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Abstract: Drug delivery systems play a pivotal role in targeted pharmaceutical transport and con-
trolled release at specific sites. Liposomes, commonly used as drug carriers, constitute a fundamental
part of these systems. Moreover, the drug-liposome model serves as a robust platform for investi-
gating interaction processes at both cellular and molecular levels. To advance our understanding of
drug carrier uptake mechanisms, we employed fluorescence lifetime imaging microscopy (FLIM)
and fluorescence correlation spectroscopy (FCS), leveraging the unique benefits of two-photon (2P)
excitation. Our approach utilized giant unilamellar vesicles (GUVs) as a simplified model system
for cell membranes, labelled with the amphiphilic fluorescent dye 3,3'-dioctadecyloxa-carbocyanine
(DiOC;5(3)). Additionally, large unilamellar vesicles (LUVs) functioned as a drug carrier system,
incorporating the spectrally distinct fluorescent sulforhodamine 101 (SRh101) as a surrogate drug.
The investigation emphasized the diverse interactions between GUVs and LUVs based on the charged
lipids employed. We examined the exchange kinetics and structural alterations of liposome carriers
during the uptake process. Our study underscores the significance of employing 2P excitation in con-
junction with FLIM and FCS. This powerful combination offers a valuable methodological approach
for studying liposome interactions, positioning them as an exceptionally versatile model system with
a distinct technical advantage.

Keywords: liposomes; drug delivery; membrane interaction; fluorescence lifetime imaging mi-
croscopy; fluorescence correlation spectroscopy

1. Introduction

In recent decades, the biomedical use of nanoparticles has seen remarkable growth,
particularly in areas such as targeted drug delivery, cancer therapy, and gene treatment [1-5].
Among these nanoparticles, liposomes have garnered significant attention from researchers.
They serve as models for biological membranes and offer potential as carriers for various
bioactive substances, with applications in both human and animal therapeutics [6-8]. In
particular, the complex interplay between large unilamellar vesicles (LUVs) and giant
unilamellar vesicles (GUVs) serves as a captivating model system to unravel fundamental
insights into vesicle-mediated drug delivery processes. The versatility of this model system
lies in its ability to imitate essential aspects of complex biological phenomena, allowing
for controlled experimentation and observation [8]. However, in this study, we employ
this system not solely to replicate biological processes, but as a powerful testbed to assess,
evaluate, and demonstrate the unique advantages of our chosen technical approach: two-
photon fluorescence lifetime imaging microscopy (2P-FLIM) and two-photon fluorescence
correlation spectroscopy (2P-FCS).
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The concept of vesicle-mediated drug delivery holds immense promise in the realm
of targeted therapies [9-11]. By encapsulating therapeutic agents within LUVs, with
sizes of approximately 100 nm in diameter, it becomes possible to precisely control the
spatiotemporal release of these agents, enhancing their efficacy while minimizing off-target
effects [12]. GUVs, characterized by their large size and distinct membrane properties,
bear a striking resemblance to cellular membranes and serve as a remarkable surrogate to
explore the dynamics of vesicle interactions and fusion events, which are crucial in drug
delivery scenarios [13,14].

Traditionally, the investigation of such interactions has heavily relied on conventional
fluorescence microscopy techniques [15,16]. While valuable insights have been gained
through these methods, they are often accompanied by limitations related to photobleach-
ing, phototoxicity, and spatial resolution. This is where 2P-FLIM and 2P-FCS enter the
scene. These advanced techniques, especially in combination with 2P excitation, provide
advantages that overcome the limitations of conventional fluorescence microscopy. Thus,
2P-FLIM enables us to not only visualize fluorescently labelled structures, but also to
extract invaluable information about their fluorescence lifetimes. By doing so, we can
discriminate between different fluorophores, assess their microenvironment, and reveal
dynamic changes in molecular interactions—all with heightened spatial resolution and re-
duced photodamage [17,18]. On the other hand, 2P-FCS allows us to examine the diffusion
dynamics of fluorescently tagged molecules within the confines of vesicular systems. The
high specificity and non-invasiveness of 2P excitation, coupled with the excellent sensitivity
of FCS, provide an unprecedented opportunity to probe the mobility of molecules within
vesicles with exceptional precision [19,20].

In this study, we used the GUV-LUV model system to exploit the potential of 2P-FLIM
and 2P-FCS. While the system itself mirrors critical aspects of vesicle interactions, our
primary goal was to demonstrate how these advanced techniques could significantly con-
tribute to a better understanding of vesicle dynamics. To study the effects of membrane
charge, we encapsulated a hydrophilic fluorescent surrogate drug sulforhodamine 101
(SRh101) into cationic LUVs of different membrane compositions. The in vitro characteris-
tics of the prepared SRh101-loaded LUVs were compared with the behaviour of the free flu-
orescent dye. Furthermore, GUVs (anionic or neutral) with increasing charge density in the
membrane, obtained by changing the ratio of charged and zwitterionic lipids, represented
a simplified cellular membrane. The LUV-GUYV interaction process was triggered upon the
addition of cationic LUVs. For fluorescence microscopic analysis, the GUV membrane was
labelled with the amphiphilic fluorescent dye 3,3'-dioctadecyloxacarbocyanine (DiOCy3(3)).
Thus, 2P-FLIM and 2P-FCS could be successfully applied to the fluorophore-liposome com-
bination (or model) used here. The resulting spatially resolved fluorescence lifetimes and
diffusion characteristics allowed for a better understanding of the LUV-GUYV interaction.

2. Materials and Methods
2.1. Material and Sample Preparation

The neutral lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE), the anionic lipid 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS) and the cationic lipid 1,2-dioleoyl-3-trimehtylammonium-propane
(DOTAP) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). The fluorescent
dye 3,3’-dioctadecyloxacarbocyanine perchlorate (DiOCyg(3)) was from Life Technologies
(Carlsbad, CA, USA), fluorescein was from Merck (Darmstadt, Germany) and rhodamine
6G was from Sirah (Grevenbroich, Germany). Sulforhodamine 101 (SRh101) and phosphate-
buffered saline (PBS) were from Sigma-Aldrich (Steinheim, Germany), and chloroform and
other chemicals were from Carl Roth (Karlsruhe, Germany).



Biophysica 2024, 4

209

Large unilamellar vesicles (LUVs) were prepared using a thin film hydration
method [21,22]. DOPC:DOTAP (1:1 molar ratio) and DOPC:DOPE:DOTAP (1:1:2 molar
ratio) were dissolved in chloroform and dried in a glass vial under nitrogen stream fol-
lowed by removal of residual solvent under vacuum for ~3 h. The final concentration of
lipids was 1 mM. Multilamellar vesicles were obtained by hydrating the lipid films using
PBS (pH 7.4) supplemented with 10 pM SRh101. After 60 min incubation at 25 °C, the
suspensions were subjected to 15 freeze—thaw cycles in liquid nitrogen with vortexing
after each cycle. To form large unilamellar vesicles, the suspensions were passed 35 times
through a mini-extruder (Avanti Polar Lipids, Alabaster, AL, USA) using two-stacked
polycarbonate filters with a pore size of 100 nm. The final LUV preparations were stored
in the dark at 4 °C until use, but for a maximum of 7 days.

