVs. The

vesicles examined ranged in diameter from 18 to 30 mm.
Lipid compositions

For experiments involving phase-separated GUVs, membranes were

composed of 35.5% DPPC (1,2-dipalmitoyl-sn-glycero-3-phospocholine),

15.5%DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), 40% cholesterol,

8% DOTAP (1,2-dioleoyl-3-trimethylammonium-propane (chloride salt)),

0.5% 16:0 biotinyl PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-

amine-N-(biotinyl) (sodium salt)), and 0.5%TexasRedDHPE(1,2-dihexade-

canoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt). Texas

Red DHPE selectively partitions into the LD phase of phase-separated vesi-

cles. DOTAP is an unsaturated cationic lipid whose presence, we find, in-

creases the likelihood of particle binding, presumably due to the negative

surface charge of polystyrene. The ratio of unsaturated/saturated (DPPC)/

cholesterol lipids is therefore 23.5:35.5:40, which gives a majority LO phase

with circular LD domains (Fig. 1 c). The phase diagram of this composition is

likely similar to that of the 25:35:40 mol % DOPC/DPPC/cholesterol mem-

branes reported byVeatch et al. (19), for which themiscibility transition tem-

perature is approximately 30�C.
For experiments on homogeneous vesicles, membranes were composed

of 0.5% 16:0 biotinyl PE, 0.5% Texas Red DHPE, 8% DOTAP, and 91%

of either 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (14:1 (D9-Cis)

PC), 1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine (16:1 (D9-Cis) PC),

1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 (D9-Cis) PC (DOPC)),

and 1,2-dieicosenoyl-sn-glycero-3-phosphocholine (20:1 (D11-Cis) PC).

The double bonds of the lipids with 14, 16, and 18 carbon chains all occur

at the ninth carbon atom; the double bond of 20 carbon chains occurs at car-

bon 11.
Ellipsoidal particles

Formation of fluorescent, ellipsoidal polystyrene microparticles was based

on the method described in (17). In brief, 1-mm-diameter fluorophore-con-

taining polystyrene microspheres (Thermo Fisher Scientific ‘‘FluoSpheres,’’

catalog number F8776; excitation and emission peak wavelengths 505/

515 nm) are placed in a solution of 6.2% polyvinyl alcohol and 2.5% glyc-

erol by mass in deionized water. Evaporation leaves the particles embedded

in a thin, flexible sheet. After liquification of the embedded particles by

continuous immersion in toluene, the sheet is placed in a home-made me-

chanical stretching device, stretched, and removed from the toluene, allow-

ing the particles to solidify in the shape of the now deformed cavities. The

film is then immersed in water and dissolved, and the microparticles are iso-

lated by centrifugation. The resulting particles are prolate spheroids with

major axis of 3.3 5 0.6 mm (mean 5 standard deviation) and minor axis

1.3 5 0.3 mm, assessed by optical microscopy. Particles are coated non-

specifically by streptavidin (Sigma-Aldrich) via incubation overnight in a

0.01 g/mL streptavidin/phosphate buffered saline solution, then centrifuged

and sonicated in a bath sonicator to break up aggregates. Streptavidin-

coated particles were incubated with GUVs containing biotinylated lipids

for 1 h at a sufficiently low concentration that the majority of vesicles

had zero or one particle bound. Higher incubation concentrations, at which

vesicles had more than one bound particle, led to particle aggregation.
Particle-lipid linkages

The number of lipids to which each particle is linked is unknown. Given the

concentration of biotinylated lipids (0.5 mol %), the membrane-facing sur-

face area (approximately 4 � 106 nm2) could cover about 30,000 linked
lipids. This is an extremely rough count of the linkages, however, as the

number of lipids actually bound could certainly be smaller than the number

in the footprint of the particle and could also be larger if mobile biotinylated

lipids diffuse to the adhesion zone and are subsequently bound. Moreover,

recent simulations show that streptavidin-coated particles can interact with

lipids other than those to which they are specifically bound, creating a com-

plex local neighborhood of lipids coupled to the particle (20).
Fluorescence microscopy

Vesicles were placed in 0.1 M sucrose and imaged using a Nikon TE2000

inverted fluorescence microscope with a 60� oil immersion objective lens

at room temperature (296 5 1 K). Images were recorded using a Hama-

matsu ORCA-Flash 4.0 V2 sCMOS camera at 20–33 frames per second.

