Open Access Article. Published on 27 March 2020. Downloaded on 2/7/2026 11:27:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2020, 22, 8781

Received 25th July 2019,
Accepted 21st March 2020

DOI: 10.1039/c9cp04158¢

rsc.li/pcecp

1. Introduction

Lipid vesicle composition influences the
incorporation and fluorescence properties of the
lipophilic sulphonated carbocyanine dye SP-DiO+

Quentin Lubart,?® Jonas K. Hannestad, '@ Hudson Pace, (2 ¢ Daniel Fjallborg,®
Fredrik Westerlund, €2 ° Elin K. Esbjérner® and Marta Bally (2 *°

Lipophilic carbocyanine dyes are widely used as fluorescent cell membrane probes in studies ranging
from biophysics to cell biology. While they are extremely useful for qualitative observation of lipid
structures, a major problem impairing quantitative studies is that the chemical environment of the lipid
bilayer affects both the dye's insertion efficiency and photophysical properties. We present a systematic
investigation of the sulphonated carbocyanine dye 3,3’-dioctadecyl-5,5'-di(4-sulfophenyl) (SP-DiO) and
demonstrate how its insertion efficiency into pre-formed lipid bilayers and its photophysical properties
therein determine its apparent fluorescence intensity in different lipid environments. For this purpose,
we use large unilamellar vesicles (LUVs) made of lipids with distinct chain unsaturation, acyl chain
length, head group charge, and with variation in membrane cholesterol content as models. Using a
combination of absorbance, fluorescence emission, and fluorescence lifetime measurements we reveal
that SP-DiO incorporates more efficiently into liquid disordered phases compared to gel phases.
Moreover, incorporation into the latter phase is most efficient when the mismatch between the length
of the lipid and dye hydrocarbon chains is small. Furthermore, SP-DiO incorporation is less efficient in
LUVs composed of negatively charged lipids. Lastly, when cholesterol was included in the LUV
membranes, we observed significant spectral shifts, consistent with dye aggregation. Taken together,
our study highlights the complex interplay between membrane composition and labeling efficiency with
lipophilic dyes and advocates for careful assessment of fluorescence data when attempting a
quantitative analysis of fluorescence data with such molecules.

properties such as heterogeneity, lateral domain formation or
fluidity have being investigated.”” Recently, there has also

Fluorescent lipophilic dyes are useful for non-covalent labeling
of lipid membrane structures through their partitioning into the
lipid phase where they establish strong hydrophobic interactions
with the hydrocarbon tails of phospholipids. Accordingly,
various membrane dyes have become widely used in cell
biology, particularly in fluorescence microscopy applications.”
Additionally, these dyes have proven invaluable for in vitro
studies aimed at understanding the biophysics of synthetic
lipid membranes as well as of live cells, where membrane

“ Division of Biological Physics, Department of Physics, Chalmers University of
Technology, 41296 Gothenburg, Sweden

b Division of Chemical Biology, Department of Biology and Biological Engineering,
Chalmers University of Technology, 41296 Gothenburg, Sweden

¢ Department of Integrative Medical Biology, Umed University, 90185 Umed, Sweden

 Department of Clinical Microbiology & Wallenberg Centre for Molecular Medicine,
Umed University, 90185 Umed, Sweden. E-mail: marta.bally@umu.se

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

¢9¢cp04158¢

This journal is © the Owner Societies 2020

been an increased interest in using lipophilic dyes to efficiently
and reproducibly label both synthetic and biological nanoscale
lipid vesicles such as liposomes,® cell-secreted extracellular
vesicles” and viruses.®™*

The photophysical properties of lipophilic membrane dyes
are often greatly affected by the chemical environment and the
surrounding lipids.*>™*” Moreover, the exact lipid composition of
the membrane, including its charge and fluidity, can strongly
influence the insertion efficiency of the dye and hence its
effective concentration in a particular lipid vesicle."” ™ As a
consequence, fluorescence intensities may vary greatly between
samples with the same vesicle concentration and direct quanti-
tative comparison of fluorescence data measured in different
lipid systems becomes cumbersome. This in turn makes the use
of extrinsic labelling to stain cell-derived vesicles, where the lipid
composition and putative vesicle-to-vesicle heterogeneities are
generally unknown, highly challenging and ambiguous. A more
in-depth understanding of how the chemical composition of a
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Fig. 1 Molecular structure and fluorescence properties of the lipophilic SP-DiO dye. (a) Molecular structure representation of 3,3’-dioctadecyl-5,5'-
di(4-sulfophenyl)oxacarbocyanine (SP-DiO). (b) Excitation (black) and emission (red) spectra of SP-DiO incorporated into 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) LUVs. (c) Time-correlated single photon counting (TCSPC) fluorescence decay curve of SP-DIO in DOPC LUVs.

lipid membrane affects labeling efficiency and the fluorescent
properties of lipophilic dyes is therefore needed. Furthermore,
systematic knowledge of the interplay between dye properties
and lipid composition lead to new strategies for selective
labeling of specific cellular membrane compartments.

