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ABSTRACT: The interest on detailed analysis of peptide−
membrane interactions is of great interest in both fundamental
and applied sciences as these may relate to both functional and
pathogenic events. Such interactions are highly dynamic and
spatially heterogeneous, making the investigation of the associated
phenomena highly complex. The specific properties of membranes
and peptide structural details, together with environmental
conditions, may determine different events at the membrane
interface, which will drive the fate of the peptide−membrane
system. Here, we use an experimental approach based on the
combination of spectroscopy and fluorescence microscopy
methods to characterize the interactions of the multifunctional
amphiphilic peptide transportan 10 with model membranes. Our
approach, based on the use of suitable fluorescence reporters, exploits the advantages of phasor plot analysis of fluorescence lifetime
imaging microscopy measurements to highlight the molecular details of occurring membrane alterations in terms of rigidity and
hydration. Simultaneously, it allows following dynamic events in real time without sample manipulation distinguishing, with high
spatial resolution, whether the peptide is adsorbed to or inserted in the membrane.

1. INTRODUCTION
Peptide−membrane interactions are implicated in a broad
range of biological processes, such as protein trafficking,
cellular signaling, and ion channel formation, which are
fundamental for the development of cellular functions.1

These interactions are also recognized to be the reason for
toxicity in relation to amyloidosis.2−4 Under pathogenic
conditions, amyloid oligomers can indeed accumulate at cell
membrane interfaces causing changes to membrane integrity,
structural organization, hydration, and/or conductance. These
may in turn cause cell damages via unsolicited mechanisms
such as alteration of ion homeostasis, deregulation of signal
transduction, and changes in membrane trafficking.5,6

A large class of membrane-active peptides perform specific
functions in living organisms’ defense or offense systems via
actively targeting the lipid membrane of bacteria or other
pathogenic agents.7,8 These peptides adsorb, fold, and form
functional structures or aggregates inducing membrane
modifications such as the formation of pores, membrane
thinning, or breakage.9−11 The propensity of these peptides to
aggregate at the membrane surface, even at low peptide/lipid
ratios, suggests that an attractive, presumably lipid-mediated,
force operates between them.12

Cell-penetrating peptides (CPPs) are a class of peptides able
to cross cellular membranes and deliver macromolecular
cargoes to the inside cells by nondestructive interactions and
translocation mechanisms.13 The mechanisms include endo-

cytosis, some do not involve specific receptors, some involve
direct translocation, and for some CPPs the mechanism of
action remains elusive.9,10 Irrespective of the mechanism, the
initial step is the membrane interaction.
Membrane−peptide interaction may involve multiple

complex mechanisms, which are strongly dependent on both
the membrane lipid composition and structural details (charge,
hydrophobicity, etc.) of the bioactive peptide chains, and may
furthermore change depending on the peptide concentration,
temperature, and pH.14 In this context, membranes may
modulate the specific antimicrobial peptide activity,14,15 the
insertion level of CPPs,16,17 and amyloid-related membrane
toxicity.18−22 Moreover, cholesterol and sterols are indicated as
enhancers of “the membrane order” as they modify lipid
packing and the balance between electrostatic and hydro-
phobic interactions. For example, the effects of antimicrobial
peptides and the insertion of CPPs are often reduced in
cholesterol-rich membranes, such as those of eukaryotic cells,
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while amyloidogenic proteins or toxins have shown higher
affinity for a cholesterol-rich environment.10,14

Here, we explore the interaction of transportan 10 (TP10)
with synthetic giant vesicles (GVs) used as model membranes
by means of time-resolved quantitative fluorescence micros-
copy methods. TP10 is a 21 residue, amphipathic, cationic
CPP, which is known to translocate, alone or together with
molecular cargoes, across the plasma membrane of living cells
with enhanced affinity for cancer cells.23 It is also able to
interact with bacteria or model membranes mimicking the
bacterial bilayer composition acting as an antimicrobial
peptide.24 Specifically, TP10 was found to have antimicrobial
effects against several pathogens, and the peptide showed
potent growth inhibition against Staphylococcus aureus,
permeabilizing and killing the cells without damaging human
ones. These specific properties certainly depend on its
structural properties and on the local concentration at the
membrane. TP10 contains a high proportion of positively
charged amino acids (four lysines), no negative charges, and
the N-terminus imparting it a formal +5 charge at neutral pH.
This favors interactions, mediated by electrostatic forces, with
negatively charged bacterial surfaces.
Various mechanisms of penetration and membrane mod-

ification of TP10 as well as other membrane-active peptides
have been proposed to date, including pore formation and
transient membrane modifications, which imply peptide
conformational transitions.25 In cells, penetration is believed
to involve both endocytosis and direct translocation26 as
described above. In vitro in membrane models, TP10 is found
to induce graded release of the contents of phospholipid large
unilamellar vesicles27 with competing mechanisms often acting
in parallel including toroidal, sinking raft, and carpet models.28

Confocal fluorescence microscopy on negatively charged giant
unilamellar vesicles, constituted by DOPC and DOPG as
phospholipids, highlighted pore formation and translocation
phenomena showing labeled peptide passage into the lumen.27

The membrane composition,29 details of the specific environ-
ment, and peptide concentration27 define if and how TP10
translocates or modifies membranes as well as its potency.
However, simultaneously evaluating the affinity of the peptides
for membranes, their ability to self-associate, and the role of
the water phases in the membrane represent an obstacle, which
prevents the community from fully highlighting the molecular
mechanisms on the basis of the membrane transport.
Here, we use fluorescence spectroscopy coupled with

confocal and multiphoton microscopy to analyze, in real time
and in a noninvasive mode, the physical modifications induced
by TP10 on phosphatidylcholine/phosphatidylglycerol
(POPC/POPG) GVs and that this is hindered by cholesterol
presence. Membrane lipid composition has a crucial role in
protein−membrane interactions and controls the membrane
binding activity of protein molecules.30,31 Model membranes
are often used in order to analyze specific features of these
interactions, their composition can be easily tailored, and they
regulate phase separation into liquid-disordered, solid-ordered,
and liquid-ordered phases. This behavior is thought to exist in
living cell membranes which exhibit analogous dynamic
heterogeneities linked to specific functions. In this study,
anionic POPG together with zwitterionic POPC was chosen to
mimic the negatively charged bacterial membranes. POPC is
the most common phospholipid found in cell membranes and
POPG can be used to mimic anionic phospholipids which
confer a negative charge to the membranes.30 Moreover,

cholesterol was used, which is known to regulate membrane
fluidity by interacting with phospholipids and sphingomyelin.
It is not present in bacterial membranes, while it is found in the
mammalian ones.9

