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A B S T R A C T

Highly parallel measurements on single, tethered lipid vesicles enable real-time monitoring of dynamic mem-
brane interactions of relevance to medical, pharmaceutical, and biotechnological applications. Monitoring the
time-dependent release of entrapped fluorescent dyes is a popular measurement approach, although it is often
challenging to accurately extract quantitative biochemical parameters. Key issues include dye leakage and
imaging-related photobleaching, and corrective measures are needed. Herein, we present an extended analytical
framework to collect and interpret time-lapsed fluorescence microscopy imaging data, and demonstrate its
utility for tracking membrane-peptide interactions. Our approach is focused on improving platform design and
data analysis. First, we identified suitable membrane compositions to minimize dye leakage while enhancing the
biomimetic character of lipid vesicles. Second, a data normalization procedure was developed to correct for
experimental artifacts, namely dye leakage and photobleaching, and hence improve measurement accuracy. This
analytical procedure was applied to experimentally determine the rate of peptide-induced pore formation in
single lipid vesicles, and there was up to a nearly three-fold decrease in the measured rate, as compared to
uncorrected data. Taken together, the results present a broadly applicable analytical framework to account for
experimental artifacts and improve measurement accuracy in highly parallel, single lipid vesicle arrays.

1. Introduction

The rational design of nanoscopic soft matter assemblies at solid-
liquid interfaces offers excellent potential for developing nanoarchi-
tectonic-based measurement platforms for a wide range of biosensing
and biotechnology applications [1–4]. Towards this goal, surface-based
model membranes are useful experimental platforms for characterizing
dynamic membrane interactions involving biomacromolecules such as
interfacial enzymes and amphipathic peptides [5,6]. There are many
different types of model membrane platforms, including supported lipid
bilayers [7], tethered lipid bilayers [8], and adsorbed/tethered vesicles
[9], that mimic key features of biological membranes. Depending on the
application, different model membranes have particular sensing merits
and adsorbed/tethered lipid vesicles have provided a versatile model
system to interrogate the mechanism of action of membrane-active
compounds [10–12].

In some cases, lipid vesicles adsorb via physisorption onto a solid

support and form a close-packed layer [13]. Membrane-active com-
pounds are then added to the adsorbed vesicle layer and numerous
surface-sensitive techniques can be utilized to study interaction pro-
cesses, including acoustic [14] and optical [15] sensors. These ap-
proaches focus on measuring time-resolved changes in adlayer prop-
erties such as film mass, leading to insights into membrane curvature
[16], lipid composition [17], and membrane swelling [18]. However,
data interpretation is oftentimes challenging because the measurements
are conducted on the ensemble-level and influenced by vesicle-sub-
strate and vesicle-vesicle interactions [19]. Hence, there is strong in-
terest in developing surface-based lipid vesicle platforms that enable
direct investigation of biomacromolecular interactions at the single-
vesicle level [20–22].

Towards this goal, the tethering of sub-100 nm lipid vesicles offers
excellent potential to prepare surface-based lipid vesicle platforms. The
surface is oftentimes functionalized with a passivating layer such that
nonspecific vesicle adsorption is nullified while specific tethering of
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lipid vesicles is aided by high-affinity noncovalent interactions such as
biotin-streptavidin [23], nucleic acid hybridization [24], and alkyl
chain attachment [25]. The platforms can be tracked using fluorescence
microscopy techniques, including confocal [26,27], total internal re-
flection [28,29] and epifluorescence [30] modes, or alternatively label-
free methods such as interferometric [31] and evanescent [32] light-
scattering microscopy techniques. In such embodiments, individual
vesicles are detected on the basis of fluorescent labels or light scattering
properties [33,34]. Importantly, time-lapsed imaging capabilities en-
able highly parallel measurements across thousands of individual lipid
vesicles in a single experiment [35].

Since dynamic membrane interactions often involve steps such as
membrane permeabilization and membrane lysis, there has been in-
terest in developing multi-probe systems whereby individual measure-
ment responses are sensitive to different aspects of interaction pro-
cesses. For example, a two-fluorophore approach for single-vesicle
measurements has been described [28,36] that incorporates water-so-
luble calcein in the vesicle interior and a rhodamine-labeled phospho-
lipid in the vesicle’s lipid bilayer. In general, a key premise is that the
fluorescence signals are stable in the absence of an added membrane-
active compound. However, numerous experimental factors can affect
the fluorescence signals, including photobleaching and dye leakage
[37,38]. As a result, there is an outstanding need to improve mea-
surement accuracy by improving platform design along with estab-
lishing normalization procedures to correct for experimental artifacts.

