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ABSTRACT: The design, calibration, and performance of an apparatus are described to
study the nanometer-scale thermal or driven ﬂuctuations of free-standing vesicle
membranes using a design resembling the position detection system of optical tweezers
except for the laser power lower by orders of magnitude to avoid trapping. Over four
decades of frequency, 1−10,000 Hz, it reports membrane ﬂuctuation amplitudes 0.01−100
nm by measuring scattering of a laser beam as it passes membranes (∼1 μm cross-section)
suspended in the aqueous medium. The low-power laser beam, <100 μW, is sharply
focused on the edge of a giant unilamellar vesicle, and ﬂuctuations of position are
measured using a position-sensitive photodetector. The central result of this approach is the capability to reach small ﬂuctuations
otherwise inaccessible using other techniques. The typical obtained data are ﬁt to the standard Helfrich mechanical model. The
applications and limitations of the device are discussed, as well as other potential uses to which the apparatus may be applied by
rational extension of the approach presented.

1. INTRODUCTION
Interest in aqueous biological and biophysical membranes has
grown for decades, motivated in part by the potential
applications for biocarriers and especially by the desire to
understand the fundamental biophysics.1,2 One limitation to
suﬃcient fundamental understanding is the spatial and
temporal resolution of measurement techniques.3,4 The best
resolution of current state-of-the-art systems is >10 nm, with
consequent temporal resolution of typically dozens of
milliseconds. While scattering techniques oﬀer angstrom
resolution, the systems are limited to either multilayers of
supported bilayers or vesicles of signiﬁcantly smaller size than
addressed in the present paper. Especially for assessing
nonequilibrium ﬂuctuations with high resolution, it is desirable
to study free-standing giant unilamellar vesicle (GUV)
membranes, but few instruments have the capability to do
this, possibly because of the requisite sophisticated design of
such experiments.3,5 There is no agreement between the
mechanical properties obtained by diﬀerent authors and
diﬀerent applied techniques,4 possibly because the techniques
diﬀer so much in their sensitivity.
To admit unambiguous interpretation, experiments should
have a wider dynamic range. In the present context, what is
desired is a device designed for optimal sensitivity. Amplitudes
of membrane ﬂuctuations are typically of the order of
nanometers when induced by thermal energy.6 In order to
observe interesting eﬀects, the vesicle should be free-standing
and unilamellar. It is necessary to obtain measurements whose
essential physical meaning is clear. Previously, Gögler et al.7
proposed a method that allows detecting membrane
ﬂuctuations in the subnanometer range with exceptional
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frequency resolution, without need for labeling. In this paper,
the original design is revised with updated design and analysis,
signiﬁcantly extending the approach. The sensitivity of the
system improved in both spatial and temporal resolution, and
the earlier necessity of ﬁtting data using an eﬀective viscosity
parameter was abolished.

2. RESULTS
A device designed with the aforementioned considerations in
mind is shown in Figure 1a. Precise measurement of
membrane ﬂuctuations is accomplished by collecting a focused
laser beam scattered on the membrane interface using a
position-sensitive photodetector. The displacement of the
membrane is directly reﬂected as the electrical signal change
on the detector. It permits a high noise-to-signal ratio
detection, allowing to resolve the ﬂuctuation of localized
membrane volume (∼1000 nm cross section) with four
decades of frequency (1−10,000 Hz) and amplitude (0.01−
100 nm). As shown in Figure 1b,c, a typical PSD is plotted for
measurements of a GUV of DOPC, which is a standard lipid
for the membrane study. Herein, we provide a detailed
description of the instrumental system.
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motion of a single spherical particle at very high bandwidth
(>MHz). Here, the technique is used to detect membrane
ﬂuctuations by decreasing the laser power several orders of
magnitude to avoid trapping and using an appropriate lowpower detection system.
The system should be isolated from potential drifts, hence, it
is placed in a closed box for thermal control and on a
vibration−isolation table. The temperature was room temperature, ∼24 °C, with a stability of ±0.1° C/h and was
monitored throughout using a cable-type temperature probe
placed in proximity to the sample (TSP 01, Thorlabs, USA).
The upper detection bandwidth of the system is about ±100
nm. In order to ensure the system’s performance, the
appropriate choice of laser and detector is important. These
components should be chosen to have the lowest possible
noise level, while the detector should have a high enough gain
to detect a low-power laser beam (∼100 μW). A balanced
detector is a good option unlike quadrant photodetectors as it
ampliﬁes directly the diﬀerential signal with lower crosstalk
between detectors. It allows one to achieve much higher gain
and bandwidth with lower noise.
The great advantage of this technique is that it is a
straightforward optical system and can be combined with other
techniques. For instance, Turlier et al. combined a related
design with optical trapping and micropipette manipulation.5,10
The technique can be further combined with microﬂuidics,
ﬂuorescence microscopy, or phase-contrast imaging to extend
the approach.
2.2. Calibration and Typical Output Data. The device
needs to be calibrated in order to convert the detected
electrical signal to motion of the membrane. A typical
calibration curve is shown in Figure 2a. The piezo-stage with
the sample is moved slowly (∼10 μm/s) to scan the laser beam
through the edge of the vesicle, whose diameter is typically
≈30 μm. The two sharp edges on each side correspond to the
membrane. At these edges, a linear change of the electrical
signal along with the displacement of the GUV is obtained. For
measuring ﬂuctuations, the vesicle is moved to match the laser
beam to the edge’s center. The bandwidth of detection (linear
regime) is about ±150 nm. Hence, the system is optimized to
detect nanometer and subnanometer ﬂuctuations. A typical
time lapse of the membrane ﬂuctuation is shown in Figure 2b.
The histogram of the ﬂuctuation is shown in Figure 2c, and the
red line is in excellent agreement with Gaussian ﬁtting.
It is important to clarify that our data are collected within a
certain volume of the membrane. This is related to the
diﬀraction limit, and the theoretical radius of the spot in xy and
z directions is given by Abbe’s criteria