Giant unilamellar vesicles (GUVs) with the lipid compositions DOPC:DOPE (3:1 molar
ratio), DOPC:DOPS (3:1 molar ratio) and DOPC:DOPE:DOPS (8:3:2 molar ratio) were
produced by the electroformation method [23]. The lipid mixture (5 mM) was supplemented
with 0.1 mol% DiOC;g(3) for fluorescence imaging during the fusion experiments. Briefly, a
10 pL lipid solution of a given lipid mixture in chloroform was spread on conductive indium
tin oxide glass plates and the solvent was evaporated for 30 min under a stream of nitrogen
and additional vacuum for ~3 h. A home-made Teflon spacer was sandwiched between
two glass plates forming a chamber with ~1 mL volume, which was filled with a 100 mM
sucrose solution and connected to a function generator (1.2 Vpp, nominal voltage at 10 Hz).
Vesicles were allowed to grow at room temperature for 2-3 h. After GUV formation, the
vesicles were transferred into an Eppendorf tube and stored in the dark at 4 °C until use, for
up to 5-7 days. For fluorescence recordings, GUVs were immobilised within an observation
chamber constructed with a glass coverslip of precise thickness (170 & 5 pm) and a 0.5 mm
thick press-to-seal silicone isolator with adhesive (Life Technologies, Darmstadt, Germany).
For immobilisation of the GUVs, the coverslip was pretreated with the tissue adhesive
Vectabond (Axxora, Lorrach, Germany) and the GUVs could then passively adhere to
the glass surface. For the GUV-LUV interaction experiments, 100 uL of LUV solution
was added to the observation chamber with the immobilised GUVs diluted in 100 mM
glucose solution.

2.2. Fluorescence Measurements

Fluorescence emission spectra (450 nm-800 nm, spectral bandwidth AA = 1 nm)
were recorded with a FluoroMax 4 (Horiba, Kyoto, Japan) at an excitation wavelength of
Aex =450 nm for DiOC1g(3) and Aex = 547 nm for SRh101. Concentrations were adjusted to
avoid inner filter effects (absorption maximum below 0.1).

Time-resolved fluorescence measurements were performed by using a femtosecond fi-
bre laser (C-Fiber A 780; Menlo System, Martinsried, Germany) operating at Aey op = 780 nm
with a repetition rate of 50 MHz, a pulse width of ~90 ps and laser power adjusted to
~5 mW. The emitted fluorescence intensity I(f) was detected by single-photon avalanche
diodes (SPCM-AQR-13 and SPCM-CD-2801; Perkin Elmer, Waltham, MA, USA) in a time-
correlated single-photon counting (TCSPC) mode. The fluorescence decay curves were
fitted multi-exponentially, with «; being the amplitude of the ith component with the
corresponding decay time 7; (Equation (1)). Additionally, the intensity-weighted average
decay time T,y (i) Was calculated according to Equation (2). The goodness of the fits was

judged on the reduced x% values and randomly distributed residuals.

t s
I(t) =) ajexp (—T> + Ipackground withi=1...3 (1)
i 1

n n
Tav(int) = Z DéiT,«Z/Z ;T withi =1...3 )
i=1 i=1
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2.3. 2P Fluorescence Excitation Spectra

2P fluorescence excitation action cross-sections ®ro, were determined from relative
measurements using the well-characterized 2P-reference dyes fluorescein (pH 13) and
rhodamine 6G in methanol [24]. The concentrations of the reference dyes were adjusted
for the respective samples and controlled by absorption spectra, if possible. Thus, for
liposome-bound DiOC;5(3), the fluorescein concentration was adjusted to 1.3 uM. For the
encapsulated SRh101, the rthodamine 6G concentration was adjusted to 0.35 uM.

2P fluorescence excitation action cross-sections ®ro» (with 10750 em* s/ photon =1 GM)
were calculated according to the following equation:

JIdv-cs-oms - Prs
[ Isdv-c ’

Proy =

©)

where [ Idv is the integral of the 2P emission spectrum, ¢ is the dye concentration and ®p
is the fluorescence quantum yield [25]. The subscript S indicates the parameters of the
reference dye fluorescein and rhodamine 6G, which were used as 2P excitation standards
with ®gg determined to $rg = 0.84 & 0.04 and P = 0.90 £ 0.05 (means = SEM, N = 3),
respectively [26], and known 2P absorption cross-sections 0» g [24,27]. The absorption
measurements were performed with a Lambda 750 UV / VIS spectrometer (Perkin Elmer,
Waltham, MA, USA). Fluorescence quantum yields were determined absolutely with
the C 9929 integration sphere system (Hamamatsu, Hamamatsu City, Japan). For [ Idv
determination, a mode-locked Ti:Sa laser system (Tsunami 3960; Spectra Physics, Mountain
View, CA, USA) was used as an excitation source operating at a 82 MHz repetition rate
with a pulse width of ~80 fs. Average laser power at 780 nm was adjusted to ~260 mW by a
circular neutral density filter. The Ti:Sa laser was tuned from 720 nm to 900 nm in 20 nm
steps. The excitation light was coupled into the fluorescence lifetime spectrometer FL 920
(Edinburgh Instruments, Edinburgh, UK) and was focused via a lens on the quartz cuvette.
The fluorescence emission was detected with a photomultiplier (S300 blue-sensitive R1527,
Hamamatsu, Hamamatsu City, Japan) in a spectral range of 400 nm-700 nm in 1 nm steps.
Stability of the average laser power was controlled between the measurements with a
power meter (Fieldmaster LM10 HTD with a detection range of 10 mW to 10 W).

2.4. 2P-FLIM Recordings

2P microscopy in combination with FLIM was carried out by using the MicroTime 200
fluorescence lifetime microscope system (PicoQuant, Berlin, Germany). The setup included
an inverted microscope (Olympus IX 71) equipped with an Olympus PlanApo x100/NA 1.4
oil-immersion objective, on which the recording chamber could be mounted. 2P excitation
was performed with the above-mentioned femtosecond fibre laser. The near infrared
(NIR) laser beam was guided toward the objective via the microscope side port by using a
dichroic mirror (2P-dichroic 725; Chroma, Fiirstenfeldbruck, Germany). For the rejection of
excitation light in the emission pathway, a short-pass filter was used (SP680 OD4, Edmund
Optics, Karlsruhe, Germany). The emitted light was guided through a 100 um pinhole,
split by a dichroic mirror FF605 (AHF Analysentechnik, Tiibingen, Germany) into the two
detection channels and, additionally, filtered by passing through the bandpass filters 514 /44
(“green” channel) and 700/75 (“red” channel) (AHF Analysentechnik, Tiibingen, Germany),
respectively. Single-photon avalanche diodes (SPCM-AQR-13 and SPCM-CD-2801; Perkin
Elmer, Waltham, MA, USA) were used for fluorescence detection.