Herein, we present an extended analytical framework to collect and
interpret time-lapsed fluorescence microscopy imaging data and de-
monstrate its applicability for accurately measuring the rate of peptide-
induced pore formation in single lipid vesicles. Systematic experiments
identified that dye leakage and imaging-related photobleaching cause
experimental artifacts, leading us to employ more stable lipid compo-
sitions and develop a data normalization procedure to correct for ex-
perimental artifacts.

2. Materials and methods

2.1. Reagents

Lipids, including 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-
2000] (DSPE-PEG(2000)biotin), and 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-PE), along
with cholesterol (ovine wool) were obtained from Avanti Polar Lipids
(Alabaster, AL, USA), and received in chloroform stock solutions. An
amphipathic, α-helical (AH) peptide (SGSWLRDVWDWICTVLTDFKT-
WLQSKL-NH2) was synthesized by Anaspec Corporation (Fremont, CA,
USA) and supplied in lyophilized form. A stock solution was prepared
by dissolving AH peptide in deionized water, and the molar con-
centration of peptide was determined by absorbance measurements at
280 nm wavelength. All dilution steps were performed using 10mM
Tris [pH 7.5] buffer solution with 150mM NaCl (experimental buffer).
All solutions were prepared using high-purity, Milli-Q-treated water
(MilliporeSigma, Burlington, MA, USA).

2.2. Vesicle preparation

Small unilamellar vesicles (SUVs) were prepared by the extrusion
method, as previously described [39]. The phospholipid/sterol mixture
(DOPC alone or with DOPS or cholesterol) included 0.7mol % of Rh-PE
(maximum excitation and emission wavelengths of 560 and 583 nm,
respectively) and 0.1mol % DSPE-PEG(2000)biotin, and all compo-
nents were dissolved and mixed in chloroform, and then dried under a
stream of nitrogen air. Afterwards, the dried lipid film was incubated
overnight under vacuum to remove residual chloroform. Multilamellar
vesicles were then generated by hydrating and vortexing the lipid

sample in a 10mM Tris [pH 7.5] buffer solution with 150mM NaCl at a
mass concentration of 2mg/ml. In the buffer, 14.3 mM calcein dye
(maximum excitation and emission properties of 494 and 517 nm, re-
spectively, which is well-suited for tracking applications; see Ref [40].)
was included to facilitate dye encapsulation within the lipid vesicles.
After hydrating the lipid samples, the vesicles were subjected to seven
cycles of freeze-thaw treatment to increase encapsulation efficiency and
unilamellarity. Then, the lipid suspension was repeatedly passed
through a 100-nm diameter polycarbonate filter for a total of 11 times
by using a MiniExtruder (Avanti Polar Lipids). The as-prepared vesicle
suspensions were diluted right before experiment to a mass con-
centration of 0.2mg/ml, and non-encapsulated calcein was removed by
a Sephadex G-25 gel filtration column (GE Healthcare Life Sciences,
Pittsburgh, PA, USA) [28].

2.3. Epifluorescence microscopy

Imaging experiments were conducted using a Nikon Eclipse Ti-E
inverted microscope with a 60× oil-immersion objective (NA 1.49).
The excitation source was a mercury-fiber illuminator C-HGFIE
Intensilight (Nikon, Tokyo, Japan), and the light was passed through an
alternating dichroic filter block (Ex 480/40, Em 535/50) or (Ex 545/30,
Em 605/70) for imaging in the FITC and TRITC channels, respectively.
An Andor iXon3 897 EMCCD camera was used to obtain the images at
the rate of 1 frame per 0.4, 1 or 15min in 4, 8 or 12 neighboring spots,
respectively, to minimize thermal drift and loss of focus. The experi-
mental substrate was enclosed within a microfluidic chamber, and li-
quid sample was introduced at a flow rate of 100 μl/min, as controlled
by a peristaltic pump (model no. ISM833C, Ismatec, Wertheim,
Germany).