Figure 1. Experimental setup to measure power spectral density
(PSD) with examples of repeatability. (a) Schematic layout of the
system. The laser beam is focused on the vesicle edge using an
objective with high numerical aperture (NA). The beam is shifted by
the membrane motion and collected using a second objective. The
time-resolved signal is detected by a position-sensitive detector. A
piezo-stage is used to calibrate the signal to the displacement of the
membrane. (b,c) Typical PSD obtained using the example of a 1,2dioleoyl-sn-glycero-3-phosphocholine (DOPC) vesicle (b100
points log-binned; cwithout binning). Measurements are carried
out at the rate of 60 kHz per second. Solid lines show averaged PSD
from eight measurements.

2.1. Instrument to Measure Fluctuations. The
schematic layout of the system is shown in Figure 1a. The
laser beam from the stabilized He−Ne laser (HRS015B,
Thorlabs, USA) is focused on the edge of the GUV using an
oil-immersion objective with high NA (1.46, 63×, Zeiss,
Germany). The beam is scattered by vesicle membrane motion
and collected using a second, high NA oil-immersion objective
(NA = 1.2, 63×, Zeiss, Germany). The time-resolved
deﬂection signal is detected by a position-sensitive balanced
detector (PDB450A, Thorlabs, USA) and collected using a
data acquisition board(USB-6341 BNC, National Instruments,
USA). A piezo-stage (P-527, Physik Instrument, Germany) is
used to calibrate the electrical signal to the equivalent
displacement of the membrane. In parallel, the vesicle is
imaged using a CMOS camera (DCC1240M, Thorlabs, USA).
Brightﬁeld images were obtained by illuminating with a 490
nm light-emitting diode (M490L4, Thorlabs, USA). The
device design resembles in many aspects the position detection
system of optical tweezers,8,9 that design was used to detect

Δxy =

λ
2 NA

(1a)

Δz =

2λ
NA2

(1b)

where λ is the laser wavelength and NA is the numerical
aperture of focusing objective.
For our system, λ = 633 nm and NA = 1.46, which gives Δxy
= 300 nm and Δz = 590 nm. The measured out-of-plane
ﬂuctuations are in the xyz volume whose cross section is an
ellipsoid with a ≈ 1200 nm and b ≈ 600 nm. The intersection
between the major axis of the laser beam and GUV was
calculated as Δintersection. With this, the number of modes
resolved in the system can be calculated
B
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Figure 2. Experiment produces a Gaussian distribution of ﬂuctuation
amplitudes. (a) Calibration of the detector signal. The piezo-stage is
moved at 10 μm/s, and the signal dependence is collected. Two sharp
edges on each side correspond to the vesicle edges. (b) Typical
output signal. The laser beam is positioned on the edge of the vesicle,
allowing one to detect subnanometer ﬂuctuations of the membrane.
(c) Histogram of the obtained signal with the red line showing
Gaussian ﬁtting.

l=

2πR
Δintersection

Article

Figure 3. Analysis of data regarding PSD in terms of the membrane
tension, bending modulus, and frequency-dependent mode. (a) PSDs
of ﬁve diﬀerent GUVs. Circles are log-binned experimental data
points; solid lines are the best ﬁts; the dashed red line shows the
resolution limit of conventional techniques such as phase-contrast
imaging13 or ﬂuorescence spectroscopy.14 Inset shows zoom-in plots,
where black areas are ﬁts with lesser goodness, corresponding to the
mesh shown in (b). (b) Fitting mesh representing deviation from the
best ﬁt (SSE/SSEmin = 1). (c) Amplitude ⟨ulm⟩2(l) for each GUV,
calculated by inserting the best ﬁt parameters into eq 3b. The plot is
up to lmax. From these data, averaged values of bending modulus and
tension are κ = 8.8 ± 5.8 kBT and σ = 0.2 ± 0.1 μN/m for the given η
= 1.1 cP and R = 17.8 ± 3.3 μm.