To highlight membrane changes, we exploited the properties
of two fluorescent membrane dyes: Laurdan and di-4-
ANEPPDHQ. Both dyes display a spectral red shift in
emission between the liquid-ordered and -disordered phases,
as well as a shortening of the fluorescence lifetime.
Furthermore, these dyes sense physicochemical aspects of
the membranes at different length scales as they occupy diverse
locations in the membranes and possess different charges.32,33

Using fluorescence lifetime imaging microscopy (FLIM), we
were able to analyze events occurring at the membrane
interface in terms of both TP10 and lipid bilayer physical
states. Using the FLIM phasor approach employing Laurdan
and di-4-ANEPPDHQ as fluorescent probes, we localized and
quantified the evolution of changes in membrane order and
hydration, also distinguishing peptide internalization from
absorption.
Our findings indicate that TP10 adsorbs on the GV surface

and, at sufficiently high concentration, it inserts into the
membrane where two distinct lipid phases coexist. The
insertion is correlated with the increase in rigidity of the
lipid bilayer and to its dehydration. At first, TP10 induces
modifications in the outer part of the membranes and then,
depending on the balance between hydrophobic and electro-
static interactions, it propagates in the innermost regions
experiencing environments with different structural organiza-
tions and distinct fluidity.

2. MATERIALS AND METHODS
2.1. Materials. 2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine

(POPC-42773), 2-oleoyl-1-palmitoyl-sn-glycero-3-phospho-rac-(1-
glycerol) sodium salt (POPG-63371), cholesterol (Chol-C8667),
fluorescein (46955), 6-dodecanoyl-2-dimethylaminonaphthalene
(Laurdan-40227), and dimethyl sulfoxide (DMSO-1029521000)
were purchased from Sigma-Aldrich. Di-4-ANEPPDHQ (D36802)
and Alexa Fluor 405 NHS ester (A30000) were purchased from
Thermo Fisher Scientific, Waltham, Massachusetts. TP10 and TP10
labeled with carboxyfluorescein (CF) at the N-terminus (CF-TP10)
were purchased from EZBiolab, Parsippany, New Jersey.

2.2. GV Preparation and Staining. GVs were prepared from
POPC/POPG in a 1:2 molar ratio and POPC/POPG/Chol GVs in a
1:2:1 molar ratio. The lipid stocks were prepared by mixing the lipids
in a 3:2 chloroform/methanol solution and dried overnight to form
lipid films in round flasks on a rotary evaporator Buchi (Flawil,
Switzerland), Rotavapor R-215, equipped with the Buchi Vacuum
Controller V-855. The dry lipid films were hydrated using a 20 mM
potassium phosphate buffer at pH 7 and sonicated for 5 min. The
resulting sample comprised a heterogeneous distribution of multi-
lamellar GVs with a diameter of several micrometers.

After the GV formation, the sample was diluted 1:10 and, when
needed, labeled using Laurdan and di-4-ANEPPDHQ. Stock solutions
of Laurdan (100 μM) and di-4-ANEPPDHQ (100 μM) were
prepared in DMSO and stored protected from light exposure. Both
dyes were added to diluted GVs in a probe−lipid molar ratio of 1:500
and left to equilibrate for 3 h before measurements.

2.3. Steady-State Fluorescence Emission Spectra. Fluores-
cence measurements were acquired at room temperature using a
Jasco-FP-8500 spectrofluorometer equipped with a Jasco ETC-815
Peltier as the temperature controller in 1 cm path-length quartz
cuvettes.

2.3.1. CF Fluorescence Emission. CF-TP10 fluorescence emission
spectra were measured before and after GV addition. The spectra
were acquired, in the range 470−650 nm, using λexc = 480 nm with an
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excitation bandwidth of 2.5 nm, an emission bandwidth of 5 nm, a
response time of 1 s, a data interval of 0.5 nm, and a scan speed of 100
nm/min.
2.4. Membrane Fluidity Measurements in Bulk. Laurdan

fluorescence emission and, in particular, its generalized polarization
(GP) were analyzed to evaluate the effect of TP10 on POPC/POPG
and POPC/POPG/Chol membranes. Fluorescence emission spectra
were acquired in the range 370−650 nm as a function of time every 5
min after peptide addition at two different concentrations (300 nM
and 1.3 μM). The excitation wavelength was λexc = 380 nm and
excitation and emission bandwidths were 5 nm, response time 1 s,
data interval 0.5 nm, and scan speed 100 nm/min. The cuvette was
gently shaken prior to all measurements to keep the sample uniformly
dispersed. The data collected were background-subtracted using the
spectra of GVs in buffer before the GP calculation.
According to the definition by Parasassi and Gratton,34 the

Laurdan emission spectrum is centered at about 440 nm in the
membrane gel phase and at about 490 nm in the membrane liquid
crystalline phase. For this reason, it is possible to monitor membrane
changes using the so-called Laurdan GP function, defined as

=
−
+

I I
I I

GP 440 490

440 490

where I440 and I490 are the emission intensities at 440 and 490 nm,
respectively.
2.5. Fluorescence Microscopy Measurements. All fluores-

cence microscopy experiments were performed depositing aliquots of
250 μL GVs on the microscope-chambered cover glasses (Lab-Tek II
Nunc), and the measurements were acquired using a 63× 1.4 oil
objective (Leica Microsystems, Wetzlar, Germany) and a scanning
frequency of 400 Hz.
2.5.1. Colocalization Experiments. 1024 × 1024 pixel resolution

images of POPC/POPG and POPC/POPG/Chol GVs after adding
CF-TP10 (1.3 μM) were acquired. CF’s fluorescence signal was

detected in the range 500−600 nm (λexc = 470 nm) using a Leica TSC
SP5 confocal laser scanning microscope.