2.4. Tethered vesicle platform

Glass coverslips (ibidi GmbH, Martinsried, Germany) were cleaned
and treated with oxygen plasma (model no. PDC-002, Harrick Plasma,
Ithaca, NY, USA) for 30 s, before being assembled in a microfluidic
chamber (sticky slide VI 0.4, ibidi GmbH). The coverslips were then
coated with a mixture of 50/50 wt% poly(L-lysine)-grafted poly(ethy-
lene glycol) (PLL-g-PEG) and poly(L-lysine)-grafted poly(ethylene
glycol)-biotin (PLL-g-PEG-biotin) (SuSoS AG, Dübendorf, Switzerland)
at a bulk mass concentration of 41.5 μg/ml. The incubation time was
30min followed by rinsing in equivalent buffer solution. Then, the
surface was incubated with 10 μg/ml neutravidin for 5min, followed by
buffer washing. Biotinylated vesicles were next immobilized on the
functionalized surface by biotin-neutravidin coupling at a bulk mass
concentration of 0.025 μg/ml. All materials were introduced at a flow
rate of 100 μl/min by using a peristaltic pump (Ismatec).

2.5. Image analysis

The single vesicle image analysis was performed using ImageJ
software (National Institutes of Health, Bethesda, MD) and an in-house
software program written in Python code, as previously described
[28,41]. The process is divided into three steps: image adjustment;
extraction of fluorescence intensity for individual vesicles; and ex-
ponential decay fit to acquire histograms. Image adjustment comprises
background removal and image alignment, which is achieved by ap-
plying least-squares fits to remove background noise and minimize re-
sidual errors across the entire time series. Then, the fluorescence in-
tensity of individual vesicles was extracted by labeling all vesicles that
were above a defined threshold value. As described in Ref [30], de-
fining the threshold is an important step for analyzing the correlation
between vesicle size and fluorescence intensity. As a result, the time-
resolved data reporting the change in an individual vesicle’s fluores-
cence intensity was exported and fit using a nonlinear (exponential
decay) function to obtain the onset of pore formation (as indicated by
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the calcein signal) or rupture time (as indicated by the rhodamine
signal) during the vesicle rupture process.

2.6. Statistical analysis

To compare results between adjacent test groups, the two-tailed t-
test was performed in order to calculate p-values (*P < 0.05,
***P < 0.001). In the box plots, the boundary of the box closest to zero
indicates the 25th percentile, a black line within the box marks the
median, a circle symbol within the box marks the mean, and the
boundary of the box farthest from zero indicates the 75th percentile.
Whiskers below and above the box indicate the 5th and 95th percen-
tiles, respectively. The number of vesicles analyzed per sample was
typically> 500 and the standard deviation (s.d.) was defined as IQR/
1.35, where IQR is the interquartile range. For histogram plots, the
mean ± s.d. was determined by Gaussian fitting and s.d. is defined as
FWHM/2.355, where FWHM is the full-width-at-half-maximum.

3. Results and discussion

3.1. Highly parallel measurement platform for single vesicle analysis

As part of the platform, fluorescently labeled vesicles were tethered
to a thin layer of PLL-g-PEG-biotin coating by biotin-neutravidin-biotin
coupling (Fig. 1A) [42]. Vesicles were immobilized at low surface
coverage, which enables high spatial discrimination between individual
vesicles for monitoring purposes (Fig. 1B). Up to ˜300 vesicles are ob-
served per field of view and highly parallel measurements are attain-
able by scanning multiple fields of view in coordinated fashion (Fig.
S1). The tethered vesicles contained two different fluorescent labels for
probing membrane interaction processes. Water-soluble calcein was
included in the vesicle interior and a decrease in the calcein signal
indicated membrane permeabilization (pore formation) [43], while
rhodamine-labeled phospholipids were included in the lipid bilayer and
a decrease in the rhodamine signal signified membrane lysis [44].