In this study, we have systematically investigated how lipid
unsaturation, phospholipid acyl chain length, head-group
charge and cholesterol content of the membrane influence
the insertion and fluorescent properties of the commercially
available lipophilic and sulphonated carbocyanine dye SP-DiO
C18(3) (3,3'-dioctadecyl-5,5'-di(4-sulfophenyl)).>® This dye, as
well as other members of the carbocyanine dye family, have
been widely used to label cell membranes,*** 910,24
exosomes'>*>?® and synthetic liposomes.>” "
point of view, lipophilic carbocyanine dyes, are symmetric mole-
cules consisting of two aromatic cyanine moieties joined by three
methine groups, which together constitute the fluorophore part of
the molecule. Furthermore, to introduce lipophilicity, alkyl chains
are conjugated to each cyanine moiety as depicted in Fig. 1a. The
SP-DIO Cyg(3) (hereafter referred to as SP-DiO) used here addi-
tionally carries two sulphonate groups to improve its water
solubility compared to the DiO counterpart,®* thereby facilitating
labeling in aqueous environments. However, this chemical group
also confers the dye with a net negative charge, which could
influence its interactions with lipid head groups, especially since
the chromophore part is located close to the membrane surface®?
or in the interface region.**

viruses,
From a structural

2. Experimental
2.1 Materials

All materials were purchased from commercial sources, unless
stated otherwise. We obtained 1,2-dioleoyl-sn-glycero-3-phospho-
-serine (DOPS), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC) and cholest-5-en-3p-ol (Cholesterol) from
Avanti Polar Lipids (Alabaster, AL). Phosphate-buffered saline
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(PBS, tablets) and 3,3'-dioctadecyl-5,5'-di(4-sulfophenyl)oxacarbo-
cyanine (SP-DiO C;4(3)) were purchased from Sigma-Aldrich
(Stockholm, Sweden). Illustra MicroSpin S-200 HR columns were
from GE Healthcare (Stockholm, Sweden). PBS was filtered with
Millipore filters (0.1 pm) before use (Merck, Stockholm, Sweden).
Water was deionized and filtered using a Milli-Q system (Merck,
Stockholm, Sweden).

2.2 Vesicle preparation

Large unilamellar vesicles (LUVs) were prepared by drying the
appropriate lipid mixture overnight in vacuum. The lipid films
were then hydrated in PBS buffer at appropriate temperature
(70 °C for DSPC and DPPC, 50 °C for DMPC and room
temperature for all other formulations). Following this, lipid
emulsions were subjected to extrusion using a mini-extruder
(Avanti Polar Lipids), with two polycarbonate filters of 100 nm
pore diameter (21 passages). A second extrusion through filters
of 30 nm pore diameter (5 passages) was applied on all the
formulations, except for DPPC and DSPC.

2.3 Large unilamellar vesicle (LUV) labelling

The pre-formed LUVs were labelled with SP-DiO prior to each
experiment. 2 uL of SP-DiO dye (from a 400 pM stock solution
in DMSO) was mixed with 18 pL of LUVs (nominal concen-
tration of 2 mg mL™") to achieve a final dye concentration of
40 pM. The samples were incubated for 50 min, protected from
light, to allow the dye to partition into the lipid bilayers of the
LUVs. The mixtures were then centrifuged for 2 min at 700 rpm
through illustra MicroSpin S200 HR columns to remove excess
unbound dye. The columns were pre-equilibrated in PBS buffer.

2.4 Absorption spectroscopy

Absorption spectra were recorded on a Cary 5000 UV-Vis spectro-
meter (Agilent Technologies) with a scan rate of 600 nm/min. 10 pL
of labelled LUVs obtained as described above, were mixed with 90 pL
PBS buffer in a quartz cuvette with 3 mm path length. All spectra
were corrected for background contributions by subtracting
appropriate blanks.