2.5.2. Fluorescence Lifetime Imaging Microscopy. 256 × 256
pixel FLIM images were collected, before and after peptide addition,
in the time domain using the Leica TCS SP5 microscope coupled
with a PicoHarp 300 TCSPC Module (PicoQuant, Berlin, Germany).

CF and di-4-ANEPPDHQ fluorescence was acquired using
excitation at 470 nm from the pulsed White Light Laser (Leica
Microsystem) in the range 500−650 nm. Laurdan fluorescence was
acquired under two-photon excitation using λexc = 780 nm in two
channels: 410−460 nm (blue channel) and 480−540 nm (green
channel).

2.6. FLIM Phasor Plot Analysis and Interpretation. The
phasor analysis, described by Digman et al.,35 was used for FLIM data.
Phasor approach is a Fourier domain technique that allows the
transformation of the signal in every pixel of the image to a single
point called “phasor”. In this representation, all possible single-
exponential decays lie on the “universal circle” defined as a semicircle,
with radius 1/2, going from point (0, 0), corresponding to τ = ∞, to
point (1, 0), corresponding to τ = 0. Instead, complex decays are
represented by phasors within the universal circle.

Importantly, given that the phasors follow the vector algebra, it is
possible to geometrically resolve the fractions of two fluorescent
species (in the simplest case) by the lever rule of vector additions.
Indeed, the linear combination of two single-exponential decays
components generates phasors within the universal circle, which lie on
a straight line joining the phasors of the two single components. The
contribution/fraction from one single component to the lifetime is
proportional to the distance of the phasor from it. In the phasor plot,
it is also possible to select these lifetime distributions using colored
cursors and the corresponding pixels will result with the same color of
the cursors to the image pixels by which the so-called “lifetime maps”
are obtained.

Following previous results in the literature, it may be concluded
that if the membrane-sensitive dyes exhibit single-exponential

Figure 1. 1024 × 1024 pixel representative LSCM measurements of (a) POPC/POPG/Chol GVs and (b) POPC/POPG GVs after the addition of
1.3 μM CF-TP10. The CF fluorescence intensity signal was collected under laser excitation at 470 nm in the range 500−600 nm. Measurements
were acquired at equilibrium after 20 h of incubation. In (a), CF fluorescence is found to primarily be distributed in the solution and the GV
profiles are identified as dark areas with vanishing fluorescence, indicating that no colocalization exists between CF-TP10 and POPC/POPG
membranes. A few brighter structures are identified as CF-TP10 aggregates. In (b), colocalization between CF-TP10 and GV structures is clearly
evident, indicating that CF-TP10 is located at the membrane. (c) CF-TP10 normalized fluorescence emission spectra (λexc = 480 nm), acquired
before (black line) and after 20 h (green line) from the addition of CF-TP10 to POPC/POPG/Chol. (d) CF-TP10 normalized fluorescence
emission spectra (λexc = 480 nm), acquired before (black line) and after 20 h (pink line) from the addition of CF-TP10 to POPC/POPG GVs. (e)
Time evolution of GP ratios, obtained from the analysis of Laurdan fluorescence spectrum variations, due to the addition of CF-TP10 to POPC/
POPG (pink circles) and POPC/POPG/Chol (green circles) GVs. These measurements reveal that the interaction between CF-TP10 and GVs
occurs only in membranes where cholesterol is not present.
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lifetimes, this may arise from homogeneous lipid environments.
Instead, multiexponential decays may arise from a mixture of two or
more of these lipid environments and lie inside the circle. These
considerations allow for recovering information on the subresolution
organization of the membranes.36

Moreover, with Laurdan, we performed FLIM analysis on
measurements in two channels, which provided separate information
on the membrane polarity (fluidity, blue channel) and dipolar
relaxation (DR) (hydration, green channel).37 FLIM data have been
processed by the SimFCS software (Laboratory for Fluorescence
Dynamics, University of California, Irvine, CA, available at www.lfd.
uci.edu). FLIM calibration of the system was performed by measuring
the known lifetime of the fluorescein (for di-4-ANEPPDHQ and CF-
TP10) that is a single-exponential of 4.0 ns.38 For Laurdan
measurements, the lifetime calibration was obtained using Alexa 405
considering a single-exponential decay with 3.4 ns lifetime.39

3. RESULTS

3.1. Fluorescence Spectroscopy and Microscopy
Analysis of TP10 Interaction with Model Mem-
branesEffect of Cholesterol. In Figure 1, we report
LSCM and fluorescence spectroscopy measurements for
exploring the interaction of the TP10 peptide with POPC/
POPG GVs and for verifying the effect of the presence of
cholesterol in the membrane structures. Representative 1024 ×
1024 pixel images are shown of not labeled POPC/POPG (in
a ratio of 2:1) (Figure 1a) and POPC/POPG/Chol (in a ratio
of 2:1:2) (Figure 1b) GVs after 20 h of incubation with CF-
TP10 (1.3 μM). The CF-TP10 signal is shown in green. The
fluorescence emission spectra CF-TP10 obtained in bulk when
CF-TP10 is added to GVs containing cholesterol or not are
shown in Figure 1c,d, respectively. In particular, Figure 1c
reports normalized emission spectra of CF-TP10 (1.3 μM)
acquired before (black line) and after (green line) the addition
of the peptide to POPC/POPG/Chol GVs, while Figure 1d
shows analogous measurements for CF-TP10 before (black
line) and after (pink line) the addition to POPC/POPG GVs
without cholesterol. In Figure 1e, we also show the time
evolution of the GP ratios, obtained from the analysis of
Laurdan fluorescence spectrum variations, measured after the
addition of TP10 to POPC/POPG (pink circles) and POPC/
POPG/Chol (green circles) GVs.
Fluorescence microscopy measurements allowed analysis of