3.2. Quantification of photobleaching effect on single lipid vesicles

Photobleaching involves the photochemical destruction of fluor-
ophores, and is a cumulative effect that arises from repeated excitation-
emission cycles and depends on numerous factors, including dye
properties along with exposure frequency, exposure time and excitation
energy (light intensity) [45]. In experiments, the frequency of light
exposure, which is defined as the imaging (time) interval, is an im-
portant parameter to optimize. Therefore, we sought to quantify the
effects of different imaging time intervals on the fluorescence properties
of single vesicles. During imaging, blue (494 nm) and green (560 nm)
fluorescent light were used to excite calcein and rhodamine dyes for 20
and 100ms, respectively, followed by detection of green or red emitted
light at the longer wavelengths of 517 nm (calcein) and 583 nm (rho-
damine), respectively (Fig. 2A). We first checked the stability of the two
fluorescence signals associated with individual vesicles under ambient
conditions (buffer flow) for 60min. Image collection was conducted
every 0.4, 1, or 15min. The 3D contour plots of the fluorescence in-
tensity profile for a representative vesicle show how the calcein signal
typically decreased over time, while the rhodamine signal remained
largely stable (Fig. 2B). In addition, excitation with shorter-wavelength
light (i.e., blue light as compared to green light) typically causes greater
photobleaching effects as well [46].

Representative changes in the calcein signal for individual vesicles
as a function of imaging interval (0.4, 1, and 15min) are presented in
Fig. 2C. With increasing frequency of light exposure (shorter imaging
interval), the intensity of the calcein signal decreased more quickly and
to a greater extent. For each tested imaging interval, > 1000 vesicles
were monitored in parallel and the calcein intensity for each individual
vesicle at the end of the measurement period (at 60min.) was recorded

(Fig. 2D). For the 0.4 and 1-min imaging intervals, the mean calcein
signal dropped to 0.15 ± 0.08 and 0.16 ± 0.08, respectively. On the
other hand, for the 15-min interval, the mean calcein signal was around
0.50 ± 0.20, indicating that less photobleaching occurred than with
the more frequent imaging intervals.

Likewise, the dependence on the imaging interval supports that the
drop in calcein signal is related to the photobleaching effect [47]. By
contrast, the rhodamine signal for individual vesicles showed minimal
changes across the 60-min measurement period for all tested imaging
intervals, as presented in Fig. 2E. The mean rhodamine signal for 0.4, 1,
15min was 0.94 ± 0.04, 0.94 ± 0.04, and 0.95 ± 0.04 respectively
(Fig. 2F). As such, the data indicate that the calcein signal is sensitive to
photobleaching effects while the rhodamine signal is less sensitive,
which agrees well with the relatively high photostability of rhodamine-
based dyes [48].

3.3. Optimizing membrane composition

We sought to further investigate how membrane composition affects
the calcein signal response. Indeed, calcein can translocate across lipid
bilayers without membrane disruption [49], especially when lipid ve-
sicles are in the immobilized state [50]. Therefore, we modified the
standard zwitterionic lipid composition so that it is more biologically
relevant while also improving the stability of the measurement re-
sponse, e.g., minimizing the nonspecific leakage of calcein molecules.

3.3.1. Effect of incorporating anionic lipids
In order to minimize calcein leakage, we hypothesized that in-

corporating negatively charged DOPS lipids would be an effective
choice because calcein is an acidic molecule (net charge of –4 at pH 7.5;
Ref. [51]). Therefore, we tested the effects of incorporating 0–10mol %
DOPS lipid into lipid vesicles on calcein dye leakage. In all cases, the
average vesicle diameter was around 115 nm and the lipid compositions
were in the fluid-phase state [52] (see Fig. S2).

Representative kinetic curves of individual vesicles are presented
for the calcein signal response as a function of DOPS lipid fraction
(Fig. 3A). Up to 7.5mol % DOPS, the rate of decrease in the calcein
signal became smaller with increasing DOPC fraction. The trend sup-
ports that DOPS lipid incorporation inhibited dye leakage due to elec-
trostatic repulsion between calcein molecules and the lipid bilayer.
Interestingly, however, 7.5 mol % DOPS was more effective than 10mol
% DOPS at preventing dye leakage. This observation is likely due to
higher DOPS fractions increasing the molecular surface area per lipid
headgroup as the result of lateral deformations in the mixed lipid bi-
layer [53,54]. Hence, there is a balance between inhibiting calcein
leakage by promoting electrostatic repulsion between calcein molecules
and the lipid bilayer and maintaining structural packing within the lipid
bilayer.