This journal is © the Owner Societies 2020
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2.5 Fluorescence spectroscopy

Fluorescence spectra were recorded on a QM-4/2005 spectro-
fluorometer (Photon Technology International Inc., Birmingham,
NJ). 10 pL of labelled vesicles were mixed with 90 pL PBS buffer in a
quartz cuvette [0.7 mL, 10 mm)]. Three spectra were recorded and
averaged. SP-DiO was first excited at the absorption maximum
494 nm to determine the exact positions of the emission peaks.
Then, excitation spectra were recorded with the emission mono-
chromator set to the emission maximum for each lipid vesicle type
(516 nm for DMPC, 519 nm for DPPC, 542 nm for POPC/Chol 7/3
and 517 nm for all other compositions; see ESIT Table S1). Finally,
the emission peaks were recorded by exciting each sample at its
respective excitation maximum, which was 501 nm for DOPC,
DOPS, POPC and POPC/Chol 9/1, 503 nm for DSPC and DMPC,
504 nm for POPC/Chol 7/3 and 507 nm for DPPC. The excitation
and emission bandpass were both set to 1 nm.

2.6 Time-correlated single photon counting (TCSPC)

Time-resolved fluorescence decays were recorded to determine
the SP-DiO fluorescence lifetimes in the different LUVS, using
time correlated single photon counting (TCSPC). An approxi-
mately 90 ps excitation pulse was provided using a pulsed laser
diode with a 483 nm center wavelength (LDH-PC485B, Pico-
Quant). The excitation light was passed through a filter (482/
18 nm BrightLine®™ single-band bandpass filter, Semrock) to
remove any red-shifted components from before illuminating the
sample. Fluorescence emission from the sample was collected at
517 nm (AZ = 10 nm) and detected using a thermoelectrically
cooled microchannel plate photomultiplier tube detector
(R3809U-50, Hamamatsu). The signal was digitalized using a
multichannel analyzer with 4096 channels (SPC-300, Edinburgh
Analytical Instruments).

To provide average lifetime values for comparison of lifetimes
across the samples, the fluorescence decays for all investigated
samples were fitted with double exponential expressions
between 0 and 10 ns. The quality of the fit was evaluated by
minimizing > values.

2.7 Nanoparticle tracking analysis measurements

Nanoparticle tracking analysis data (NTA) were obtained using
a NanoSight LM10 equipped with a 488 nm laser. All measure-
ments were performed in scattering mode, under a flow rate:
100 (~10 pL/min) using a Nanosight syringe pump module; the
buffer viscosity was considered to be that of water. Each sample
was recorded with a collection of three movies of 90 seconds
each. The movies were analyzed with the software NTA 3.2 (Malvern
Instruments Ltd, Malvern, UK) with camera level: 15 and detection
threshold: 3 to be able to determine optimized size distributions
and concentrations. Comparative measurements were done on
the same day and using the same protocol.

The total surface area (TSA) was calculated with the following
equation:

1000

E 4nr,,zc,,,
n=1...
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where r, is the particle radius and c, the concentration of
particles with radius 7,.

2.8 Labeling of native membrane fractions with SP-DiO

Native membrane vesicles were produced by first growing HeLa cells
to confluency in DMEM media. The cells were washed and scraped
using cold HEPES buffer saline (HBS, 25 mM HEPES 150 mM NaCl,
Complete protease inhibitor cocktail (Roche)), then pelleted. The cell
pellet was resuspended in HBS and cells were ruptured using
3 passes through a cell disruptor (Constant Systems). Unruptured
cells and nuclei were removed by differential centrifugation, 3200x g
for 10 min at 4 °C. Mitochondrial membranes were then removed by
differential centrifugation, 6000xg for 20 min at 4 °C, using a
Beckman Ti70 rotor. The supernatant was collected and the
membrane fraction was pelleted using a Beckman Ti70 rotor,
180000x g for 90 min at 4 °C. This fraction was either treated with
Triton X-100 for 1 h at 4 °C or untreated. Then, both treated and
untreated membrane fraction solutions were mixed with sucrose to
40% and layered at the bottom of a discontinuous gradient with
sections of 30 and 5% sucrose. The gradients were centrifuged using
a Beckman SW41 rotor (251 000xg for 2.5 h at 4 °C). The material
focused into an opaque band at the interface of the 5 and 30%
sucrose regions was collected. In order to label both native vesicle
types with SP-DiO, 4 pL of SP-DiO dye (from a 400 pM stock solution
in DMSO) was mixed with 36 uL of membrane material to achieve a
final dye concentration of 40 pM. The samples were incubated for
50 min on ice, protected from light. The mixtures were then
centrifuged for 2 min at 700 rpm through illustra MicroSpin S200
HR columns to remove excess unbound dye. The columns were pre-
equilibrated in HBS buffer.