To simultaneously record two color channels, one of the lipid domains

labeled with Texas Red and one for the fluorescent ellipsoidal beads, a

Cairn OptoSplit emission image splitter was used.
Image analysis

The analysis of phase-separated domain positions was as described in (4).

Domains were identified using intensity thresholding, and their centers

were found by fitting Gaussian profiles using maximum likelihood estima-

tion. The boundaries of domainswere foundwith a bilateral filter, and the to-

tal pixel area of each domain was used to determine its radius. Domain

positions across frames linked into tracks with a nearest-neighbor linking,

and tracks of less than 100 consecutive frames were rejected. Ellipsoidal mi-

crospheres were detected by identifying the brightest single object in each

frame in the appropriate fluorescence emission channel. Particle centers

were found using the symmetry-based algorithm described in (21). The

orientation of the particle is determined by calculating the covariance matrix

of intensity in the neighborhood around the center. The accuracy of the po-

sitional and orientational localization was assessed using simulated images

of ellipses that mimic the size and signal-to-noise ratio of the data. To create

the simulated images, a high-resolution image of an ellipse was convolved

with the detection point-spread function based on the emission wavelength

and numerical aperture, pixelated, and subjected to Poisson-distributed

noise. The localization accuracies were 35 nm in position and 0.0044 radians

in angle, leading to overall uncertainties in diffusion coefficients and viscos-

ities that are small compared to the variability across samples.
Diffusion coefficients

From positions and angles, translational and rotational diffusion coeffi-

cients were calculated using the covariance-based method of Vestergaard

et al. (22), which provides greater accuracy than linear fits of mean-squared

displacements and also provides estimates of localization accuracy and

goodness of fit to a pure random walk.
Hydrodynamic models

As noted in the main text, Hughes, Pailthorpe, and White developed the

HPWmodel for the hydrodynamic drag of circular inclusions in membranes

that is valid for arbitrary values of ε¼ 2hexta/hm, where hext is the viscosity

of the three-dimensional fluid in which the membrane is embedded, hm is

the membrane viscosity, and a is the inclusion radius (15). In our experi-

ments, the external fluid is 0.1 M sucrose, for which hext ¼ 1.01 mPa s.

The relationship between drag and other parameters is complex, involving

several infinite series, and cannot be expressed in simple closed-form equa-

tions. We use the full HPW model, truncating series at 36 terms. Over a

range of membrane viscosity, hm, and inclusion radius, a, we calculate

DT and DR and determine the hm and a that minimize their squared devia-

tion from the measured DT and DR.
Biophysical Journal 120, 5513–5520, December 21, 2021 5515
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To analyze the Brownianmotion of rod-like particles, we use the hydrody-

namic model of Levine, Liverpool, andMacKintosh (LLM) discussed in the

main text (23). LLM evaluate the translational drag coefficients of displace-

ments parallel (Dk) and perpendicular (Dt) to the rod axis, and the rotational

drag coefficient DR, all of which involve functions c(l) of the dimensionless

variable l¼ 2hextL/hm (23). As with the HPWmodel, simple equations for

c(l) are unavailable. We interpolated c(l) (see Equations 1–3) for rods with

an aspect ratio of 3 based on published graphs spanning a large parameter

range (23) (A.J. Levine and F.C. MacKintosh, personal communications).

To determine membrane viscosity, we calculate Dk and DR over a range of

membrane viscosity, hm, and ellipse major axis length, L, and find the hm

and L that minimize the squared deviation from the measured Dk and DR.