Quantitatively, the incorporation of 2.5 and 5mol % DOPS lipid led
to significant increases in the final fluorescence intensity, with values of
0.34 ± 0.06 and 0.35 ± 0.12, respectively (Fig. 3B). Notably, for the
7.5 mol % DOPS, the final fluorescence intensity decreased to only
0.56 ± 0.14, while the final value was 0.37 ± 0.09 for the 10mol %
DOPS case. Altogether, the results support that incorporation of DOPS
lipid into tethered vesicles can mitigate nonspecific release of calcein
dye, and a specific fraction (7.5 mol % DOPS) improved stability of the
calcein signal by over 3-fold. The lipid composition was fixed at a
7.5 mol % DOPS fraction for further testing.

3.3.2. Effect of incorporating cholesterol
We next investigated the effect of incorporating cholesterol into

DOPC/DOPS lipid vesicles. Cholesterol is a small amphipathic molecule
that intercalates within lipid bilayers and regulates membrane fluidity
and rigidity, thereby decreasing membrane permeability [55,56].
Within the test range of cholesterol fractions (0–7.5 mol %), the average
vesicle diameters were in the range of 115–120 nm with a slight

S. Park, et al. Colloids and Surfaces B: Biointerfaces 182 (2019) 110338

3



increase in diameter depending on the cholesterol fraction [55] (see
Fig. S2), and the cholesterol-containing membranes can have a coex-
istence of liquid-disordered and liquid-ordered phases [57,58].

Representative kinetic curves of individual vesicles are presented
for the calcein signal response as a function of cholesterol fraction
(Fig. 4A). Even small amounts of cholesterol mitigated the nonspecific
release of calcein dye, likely due to reinforcing packing between the
unsaturated hydrophobic chains of DOPC and DOPS phospholipids
within the bilayer [59,60]. At higher cholesterol fractions (5 and
7.5 mol %), there was a similar degree of protection against nonspecific
calcein dye release. The results are further corroborated by statistical

analysis, indicating that, for 2.5mol % cholesterol, the mean fluores-
cence intensity after 60min was 0.67 ± 0.10, which is significantly
higher than the control case without cholesterol (Fig. 4B). Likewise, the
mean fluorescence intensity values for 5 and 7.5mol % cholesterol were
0.71 ± 0.06 and 0.71 ± 0.09, respectively.

Collectively, the results indicate that optimization of the lipid
composition, namely by incorporating specific amounts of DOPS lipid
and cholesterol, can reduce the extent of nonspecific calcein dye release
while maintaining stable rhodamine signals. Of note, similar perfor-
mance levels were achieved independently of vesicle size, indicating
that membrane optimization is a generic approach for stabilizing

Fig. 1. Schematic illustration of two-probe, highly parallel measurement platform for single vesicle analysis. (A) Molecular structures of the lipid and fluorophore
components that are used for constructing the tethered vesicle platform. (B) Top: Schematic illustration of tethered vesicle array for monitoring changes in membrane
permeability (water-soluble calcein dye, green; encapsulated within lipid vesicles) and membrane rupture (rhodamine dye-labeled phospholipid, red; in a vesicle’s
lipid bilayer). Bottom: Time-lapsed imaging is performed, and changes in fluorescence properties of individual, sub-100 nm vesicles can be analyzed. Scale bars are
15 μm.
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tethered vesicles (Figs. S3–S4).

3.4. Quantitative evaluation of a membrane-active peptide

Membrane permeabilization and pore formation – processes which
are sensitively detected by the release of entrapped calcein dye mole-
cules – are critical steps involved in the mechanism of action of nu-
merous membrane-active compounds such as amphipathic peptides
[61]. Artifact-related decreases in the calcein signal can lead to an
overestimation of a membrane-active compound’s permeabilizing

activity. As such, correcting for artifact-related effects can improve
measurement accuracy, motivating us to quantitatively evaluate the
membrane-disruptive behavior of an amphipathic, α-helical (AH) pep-
tide as a model system [62].