3. Results and discussion

To gain insights into the influence of lipid composition on the
membrane binding and fluorescence of the lipophilic carbo-
cyanine dye SP-DiO, we prepared LUVs from a range of syn-
thetic lipids (Fig. 2) and labelled them extrinsically, i.e. after
vesicle preparation, in order to mimic labelling of biological
vesicles (e.g., exosomes or viruses). A parallel study reveals that
dye incorporation into LUVs of simple composition does not
depend on vesicle size.*> Nevertheless, to make sure that our
findings are not influenced by vesicle size, we ensured by NTA
that all vesicles used in this study had highly similar average
diameters and size distributions (ESI,{ Fig. S4). The different
vesicles were labeled by mixing SP-DiO and pre-made LUVs.
The free dye remaining in solution was efficiently removed
using spin-column size exclusion chromatography (ESL¥
Fig. S5). The vesicle labeling step was carried out using similar
dye-to-lipid ratios for all samples. The ratios were kept low
enough to yield incorporated dye-to-lipid molar ratios well
below 1% (ESLt Table S3) so that all experiments could be
performed at conditions where dye-dye interaction in the
membrane are expected to be low or non-existing.'® Absorption
spectroscopy was used to determine the amount of bound
dye, which was found to vary significantly depending on
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Fig. 2 Lipid structure. Molecular structure representation of the different
lipids used in this study. From the top: 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine  (DOPS), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1,2-distearoyl-
sn-glycero-3-phosphocholine  (DSPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and cholest-5-en-3B-ol (cholesterol).

lipid composition. We showed, in separate control experiments
using LUVs where the SP-DiO dye was incorporated at the stage
of lipid film preparation, that the molar extinction coefficient
of SP-DIiO was independent of the lipid environment (ESL
Fig. S6), a finding also in good agreement with the observation
that the absorption spectra profile of SP-DiO are similar for all
monocomponent LUVs (ESL T Fig. S1). This further verifies that
absorption is directly proportional to the concentration of
bound dye. The different labelled LUV samples were thereafter
subjected to steady state and time-resolved fluorescence
analysis to record the excitation and emission profiles of the
dye in LUVs with different compositions, as well as to quantify
the ensemble-averaged emission intensities and the mean
fluorescence lifetimes. Fluorescence analysis together with
absorption data provides unique insights into the binding
and brightness of the SP-DiO dye bound to LUVs. In particular,
we use a relative quantum yield defined as Q¢ = I/c, where I is
the integrated intensity of the fluorescence emission spectrum
and ¢ the dye concentration obtained from ¢ = (4/] x ¢) where A
is the absorbance at /., | the optical path length and ¢ the
molar extinction coefficient, and compare it to the fluorescence
life time (t,,) to gain information about the photophysical
behavior of the various systems. Both Q.. and t,, are measures
of the brightness of individual fluorophores. However, t,, only
represent those fluorophores that emit light upon excitation
while the value of Q,, which is essentially the ratio between
photons emitted and absorbed, is also influenced also the
presence of a non-emitting dye population. Therefore,
in situations where changes in fluorescence intensity of a dye
upon incorporation into different lipid environments are due to
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dynamic (excited state) quenching, t,, is expected to change in
relation to Q. If 7,y and Qe are not changing proportionally,
changes in intensity may be due to static (ground-state)
quenching, suggesting presence of a non-fluorescing popula-
tion of the dye. Our results are first discussed in general terms
(Section 3.1) and then with respect to specific lipid properties
(Sections 3.2-3.5)

3.1 General properties of membrane-bound SP-DiO

We first determined the excitation (/) and emission
(Zem) maxima of the SP-DiO dye as function of different lipid
compositions. For all compositions, with exception of the
cholesterol-containing LUVs, we found that the excitation and
emission maxima were not significantly affected by the lipid
chemistry in the LUVs. The excitation maximum was typically
~501 nm and the emission maximum ~517 nm as exempli-
fied in Fig. 1b (see ESL,T Table S1 for all /ey and Aen, values).
Increased amounts of cholesterol (46 mol%) did, however, have
a profound effect on the photophysical properties of SP-DiO; for
this LUV type, Aem, was red-shifted by >20 nm (see Section 3.5).
Generally, SP-DiO appeared to be more efficient at providing
strong fluorescent signals than the non-sulphonated counter-
part DiO C18(3), further highlighting the benefits of adding the
two sulfphophenyl groups when labeling membrane structures
(ESLt Fig. S7).