sample topology at diffraction-limited resolution as well as
allowed mapping the localization of labeled TP10 within the
analyzed samples. As can be seen in Figure 1a, green
fluorescence is uniformly distributed and no colocalization
occurred between CF-TP10 and GVs containing cholesterol.
The GV shape appears as black regions. A few bright micron-
scale amorphous structures in these samples are identified as
CF-TP10 peptide aggregates.
An opposite behavior is found in Figure 1b, where a clear

colocalization between the measured green fluorescence signal
and GVs is found, indicating that TP10 accumulates at the
membrane interface and that, in average, no significant changes
in GV shape and morphology are induced by this
accumulation. Note that control measurements were carried
out via adding free CF to POPC/POPG vesicles, confirming
that the dye alone does not localize at the membrane surface
under the same experimental conditions (see Supporting
Information Figure S1).
Spectral measurements on CF-TP10 fluorescence emission

shown in Figure 1c,d aimed at evaluating changes in the CF
spectral profile, which may give further information on the

possible interactions at the molecular level between CF-TP10
and the model membranes. No significant changes in
fluorescence emission spectrum shape are found for POPC/
POPG/Chol samples (Figure 1c), while a significant blue shift
of the emission maximum from about 530 (black line) to about
520 nm (pink line) is evident for POPC/POPG samples
(Figure 1d). The observed shift occurs within the first 5 min
after the addition of CF-TP10 to POPC/POPG GVs (see
Supporting Information Figure S2), and then, the signal
remains stable for at least 24 h. It is well known that changes in
fluorescence spectrum shapes and position reflect changes in
the fluorophore environment. In particular, fluorescein-based
dyes are often used to monitor environmental properties as
they are critically sensitive to the pH or the hydrogen-bond
character of the environment.40,41 Other factors may also affect
the spectral properties of these molecules; among these are
solvent relaxation phenomena which are often related to
spectral shifts and usually reported as a result of changes in the
dielectric constant of the surroundings of the dye.42,43

The observed shift can therefore be used to obtain a coarse
description of the localization/environment of the labeled
peptide. Following this idea, observation of CF spectra
supplements what is indicated by the LSCM measurements
by adding further information at the molecular level. In the
presence of cholesterol, TP10 remains in the outer solution not
interacting with the membranes, while POPC/POPG GV data
indicate a clear change in the environment of CF-TP10,
suggesting internalization of the peptide into the membrane or
close interaction with it.
Laurdan GP measurements displayed in Figure 1e explore

variations in the membrane phase properties20,44,45 occurring
upon TP10 addition to the GV samples (see Materials and
Methods). Laurdan is a gold standard dye used since the ‘70s
to monitor changes in membrane organization, reporting
membrane packing and fluidity and noninvasively providing
dynamic information on membrane heterogeneity at different
scales.44,45 Laurdan spectral features are thus used to estimate
hydration and fluidity changes in the membrane. Indeed, the
fluorescence signal of this molecule depends on the physical
state of the phase (e.g., local and translational mobility).
Changes from a liquid-ordered phase to a liquid-disordered
phase induce a shift of the Laurdan spectrum from 440 to 490
nm. The quantification of these spectral changes is usually
obtained by considering the GP33,34,46−48 which allows one to
distinguish the liquid (−0.3 < GP < 0.3) from the gel phase
(GP > 0.4)45 of the membranes.
The results shown in Figure 1e show that the GP value

measured for POPC/POPG/Chol GVs is, as expected and in
line with literature values, higher than the one measured for
samples in the absence of cholesterol, indicating a higher
rigidity and compactness of the membrane.47,49 It is not
surprising to find that this value remains constant after TP10
addition to cholesterol-containing membranes; this confirms
that no modification occurs in the membrane. It is then
possible to affirm that no TP10−membrane interactions occur
when cholesterol is present.
On the other hand, Laurdan GP in POPC/POPG samples

before the addition of TP10 indicates that the membrane is in
its liquid phase and results more accessible to the solvent.45

After the addition of TP10, the GP value rapidly increased,
that is, within the first 5 min. This small but significant change
toward a higher GP value can be interpreted as an indication of
a progressive change in membrane fluidity toward a more
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ordered phase. Similar to what was observed in previous
studies,19,20,50 it is possible to infer that under the tested
conditions, TP10 not only accumulates at the surface but also
inserts into the membrane causing dehydration and stiffening
of the lipid bilayers. This is also in line with the results
presented in Figure 1d.
It is worth nothing that the observed TP10 effects do not

induce membrane changes in morphology or disruption
phenomena. This is in line with a previous study where
TP10 translocation phenomena were studied in GVs.27 Under
the present conditions, after the immediate peptide/membrane
interactions, the system remains stable for several hours and no
translocation of the peptide is evident. This is not surprising
due to the differences in the experimental setup and in the
membrane model systems in terms of both lipid composition
and lipid organization.29 Electrostatic interactions between
TP10 positive charges and the anionic head groups of the
POPC/POPG lipid vesicles may produce peptide anchoring
on the surface.29,51

Despite the complexity of the involved mechanisms and of
the multiple players, the presence of low cholesterol-containing
domains appears to be a key factor for the CPP interactions
with the membranes.52,53 In the present experiments, we did
not detect any sign of interaction, not even adsorption of TP10
to the cholesterol-containing membranes. Analogous results
were previously obtained for TP10 and other CPPs and were
attributed to the suppression of thermal fluctuations of the
membrane.53 Also, in more general terms, the results were
attributed to the presence of rigid lipid-phases induced by the
cholesterol presence.54−59 Indeed, as previously suggested,
phospholipids above their gel−liquid phase (271 and 274 K60

for POPC and POPG, respectively) interact with cholesterol
increasing their orientation order and rigidity.47,49 Cholesterol
presence may also modify the hydrophobic matching between
the membrane and peptides, having consequences on their
interaction with the lipid bilayer.61 The lipid composition and
the magnitude of the transmembrane potential may be
involved in the membrane selectivity of CPPs, which results
in their antimicrobial activity toward bacterial membranes. The
evidence that TP10 only interacts with cholesterol-free
membranes is an important finding for selective targeting of
CPPs to bacterial membranes over eukaryotic ones.53 The
latter are known to have higher cholesterol content compared
to bacterial cell membranes, and thus, eukaryote membranes
may be characterized by higher cohesion and stiffness of the
lipid bilayer, thus hindering peptide-induced membrane
disruption.58,59,62,63