Time-resolved fluorescence image acquisition occurred by raster scanning the objec-
tive using a xy-piezo-positioner (Physik Instrumente, Karlsruhe, Germany) in the time-
correlated single-photon counting (TCSPC) mode by using a PicoHarp 300 device with the
applied time resolution of 8 ps (PicoQuant). Laser power was adjusted to achieve average
photon counting rates < 10° photons/s and peak rates close to 10° photons/s when record-
ing FLIM images, thus below the maximum counting rate allowed by the TCSPC electronics
to avoid pulse pile up. Full frame images of 80 pm x 80 pm with 150 pixel x 150 pixel
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and a pixel dwell time of 2.3 ms were recorded in ~50-60 s. Data acquisition and analysis
were performed by using the SymPhoTime 64 software version 2.3 (PicoQuant). Briefly, all
photons collected in a region of interest (ROI) were used to calculate a global histogram
for the quantification of the mean fluorescence decay time. Fluorescence decay analysis
occurred by deconvolution fitting. The decay fitting was estimated using residuals and x%
values as quality parameters. Fluorescence intensity images were calculated by integrating
all detected photons in every pixel, thereby ignoring the temporal information. The full
width at half-maximum (FWHM) of the daily measured instrument response function (IRF)
of the 2P-FLIM setup from backscattered excitation light was (220 £ 3) ps (mean £ SEM,
N = 25). Based on the fluorescence lifetime analysis, every pixel in the image was then
treated in the SymPhoTime 64 software in the same way, but this time with a maximum
likelihood estimator resulting in false colour-coded FLIM images.

FLIM images were calculated separately for each detection channel using the Sym-
PhoTime 64 software. The false-colour spectrum for displaying the respective decay times
was adjusted to match the fluorescence spectrum of the specific dyes used. In the “green”
detection channel (BP 514/44), decay times were displayed using green colour gradations,
while in the “red” detection channel (BP 700/75), decay times were displayed using red
colour gradations. Subsequently, the FLIM images generated in this manner were overlaid
using additive colour mixing to visualize colocalization areas, where the overlapping re-
gions appeared yellow. This method allowed us to identify areas within the sample where
both fluorophores were present in close proximity or overlapped, indicating potential
colocalization or interaction.

2.5. Fluorescence Correlation Spectroscopy

By using the MicroTime 200 system, we also performed FCS experiments to determine
the diffusion characteristics of the fluorescently labelled samples. For experiments in
aqueous solution, we used single-point FCS. In this case, the size of the 2P-excitation
effective volume V¢ »p was daily calibrated using a 100 nM aqueous solution of rhodamine
6G with literature-known diffusion coefficient [28]. The size of Vg op can be calculated by
the following equation [29]:

NI

Vettop = (g) whzo (4)

where wq and z; are the characteristic lateral and axial detection volume dimensions. The
resulting lateral 1/ e? radius was wq = (0.29 £ 0.01) um, yielding an effective volume element
of Vg op = (0.135 & 0.006) fL. (means & SEM, N = 50). The experiments were performed
at room temperature (22 £+ 1 °C) with an excitation power set to ~5 mW (measured at
the objective). The liposome systems were analysed at initially applied phospholipid and
SRh101 concentrations of 1 mM and 10 uM, respectively. The SymPhoTime 64 software
was used for data acquisition and the calculation of the corresponding correlation curve,
which was based on a cross-correlation routine using the signal of both photodiodes.

The autocorrelation function G(7) of free diffusing probes was analysed assuming a
three-dimensional Gaussian 2P-excitation profile using the following equation [29,30]:

-1 -1/2
8Dt 8Dt
0 0
2
. Wy
with D = 81 (6)

where T is the lag time, D is the diffusion coefficient, G(0) is the amplitude at T = 0 and 1p is
the average diffusion time of the fluorescent particles diffusing through the focal volume.
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For a known effective detection volume Vg, the concentration of the fluorescent
diffusing particles (C) can by derived from the autocorrelation amplitude G(0) at T = 0 by
the following relationship [31]:

(C) = [Vegt - G(0)] . @)

3. Results and Discussion
3.1. 2P Fluorescence Excitation Spectra of Fluorescently Labelled LUV's

Since liposomes are established model systems for studying targeted drug delivery,
specific fluorescent labelling is required to observe the involved mechanisms in more detail
with fluorescence measurements. Thereby, the selection of a suitable pair of dyes plays a
crucial role in the application of both techniques, 2P-FCS and 2P-FLIM. First, the spectral
overlap of their fluorescence emission characteristics should be minimal. Second, both
dyes must be well 2P excitable by the same two-photon laser line and they should also
tolerate the same excitation power without significant photobleaching [32]. In practice, it is
important to recognize that every optimized two-photon dual-colour setup represents a
carefully considered compromise, which arises from the inherent variations in photostabil-
ity, quantum yield, absorption spectra, and other characteristics of the selected dye system.
In this work, the dye system selected for the liposome interaction experiments consisted
of the “green-emitting” dye DiOCy5(3) and the “red-emitting” dye SRh101. While SRh101
is water soluble and accumulates as a surrogate drug inside liposomes, the lipophilic dye
DiOC15(3) serves as a marker of liposome membranes. Since spectral properties of dyes of-
ten differ depending on their microenvironment, the proposed dye pair were first measured
in their intended liposome environment rather than in a pure solvent. Figure 1a shows the
fluorescence emission spectra for both dyes in LUVs. The dyes exhibited fluorescence peaks
at Aem,max = 502 nm and Aemmax = 604 nm, respectively, which fit well with previously
published data [33,34]. Compared to free dyes in solution, both fluorescent markers showed
no significant changes in their emission spectra concerning shape and peak maxima in
a liposomal environment. In addition, the rather well-separated fluorescence maxima
allowed for a sufficient separation of the recorded fluorescence signals when using suitable
optical elements. The transmission curves of the optical elements chosen for the dual-colour
detection (dichroic and filters) were also measured and the results are shown in Figure 1a.

a b
BP514/44 FF605 BP700/75 102+
1.0 4 75> O 0 1.0
- 5 =
N s O
S 2 2.
5 0.51 05 E &
f = 2 DN
S
[=
0.0 ‘ “t 0.0 10° v v v v
500 550 600 650 700 750 720 760 800 840 880
Al nm Aex2p I NM

Figure 1. Spectroscopic properties of the used dyes. (a) Normalised fluorescence spectra of the LUV
membrane-bound DiOC1g(3) (green line) and LUV-encapsulated SRh101 (red line) in phosphate-
buffered saline (pH 7.0). The transmission characteristics of dichroic mirror (FF605) and filters
(BP514/44 and BP700/75) used for the spectral separation of the emission signal are also indi-
cated (dotted lines). (b) The 2P fluorescence excitation action cross-section spectra of DiOC;5(3)
(green dots) and SRh101 (red dots) in LUVs (means + SEM, N = 3). Fluorescein in NaOH (pH 13)
and rhodamine 6G in methanol served as references [24]. The 2P action cross-section is the prod-
uct of the fluorescence quantum yield ®r and the absolute 2P absorption cross-section 0y [25];
1GM =105 ¢cm? s/photon [29].
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To determine the optimal excitation properties, the knowledge of 2P fluorescence
excitation spectra was necessary. The efficiency of the 2P-excitation process could be quan-
tified by the fluorescence excitation action cross-section as a product of the 2P-absorption
cross-section 0y and fluorescence quantum yield ®p. For that, the fluorescence quantum
yields of the membrane-bound DiOC5(3) and encapsulated SRh101 were determined
absolutely to @ = 0.40 £ 0.02 (mean £ SEM, N = 3) and & = 0.26 £ 0.03 (mean £ SEM,
N = 3), respectively. The 2P-absorption cross-sections were determined by relative mea-
surements using fluorescein in an NaOH solution (pH 13) and rhodamine 6G in methanol
as well-characterised 2P references [24].