We repeat this for Dt and DR, averaging the resulting hm and L with those

calculated fromDk and DR.We sample over uncertainties in Dk, Dt, and DR

to determine the uncertainty in hm and L, repeating the above process with

500 iterations over Gaussian distributions of Dk, Dt, and DR with standard

deviations equal to the uncertainties. The resultinghmdistribution is skewed;

we report the half-width of its 68% confidence interval (equivalent to 1� s

for a Gaussian distribution) as the uncertainty in membrane viscosity. Final

viscosity values for the full set of data from beads on phase-separated vesi-

cles, or from each chain length of homogenous vesicles, are reported as the

weighted average of individual hm values with uncertainty being the

weighted standard deviation or weighted standard error of the mean (esti-

mated as the weighted standard deviation divided by the square root of the

number of points), as indicated in the main text.
Software

Our MATLAB code to analyze diffusion coefficients and infer membrane

viscosity using both the HPWand LLM models is publicly available on Gi-

tHub: https://github.com/rplab/HPW_MembraneDiffusion.
Data availability

All trajectories of all membrane-anchored microparticles (position and

angle), as well as inferred diffusion coefficients and viscosity values, are

provided in CSV (comma-separated values) files included as supporting

material. Data from microparticles attached to phase-separated data are in

‘‘beadData_PhaseSepVesicles.csv,’’ and data from microparticles attached

to homogenous vesicles composed of lipids with different lengths are in

‘‘beadData_ChainLength_XX.csv,’’ where XX indicates the chain length.
RESULTS

We assessed the membrane viscosity of phase-separated
GUVs (see materials and methods) by considering the
Brownian motion of liquid-disordered domains and, sepa-
rately, of membrane-attached fluorescent ellipsoidal micro-
particles. We first describe domain-derived viscosity values.

Theminority phase of phase-separated lipid vesicles forms
domains that behave as circular inclusions in a two-dimen-
sional liquid (Fig. 1 b). Avariety of experiments have verified
that the hydrodynamic HPW model of (15) links domain
diffusion coefficients to domain radius and membrane vis-
cosity (1, 3–5). Using the samemethods as in prior work (ma-
terials and methods; (4, 5)), we imaged and tracked domain
motion, determined diffusion coefficients, and related these
to viscosity via the HPW model. From 13 GUVs composed
of a ratio of 23.5:35.5:40 unsaturated-chain lipids/satu-
rated-chain lipids/cholesterol (see materials and methods),
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each GUV having 2–18 LD domains, we calculated an LO

phase viscosity of hm ¼ 1.85 0.3� 10�9 Pa s m (weighted
mean5 weighted standard error of the mean, N¼ 13). This
is similar, roughly within a factor of two, to the values re-
ported in the literature for phase-separated vesicles with
similar compositions, 20:40:40 saturated/unsaturated/
cholesterol, namely hm ¼ 3.9 5 0.4 � 10�9 Pa s m (4) and
1.9 5 0.2 � 10�9 Pa s m (5).

We formed fluorescent ellipsoidal microparticles by
stretching fluorescent polystyrene microspheres and
anchored them to GUVs with a streptavidin/biotin linkage
(see materials and methods). Imaging of domains and mi-
croparticles was performed on the same batches of GUVs,
and in some cases the same individual GUVs. Imaged
GUVs had at most one bound microparticle.

Particle trajectories and diffusion coefficients were
measured and calculated as described in materials and
methods, using symmetry-based localization for particle po-
sition (21), moments of the intensity distribution for particle
orientation, and a covariance-based estimator for diffusion
coefficients that gives greater accuracy than fits to mean-
squared displacements (22). Nonetheless, it is informative
to plot mean-squared displacements, <Dr2(t)> and
<Dq2(t)> for position and angle, respectively, each of
which should scale with time lag t as ta with a ¼ 1 for
Brownian diffusion. We find a consistent with 1 as ex-
pected, with a ¼ 1.1 5 0.3 for translation and a ¼ 0.9 5
0.2 for rotation (mean 5 standard deviation from N ¼ 11
particles; Fig. 1, e and f).

