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fluorophore–cholesterol
conjugates directs phase selectivity and cellular
localisation in GUVs and live cells†

Darragh O' Connor, Aisling Byrne and Tia E. Keyes *

Lipid membrane fluorescent probes that are both domain-selective and compatible with demanding

microscopy methods are crucial to elucidate the presence and function of rafts and domains in cells and

biophysical models. Whereas targeting fluorescent probes to liquid-disordered (Ld) domains is relatively

facile, it is far more difficult to direct probes with high selectivity to liquid-ordered (Lo) domains. Here,

a simple, one-pot approach to probe–cholesterol conjugation is described using Steglich esterification

to synthesise two identical BODIPY derivatives that differ only in the length of the aliphatic chain

between the dye and cholesterol. In the first, BODIPY-Ar-Chol, the probe and cholesterol were directly

ester linked and in the second BODIPY-Ahx-Chol, a hexyl linker separated probe from cholesterol.

Uptake and distribution of each probe was compared in ternary, phase separated giant unilamellar

vesicles (GUVs) using a commercial Ld marker as a reference. BODIPY-Ar-Chol targets almost exclusively

the Ld domains with selectivity of >90% whereas by contrast introducing the C6 linker between the

probe and cholesterol drove the probe to Lo with excellent selectivity (>80%). The profound impact of

the linker length extended also to uptake and distribution in live mammalian cells. BODIPY-Ahx-Chol

associates strongly with the plasma membrane where it partitioned preferably into opposing micron

dimensioned do-mains to a commercial Ld marker and its concentration at the membrane was reduced

by cyclodextrin treatment of the cells. By contrast the BODIPY-Ahx-Chol permeated the membrane and

localised strongly to lipid droplets within the cell. The data demonstrates the profound influence of linker

length in cholesterol bioconjugates in directing the probe.
Introduction

Lipid membranes of cells and their organelles are heterogenous
and laterally organised into domains of different dimensions
and composition. Amongst these, the existence and function of
lipid ras1,2 in particular, remains controversial.3–5 Ras are
believed to be tightly packed but mobile, cholesterol and
sphingolipid-enriched, nano-platforms of liquid ordered lipid
domain that diffuse laterally within the plasma membrane.6

Lipid ras are implicated in many important membrane-based
functions, including protein trafficking and cell signaling.3,7–10

They are oen modelled in articial membranes by using
phase-separating lipid compositions containing sphingomyelin
and cholesterol along with one or more low-melting phospho-
lipid, to yield co-existing immiscible liquid phases. The two
phases are liquid-disordered (Ld) phase and liquid-ordered (Lo)
phase. The latter contains higher cholesterol (Chol) and
entre for Sensor Research, Dublin City
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hemistry 2019
sphingolipid content than Ld and is closer to a liquid-crystalline
phase. The Ld phase exhibits a higher degree of lateral uidity
than the Lo phase which is more tightly packed and also less
permeable than the Ld. Phase separated liposomes are widely
used as models for ra behaviour in cell membranes, and the
dimensions of the domains can be controlled by varying the
identity and ratio of the lipid component.11 However, although
domains can be imaged fairly readily in model systems such as
liposomes, ras are far harder to reliably detect within cells
using conventional uorescence microscopy, due to their
putative size and dynamic nature. In particular, imaging
domains within cell membranes is challenging because probes
that work well with liposomes, typically do not remain at the
membrane but internalise unpredictably into the interior of live
cells.

Although important advances have been made in detec-
tion of ras through label free methods, including for
example, through interferometric scattering microscopy
imaging (iSCAT),12 nano-secondary ion mass spectrometry
nano (SIMS)13 and AFM.14 Fluorescence remains an key
technique in many biophysical studies and probes that show
phase partitioning can contribute to elucidation of domain
structures. With recent advances in uorescence
RSC Adv., 2019, 9, 22805–22816 | 22805
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microscopy, experiments that can directly monitor both
temporally and dimensionally, ras in cells, their organelles
and associated models using uorescence are within
reach.15 However, such experiments require luminescent
probes that are compatible with the demands of the method
and are both capable of preferential partitioning into Lo
phases and in the case of live cells, of remaining localised at
the membrane. There are relatively few probes that favour,
with high specicity the Lo region. The majority of probes
that show phase preference, partition into the liquid
disordered (Ld) phase. The most selective Lo partitioning
probes reported, are based on polycyclic aromatic hydro-
carbons.16–19 whose planarity presumably permits interca-
lation into the tightly packed Lo lipid/sterol structure.
Fluorescent cholesterol analogues have also been widely
explored as uorescent probes that favour the Lo phase. The
uorescent derivative cholestatrienol, for example, has been
successfully used to probe membrane formation and struc-
ture,19 cholesterol trafficking20 and sterol binding within
human genes.21 NBD-cholesterol and its derivatives have
demonstrated lipid domain detection in both cells and
models22 and cholesterol distribution tracking in model
membranes.23 However, across PAHs and cholesterol
analogues, the uorophore excitation/emission is in the
ultraviolet (UV)/blue spectral region,19 which typically is
unsuitable for super-resolution imaging or correlation
spectroscopy and there is limited opportunity for tuning
their photochemical or photophysical properties without
reducing their co-planarity. Non-PAH probes have been
successfully driven to the Lo by appendage of a ra associ-
ating sterol or lipid, but discrimination typically, does not
approach that achieved for Ld labelling.21