In the measured spectral range of Aey op = (740-880) nm, the obtained 2P fluorescence
excitation action cross-section ®ro» of DiOCg(3)-labelled LUVs exhibited a continuous
increase from 1.5 GM to 22 GM (Figure 1b, green dots). Furthermore, the calculated ®ro»
value at Agy op = 780 nm, the wavelength used for 2P-FCS and 2P-FLIM recordings, was
determined to be ®ro» = (2.04 + 0.35) GM (mean + SEM, N = 3). A similar trend was
published for other lipophilic dyes dialkyl carbocyanine DiOCs and DiOCg, but these
were only measured in methanol [35]. So, in the spectral range of Aey 2p = (690-960) nm
for these dyes, ®roy values between 0.04 GM and 5 GM were reported, which were
slightly lower than those measured here for DiOC;g(3) in LUVs. This result indicated that
the incorporation of DiOC;5(3) into the lipid bilayer did not dramatically influence the
efficiency of the 2P-excitation process.

The ®poy values for SRh101 encapsulated in LUVs showed a local minimum at
Aex,2p = 780 nm and continued to increase at longer 2P-excitation wavelengths (Figure 1b,
red dots). In the measured spectral range of Aex 2p = (740-880) nm, Proy values of (6-86) GM
were determined, thus slightly lower than those of the available data published for SRh101
in pure MOPS buffer [36]. Similar to DiOC;g(3) in LUVs, the calculated ®ro» value at
Aex2p = 780 nm was determined to be ®poy = (6.0 = 0.24) GM (mean £+ SEM, N = 3), and
thus, both liposome dye systems could be successfully applied in the 2P experiments. To
the best of our knowledge and based on our literature review, this is the first time that these
parameters have been determined within these liposomal contexts.

3.2. Time-Resolved Fluorescence Recordings of Fluorescently Labelled LUV's

The application of time-resolved fluorescence measurements is an attractive alternative
approach to well-established fluorescence intensity measurements. Accessing the fluores-
cence decay time has the advantage of being mostly independent of the dye concentration,
thus circumventing issues such as dye leakage and bleaching [37]. This is because the
fluorescence lifetime primarily depends on the intrinsic properties of the fluorophore and
its local microenvironment. Concerning quantitative recordings of GUV-LUV interactions,
we compared the fluorescence decay behaviour of free and liposome-encapsulated SRh101,
both dissolved in PBS. For this, cationic LUVs of varying SRh101 concentrations from
(1-1000) uM were prepared, and subsequently analysed in time-resolved fluorescence
measurements at Aoy op = 780 nm. In Figure 2a, representative fluorescence decay curves
for both 100 nM free SRh101 and 10 uM SRh101 encapsulated in LUVs are shown, clearly
revealing the different decay behaviour. The corresponding average decay times resulted
from a deconvolution fitting analysis. As expected, for free SRh101, a monoexponential
fit model provided the best fitting results with a decay time of T = 3.96 ns (x% = 1.12).
The obtained value is similar to the data reported in the literature for free SRh101 in a
buffer with 7 = (4.2 £ 0.1) ns [34], as well as for the structurally similar fluorescent dye
6-carboxyfluorescein (7 = 4.42 ns) [38]. In the case of SRh101-encapsulated LUVs, the
obtained fluorescence decay curves displayed a multiexponential decay behaviour. Hence,
deconvolution fitting by means of a biexponential decay function yielded uniformly al-
ternating residuals and reasonable x% values in comparison to a monoexponential decay
function (x% 1.07 vs. 16.77). However, the application of a triexponential fitting analysis
did not significantly improve the quality of the residuals and x% values (x% 1.07 vs. 0.96).
Thus, all measured decay curves were analysed using the biexponential fitting model,
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yielding two decay time constants, whereby no significant change in their normalised am-
plitudes (1 and orp) with increasing SRh101 concentration was observed. The long decay
time component 73 = (3.80 £ 0.02) ns most probably represents the liposome-associated
complexes, and the short decay time component 7, = (0.45 £ 0.04) ns is assumed to be
related to a SRh101 environment with strong fluorescence quenching. This can be as-
cribed to diverse factors associated with the higher intravesicular concentration and the
specific microenvironment within the liposomal membrane. Such multiexponential decay
behaviour has been already discussed for SRh101 in DPPC:DCP liposomes [34] and for
6-carboxyfluorescein in DPPC liposomes [38]. Interestingly, VanderMeulen et al. have
reported the occurrence of a third, very short decay time component, which is the major
component at very high SRh101 concentrations (20-100 mM) supporting the strong dye
quenching effect [34]. This phenomenon has been attributed to the complete quenching
of the dye fluorescence inside the liposomes. For further analyses, the intensity-weighted
average fluorescence decay time of liposome-encapsulated SRh101 was calculated to be

Tav(int) = (3.88 £ 0.03) ns (mean + SEM, N = 10).
a b
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Figure 2. Comparative in vitro characterisation of the fluorescent dyes SRh101 and DiOC;g(3) free in
solution and in LUVs. Representative fluorescence decay curves of (a) SRh101 in PBS (black line) and
SRh101-encapsulated LUVs (red line) as well as (b) DiOC;g(3) in methanol (MeOH, black line) and
DiOC;3(3) incorporated into LUVs (red line), were recorded at Aex op = 780 nm; the corresponding
biexponential reconvolution fits (black dashed lines) of the SRh101-encapsulated LUVs and DiOC13(3)
incorporated into LUVs are also shown. The weighted residuals of mono-, bi- and triexponential fits
and their corresponding )(%{ values are displayed below. IRF: instrument response function (grey line).
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Analogous to SRh101, we investigated the fluorescence decay behaviour of DiOC1g(3)
in a methanol solution and in LUVs. Thus, the membrane of the cationic LUVs was la-
belled with the lipophilic dye using five different concentrations varying from 0.1 mol% to
10 mol%. The obtained fluorescence decay curves showed a complex, multiexponential
decay behaviour, which changed as a function of the DiOC;3(3) concentration. Figure 2b
shows representative fluorescence decay curves for free 100 nM DiOC;g(3) in methanol
and for 0.1 mol% DiOCy5(3) in LUVs. A monoexponential fit showed strongly fluctu-
ating residuals for both the free and liposome-bound DiOC;g(3) and large X%{ values of
22.6 and 4.01, respectively. In contrast, when using a biexponential fitting model, sig-
nificantly smaller )(12{ values were obtained ()(12{ 1.19 for free DiOCy5(3) and )(12{ 1.08 for
liposome-bound DiOC;g(3)). Since these values also showed no improvement using a triex-
ponential fitting model (free DiOC;g(3): X% 1.12 vs. 1.19 and liposome-bound DiOC;5(3):
x% 1.04 vs. 1.08), a biexponential fitting model was used to determine the fluorescence
decay times. However, it turned out that, in liposomes, T,y(int) decreased significantly
with increasing dye concentration from T, (jng) = (3.08 £ 0.18) ns t0 T,y (i) = (0.72 £ 0.05)
ns (means = SEM, N = 4) for 0.1 mol% and 10 mol% DiOC;g(3), respectively. A similar
behaviour has already been observed for the lipophilic cyanine dyes Cndil (with N =12, 18,
and 22) in a variety of membranes with lipid bilayers [39]. The sensitivity of these dyes to
the chemical composition of the lipid membranes is cited as the cause for the occurrence of
multiexponential fluorescence decays. Another factor contributing to such behaviour has
been attributed to potential differences in energy levels and excited-state reactions [39,40].
Conversely, the reduction in T, () in LUVs with increasing DiOCy5(3) concentration could
be attributed to the dimerisation and extensive aggregation of this dye [41,42]. For free
DiOC;5(3) in methanol, the intensity-weighted average decay time from the biexponen-
tial fit analysis also exhibits a strong dependence on dye concentration. So, it decreased
from T,y (jny) = (2.71 & 0.02) ns for 100 nM DiOC1g(3) t0 Toy(ing) = (0.43 + 0.06) ns for 5 uM
DiOC;5(3) (means =+ SEM, N = 4). This behaviour could suggest the formation of two dis-
tinct species, such as monomers and excimers, as previously demonstrated in the literature
for DiOC18(3) in cyclohexanol [33].