Both lipid-ordered and -disordered phases coexist in
membranes and may concur in the actual interaction of
TP10 and the preferential interaction of CPPs with the
disordered phase or in the areas at the edge between different
phases. TP10 was suggested to induce bilayer perturbation by
causing mass imbalance after adhesion to the outer part of the
membrane and/or via a closer interaction possibly resulting in
changes in membrane rigidity that may alter membrane
curvature, thus causing its disruption.28 Its aggregation at the
membrane may also occur, as previously reported for others
CPPs for which the action was linked to aggregation.64

3.2. TP10 Adsorption and Insertion into the
Membrane: FLIM Analysis on the CF Fluorescence
Lifetime. To further explore the occurring interactions
between TP10 and negatively charged membranes in the
lipid-disordered phase, we decided to focus on the POPC/

POPG membrane model described above, exploring the TP10
fate and the effects on the membrane in detail by means of
FLIM. FLIM exploits the lifetime properties of fluorescence
and presents several advantages with respect to intensity-based
methods as it enables combining the sensitivity of fluorescence
spectroscopy to image information. This allows mapping of
molecular interactions, distinguishing the molecular environ-
ment of the fluorophore, and eventually gaining information
that is hardly accessible via intensity measurements alone.
These measurements give the possibility to explore

simultaneously the peptide localization and the mutual
TP10−membrane interaction at a molecular level. To better
highlight the changes of physical properties of vesicle
membranes and understand the mechanisms of action of the
peptide, we explored two different concentration regimes
adding TP10 to the membrane at a 300 nM concentration
(500:1 lipid/protein ratio) and at a 1.3 μM concentration
(115:1 lipid/protein ratio) where significant effects are
observed.
TP10 was previously found65 to penetrate GVs in a

concentration-dependent manner. Moreover, the role of
small aggregates was also highlighted. By changing the
concentration regime, we explored two largely different
conditions where the equilibrium between monomers and
possible aggregates was critically shifted toward the aggregated
state at a higher concentration. Diffusion-driven interaction
was obviously altered and internalization into the membrane
possibly favored at higher concentration.
In Figure 2, we show the FLIM results on unstained POPC/

POPG GVs acquired 20 h after the addition of the CF-TP10
peptide at 300 nM and 1.3 μM final concentrations. These
experiments arise from the observations shown in Figure 1d
that reveal CF fluorescence signal sensitivity to TP10
internalization.

Figure 2. (a−g) Phasor analysis of FLIM measurements on CF-
labeled TP10. The signal was acquired under laser excitation at 470
nm and collected in the range 500−650 nm. (a) Intensity map of 1.3
μM CF-TP10 solution in phosphate buffer (20 mM, pH 7) and
POPC/POPG GVs 20 h after the addition of (b) 300 nM and (c) 1.3
μM CF-TP10. (d−f) Lifetime maps corresponding to (a−c)
measurements colored according to the color code obtained from
the phasor plot. (g) Clusters of pixels corresponding to different
lifetime distributions identified in the phasor plot and highlighted by
colored circular cursors. These pixels are mapped in images (d−f)
with corresponding colors. The choice of the size and the position of
the circles is arbitrary. A magnification of the region highlighting the
area of interest is reported in the dashed line-surrounded inset.
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FLIM measurements were analyzed by means of the phasor
approach.35 This fitting-free analysis provides a global view of
fluorescence molecule decays at each pixel in the images (see
Materials and Methods for details). Phasor analysis is a useful
framework to interpret and analyze any possible fluorescence
decay without assuming models or performing complex fitting
procedures. Moreover, a correspondence exists between the
phasor plot points and pixels in the images; this gives the
possibility to localize using colored cursors specific pixel clouds
in the phasor plot and identify the corresponding pixels in the
image.35

Each pixel of the intensity images is mapped in a point in the
phasor plot corresponding to the measured fluorescence
lifetime. Single-exponential lifetimes lie on the so-called
“universal circle”. Long lifetimes are localized near the origin
(0 on the x-axis), while short lifetimes are shifted on the
circumference toward the bottom-right insertion with the x
axis (1 on the x axis). As phasors follow the vector algebra,
multicomponent-fluorescence decay species result inside the
universal circle.66

In Figure 2, representative 256 × 256 pixel intensity images
of (a) 1.3 μM CF-TP10 in solution and POPC/POPG GV
samples 20 h after the addition of (b) 300 nM and (c) 1.3 μM
CF-TP10. The corresponding lifetime maps are reported in
Figure 2d−f. By selecting lifetime distributions using a circular
cursor (cyan and pink), the corresponding pixels are color
coded according to the phasor plot in Figure 2g. Specifically, in
the phasor plot, two main distinguishable lifetime distributions
lying on the universal circle are identified, indicating that CF
fluorescence decays can be described as single-lifetime decays
(cyan τi = 3.7 ns and pink τf = 3.2 ns). A few pixels with
shorter lifetime distributions are also observed and selected
using a red cursor. Measurements on TP10 in solution in
Figure 2a,d reveal, as expected, a uniform intensity and lifetime
distribution; all pixels in Figure 2d present a lifetime
distribution centered at about 3.7 ns.67

The intensity maps in Figure 2b,c, where CF-TP10 was
added to GVs at the two concentrations, show that in each
sample CF fluorescence was not evenly distributed but that, in
average, the samples with a higher concentration of TP10
presented higher intensity. Importantly, as evident in Figure 2e
and despite uniform intensity at the single GV level, the
measured fluorescence lifetimes are different over a single
structure, indicating that CF is experiencing different environ-
ments. Pixels exist with lifetimes comparable to the one
measured on the sole peptide in solution (cyan); other pixels
are characterized by a fluorescence signal with lower lifetime
distributions (pink).
The observed decrease in lifetime may be ascribed to water

molecule depletion from the environment of the dye or other
mechanisms, which increase nonradiative decay processes, for
example, the aggregation of the dye bringing the self-quenching
mechanisms or the closer lipid membrane interaction of the
dye due to the insertion of the peptide in the membrane.42,67