The 4,4-diuoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)
derivatives are excellent luminophores for bioimaging22,23 with
outstanding photophysical characteristics including sharp
absorbance and emission features, high extinction coefficients,
large quantum yields and photochemical robustness.24–27 For
these reasons, they have been widely applied to lipid membrane
labelling in both articial models and live cells.28–34 Further-
more, due to the synthetic versatility of the BODIPY core and it's
meso positions it is amenable to bioconjugation. This has led to
diverse families of BODIPY dyes that have found application in
biological labelling.35–39 Lipid tails or cholesterol have also been
applied to the BODIPY to improve cell uptake40–42 or to label
lipid membranes.21,43 The lipophilicity of the BODIPY core and
its small size makes it attractive in this regard and indeed
a number of BODIPY lipid conjugates are offered commercially
for bio-imaging; for example, BODIPY FL C5-GM1, BODIPY PC
and TopFLuor® BODIPY.

BODIPY modied with cholesterol and ganglioside GM1
have been applied as Lo membrane probes.44 However, where
they have shown tendency to sequester into both domains they
have been domain sensitive rather than selective, where Lo
discrimination is on basis of domain order or lifetime rather
than selectivity.18,45–47

Such a complex was reported Kuimova et al.48 where
appendage of a cholesterol to phenyl-BODIPY via a C3 linker saw
22806 | RSC Adv., 2019, 9, 22805–22816
some partitioning into the Lo domain. As the parent phenyl-
BODIPY partitions only to the Ld we were interested to see if
incorporating additional carbons to the linker between the Chol
and the probe might permit the Chol to localise at the Lo. If the
distance was extended the hydrophobic BODIPY might then
orient at the partially hydrated boundary of bilayer core and
hydrophilic interface. Comparing a directly linked cholesterol
probe and analogue separated by a 6-carbon chain between
cholesterol and phenyl BODIPY we observed that the former
localizes at the Ld while the latter shows strong preference for
the Lo. The probes were prepared using a novel approach to
cholesterol conjugation exploiting a one-step Steglich esteri-
cation which is very mild and less arduous than reported
methods and should be widely applicable for cholesterol
conjugation. Importantly, we found that the C0 cholesterol
probe was internalised into the cell, whereas the C6 conjugate
was retained at the living cell membrane where it appears to
stain sterol-rich membranes distributing in a mutually exclu-
sive way to Ld probe DiD.
Results and discussion
Preparation of cholesterol conjugates

Scheme 1 illustrates the chemical structures and route to
synthesis of the BODIPY–cholesterol conjugates. Choles-
terol was appended to a BODIPY core via Steglich esteri-
cation either directly through the pendant carboxyl group or
via a C6 linker appended to the acid. Detailed synthetic
protocols are described in the Experimental section. In
brief, precursor BODIPY-Ar-COOH (1),49 was reacted with
dimethylaminopyridine (1 equiv.), N,N0-dicyclohex-
ylcarbodiimide (DCC) (1.1 equiv.) and cholesterol (2 equiv.)
in DCM to yield BODIPY-Ar-Chol (2) at 38% yield aer
chromatographic purication.

4-Formylphenyl-Ahx (4) was prepared by amide coupling of 4-
formylbenzoic acid and 6-aminohexanoate, which was then
hydrolysed to give 4. Condensation of 4 with 2,4-dime-
thylpyrrole (2.2 equiv.) yielded BODIPY-Ahx (5). The cholesterol
derivative BODIPY-Ahx-Chol (6) was then simply prepared in
40.2% yield using the same esterication method as 2. Struc-
tural characterisation was carried out using high-resolution
mass spectrometry, 1H and 13C NMR spectroscopy and can be
found in the ESI.†
Conjugate photophysical characterisation