3.3. Diffusion Characteristics of Fluorescently Labelled LUV's

In the next step, we examined the diffusion behaviour of the dye-labelled liposomes.
To accomplish this, we measured the fluctuations in fluorescence intensity resulting from
molecules diffusing through the detection volume and calculated the corresponding diffu-
sion times of the fluorescent probe using the 2P-FCS technique. Therefore, the concentration
of fluorescent molecules typically needs to be in the pM-nM-range. Accordingly, LUVs
were prepared using an initially applied 10 uM concentration of SRh101. Figure 3 shows the
autocorrelation curves of free and SRh101-encapsulated LUVs. When SRh101 was encapsu-
lated within an LUV, the observed diffusion behaviour aligned with the characteristics of
the LUV entity and demonstrated a notable decrease in speed compared to freely diffusing
SRh101. Both autocorrelation curves were fitted according to Equation (5). For freely diffus-
ing SRh101 in a PBS solution (pH 7.4), we found a diffusion coefficient of D; = (34.4 £ 2.0)
10~ m? s~! (mean 4+ SEM, N = 6), which corresponds to the unhindered diffusing probe.
The associated diffusion time of 1 = (4.2 & 0.3) 1072 ms was determined according to
Equation (6). Comparable values have been described in the literature for known organic
fluorescent markers with molecular weights < 1000 g mol~ 1[28,43,44]. In contrast, due to
the larger size of LUVs, the autocorrelation curve of SRh101-encapsulated LUVs shifted
to longer diffusion times and was calculated to be 1p = (2.3 & 0.1) ms (mean + SEM,
N =9). The corresponding diffusion coefficient was decreased, yielding D; = (0.59 =+ 0.03)
10" m? s~ 1. The revealed trend is in good agreement with the data published for the
dyes rhodamine in POPC vesicles, sulforhodamine B in polymeric nanocontainers, as well
as ATTO-647N and rhodamine B in POPC-LUVs [43-45].
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Additionally, FCS recordings allow for the determination of the average dye concen-
tration encapsulated in the liposomes, even in the nM range. Using the amplitude of the
correlation function G(7) at time T = 0, we calculated an average SRh101 concentration
inside the LUVs of Cgrpip1 = (25 £ 3) nM (mean £ SEM, N = 9) (Equation (7)). Initially,
10 uM of SRh101 was applied during LUV preparation, resulting in the majority being
washed out, leaving only a small amount accumulated in the liposomes. Nevertheless, the
presented results indicate a sufficient and stable loading of SRh101 into LUVs under the
applied experimental conditions.
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Figure 3. 2P-FCS data analysis obtained by measuring SRh101 in phosphate-buffered saline (PBS)
and in LUVs. Normalised fluorescence autocorrelation curves and the corresponding weighted
residuals of free SRh101 (black circles) and SRh101-encapsulated LUVs (red circles) fitted by using
a two-component diffusion model according to Equation (5) (solid lines) [29,30]. The curves were
normalized by multiplying with the total number of fluorescent molecules in the detection volume,
N, derived from the fits (G(0) = 1/N).

3.4. Interaction of Fluorescently Labelled LUVs and GUV's of Varying Lipid Composition Using
2P-FLIM Recordings

As SRh101-encapsulated LUVs were used as a drug carrier system, questions arose
regarding the fate of this carrier during its interaction with GUVs, which served as artificial
cells. Among others, one could imagine two simple scenarios, either an internalisation of the
complete LUVs or a LUV-GUV-membrane fusion with the partial release of SRh101 into the
GUYV lumen. The results presented here were obtained with protein-free, SRh101-containing
LUVs composed of DOPC:DOTAP (1:1, cationic) or DOPC:DOPE:DOTAP (1:1:2, cationic),
respectively. The lipid compositions of the GUVs labelled with 0.1 mol% DiOC1g(3) were
DOPC:DOPS (3:1, anionic), DOPC:DOPE:DOPS (8:3:2, anionic) and DOPC:DOPE (3:1,
neutral). We performed incubation experiments, in which GUVs were immobilised in an
incubation chamber. Then, a suspension of cationic LUVs was added, and the subsequent
diffusion behaviour of the LUVs was observed via 2P-FLIM recordings. Figure 4 shows
false-colour-coded 2P-FLIM images of a neutral GUV (DOPC:DOPE, 3:1) from both de-
tection channels, imaging the green and the red spectral regions, approx. 30 min after
addition of cationic LUVs (DOPC:DOPE:DOTAP, 1:1:2). As expected from the fluores-
cence spectra (see Figure 1), only the fluorescence signal from DiOC;5(3) embedded in
the GUV membrane is observed in the green detection channel. In addition, the SRh101
fluorescence signal from the LUVs was not detectible in the green detection channel. Thus,
bleed-through is minimal, which is important for analysing FCS signals. The fluorescence
signal of SRh101 in the red detection channel was exclusively seen near the GUV membrane
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and exhibited a dot-like pattern. This observation supported the idea of an accumulation
of the cationic LUVs at the neutral GUV membrane. Furthermore, the docking of LUVs to
the GUV membrane appeared to be stable and randomly distributed.

Overlays of direct
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Figure 4. Interaction of cationic LUVs (DOPC:DOPE:DOTAP, 1:1:2) containing SRh101 with an
immobilised neutral GUV (DOPC:DOPE, 3:1) labelled with 0.1 mol% DiOC;5(3). Representative
2P-FLIM images recorded 30 min after the addition of the LUV solution showed the fluorescence
signals from DiOC;g(3) in the green detection channel ((left), BP 514/44) and from SRh101 in the
red detection channel ((middle), BP 700/75), as well as merged images of DiOC1g(3) and SRh101
direct excitation and emission channels (right). The images represent an equatorial cross-section of
the GUV. Recording parameters: image acquisition time~60 s, pixel dwell time 2.3 ms/pixel.