(2)

where l is number of modes resolved, and 2πR is perimeter of
GUV.
For typical GUVs studied in the paper of R = 15 μm, this
gives l = 78. Higher modes are averaged and limit our higherfrequency range data, depending on the membrane properties.
More precise estimation of the upper limit will be given below,
after introducing the mechanical model describing the GUV
membrane.
2.3. Mechanical Model. PSD representation of the
membrane ﬂuctuation is convenient for analysis. Illustrative
Fourier transforms of the data are shown in Figure 3a. The
circles represent logarithmically binned experimental data
points (100 bins) and include ﬁve diﬀerent GUVs, for each
of which ﬂuctuation data were collected repeatedly seven
times, each time for 1 s at 60 kHz. Only the mean PSD is
shown for each vesicle (standard deviation not shown). It can
be seen that our detection range gets up to 10 kHz and 0.1 nm.

These data are analyzed to characterize mechanical properties
of the membrane.
The common theory used to describe membrane dynamics
is the Helfrich Hamiltonian.11 We adopt this theory, expanded
in spherical harmonics by Milner and Safran.12 It describes
membrane ﬂuctuations of spherical vesicles using angledependent functions
ij
j
r(Ω) = R jjj1 +
jj
k

C

yz

∑ ulmYlm(Ω)zzzzz
l ,m

z
{

(3a)
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kBT
κ(l + 2)(l − 1)l(l + 1) + σR2(l + 2)(l − 1)
(3b)

where Ω is the solid angle, R is the mean radius of the sphere,
Ylm are the spherical harmonics, ulm is the ﬂuctuations
amplitude, kB is the Boltzmann constant, T is the temperature,
κ is the bending modulus, l and m are the modes, and σ is the
membrane tension.
The amplitude of an excited wave decays exponentially in an
overdamped system and can be characterized by its
autocorrelation function. The relaxation frequency (wl) of
each mode in spherical harmonics is given by the Lamb
solution
ulm(t )ul′m′(0) = δll′δmm′ |μlm |2 exp( −wlmt )
ωl =

(4a)

κ(l + 2)(l − 1)l(l + 1) + σR2(l + 2)(l − 1)
ηR3Z(l)
(4b)
2

Z(l ) =

(2l + 1)(2l + 2l − 1)
l(l + 1)

(4c)

where η is the mean viscosity of surrounding medium and t is
the time.
The Wiener−Khinchin theorem relates PSD to the Fourier
transform of the autocorrelation function. We are detecting
signals from a single point; therefore, the equation has to sum
over all q modes, leading to the following equation

Figure 4. Data analysis at a higher frequency is limited by the mode
resolution. This can be expressed as PSD ratio:
l = 1000
l
∑l = max +1 PSD(l)/∑lmax
PSD(l). Panel (a) refers to ﬁxed σ = 1 μN/
=2
m with κ varied. Panel (b) refers to ﬁxed κ = 1 kBT with σ varied. The
data refer to a typical GUV with R = 15 μm and lmax = 78.
l = 1000

lmax, m =+l

PSD(ω) =

∫ dt ∑

2

to 1000) to the sum of accessible modes, that is,

exp(−wlmt )exp( −iwt )