Next, we recorded time-resolved fluorescence decays for
SP-DiO incorporated into the different LUVs using time-
correlated single photon counting. In all cases, the decays were
multi-exponential, as exemplified in Fig. 1c; the complete set of
decay curves are shown in ESI,f Fig. S3. Multiexponential
decays have previously been reported for lipophilic cyanine
dyes'® and are likely associated with energy-level heterogeneities
or excited state-reactions, rather than any heterogeneity inferred
by the lipids. We found that the recorded decays were adequately
represented by fitting with a double exponential decay function
resulting in a shorter lifetime of ~500-800 ps and a longer
lifetime of ~1500-2000 ps; the shorter component was domi-
nant in all cases (ESL,T Table S2).

3.2. Acyl chain unsaturation

To investigate the influence of lipid acyl chain unsaturation on
the binding (incorporation) and fluorescence of SP-DiO, we
used LUVs composed of the following lipids with at least one
acyl chain with 18 carbons: DSPC (no unsaturation), POPC (one
unsaturation) or DOPC (two unsaturations, one on each acyl
chain) (Fig. 2 and Table 1). The presence of cis-unsaturation in
the acyl chain of lipids is well-known to hinder lipid packing in
the membrane,*®?” leading to a decrease in phase-transition
temperature. The fully saturated lipid, DSPC, has a phase
transition temperature (Ty,) of 55 °C and the membranes of
LUVs prepared with 100% of this lipid are therefore in the gel
phase at room temperature, a phase characterized by essen-
tially immobile lipids (~10"* to 107> um? s~ ').*® POPC and
DOPC, on the other hand, are both in a liquid disordered (Lq)
phase at room temperature, where the lipid diffusion coeffi-
cient for both is comparable (~10 um” s™'), but slightly higher

This journal is © the Owner Societies 2020
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Table 1 Lipid properties. Overview of the physico-chemical properties of the lipids used in this study. Lo: liquid ordered; Lg4: liquid disordered; Chol:

Cholesterol

Formulation Phase transition temp. (Ty,) Acyl-chain length Unsaturation Net charge Lipid phase at 21 °C
DOPS —11 °C 18 2 -1 Lg

DOPC —-17 °C 18 2 0 Lqg

POPC -2 °C 18/16 1 0 Lq

DSPC 55 °C 18 0 0 Gel

DPPC 41 °C 16 0 0 Gel

DMPC 24 °C 14 0 0 Gel

POPC/Chol (18%) — — 0 0 Lq + Lo

POPC/Chol (46%) — — 0 0 Lo

for DOPC.*” Absorbance measurements, following spin column
separation of remaining unbound dye, revealed that the presence
of lipid unsaturation had a significant effect on SP-DiO incorpora-
tion into the lipid vesicle membranes. As shown in Fig. 3a, the
absorbance of SP-DiO is highest with DOPC vesicles, followed
by POPC (one unsaturation) and DSPC (no unsaturation).
Comparison of the absorption values at the maximum wave-
length in the absorption spectra suggests that under identical
labelling conditions, the amount of dye incorporated into
DOPC vesicles is ~2.5-times higher than for POPC and
~5-times higher than for DSPC (Fig. 3b). Next, we compared
the fluorescence intensity of the LUVs as measured by fluores-
cence spectroscopy (Fig. 3c and d). There is a clear and expected

~~
O
~

trend in the data that the LUVs with highest SP-DiO absorption
(Fig. 3a and b) and hence highest incorporation of the dye, also
exhibit the highest SP-DiO emission intensity (Fig. 3c and d),
but the relation is not linear. To further analyze the relative
contributions of the labeling efficiency versus the influence
of the lipid environment, we use the relative quantum yield
(Qrel = I/c). Since all absorbance measurements are performed
under the same experimental conditions, Q. allows for a direct
qualitative comparison of the relative SP-DiO dye-concentration
independent of the fluorescence intensity of SP-DiO in the
different LUVs. We found that Q.. for the three LUV types
discussed here (Fig. 3e) are similar for DSPC and POPC, but
~1.5 times lower for DOPC. This difference in Q. correlates
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Fig. 3 Effect of acyl chain unsaturation on the binding and fluorescence of SP-DiO. (a) Absorption spectra of SP-DiO in LUVs of different compositions.
The absorbance has been normalized by the total surface area of the LUVs (TSA) as measured by NTA (see ESI,i Fig. S4b for the individual values) to
account for differences in lipid concentration that may arise during lipid vesicle preparation. (b) Absorption maximum normalized by TSA. (c) Emission
spectra normalized as described under (a). (d) Integrated fluorescence intensity between 514 nm and 600 nm. (e) Relative quantum yield (Q,) obtained
by dividing the integrated intensity in (d) with the dye concentration obtained from the peak absorbance shown in (b). (f) Average excited state lifetime
determined from a double exponential fitting of the TCSPC decay curves. Error bars represent standard errors of mean; experiments were repeated three