In order to evaluate the effect of the lipid composition on the LUV-GUYV interactions,
we started with incubation experiments and the analysis of 2P-FLIM images of a time series.
Figure 5 shows the respective time sequences of a neutral GUV (a) and an anionic GUV
(b,c) interacting with LUVs. Initially, at t = 0, the GUVs were homogenously fluorescent
(=DiOC1g(3) labelled membrane), tense and spherical. For the GUVs with the membrane
composition of DOPC:DOPE (3:1) and DOPC:DOPE:DOPS (8:3:2), we observed changes in
the fluorescence pattern approx. 15 min after the addition of LUVs with a lipid composition
of DOPC:DOTAP (1:1). These changes manifested as red or yellow spots, corresponding to
longer fluorescence decay times, as expected for SRh101, distributed along the vesicle’s rim
in the confocal images. The appearance of these spots became more pronounced after 30
or 60 min (see Figure 5a,b). In particular, in the case of the neutral GUV (Figure 5a), the
distribution of SRh101 fluorescence on the GUV surface appeared to be quite homogeneous.
Similar reports on the docking of cationic LUVs immediately followed by hemifusion
or fusion have been published previously [46,47]. As a consequence of the ongoing LUV
accumulation, as well as the asymmetric transfer of LUV lipids in the outer GUV membrane
layer, it is quite common that spontaneous curvature and the deformation of the GUV
surface (here at 90 min) can occur [47,48]. Further, the process of docking and hemifusion
can lead to vesicle rupture and collapse (here, at 120 min).

In contrast, incubation of the cationic LUVs (DOPC:DOTAP, 1:1) with GUVs having
the lipid composition DOPC:DOPS (3:1) did not lead to visible accumulation of LUVs on
GUVs after 30 min. However, after approx. 45-60 min of observation, we observed a slight
increase in longer fluorescence decay times at the GUV surface (Figure 5c). Furthermore,
membrane budding and the surface deformation of the GUV were not detected. This
may indicate that the stability of the anionic DOPC:DOPS (3:1) GUVs towards surface-
docked LUVs was probably higher than that of the GUVs containing the lipid DOPE. GUVs
containing a high amount of DOPE, a lipid with a preferred negative curvature and a
tendency to form hexagonal phases [49], probably tend to deform or collapse after long
incubation times with positively charged LUVs. Due to the continuous aggregation of
LUVs at the GUV membrane, it is reasonable to assume that different bilayers may form,
resulting in smaller and more permeable vesicles.
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t=120 min

Figure 5. Analysis of the LUV-GUV interaction by 2P-FLIM recordings. GUVs contained 0.1 mol%
DiOC;5(3) and were composed of (a) DOPC:DOPE (3:1), (b) DOPC:DOPE:DOPS (8:3:2) or (c) DOPC:DOPS
(3:1). GUVs were treated for 120 min with SRh101-encapsulated and positively charged LUVs with the
lipid composition DOPC:DOTAP (1:1). Representative 2P-FLIM images are overlays of the fluorescence
signals from the green (BP 514/44) and red (BP 700/75) detection channels at distinct time points. The
results are representative for N = 34 independent repeat measurements.

Similar to the interaction experiment with DOPC:DOTAP (1:1) LUV, the incubation of
GUVs with cationic LUVs composed of DOPC:DOPE:DOTAP (1:1:2), resulted in liposome
docking to GUVs, indicated by warmer colours in the 2P-FLIM images at the GUV’s surface
(Figure 6). Interestingly, in case of neutral GUVs with the lipid composition DOPC:DOPE
(3:1), the process of docking and interacting with these LUVs seemed to be fast and
efficient. Within just 30 min after adding the LUV solution, the GUV showed a sharp
fluorescence increase, homogeneously distributed over the entire lipid bilayer, and this
fluorescence intensity continued to increase after 60 min (Figure 6a). Additionally, the
fluorescence pattern on the GUV surface did not change significantly after the sample was
left to interact with the injected LUVs for an additional 60 min. Such interactions have
been previously reported in lipid-mixing studies using both protein-free and lipopeptide-
functionalised systems [47,50]. In contrast, membrane activity in the case of anionic GUVs
was considerably lower (Figure 6b,c); especially for GUVs with the lipid composition
DOPC:DOPS (3:1), we observed the preservation of membrane tension and sphericity over
the whole acquisition time of 120 min. This behaviour is in good agreement with previous
studies, which concluded that cationic lipid composition is more important for in vitro
fusion and content release than the type of colloidal structure [47,51,52].

Taken together, these incubation experiments with 2P-FLIM aimed to assess the im-
pact of lipid composition on vesicle interactions, membrane fusion, perturbation, and
dye transfer dynamics. Leveraging the advanced capabilities of FLIM, the study pro-
vided a detailed and quantitative assessment of these processes at a subcellular level.
The selection of DiOC;3(3) and SRh101 fluorophores demonstrated FLIM’s specificity in
identifying and understanding their behaviour within the system, crucial for studying
complex interactions like LUV-GUYV fusion. Both DiOC;5(3) and SRh101 fluorophores are
excited with a single wavelength during two-photon excitation, unlike in single-photon
excitation methods. Additionally, the potential for two-photon excitation offered deeper
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imaging capabilities, crucial for studying interactions in physiologically relevant contexts.
These aspects collectively highlight the unique benefits of FLIM in investigating complex
subcellular phenomena.

t=15min

5 0]

Figure 6. Analysis of the LUV-GUYV interactions by 2P-FLIM recordings. GUVs contained
0.1 mol% DiOC;g(3) and were composed of (a) DOPC:DOPE (3:1), (b) DOPC:DOPE:DOPS (8:3:2)
and (c) DOPC:DOPS (3:1). GUVs were treated for 120 min with SRh101-encapsulated and positively
charged LUVs with the lipid composition DOPC:DOPE:DOTAP (1:1:2). Representative 2P-FLIM
images are overlays of the fluorescence signals in the green (BP 514/44) and red (BP 700/75) de-

tection channels at distinct time points. The results are representative for N = 3—4 independent
repeat measurements.