In particular, in samples at 300 nM (Figure 2e), results
indicate that CF-TP10 mainly interacted with aqueous phases
(cyan), without closely interacting with the membrane, and
only a few pixels present reduced lifetime (pink). Instead,
measurements obtained at 1.3 μM concentration (Figure 2f)
reveal that although the GVs maintain their regular
morphology almost all pixels are colored in pink, indicating a
dense packing of CF-TP10 and/or a higher interaction with
membranes. A few pixels highlighted by the red cursor in the
phasor plot correspond to amorphous structures that we
identify as large peptide aggregates.67 The presence of
aggregates in samples at higher peptide concentrations possibly
suggests that TP10 is added to GV samples in excess with
respect to the available interaction sites. It is important to note
that observed changes occur right after TP10 addition to the
GVs, and analogous measurements acquired within the first
hour (see Supporting Information Figure S3) do not present
significant changes. Once changes occurred, the sample
remains stable at least for 24 h.

Figure 3. (a) Time evolution of GP ratios obtained from the analysis of Laurdan fluorescence spectrum variations, measured in bulk, after the
addition of TP10 at 300 nM (cyan circles) and 1.3 μM (pink circles). (b−h) Phasor analysis of 256 × 256 pixel FLIM measurements on Laurdan in
POPC/POPC GVs in the range 410−460 nm, λexc = 780 nm. Fluorescence intensity images on Laurdan before (b) and after 20 h from the addition
of TP10 at 300 nM (c) and 1.3 μM (d). (e−g) Phasor color maps in which each pixel is colored according to the color of the corresponding cursor
in the phasor plot. (h) The choice of the size and the position of the cursor is arbitrary.
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3.3. TP10 Insertion Effects on the Membrane
Structure: FLIM on Membrane-Sensitive Dyes. Taking
into account previous data, it is possible to infer that TP10 at
high concentration is inserted in the membrane layer. With the
aim of focusing on membrane structure changes, fluorescence
spectroscopy and FLIM experiments were performed. Two
similar dyes, Laurdan and di-4-ANEPPDHQ, were used to
label POPC/POPG vesicles. Like Laurdan, di-4-ANEPPDHQ
changes its spectral properties depending on membrane
organization. Both dyes are reported to sense membranes
through analogous mechanisms related to the water molecule
accessibility of the lipid bilayer.32,33,68 Importantly, for our
purposes, these dyes are known to locate at different depths in
the membrane as di-4-ANEPPDHQ is sensitive to deeper
regions in the hydrophobic core.68

In Figure 3a, we report Laurdan GP variations as a function
of time in bulk experiments performed in a cuvette. We
compare the already observed effects measured after adding 1.3
μM TP10 to analogous measurements obtained at 300 nM
concentration. Figure 3h shows the phasor analysis of FLIM
measurements on Laurdan-stained POPC/POPC GVs ac-
quired in the blue channel (410−460 nm). In Figure 3b−d,
256 × 256 fluorescence intensity images of the analyzed
samples are reported. Specifically, in Figure 3b, the signals of

GVs before the addition of TP10 are reported together with
images acquired after 20 h from the addition of the peptide at
300 nM (c) and 1.3 μM (d). Finally, we show in Figure 3e−g
the phasor maps obtained from the same measurements in
which each pixel is colored according to the corresponding
selection in the phasor plot.
Measurements in Figure 3a take into account the changes in

the Laurdan emission spectrum after the addition of TP10.
Laurdan is a molecular reporter for membrane organization.
Both the number of confined water molecules and their
relaxation rates are modified by the physical properties of the
membrane. This dye was designed to sense the dielectric
environment associated with the solvent properties of its
surroundings and the DR of water molecules around the
fluorophore dipole in the excited state. These properties make
Laurdan fluorescence changes account for both the accessi-
bility of the membrane to water molecules (number of
molecules in the Laurdan environment) and to the DR of these
few molecules at the membrane interphase which somehow
refers to lipid packing.37,69

The set of the two effects (which are related to the
membrane order) is qualitatively termed as membrane fluidity
and is readily reported by GP changes. Data in Figure 3a show
a decrease in the fluidity of the membrane, changes occur

Figure 4. Phasor analysis of 256 × 256 pixel FLIM measurements on di-4-ANEPPDHQ in POPC/POPC GVs after 1 h (a−g) and after 20 h (h−
p). Fluorescence intensity images on di-4-ANEPPDHQ before (a−h) and after 1 h (b,c) and 20 h (i,l) from the addition of TP10 at 300 nM (b−i)
and 1.3 μM (c−l). (d,m) Phasor plot obtained from measurements (a−c) and (h−l), respectively, where fluorescence-lifetime distributions are
highlighted using colored cursors. The magnifications of the regions highlighting area of interests are reported in the dashed line-surrounded inset.
(e−g) and (n−p) Phasor color maps in which each pixel is colored according to the color of the corresponding cursor in the phasor plots. The
choice of the size and the position of the cursor is arbitrary.
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within 5 min, and there are critically larger changes occurring
at higher concentration.
In the phasor plot in Figure 3h, the superimposition of the

analysis of all measurements is reported. The phasor analysis of
the Laurdan fluorescence lifetime was previously used to
separate ordered and disordered phases both in synthetic and
in cellular membranes and importantly to evaluate different
properties and changes in the membrane structure distinguish-
ing polarity changes and DR allowing pixel by pixel
understanding of these two parameters in the membrane.37

Two lifetime distributions are evident. The first selected by
the cyan cursor is outside the universal circle, which
corresponds to pixels (cyan) localized at the membrane in
the sample where TP10 is not present and at low TP10
concentration. The other lifetime distribution lies on the
universal circle and is highlighted with a pink cursor and only
corresponds to pink pixels in the sample where the higher
concentration of TP10 is added. Fluorescence-lifetime
distributions of Laurdan outside the universal circle can be
rationalized considering conditions wherein an excited-state
reaction occurs as, for example, fast interconversion processes
between Laurdan molecules experiencing a highly dynamic
heterogeneous environment.37