The tested AH peptide is known to form pores in small vesicles
(< 160 nm diameter) leading to vesicle rupture once a critical density
of pores is formed in the lipid bilayer (Fig. 5A) [63,64]. In single-vesicle
measurements, AH peptide-induced pore formation and membrane lysis
can be tracked by monitoring time-resolved decreases in the calcein and
rhodamine signals, respectively (Fig. 5B). We first investigated the

Fig. 2. Time-dependent changes in calcein and rhodamine signals under different imaging interval conditions. (A) Schematic illustration of time-dependent changes
in the two measurement signals (B) 3D fluorescence intensity profiles show time-resolved changes in calcein and rhodamine signals. Representative data are shown
for a 1-min imaging interval. (C) Time-lapsed changes in the fluorescence intensity of the calcein signal for individual vesicles for different imaging intervals. (D)
Statistical comparison of the final intensity of the calcein signal for individual DOPC lipid vesicles at the end of the 60-min measurement period. (E,F) Equivalent data
for the rhodamine signal as shown in panels (C,D). ***P < 0.001 compared to other groups by two-tailed t-test.
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effects of bulk AH peptide concentration (10–1000 nM) on the time
scale of peptide-induced pore formation and corresponding membrane
lysis in DOPC lipid vesicles. This range of peptide concentrations was
selected because it is sufficiently high to induce pore-induced vesicle
rupture while the resulting interaction process occurs on a suitable
timescale to track the corresponding interaction kinetics [28,65]. For
all tested peptide concentrations, there was a two-step decrease in the
calcein signal, namely a nearly linear, gradual decrease followed by a

more rapid drop (Fig. 5C). The initial stage coincides with the onset of
pore formation in a lipid vesicle and there is hindered diffusion of dye
molecules through one or a few pores, while a more rapid drop began
after a critical density of pores was formed in the vesicle and more
extensive dye release can thus occur until no dye remains inside the
vesicle [28,64]. With increasing peptide concentration from 10 nM to
1000 nM, the timescale of calcein release decreased from
7.4 ± 1.2min to 1.9 ± 0.3min, as determined by Gaussian curve-

Fig. 3. Influence of DOPS phospholipid incorporation on cal-
cein dye release. (A) Time-lapsed changes in the fluorescence
intensity of the calcein signal for individual vesicles as a
function of DOPS lipid fraction, with a 1-min imaging interval.
(B) Quantification of the normalized fluorescence intensity of
individual DOPC/DOPS lipid vesicles after 60min. Each data
point corresponds to a single vesicle. *P < 0.05,
***P < 0.001 compared to other groups by two-tailed t-test.

Fig. 4. Influence of cholesterol incorporation on calcein dye
release. (A) Time-lapsed changes in the fluorescence intensity
of the calcein signal for individual vesicles for different cho-
lesterol fractions, with a 1-min imaging interval. The DOPS
lipid fraction was 7.5 mol %. (B) Quantification of the nor-
malized fluorescence intensity of individual DOPC/DOPS lipid
vesicles after 60min. Each data point corresponds to a single
vesicle. *P < 0.05, ***P < 0.001 compared to other groups
by two-tailed t-test.

Fig. 5. Single-vesicle tracking of AH peptide-
mediated pore formation and vesicle rupture.
(A) Schematic illustration of AH peptide-in-
duced pore formation and vesicle rupture. (B)
3D fluorescence intensity profiles show time-
resolved changes in calcein and rhodamine
signals caused by AH peptide. The peptide
concentration was 100 nM. Time-lapsed
changes in the fluorescence intensity of the (C)
calcein and (D) rhodamine signals for in-
dividual vesicles that were treated with dif-
ferent AH peptide concentrations, with a 0.4-
min imaging interval.
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fitting analysis of the individual single-vesicle data points plotted in a
histogram format (Fig. S5). As further demonstrated by tracking the
rhodamine signal, 100 nM and higher concentrations of AH peptide led
to eventual vesicle rupture whereas 10 nM AH peptide was ineffective
(Fig. 5D). Therefore, we selected 100 nM AH peptide for further ex-
periments because this bulk peptide concentration is sufficiently high to
cause pore formation-induced vesicle rupture while the time scale is
relatively long and hence quantitative evaluation is encumbered by
potential measurement artifacts.