times (n = 3) on different LUV batches.
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qualitatively with the average fluorescence lifetimes (t,,) for
DOPC, confirming that SP-DiO exhibits a distinctively different
photophysical behavior in DOPC compared to the other two
lipids, consistent with dynamic fluorescence quenching in the
latter case. The highest t,, for the gel-phase membrane (DSPC)
compared to the fluid ones is in agreement with previous
reports on the structurally similar dye DiIC18(3)"® and could
be ascribed to an increase in local viscosity preventing trans—cis
photoisomerisation of the methine bridge, which would other-
wise result in a non-radiative relaxation to the ground state.?®
Alternatively, differences in orientation and penetration of the
dye molecules into the bilayer could affect its spectral proper-
ties, as suggested for other environmentally sensitive dyes.***"

Taken together, our results suggest that SP-DiO incorporates
most efficiently into DOPC membranes, whereas the fluores-
cence lifetime is highest in DSPC membranes. Therefore, the
higher labeling efficiency with DOPC is counter-balanced by a
considerably weaker fluorescence of the SP-DiO dye in a DOPC
membrane and vice versa, clearly demonstrating how both
binding and brightness contributes to the total fluorescence
intensity of the labelled membrane. Our result that SP-DiO
incorporates more efficiently in DOPC compared to POPC, and
DSPC LUVs suggests that the dye is more easily inserted in a
lipid bilayer with high fluidity, a hypothesis further confirmed
by control experiments showing an increase in dye incorporation

(a)

P
O
N
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for gel phase liposomes, if labeling is performed above the phase
transition temperature (data not shown). At first glance, this
appears to be in contrast with reports on the structurally related
dye DiIC18(3), where preferential partitioning into the gel-phase
has been reported.*>** However, it should be noted that in these
studies, the dye was incorporated into biphasic vesicles and
introduced already in the dried dye-lipid mix (i.e. before the
lipid vesicles were formed). In our study, the dye was added in
the aqueous solution surrounding pre-made LUVs in order to
reflect the experimental procedure that must be adopted when
labeling cell-derived vesicles and other biological particles. Thus,
while it might very well be that SP-DiO partitioning into the gel
phase is thermodynamically most favored, especially considering
that both DSPC and SP-DiO have saturated acyl chains, it is
possible that dye incorporation efficiency (measured in our case)
is rather dictated by insertion kinetics. Furthermore, it cannot be
excluded that the dye’s head group, in particular its charge or
bulkiness (which are different from those of DiIC18(3)) influence
the preference for a liquid disordered or a liquid ordered phase,
which has also been reported by others.****

Additionally, we observed that the presence of lipid unsatura-
tions leads to the emergence of a red-edge shoulder around
545 nm (Fig. 3c and ESI,T Fig. S2). Note that this shoulder is
present in all emission spectra, but less apparent in LUVs with
saturated lipids. It is possible that a ratiometric measure of the
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Influence of the acyl-chain length. (a) Absorption spectra of SP-DiO in LUVs of different compositions. The absorbance has been normalized by

the total surface area (TSA) of the LUVs as measured by NTA (see ESI, T Fig. S4b for the individual values) to account for differences in lipid concentration
that may arise during lipid vesicle preparation. (b) Absorption maximum normalized by TSA. (c) Emission spectra normalized as described under (a).
(d) Integrated fluorescence intensity between 520 nm and 600 nm. (e) Relative quantum yield (Q,e) obtained by dividing the integrated intensity in (d) with
the dye concentration obtained from the peak absorbance shown in (b). (f) Average excited state lifetime determined from a double exponential fitting of the
TCSPC decay curves. Error bars represent standard error of mean; experiments were repeated three times (n = 3) on different LUV batches.
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the total surface area (TSA) of the LUVs as measured by NTA (see ESI, T Fig. S4b fir the individual values) to account for differences in lipid concentration
that may arise during lipid vesicle preparation. (b) Absorption maximum normalized by TSA. (c) Emission spectra normalized as described under (a).
(d) Integrated fluorescence intensity between 514 nm and 600 nm. (e) Relative quantum yield (Q,e) obtained by dividing the integrated intensity in (d) with
the dye concentration obtained from the peak absorbance shown in (b). (f) Average excited state lifetime determined from a double exponential fitting of
the TCSPC decay curves. Error bars represent standard error of mean; experiments were repeated three times (n = 3) on different LUV batches.

intensities in the two peaks could be utilized to determine
saturation in a lipid membrane of unknown composition.