In the sample at 300 nM, no significant changes occurred for
lifetimes measured in this channel with respect to the one
measured for untreated samples. Interestingly, the lifetime
distribution of Laurdan in GVs after the addition of the peptide
at 1.3 μM shifts to a position on the universal circle (the s-
coordinate remains constant, while the g-coordinate is
reduced). In line with the work of Malacrida and Gratton,37

we ascribe these changes to a reduction of membrane
hydration levels accompanied by a decrease of DR
mechanisms, which refer to the capability of polar solvent
molecules in the proximity of the dye to reorient, possibly due
to lipid compaction. The final position of the lifetime
distribution, single-exponential (lifetime 2.7 ns) indicates a
homogeneous lipid environment with coexisting lipid phases.36

Also, in this case, it is important to note that analogous
measurements acquired within the first hour (see Supporting
Information Figure S4) do not present significant changes.

We also applied the same analysis to the green channel
(480−540 nm), which confirms inferred changes in DR
phenomena (see Supporting Information Figure S5).
We next performed FLIM experiments on the same samples

using di-4-ANEPPDHQ. This is with the aim to analyze
changes in the inner part of the membranes. The use of FLIM
combined with di-4-ANEPPDHQ staining also offers a great
contrast in separating the liquid-ordered and liquid-disordered
phases. Importantly, for our purposes, di-4-ANEPPDHQ,
being aligned with the acyl groups, is located in a more
internal and hydrophobic region with respect to Laurdan
molecules.68 Moreover, this dye contains in its structure two
positive charges, which in the present model systems
contribute to the reduction of the mobility of the dye within
the bilayer.68

In Figure 4a−c,h−l, we present 256 × 256 pixels of di-4-
ANEPPDHQ fluorescence intensity maps in GVs before and
after 1 h (a−c) and 20 h (h−l) from TP10 addition at 300 nM
and 1.3 μM concentrations. Different from what was observed
before, changes on a longer time scale, in the signal reporting
for membrane changes under the conditions where TP10 is
inserted into the membrane (at 1.3 μM concentration), are
found. In this case, measurements acquired 1 h after the
addition of the peptide do not superimpose with the ones
acquired under stable conditions after incubation for 20 h,
indicating that membrane reorganization, following TP10
addition in the presence of this dye, requires a longer time.
In line with previous results, as shown from the intensity

images, no significant changes were found in relation to the GV
size and shape. In Figure 4d,m, phasors lie inside the universal
circle, indicating that di-4-ANEPPDHQ lifetimes, in these
conditions, are characterized by nonsingle-exponential de-
cays.35 Measurements acquired after 1 h (Figure 4a−d) show a
quite broad lifetime distribution reflecting the loosely packed
membrane in the fluid phase. No significant changes are
observed in samples where the peptide was added at the lower
concentration, while a tiny broadening of the distribution
toward higher lifetimes is observed in the sample at higher
concentration. To visualize this, we used three arbitrary
adjacent cursors centered on the straight line, colored in
yellow, green, and pink. As can be seen, only in the sample at
higher concentration few pink pixels are revealed at the

Figure 5. Phasor analysis of 256 × 256 pixel FLIM measurements on di-4-ANEPPDHQ. (a) Phasor plot from the analysis of the FLIM images
acquired after 20 h from the addition of TP10 to POPC/POPG labeled with di-4-ANEPPDHQ. The two principal lifetime components, used for
the quantitative analysis, are represented by blue and red cursors. Lifetime principal components are τ1 = 1.1 ns (blue) and τ2 = 2.5 (red). (b−d)
Lifetime fraction maps of the FLIM images on di-4-ANEPPDHQ before (b) and after 1 h from the addition of TP10 at 300 nM (c) and 1.3 μM
(d). (f−h) Lifetime fraction maps of the FLIM images on di-4-ANEPPDHQ before (f) and after 20 h from the addition of TP10 at 300 nM (g) and
1.3 μM (h). (e,i) Phasor plots from the GVs after 1 h (e) and 20 h (i) from TP10 addition.
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membrane, indicating that the characteristic lifetime of the dye
is slightly higher in this region. Characteristic lifetimes vary
from shorter (yellow) to longer (pink) as the observed
distribution moves counterclockwise in the universal circle.
The membrane changes toward the less fluid state.
The same graphical representation is used for phasor

analysis of samples incubated with the peptide after 20 h
(Figure 4m−p). The phasor plot seems to reveal a broader
distribution (two main maxima are identified).
This visualization in three colors at the late stages of

incubation shows that the sample, after the addition of 300 nM
TP10, is mostly characterized by fluorescence lifetimes selected
by the green cursor (green pixels), a reduced number of yellow
pixels with respect to the control sample, and a few pink pixels
which are characteristic of higher lifetimes are also present. At
the higher concentration, the lifetime distribution is shifted
toward higher lifetimes so that almost all GVs are selected
using the pink cursor, which singles out pixels with more rigid
membranes.
The observed results suggest that at lower TP10

concentration the interaction is mostly at the membrane
surface and induces small changes in the di-4-ANEPPDHQ
environment. When TP10 was added at the high concen-
tration, the peptide inserted deeper into the membrane layer
inducing dehydration and stiffening with a consequent increase
of di-4-ANEPPDHQ lifetime and membrane reorganization.
This requires longer times with respect to changes occurring
closer to the water membrane interface monitored by Laurdan.
In Figure 5, the quantitative analysis of data in Figure 4 is

shown. Indeed, looking at the phasor plots, it is possible to
draw a straight line where the lifetime distributions lie on
(Figure 4d,m), connecting two single-exponential lifetimes of,
respectively, τ = 2.5 ns and τ = 1.1 ns. This FLIM analysis is
based on the decomposition of the phasor plot data using these
two principal lifetime components identified via the
intersection of the straight line, passing through the lifetime
distribution cloud. Following this model, it would be possible
to infer that the membrane is characterized by two distinct
lipid phases36 and not a homogeneous phase of intermediate
order. The equilibrium between these phases changes
following peptide insertion at different levels in the bilayer.
In Figure 5, we then show the phasor plot where principal

components of the decays are highlighted, τ1 = 1.1 ns (blue
cursor) and τ2 = 2.5 ns (red cursor), corresponding to less fluid
and more fluid phase, respectively.36 Using the two-component
model