3.5. Interaction of Fluorescently Labelled LUV's and GUV's of Varying Lipid Composition Using
Time-Resolved Fluorescence and 2P-FCS Recordings

To examine the observations from 2P-FLIM recordings more quantitatively and with
a complementary approach, we applied 2P time-resolved fluorescence spectroscopy and
2P-FCS to measure and analyse the changes in the diffusion time and fluorescence decay
time of the fluorescently labelled LUVs. First, the autocorrelation curves and fluorescence
decay curves of the positively charged LUVs were recorded at different time points outside
the GUV in the surrounding medium. Figure 7a,b show representative results for the
incubation of anionic, DiOC1g(3)-labelled GUV (DOPC:DOPE:DOPS, 8:3:2) with cationic,
SRh101-encapsulated LUVs (DOPC:DOTAP, 1:1). The autocorrelation curves of the fluores-
cent signals from the “red” detection channel were connected to the SRh101 fluorescent dye
and were fitted with Equation (5) (see Figure 1a). As expected, the curve analysis over time
showed a consistent diffusion behaviour with a mean diffusion time of 1p = (4.3 + 0.1) ms,
as well as a continuous increase in the LUV concentration from (3.3 = 1.3) nM at 15 min
to (18.4 £ 2.7) nM at 120 min (means £ SEM, N = 6) (see Figure 7d). At the beginning
of the experiment, the liposomes were present in low concentrations, providing suffi-
cient space for their movement and diffusion. Over time, the number of liposomes in
the solution increased, resulting in a higher local liposome content. Since liposomes can
interact with each other, this may reduce the available area for motion, leading to a slight
reduction in diffusion time. This is evident from the plotted mean values of the diffusion
times and concentrations of SRh101 in LUVs against the measurement time (Figure 7c,d).
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Additionally, the corresponding fluorescence decay curves (Figure 7b), recorded at vari-
ous time intervals after initiating the incubation, were fitted with a biexponential model
(Equation (1), i = 2). Subsequently, the resulting intensity-weighted average decay times
Tay(int) Were calculated using Equation (2) and plotted as a function of time (Figure 7e).
A continuous increase in T, (i) Was observed, ranging from T,y (jne) = (3.59 = 0.09) ns at
15 min to Ty (iny) = (3.84 £ 0.02) ns at 120 min (means & SEM, N = 10-13). Therefore, as
the incubation time increased, the concentration of LUVs in the surrounding medium also
increased, leading to a reduction in the statistical fluctuations of noise. This led to a more
precise and stable determination of the fluorescence decay time. These experiments demon-
strated that the positively charged LUVs were effectively dispersed in the surrounding
medium within the initial 15 min of LUV incubation and remained stable throughout the
measurement period.
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Figure 7. Fluorescence recordings of LUVs obtained outside the GUVs in the surrounding medium.
Representative 2P-excited fluorescence autocorrelation curves (a) and 2P-excited fluorescence decay
curves (b) obtained at distinct time points during the incubation of an immobilised anionic GUV
(DOPC:DOPE:DOPS, 8:3:2) with cationic LUVs (DOPC:DOTAP, 1:1) for 120 min. The colour code for
(a) and (b) is defined within the legend of (a). The measuring point in the medium with immobilized
GUYV and added LUVs is shown schematically in (b). Determined diffusion times (c), concentrations
of SRh101 in LUVs, (d) and intensity-weighted average decay times (e) vs. the measurement time;
means + SEM of N = 6 (¢,d) and N = 10-13 (e).

Secondly, we examined the diffusion times and decay times of the applied LUVs
directly inside a GUV by exploiting the advantage of confocal measurements. Before the
addition of LUVs and for approximately the first 30 min post-addition, no FCS data could be
analysed. However, after about 30 min of incubation time, a noticeable SRh101 fluorescence
signal was detected inside the GUV. The FCS autocorrelation curves of SRh101, recorded
inside the GUV lumen due to LUV interaction with the membrane lipids of the GUYV,
were measured for different membrane compositions. The mean diffusion time of SRh101
within the lumen of GUVs at different time points was found to be 1p = (4.4 £ 0.5) ms
(mean + SEM, N = 6), with representative curves shown in Figure 8a. Comparing the
G(0) values for FCS measurements inside and outside the filled GUVs revealed that the
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SRh101 concentration inside the vesicle was approximately 4-fold higher compared to the
outside solution (see Figures 7d and 8d). The diffusion time from measurements inside
the GUV lumen, regardless of the lipid composition of the interacting membranes, were in
good agreement with the mean diffusion time of the SRh101 encapsulated in liposomes,
indicating a controlled and stable internalisation process (Figure 8c). Additionally, in several
cases, autocorrelation curves were recorded, resulting in two different diffusion times:
1 = (11 + 1.6) ms (f; = 55%) and T, = (2.7 + 1.5) 1072 ms (f, = 45%) (means 4 SEM,
N =5). The slower diffusion time tp; was attributed to the movement of the liposome
entity within the GUYV interior. This slower diffusion is indicative of the internalisation
of the liposomes, suggesting a possible mechanism of uptake or the engulfment of the
liposome structures by the GUVs. Conversely, the faster diffusion time 1, was associated
with the freely diffusing dye, indicating the possible release of the encapsulated SRh101
from the LUVs in the GUV interior. This observation suggests the occurrence of certain
processes leading to the release of the encapsulated dye, possibly linked to the membrane
dynamics and properties of the liposomes within the GUVs. The coexistence of these
two distinct diffusion times emphasizes the complexity of the interaction dynamics between
the liposomes and the GUVs.
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Figure 8. Fluorescence recordings of LUVs obtained inside the GUV lumen. Representative 2P-excited
fluorescence autocorrelation curves (a) and 2P-excited fluorescence decay curves (b) obtained at
distinct time points during the incubation of an immobilised anionic GUV (DOPC:DOPE:DOPS,
8:3:2) with cationic LUVs (DOPC:DOTAP, 1:1) for 120 min. The colour code for (a) and (b) is defined
within the legend of (a). The measuring point in the GUV lumen and added LUVs are shown
schematically in (b). Determined diffusion times (c), the concentrations of SRh101 in LUVs (d) and
intensity-weighted average decay times (e) vs. the measurement time; means = SEM of N = 6 (c¢,d)
and N =12 (e).

Furthermore, we examined the fluorescence decay times of SRh101 trapped in the
LUVs by performing time-resolved fluorescence measurements directly inside the GUV
lumen. The detected fluorescence decayed biexponentially and the resulting intensity-
weighted average decay times T,y (i) were in the same order of magnitude as those of
the LUVs diffusing in the extravesicular environment, as presented above. Near the inner
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GUV membrane, we obtained T,y (i) Values increasing from T,y (i) = (2.87 & 0.15) ns at
15 min up o T,y (jng) = (3.51 & 0.05) ns at 120 min (means + SEM, N = 12) (Figure 8b,e). The
slow increase in T,y (jny) values over time may indicate changes in the microenvironment of
the fluorescent dye SRh101 within the LUVs. This could be attributed to processes such
as liposome degradation, structural changes, or interactions with the GUV membrane. If
the LUVs decay over time, it might lead to the release of SRh101 dye into the GUV lumen,
contributing to the observed changes in fluorescence decay characteristics. The obtained
results provide a quantitative confirmation of a potential internalisation process of the
cationic LUVs, suggesting the subsequent release of the SRh101 dye into the GUV lumen.
This conclusion aligns with the observations derived from the 2P-FCS measurements.
Indeed, prior research indicates that these liposomes possess fusogenic properties. Cationic
LUVs exhibit rapid and spontaneous docking to anionic or neutral GUVs, efficiently fusing
with their external membranes [39,40,45-47]. The interaction dynamics between cationic
LUVs and GUVs are influenced by factors such as membrane charge, lipid composition,
and particle size [39,40,48]. It has been proposed that a surface charge density within the
range of 10-25% often results in a hemifusion state, which commonly occurs but does
not consistently progress to full fusion; adhesion may be the stable final state in some
cases [39,49]. Consequently, it is plausible that the moderate proportion of negatively
charged lipids in the GUV membranes, as observed in this case, leads to LUV engulfment
rather than fusion. Additionally, it has been suggested that the tendency for engulfment
occurs more frequently when vesicles are prepared in a sucrose solution rather than in
water [50].