To improve measurement accuracy, we devised a procedure to
correct for membrane translocation and photobleaching of calcein
molecules (Fig. 6A). Measurement data were collected by tracking the
time-resolved changes in calcein signal when 100 nM AH peptide was
added to DOPC, DOPC/DOPS, and DOPC/DOPS/cholesterol vesicles
(Fig. 6B, reported as raw data). For all membrane compositions, pep-
tide-induced pore formation occurred and the mean times of calcein
release were similar for DOPC and DOPC/DOPS vesicles
(3.5 ± 1.1 min and 3.6 ± 1.0min, respectively), while the mean time

Fig. 6. Corrective measures for single-vesicle analysis of AH peptide-mediated pore formation. (A) Data normalization procedure to correct raw measurement data by
removing the effects of dye photobleaching and nonspecific leakage. (B) Time-lapsed changes in the fluorescence intensity of the calcein signal for individual vesicles
with different membrane compositions, with a 0.4-min imaging interval. Raw and corrected profiles refer to measurement data before and after normalization
procedure is applied. The peptide concentration was 100 nM. (C) Quantification of the initial rate of change in the calcein signal, without and with correction
procedure, for individual vesicles with different membrane compositions. Each data point corresponds to a single vesicle. ***P < 0.001 for the corrected data set
compared to the raw data set by two-tailed t-test.
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increased to 5.8 ± 1.7min for DOPC/DOPS/cholesterol vesicles (Fig.
S6). Under equivalent imaging conditions, we measured the time-re-
solved change in calcein signal for each membrane composition in the
absence of AH peptide and adjusted the experimental data for each
membrane composition (Fig. S7). Also, we verified that there was no
significant difference in the kinetic data for similar-size vesicles when
subtracting the mean values of the time-resolved change in the calcein
signal or when subtracting the time-resolved change in the calcein
signal corresponding to each individual vesicle (Fig. S8). The corrected
AH peptide interaction kinetics (reported as corrected data) indicate
that the native measurement response overestimates the rate of change
in the initial calcein drop, and the effect is most prominent for DOPC
lipid vesicles. The overestimation in the calcein drop is still significant
but to a lesser extent for DOPC/DOPS and DOPC/DOPS/cholesterol
vesicles.

To quantify the magnitude of the corrective effect for each tested
membrane composition, we determined and compared the initial rate of
change (slope) in the calcein signal for the raw and corrected kinetic
profiles of each individual vesicle (Fig. 6C). The measured slopes pro-
vide an indication of the rate of pore formation and hence the degree of
membrane-disruptive activity exhibited by AH peptide. For DOPC lipid
vesicles, the native measurement response overestimated the rate of
pore formation by a 148% relative error (0.14 ± 0.052 vs.
0.058 ± 0.051min−1), whereas the overestimate had a 58% relative
error (0.068 ± 0.034 vs. 0.043 ± 0.030min−1) in the case of DOPC/
DOPS/cholesterol vesicles. Hence, the results indicate that there is up to
a three-fold difference in the rate of pore formation depending on the
membrane composition and the corrective procedure improves mea-
surement accuracy.

The corrective procedure was also applied to the rhodamine data,
although no significant change in the measurement responses was ob-
served (Fig. S9). As mentioned above, this finding is consistent with
greater photostability of the rhodamine dye and its phospholipid an-
choring ensures that rhodamine molecules remain bound within the
lipid bilayer architecture. Taken together, the results demonstrate how
the corrective procedure can improve measurement accuracy in cases
where the dye probe is susceptible to membrane translocation/leakage
and photobleaching effects. In future work, it will interesting to further
investigate how these corrective strategies can be applied to improve
measurement accuracy for characterizing various types of biomacro-
molecular interaction processes, especially in cases where membranes
exhibit raft-like compositions among other possiblities [66].

4. Conclusion

Our findings demonstrate that experimental artifacts such as dye
leakage and imaging-related photobleaching can influence quantitative
interpretation of measurement data in single lipid vesicle measure-
ments. By taking into account the physicochemical properties of the
tested fluorescent dyes and rationally optimizing the membrane com-
position, we identified broadly applicable strategies to improve mea-
surement accuracy based on minimizing nonspecific dye leakage and
normalizing experimental data to correct for experimental artifacts. The
extended analytical framework was applied to accurately measure the
rate of peptide-induced pore formation in individual, sub-100 nm lipid
vesicles as a model system. Looking forward, these analytical cap-
abilities will prove useful for single lipid vesicle measurements.
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