3.3 Acyl chain length

Next, we investigated the influence of the phospholipid acyl
chain length on SP-DiO binding and fluorescence, comparing
LUVs made of the saturated phospholipids DMPC, DPPC and
DSPC, which have 14, 16 and 18 carbon atoms per acyl chain
respectively (Fig. 2 and Table 1). From absorption measure-
ments (Fig. 4a and 4b), it is clear that incorporation of SP-DIO
into this series of LUVs is dependent on the acyl chain length,
although the correlation is not linear. Incorporation into DMPC
and DPPC LUVs occurs at about equal efficiencies, whereas the
absorption measurements indicate that considerably more dye
has bound to the DSPC LUVs. This is consistent with the notion
that introduction of dye molecules with mismatching alkyl-
chains leads to perturbations in phospholipid chain packing
and therefore in decrease of inter-chain interactions®***¢ and
suggests that the hydrophobic match of the 18 carbon tail in
SP-DiO with the 18 carbon tail in DSPC is highly important
here. The variation in total fluorescence intensity of SP-DiO in
LUVs qualitatively correlates better with the variation in acyl
chain length (Fig. 4c and 4d) than the absorption (Fig. 4a
and 4b). Interestingly, SP-DiO inserted into DMPC lipid vesicles
has the longest fluorescence lifetime of all the investigated

This journal is © the Owner Societies 2020

systems, while at the same time having the lowest relative
quantum yield (Fig. 4e and 4f).

3.4. Lipid head group charge

To investigate the role of lipid head group charge on the binding
and fluorescence of SP-DiO, zwitterionic DOPC LUVs were compared
to negatively charged DOPS LUVs (Fig. 2). Absorption measurements
showed that SP-DiO incorporation into DOPS LUVs was reduced by
approximately 50% compared to DOPC LUVs (Fig. 5a and b). This is
likely due to the electrostatic repulsion between the negative charges
on the sulphonated dye and the negative head group charge of the
DOPS lipids. However, SP-DiO exhibited similar total fluorescence
intensity in both LUV types (Fig. 5d), resulting in a difference in
relative quantum yield (Fig. 5e). Again, this is consistent with
measured differences in the average fluorescence lifetime of
SP-DiO, which is distinctively longer in DOPS LUVs (Fig. 5f). This
effect may be ascribed to a local decrease in mobility of the
fluorophore in the head group regions, as a result of the higher
molecular packing of DOPS lipids compared to DOPC* or due to
deeper insertion of the dye into the bilayer due to charge repulsion,
resulting in better shielding from water.

3.5. Cholesterol

Cholesterol is a major component of biological membranes
which affects their structure and fluidity. In phosphocholine-rich

Phys. Chem. Chem. Phys., 2020, 22, 8781-8790 | 8787
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(a) Absorbance spectra normalized by the total surface area (TSA). (b) Normalized absorbance intensity for vesicles with different cholesterol

content at 506 and 543 nm. (c) Fluorescence intensity normalized by TSA excitation: 501 nm for POPC and POPC/Chol (18%); 504 nm for POPC/
Chol (46%). (d) Integrated fluorescence signal between 514 nm and 600 nm. (e) Average lifetime determined from a double exponential fitting of the
TCSPC decay curves. Following formulations are compared: POPC (black), POPC/Chol (18%) (dark pink), POPC/Chol (46%) (light pink). (f) Emission
spectrum of POPC/Chol (46%) upon consecutive exposure at 501nm. (g) Absorption spectrum of untreated membrane vesicles (black) and detergent
resistant membranes (red) labelled with SP-DiO. Error bars represent standard deviation; experiments were repeated three times (n = 3) on different

LUV batches.

membranes, it drives the formation of liquid ordered phases,
characterized by a lower lipid diffusion coefficient (~1.5x lower
for 50% cholesterol)*® and increased membrane rigidity.*> To
further assess the influence of lipid phase and cholesterol-rich
domains on the binding and fluorescence of SP-DiO, we there-
fore investigated the effect of incorporation of cholesterol into
POPC LUVs. In this case, POPC vesicles containing either 0, 18 or
46 mol% cholesterol were used. At room temperature, the
membranes of these LUVs will be in either liquid disordered
(Lg) phase for pure POPC, exhibit a mixture of liquid disorder
(Lq) and liquid ordered (L,) phases for LUVs containing 18 mol%