= +τ τ− −I t F F( ) e et t
1

/
2

/1 2

The distance between each point of the cloud in the phasor
plot and the single-exponential phasor represents the fraction
of each component.22 In Figure 5b−d, analysis of the data
acquired 1 h after the addition of TP10 is shown, and in Figure
5f−h, the analogous results obtained after the samples have
reached the equilibrium at 20 h of incubation. The images are
colored in false colors according to the F fraction of the τ
component. The scale goes from blue (pure fast component at
τ1 = 1.1 ns) to red (pure slow component at τ2 = 2.5 ns). This
scale can be taken into account as a fluidity scale going from
less fluid to more rigid membrane configurations.
An increase of di-4-ANEPPDHQ lifetime occurs after the

addition of TP10 to POPC/POPG GVs, and this change
depends on the peptide concentration and on the incubation
time. The fastest decay is dominant in GVs before the peptide

addition and when TP10 was added in a concentration of 300
nM (F1 = 0.44). The average fraction F1 decreases, increasing
the concentration of the added peptide (1.3 μM) being
reduced from F1 = 0.38 (after 1 h) to F1 = 0.29 (after 20 h).
These results suggest that the interactions between the
membrane and peptide, when the latter is a high concentration,
occur not only at the membrane surface but also in the inner
part of the membrane, inducing further reorganization which
result in increased rigidity. Electrostatic interactions with
POPG charged heads could favor the hold-back of the peptides
at the surface, while hydrophobic interactions may tend to
drive the peptides into the hydrophobic core of the bilayer. In
particular, in the phasor plot relative to the data obtained for
di-4-ANEPPDHQ lifetime at a late stage of incubation, two
main distributions are clearly evident. In this context, it is
possible to infer that the dye experiences two main different
environments in terms of membrane fluidity that is induced by
TP10 accumulation at the membrane surface with following
penetration in the inner parts.

■ CONCLUSIONS
The analysis of CPP actions, using model membranes,
appropriate dyes, and advanced fluorescence techniques, may
contribute to a deeper understanding on how membrane-active
peptides act in nature under diverse biological conditions.
Revealing interactions with details at the molecular level, in
terms of both the peptide and membrane structure, may
provide suitable information on how membrane-active
peptides exert their many functions, on how they may be
involved in pathological conditions, and on the molecular
strategies developed by bacteria and cells to counteract the
action of these molecules.15,70 Moreover, disentangling the
single role of all these complex multiplayers could be relevant
for the design of new synthetic therapeutic agents.
Here, the fate of TP10 and its effects on model membranes

are analyzed by means of coupling fluorescence spectroscopy
and fluorescence microscopy, which allowed gaining informa-
tion on the occurring events with molecular details. The TP10
peptide has a bivalent function and depending on experimental
conditions, in previous studies, it was found to translocate
across the membrane inducing minimal/no perturbation or to
act as an antibacterial peptide inducing significant membrane
perturbations.24 In this study, TP10 is found not to interact
with the POPC/POPG membranes enriched with cholesterol
despite attractive electrostatic forces due to its positive net
charge and the negatively charged lipids in the membranes,
suggesting that the presence of cholesterol alters the balance
between membrane−solvent and membrane−protein forces
which regulate TP10 penetration into the bilayers. In line with
the literature, gel−fluid phase coexistence and tighter packing
of the lipids, induced by cholesterol, reduce the permeability of
the membrane and in the observed conditions completely
deplete peptide−membrane interactions.71

In the absence of cholesterol, a concentration-dependent
interaction between TP10 and the model membrane is found.
At lower concentration, only peptide accumulation at the water
membrane interface (adsorption) occurs, which does not
induce modification in the lateral organization of phospholi-
pids. In these conditions, microsized domains coexist and the
fluorescence-labeled TP10 experiences different environments
as reported by the lifetime of the CF dye. At higher TP10
concentration, data reveal the insertion of the peptide in the
membranes, which correlates with the reduction in membrane
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fluidity and dehydration measured by the Laurdan dye.
Alteration of the bilayer fluidity caused by interaction with
the peptide can lead to instability of the membrane structure
and to an enhanced membrane weakness that can be the origin
of altered cells and microbial behavior. Interestingly, the
analysis of di-4-ANEPPDHQ, which is positively charged and
located in a more internal region with respect to Laurdan,
reveals further details and shows that a slower membrane
reorganization occurs, leading to the formation of micron-sized
domains with overall reduction in membrane fluidity. The
observed modifications in the membrane structure appear to
imply changes in the subresolution domain heterogeneity as
suggested by Laurdan measurements and do not hinder the
morphology of the membranes.
The presented results show that the parallel use of multiple

targeted molecular reporters and FLIM/phasor analysis may
highlight diverging aspects of such multifaceted complex
phenomena as peptide−membrane interaction at a single
liposome level and in three dimensions, allowing the possibility
of following dynamic events in real time without sample
manipulation. In this context, the analysis through the phasor
approach, not based on calculations or nonlinear fitting, also
allows an intuitive and graphical representation of FLIM
data.35

FLIM experiments provide image analysis tools which have
great potential to disentangle spatially heterogeneous phenom-
ena. This method can be used to parallel highly informative
bulk methods such as NMR spectroscopy72 and dynamic light
scattering,73 which can be used to provide useful insights into
the membrane−peptide interaction. The conformational
changes occurring in the membranes and peptides can be
monitored by circular dichroism and infrared analysis,74 while
complementary information at the nanoscale as the morphol-
ogy of protein layers at interfaces can be revealed by atomic
force microscopy75 and thin-film X-ray diffraction.76 Fur-
thermore, surface and structural information about proteins in
situ and in real time could be provided by the noninvasive and
label-free sum-frequency generation spectroscopy.77
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