We first assessed whether the Brownian dynamics of ellip-
soidal microparticles is amenable to analysis with the HPW
model, which considers circular membrane inclusions. This
is not obvious a priori; the particles are clearly not circular,
but the size and shape of the actual contact with the bilayer,
or potential membrane deformations, is unknown. If the
attached particle deforms the membrane, the high energetic
cost of curvature may favor a circular deformation, for
example. Alternatively, binding sites may be non-uniformly
distributed, giving an attachment footprint that differs from
the particle’s geometry and that might be roughly circular.
It is therefore not unreasonable to expect that the HPWanal-
ysis could be at least roughly valid for extracting membrane
viscosities. As in earlier work (8), we treated the membrane
viscosity and an effective particle radius a as parameters of
the HPW model. In Fig. 2 a we show contours in the DT-
DR plane for fixed hm; points along each contour correspond
to different a. The upper left region corresponds to (DT, DR)
values that are not physically realizable in the HPW model.
We also plot in Fig. 2 a the measured DT and DR values for
GUV-anchored ellipsoidal particles, several of which lie in
the unphysical regime. This suggests that the HPW model
is inappropriate for this system, and the shape anisotropy of
the particles is important.

Levine, Liverpool, and MacKintosh developed a hydro-
dynamic model (LLM) for extended, rod-like inclusions in

https://github.com/rplab/HPW_MembraneDiffusion


FIGURE 2 (a) Measured values of translational (DT) and rotational

(DR) diffusion coefficients of membrane-anchored elliptical particles,

together with equal-viscosity contours calculated using the HPW model

for circular membrane inclusions. Half of the data points occupy the phys-

ically inaccessible region outside the range of the contours. (b) Measured

values of DR and diffusion coefficients parallel to the particle’s long axis

(Dk), together with equal-viscosity contours calculated using the LLM

model for rod-like membrane inclusions of aspect ratio 3. All data points

occupy physically accessible regions of the parameter space. (c) Histo-

gram of the effective rod lengths, L. The dashed line indicates the mean

value and the dotted line the mean rod length assessed from optical mea-

surements. (d) All membrane viscosity values derived from 17 GUVs,

from either domain motion or ellipsoidal particle motion. In (a) and (b)

and for individual vesicle measurements in (d), error bars indicate 68%

confidence intervals. For vesicle-averaged values in (d), mean values

and standard deviations are indicated by solid lines and colored bands,

respectively.

Ellipsoidal particle membrane viscometry
two-dimensional fluids (23), validated by experiments on
liquid crystal films (24). LLM analyzed hydrodynamic
drag for translation parallel and perpendicular to the rod
axis, as well as the rotational drag, yielding diffusion coef-
ficients that can be written as

Dk ¼ 1

ckðlÞ
kBT

4phm

; (1)

1 kBT

Dt ¼

ctðlÞ 4phm

; (2)

1 kBT

DR ¼

cRðlÞ 4phmL
2

(3)

for translational motion parallel to the rod axis, translational
motion perpendicular to the rod axis, and rotational motion,
respectively. Here, L is the rod length, kB is Boltzmann’s
constant, T is the temperature, and the c(l) are functions
of the dimensionless parameter l ¼ 2hextL/hm. To apply
the LLM model to membrane-anchored elliptical micropar-
ticles, we decompose frame-to-frame displacements into
components parallel and perpendicular to the long axis of
the ellipsoid and calculate the corresponding diffusion coef-
ficients, Dk and Dt. Using Dk and DR, and separately Dt

and DR, we determine the hm and L for which diffusion co-
efficients calculated from the LLM model best fit the
observed values (see materials and methods). We note that
L is treated as a fit parameter, since the effective length of
the membrane contact may differ from the bead length.

Like the HPW-based analysis, we can plot for the LLM
model equal-viscosity contours in the Dk-DR plane, with
points along each contour corresponding to different
L values (Fig. 2 b). Superimposing the measured Dk and
DR values, we find that all data points are in the LLM
model’s physically realizable regime (Fig. 2 b), implying
that anisotropy is a significant factor in particle diffusion.
The best-fit viscosity value is hm ¼ 3.4 5 0.5 � 10�9

Pa s m (weighted mean 5 weighted standard error of the
mean, N ¼ 11).