8788 | Phys. Chem. Chem. Phys., 2020, 22, 8781-8790

cholesterol, or be mostly in the L, phase in LUVs containing
46 mol% cholesterol.’® As shown in Fig. 6a, increasing the
cholesterol content from 18% to 46 mol% results in a signifi-
cant increase in absorption (2.5x), as well as in the appearance
of a new red-shifted peak in the SP-DIO absorption spectrum
(543 nm). (Fig. 6¢) Such a spectral shift was specific to SP-DiO
and did not appear in DiO C18(3), a similar membrane dye
lacking the sulfophenyl groups (ESI,t Fig. S7). Similar, but less
extensive red shifts have been observed with a nitrobenzo-
oxadiazol (NBD) dye in LUVs maintained above and below the
gel-to-liquid crystalline phase transition temperature and has
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been attributed to FRET from dye monomers to dye aggregates
of J-type formed within the bilayer.”" This behavior is consistent
with the appearance of the sharp absorption peak (Fig. 6a).

In addition to the appearance of a red-shift peak in the
SP-DiO absorbance, the addition of cholesterol lead to a red-shift
in the emission spectra of the dye where the peak at 543 nm,
becomes more pronounced when the cholesterol content is
increased. (Fig. 6¢). Interestingly, upon acquisition of several
consecutive emission spectra, using an excitation wavelength of
501 nm for excitation, the 543 nm peak gradually disappears,
concomitant with a regain in intensity in the 505 nm peak
(Fig. 6f). Such an effect is not observed for the POPC and 18%
cholesterol LUVs which are mainly affected by small amounts
of bleaching upon consecutive exposure of the sample (ESL
Fig. S8). The existence of an isosbestic point in the exposure
series indicate that this transformation occurs between two
distinct states of the SP-DiO dye, one of which could well be a
J-aggregate. The total SP-DiO fluorescence in LUVs with
cholesterol is lower than in pure POPC vesicles (Fig. 6d); a
finding that does not correlate with the relative levels of
absorption (Fig. 6b). In the case of LUVs with 46 mol%
cholesterol, this can be explained by the shorter average
fluorescence lifetime (Fig. 6e), but the origin of the effect for
18 mol% cholesterol is less clear.

The SP-DiO spectral shifts observed in cholesterol-
containing LUVs may be relevant when labeling biological
particles containing cholesterol-rich liquid ordered phases. In
particular, the appearance of a new peak observed in the
absorption spectrum is interesting as it opens new possibilities
to use the SP-DiO dye as an indicator for the presence of
cholesterol and liquid ordered phases, possibly even as a
cholesterol concentration indicator in the analysis of biological
membranes. This is further illustrated in Fig. 6g which com-
pares absorbance spectra of SP-DiO labelled native membrane
vesicles produced from HeLa cells using either Triton X-100
treatment to produce detergent resistant membrane vesicles or
without detergent treatment. Detergent resistant membrane
fractions are well-known to have high cholesterol content®>>*
relative to whole plasma membrane fractions, and accordingly
the characteristic peak at 543 nm was observed to be larger
for the detergent resistant membrane vesicles than whole
untreated membrane vesicles.

4. Conclusions

We have performed a systematic investigation of the interplay
between lipid environment and the insertion and fluorescence
characteristics of the sulphonated carbocyanine dye SP-DiO,
which is widely used to label synthetic as well as biological lipid
membranes. Our data demonstrates clearly that lipid bilayer
fluidity is an important determinant for effective dye insertion,
but also that hydrophobic mismatch between the dye’s acyl
chain and the membrane lipids has strong adverse effects on
intercalation. Furthermore, our results show that the chemical
properties of lipids have a significant impact on the brightness

This journal is © the Owner Societies 2020
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of incorporated dye molecules and rationalize this effect with
help of fluorescence lifetime variations. The study highlights
the importance of carefully analyzing the dye’s behavior
when interpreting results from experiments involving extrinsic
labeling of artificial as well as native biological membranes and
points out complications with quantitative analysis of fluores-
cence intensity signals. We also demonstrate how the complex
photophysics of SP-DiO could be an advantage, providing
possibilities to probe membrane composition and alterations
thereof, particularly in relation to cholesterol. Altogether, this
study provides new information on the partitioning behavior
and photophysics of a common carbocyanine dye that are of
outermost importance to account for in analysis relying on
quantitative fluorescence and when studying compositionally
heterogeneous samples, including extracellular vesicles. Such
systematic investigations are also of relevance in the context of
the development of protocols to efficiently label biological
vesicles extrinsically.
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