Furthermore, we investigated the internalisation efficiency of positively charged LUVs
in the GUVs of different lipid compositions after a 60 min incubation period. In general,
DOPC:DOPE:DOTAP (1:1:2) LUVs showed, in all cases, slightly higher internalisation
efficiencies than DOPC:DOTAP (1:1) LUVs (Figure 9a). Nevertheless, GUVs with the lipid
composition DOPC:DOPE (3:1) demonstrated the highest uptake efficiency. This suggests
that the neutral DOPE is equally effective in inducing liposome interactions without
interference from anionic DOPS. Due to its specific structure with a small hydrophilic head
group, DOPE is inclined to influence the packing of the lipid bilayer structure and can,
therefore, provide fusogenic properties [53-55]. Berezhna et al. showed that membrane
vesiculation in response to lipoplex binding, analogous to the engulfment process, tends to
occur more frequently as the amount of DOPE in the membrane increases [51].
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Figure 9. Analysis of the internalisation of SRh101-encapsulated LUVs into the GUV interior. (a) In-
ternalisation efficiency of DOPC:DOTAP (1:1) LUVs (red columns) and DOPC:DOPE:DOTAP (1:1:2)
LUVs (black columns) into the GUVs of three different lipid compositions determined after a 60 min
incubation period; means + SEM of N = 3—4. (b) Time-dependent relative fluorescence intensity
changes inside the lumen of neutral GUVs (DOPC:DOPE, 3:1) recorded during an incubation period
of 120 min for DOPC:DOTAP (1:1) LUVs (red) and DOPC:DOPE:DOTAP (1:1:2) LUVs (black). Inten-
sity changes relative to the starting point (t = 0) were analysed from 2P-FLIM images recorded in the
red detection channel; means + SEM of N = 4; data were fit to the first-order kinetics model [56].
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To assess the impact of LUV membrane composition on internalisation efficiency, we
measured the time-dependent accumulation of SRh101 within individual GUVs (Figure 9b).
Both LUV species, DOPC:DOTAP (1:1) and DOPC:DOPE:DOTAP (1:1:2), showed sim-
ilar kinetic behaviour with a time to half saturation t;,, of 10 min. The SRh101 fluo-
rescence intensity in the GUV lumen exhibited a rapid increase with incubation time,
reaching equilibrium at approximately 60 min. Notably, LUVs with the lipid composi-
tion DOPC:DOPE:DOTAP (1:1:2) showed a slightly higher mean fluorescence intensity of
SRh101 compared to DOPC:DOTAP (1:1) LUVs, regardless of the incubation time. Possible
reasons for this observation could be the role of the “helper lipid” DOPE, which may pro-
mote the internalisation of liposomes, as well as the higher membrane charge density of the
DOPC:DOPE:DOTAP (1:1:2) LUVs at a lower fraction of DOPC [51,57]. In general, our data
show that SRh101 delivery and release from the cationic LUVs during complex interaction
with the membrane lipids strongly depends on the lipid composition of a target membrane.

The study highlights the effectiveness of combining 2P-FLIM and 2P-FCS for investi-
gating complex membrane interactions with high sensitivity and precision. However, to
further refine the precision and depth of our findings, there is potential to enhance our cur-
rent methods. Advancements in high-speed FLIM modalities could improve the method’s
ability to capture rapid events, as demonstrated in recent studies [58-60]. Additionally,
spectral FLIM shows promise in differentiating between fluorophores with similar fluores-
cence lifetimes, thereby enhancing specificity in identifying molecular species within the
membrane environment [61,62]. While the study successfully utilized multi-exponential
fittings for fluorescence lifetime analysis, incorporating phasor plot analysis could fur-
ther enhance robustness and provide insights into interaction heterogeneity. The spatial
resolution, depth sectioning, and field of view offered by 2P-FLIM proved sufficient for
studying LUV-GUYV interactions, with considerations for optimizing potential photobleach-
ing effects and temporal resolution. Future directions could explore strategies to minimize
fluorescence quenching and toxicity effects, aiming to improve the overall reliability of
fluorescence measurements. Additionally, transitioning to 3D-FLIM imaging could offer
deeper insights into vesicle dynamics within complex membrane environments [18,63].
However, it also brings challenges, such as longer acquisition time, photon budget consider-
ations and the complexity of data processing. In exploring further biomedical applications,
it is also important to consider the potential interaction of small molecules with plasma
components [64,65]. Investigating these interactions could reveal insights into the systemic
behaviour and clearance pathways of liposomal carriers in vivo, offering a comprehensive
understanding of their therapeutic potential and biological fate.

4. Conclusions

In the present study, we investigated the possibility of using both FLIM and FCS tech-
niques, each combined with 2P excitation, to study the interactions of LUVs and GUVs. For
this, liposomal vesicles were labelled with fluorescent dyes that are spatially localized and
spectrally separated in different ways. GUVs of different lipid compositions and surface
charges were used as a simplified cell model to observe the charge-dependent interactions
with carrier systems at easily controllable conditions rather than using complex living
cells or even tissues and organs. LUVs, loaded with fluorescent dye SRh101, which served
as an observable surrogate drug, were characterised by using time-resolved fluorescence
spectroscopy and FCS. With access to the microenvironment-dependent fluorescence decay
times and the size-dependent translational diffusion times of the fluorescent dye, one
can evaluate its encapsulation into, or its release from, a carrier system. After a 30 min
incubation period, we noted a rapid accumulation of the cationic LUVs at the GUV mem-
brane surface. Fluorescence decay time measurements and FCS data analysis from the
GUYV interior revealed an uptake of the whole LUVs into the GUV interior, followed by
a release of the content inside the GUV interior. Furthermore, we investigated the effi-
ciency of the LUV internalisation, which seemed to be dependent on the lipid composition.
Time-resolved measurements in the GUV interior showed an increase in LUV internali-
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sation with increasing incubation times, with the maximum efficiency being reached at
60 min. The use of the zwitterionic phospholipid DOPE led to an improvement in the
uptake efficiency, probably due to changes in the packing of the lipid bilayer structure as
a function of the environment. The principal novelty of our study, compared to earlier
studies analysing liposome interactions, lies in the utilisation of advanced biophysical
techniques such as 2P-FLIM and 2P-FCS. These techniques provide access to additional
parameters, which are useful for a more detailed and quantitative analysis of the dynamics
of a fluorescent drug/liposomal carrier system. The integration of these modern methods
can enhance our understanding of liposome-membrane interactions, although the technical
implementation and interpretation of the measurement data is rather complex. However,
given that fluorescence decay times and diffusion times exhibit reduced susceptibility to
photobleaching effects, their application becomes particularly advantageous in monitoring
liposome uptake and cargo release during in vivo imaging experiments, especially when
utilising 2P excitation.
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