The effective particle lengths L ranged from 2.5 to 3.4 mm
(Fig. 2 c), with a mean 5 standard error of 2.8 5 0.1 mm,
very similar to the physical length of 3.0 5 0.3 mm.

We plot in Fig. 2 d all of the membrane viscosity values
from 17 phase-separated GUVs, seven of which featured
both trackable domains and attached particles, along with
the mean and standard deviation of each set of points as
an indicator of the spread. For the seven pairs of data points
each from the same vesicle, hm ¼ 2.7 5 0.2 � 10�9 Pa s m
from domain data and hm ¼ 2.7 5 0.3 � 10�9 Pa s m from
particle data (weighted5mean standard error of the mean).

Overall, there is close agreement between the hm values
derived from domain motion and from ellipsoidal particle
motion; the viscosities are within a factor of two considering
Biophysical Journal 120, 5513–5520, December 21, 2021 5517



FIGURE 3 Viscosity of membranes as a function of lipid chain length.

Plotted are values derived from the diffusion of individual membrane-

anchored ellipsoidal particles (open circles) along with weighted mean

and 68% confidence intervals (solid circles, error bars). The dashed line

is a linear fit, with slope 0.14 5 0.22 � 10�9 Pa s m/atom.
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all the domain- and particle-derived data and are identical
within uncertainties for data from the subset of vesicles
that provided both domain and particle data. This agreement
suggests that analysis of anisotropic particle diffusion pro-
vides an accurate measure of membrane viscosity, allowing
it to be applied to other membrane systems. To illustrate
this, we next considered optically homogeneous membranes
composed primarily (91%, see materials and methods) of
one phosphatidylcholine lipid with one monounsaturated
acyl chain. We varied the acyl chain length of this compo-
nent using four different lipids with 14, 16, 18, and 20 car-
bon chains (see materials and methods for chemical names
and details of compositions). As above, fluorescent ellip-
soidal microparticles were bound to GUVs, tracked, and
analyzed using the LLM model.

The resulting membrane viscosities are plotted in Fig. 3
for every examined GUV, along with averages for each
composition. Viscosity values for the C ¼ 14-, 16-, 18-,
and 20-carbon-chain lipids were 1.5 5 0.9, 2.0 5 1.0, 2.0
5 1.2, and 2.45 1.1� 10�9 Pa s m, respectively (weighted
mean 5 standard deviation). The values show a very weak
increase of membrane viscosity with chain length, essen-
tially indistinguishable from zero; a linear fit gives a slope
dhm/dC ¼ 0.14 5 0.22 � 10�9 Pa s m/atom (Fig. 3). A t
test for the linear regression gives p ¼ 0.3, again consistent
with the slope being smaller than its uncertainty, and not
distinguishable from zero.
DISCUSSION

We have introduced a method for measuring the hydrody-
namic viscosity of membranes using easily formed ellip-
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soidal microparticles. Techniques for quantifying viscosity
are few in number, and measurements to date give orders-
of-magnitude discrepancies for nominally similar lipid
membranes. We validated our approach by investigating
the same system, phase-separated three-component giant
vesicles, with two different methods: assessment of the
translational Brownian motion of domains and assessment
of the translational and rotational Brownian motion of mem-
brane-anchored ellipsoidal particles. Provided that the ellip-
soidal geometry of the particles was accounted for, the two
methods were in good agreement, within a factor of two of
each other. We suggest, therefore, that ellipsoidal particles
can be used quite generally as probes for membrane viscos-
ity. Notably, the experimental uncertainties evident in this
approach are large (Fig. 2). However, we believe there is
considerable room for improvement. For example, varying
the particle size will change the magnitude of diffusion co-
efficients as well as the localization precision; there is likely
some optimum, not explored here, that minimizes the uncer-
tainty of the inferred viscosity. We also note that the field
would benefit from head-to-head comparisons of more
than two membrane viscosity measurement methods applied
to the same system, and we hope that our work spurs such
studies.