|μlm |

(5a)
lmax

∑
l=2

|μlm |2

ωl

2l + 1
ωl + ω 4π
2

2

l

∑lmax
PSD(l)
=2

with PSD(l) calculated using eq 5b. The results show that our
limit is ∼1−10 kHz depending on how rigid is the membrane.
Accordingly, for the case of DOPC which is a soft GUV with κ
≈ 10 kBT, we ﬁt the data only up to 3 kHz, as shown in Figure
3a, taking into account the mode resolution.
This method of ﬁtting shows a noteworthy diﬀerence from
the earlier work of Betz and Sykes where the “eﬀective”
viscosity was at least 10 times overestimated.6 The possible
reasons could be the following: (1) use of more appropriate
cross section of detection in our study, that is, diameter of the
detection beam (eqs 1a and 1b), as lateral resolution of the
system (2λ/NA2) is more appropriate; this gave us 1180 nm
instead of 260 nm; (2) use of more sharply focused beam; and
(3) exclusion of mode-limited frequencies from the ﬁtting.
Other limitations of the system arise if one seeks to measure
very stiﬀ membranes, as in such cases, the ﬂuctuation
amplitudes become smaller than those from unavoidable
translational vibrations of the entire GUV. In such cases, we
start to observe a characteristic log−log slope in which the
PSD varies as 1/f2.
2.4. GUV Preparation. The formation of the GUVs (or
liposomes) is well described in reviews.16 Many methods have
been developed to facilitate the self-assembly of lipids into
GUVs (>1 μm), such as electroformation, gentle hydration,
freezing−thawing, and inverted emulsion. The properties can
be adjusted by combining diﬀerent lipids, copolymers, or
proteins.17 Here, we use electroformation for its high yield and
stability of the formed vesicles. The DOPC was purchased
from Avanti, USA. Vesicles were formed, according to the
following protocol: (1) the suspension of lipids (10 mg/mL)
was prepared in chloroform and deposited on indium tin

l = 2, m =−l

PSD(ω) =

∑l = max +1 PSD(l)

(5b)

where w is the frequency. The sum starts at the second mode,
as l = 0 mode is a compressive mode (excluded by the
incompressibility condition of the medium), and the l = 1
mode is a displacement of the whole vesicle.12
The latter expression was used to ﬁt the measured data in
order to get κ and σ at thermal equilibrium. Fits to the model
for ﬁve diﬀerent GUVs are shown in Figure 3a,b; the data are
nicely consistent, and meshes show the parameter range of ﬁts
with lesser goodness. The average of the best ﬁtted values for
DOPC GUVs are κ = 8.8 ± 5.8 kBT and σ = 0.2 ± 0.1 μN/m
for the known η = 1.1 cP and R = 17.8 ± 3.3 μm. These values
are similar to those obtained using other techniques (electrodeformation, micropipette aspiration, tether pulling, and
diﬀuse X-ray scattering from the bilayer stack), as summarized
by Gracia et al.15 Now it is possible to draw the ⟨|ulm|2⟩(l)
using eq 3b, which is shown in Figure 3c. This representation
is similar to the one used in the shape analysis technique that is
more commonly used.13 There, amplitude per modes can be
read out experimentally, as in this method, the entire perimeter
of the vesicle can be analyzed. However, this technique has the
disadvantage of smaller frequency and amplitude resolution.
Limitations to analysis of our higher frequency data stem
from nonassessable modes. As shown in Figure 4, typical
limitations are represented as a function of κ and σ. This is
assessed by taking the ratio of the sum of remainder modes (up
D
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oxide-coated glass; (2) the organic residue was removed by
drying it under stream of nitrogen and subjecting the remnant
to vacuum for 4 h; and (3) GUVs were self-formed after
rehydrating in 300 mM sucrose solution in distilled water and
overnight exposure to the ac ﬁeld (10 V and 10 Hz) inside the
enclosed chamber. In order to measure membrane ﬂuctuations,
GUVs were resuspended in 300 mM glucose solution, and they
were allowed to sediment to the bottom of the experimental
chamber, which consisted of two cover glasses separated by a
120 μm spacer (654,002, Grace Bio Labs, USA), enclosed to
prevent evaporation. Even slow evaporation could excite
unwanted ﬂuctuations of the vesicles. Poly(ethylene glycol)
(PEG)-coated cover glasses (PEG-02, Microsurface, USA)
were used to prevent adhesion of vesicles to the surface. It was
an important point as tension applied to the vesicle by glassmembrane attraction could easily alter the shape of vesicles
and produce dramatic changes in the membrane ﬂuctuations.
The measurement time for each sample cell was a few hours.
The unilamellarity of vesicles was evaluated from the signal on
the membrane interface. In rare cases, we found vesicles that
were visually thicker than others and displayed higher signal
change at the interface. Interpreting such cases to be
multilayered vesicles, we avoided analyzing such data.
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3. CONCLUSIONS
In this article, we address the design, calibration, and
performance of an apparatus to measure subnanometer
ﬂuctuations of free-ﬂoating GUVs at submillisecond time
scales. It is a noninvasive measurement method, allowing to
measure both relatively stiﬀ and ﬂoppy membranes. It has
potential to be applied for assessing the nature of ﬂuctuations
hidden below state-of-the-art resolution of earlier instruments.
Rational extension of the technique can be achieved by
incorporating ﬂuorescence microscopy, phase-contrast imaging, or microﬂuidics. The apparatus described here will allow
performing delicate experiments with active membranes,
cellular membranes, or even liquid droplet interface ﬂuctuations.
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