We applied the ellipsoidal particle method to character-
izing the viscosity of homogeneous vesicles composed of
lipids with varying acyl chain lengths, which would be
impossible to measure with techniques requiring phase sep-
aration. We found a very weak dependence of viscosity on
chain length (Fig. 3). It is interesting to compare the chain-
length dependence of hm reported here with the chain-
length dependence of molecular diffusion. Although sys-
tematic studies of lipid diffusion for a range of chain
lengths are rare, Ramadurai et al. reported translational
diffusion coefficient values measured using fluorescence
correlation spectroscopy for the dye DiD in membranes
composed of lipids with, as in this study, one double
bond: 12.5, 9.6, 8.7, and 6.8 mm2/s for C ¼ 14, 16, 18,
and 20, respectively (25). The continuum models of HPW
or Saffman and Delbr€uck are not intended to describe mo-
lecular-scale phenomena, but if we apply them nonetheless,
using a molecular radius of 0.45 nm, we find viscosities of
0.14, 0.19, 0.21, and 0.29 � 10�9 Pa s m, respectively.
These values are about ten times lower than those inferred
by studies of micrometer-scale domains or particles such as
reported here (Fig. 3). Intriguingly, the slope dhm/dC ¼
0.024 5 0.003 � 10�9 Pa s m is also about one order of
magnitude lower than what we derived from ellipsoidal par-
ticle data, suggesting a similar relative contribution of each
additional carbon atom to both molecular-scale and macro-
scopic dissipation. We caution that microparticle motion re-
flects a macroscopic hydrodynamic viscosity that may not
apply at molecular scales, and it has long been noted that
hydrodynamic models are of questionable utility for ex-
plaining molecular diffusion coefficients (26). Ellipsoidal
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particle-based viscosity measurements using different parti-
cle sizes may help bridge the gap and may illuminate the
relevant effective viscosities at various scales. The colloidal
fabrication techniques used here (17) can be extended to
smaller or larger particles. We suggest further studies of
membrane viscosity for membranes with different composi-
tions, at different temperatures, and with probes of different
sizes to better elaborate the fundamental connection be-
tween molecular structure and hydrodynamic response,
which has remained opaque despite decades of interest.

The three-dimensional counterparts to the monounsatu-
rated acyl chains of the lipids examined here (Fig. 3) are al-
kenes, whose viscosities increase by about 200%, from h ¼
1.9 to 5.6 cP, over the range C ¼ 14 (1-tetradecene) to C ¼
20 (1-eicosene) (27). Considering a thin film of alkenes
equal in size to the thickness, h, of the lipid bilayers exam-
ined here (28) and naively assessing an effective two-dimen-
sional viscosity as h2D ¼ hh gives an even stronger
dependence of viscosity on chain length, increasing by
about 300% from C ¼ 14–20. Liquid alkenes differ from
the acyl chains of lipid bilayers in their orientational
freedom as well as dimensionality, but nonetheless the
contrast of bulk alkene viscosity with the very weak
chain-length dependence of lipid bilayer viscosity seen
here suggests a significant role for dimensionality in shaping
hydrodynamic response.

Finally, we note that the ellipsoidal particle method we
introduce here should be applicable to more complex and
more active membranes, such as those of living cells.
Although we made use of biotinylated lipids for particle at-
tachments, one could just as well employ intrinsic cell-sur-
face markers, and the extraction of the effective particle
size, L, makes analysis independent of assumptions about
the extent of linkage. We suspect that quantitative explora-
tion of macroscopic membrane viscosity in a variety of sys-
tems will reveal unsuspected ways in which living systems
modulate their hydrodynamic character.
Data and code availability

All trajectory data and inferred diffusion coefficients and
viscosity values are provided as supporting information,
and MATLAB analysis code is publicly available, as
described in materials and methods.
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