Fig. S15† shows the absorbance and emission proles of
BODIPY-Ar-Chol and BODIPY-Ahx-Chol in dichloromethane,
chloroform, acetonitrile and methanol. Both derivatives exhibit
the S0–S1 (p–p*) transition centred at 500 � 3 nm, and as ex-
pected, behaviour is nearly identical for both uorophores
across solvents.50 Emission shis to the red with decreasing
dielectric constant, with the exception of BODIPY-Ahx-
cholesterol in acetonitrile which exhibited a slight red-shi
compared to dichloromethane. BODIPY-Ar-Chol is insoluble
in water whereas BODIPY-Ahx-Chol is weakly soluble but
emission is extinguished in this medium.
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthesis of BODIPY–cholesterol conjugates, BODIPY-Ar-Chol (2) and BODIPY-Ahx-Chol (6).
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Such behaviour, observed previously, in BODIPY derivatives,
maybe due to aggregation induced quenching.51 Both compounds
exhibit intense emission in organic media with quantum yields of
�40% or greater with the exception of methanol where the
quantum yield falls below 40% for both compounds. Interestingly,
BODIPY-Ahx-Chol shows consistently higher quantum yields across
all solvents of the two compounds. And, correspondingly, BODIPY-
Ar-Chol has a shorter uorescence lifetime that decreases with
increasing solvent polarity. The shortest lifetime for both
compounds was in methanol, where s is 2.25 � 0.04 and 2.68 �
0.002, whereas the longest lifetime was in chloroform, s is 2.94 �
0.002 and 3.27 � 0.005 respectively. Photophysical data is sum-
marised in Table 1.
Table 1 Summary of photophysical dataa

Solvent labs (nm) lem (nm)

BODIPY-Ar-Chol Dichloromethane 501 513
Chloroform 503 516
Acetonitrile 498 511
Methanol 498 513

BODIPY-Ahx-Chol Dichloromethane 501 513
Chloroform 503 518
Acetonitrile 497 516
Methanol 498 513

a All solutions were measured at concentrations of 10 mM. Slit widths for
Quantum yields were measured using uorescein 0.1 M NaOH (F ¼ 0.90)

This journal is © The Royal Society of Chemistry 2019
Partitioning and photophysics in giant unilamellar vesicles

Although widely distributed in the cell membrane, cholesterol
is well-established as an essential component of detergent
resistant membrane domains in cells and by extension in lipid
ras.52

In model membranes, cholesterol has been shown to
promote formation of Lo domains and partitions with greater
preference into these domains than the Ld.53,54 The origin of
cholesterol preference for Lo and its condensing effect on the
membrane has been discussed widely in the literature.55,56 The
‘umbrella model’ described by Huang and Feigenson57 proposes
cholesterol is shielded from unfavourable aqueous interaction
by the headgroups of adjacent phospholipids which act as
3 (M�1 cm�1) f slum (ns) Dielectric constant (3r)

63 460 0.40 2.85 � 0.008 8.93
55 484 0.45 2.94 � 0.002 4.81
49 335 0.39 2.39 � 0.009 36.6
44 372 0.31 2.25 � 0.04 32.6
64 345 0.50 3.10 � 0.001 8.93
102 646 0.46 3.27 � 0.005 4.81
64 332 0.43 2.98 � 0.001 36.6
54 070 0.39 2.68 � 0.002 32.6

emission were set to 2.5 nm. Lifetime data was recorded in triplicate.
20 as standard.

RSC Adv., 2019, 9, 22805–22816 | 22807
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‘umbrellas’. Increasing cholesterol content causes reorientation
of the phospholipids resulting in a more tightly packed and
rigid bilayer. For sphingomyelin containing compositions, H-
bonding interactions of cholesterol with SM are also thought
to play a role in phase preference. In principle, this preference
makes cholesterol an attractive appendage to drive labels to the
Lo domains of phase separated membranes. But, conjugation of
bulky uorophore to cholesterol can prevent proper insertion
and block e.g. H-bonding interactions or shielding between the
cholesterol and adjacent phospho- and sphingolipids due to
steric or electrostatic interference. In order to investigate
whether such steric affects could be overcome by extending
a lipophilic alkyl spacer between the Chol and probe we intro-
duced C6 linker between cholesterol and uorophore (6 in
Scheme 1) and compared the phase distribution of this probe
with one in which the cholesterol was directly ester linked to the
probe carboxyl (2 in Scheme 1). It is worth noting that by
conjugating a cholesterol onto a uorophore via the lone
hydroxyl group it is unlikely that the uorescent cholesterol
derivatives will have the same characteristics of cholesterol
especially behaviour at the bilayer interface, where typically the
hydroxyl group is most exposed at the interface.

To evaluate the phase distribution of each derivative, elec-
troformed, phase-separated GUVs of composition DOPC/BSM/
Chol (4 : 4 : 2 mol%), were incubated with BODIPY-Ar-Chol
and DiD or BODIPY-Ahx-Chol and DiD. The resulting struc-
tures were imaged using confocal uorescence microscopy
(Fig. 1). Notably, each probe distributed preferentially into the
opposing phase. To identify the Ld phase, DiD a commercial Ld
probe was included at a concentration of 0.1 mol% of lipid
content prior to electroformation.19 In separate studies (ESI Fig
S16†) we conrmed that there is no cross-talk between DiD and
the BODIPY probes. Fig. 1A–C shows that BODIPY-Ar-Chol
partitions almost exclusively into the Ld phase of the GUVs,
where it co-localises with DiD. Remarkably, Fig. 1D–F shows
that BODIPY-Ahx-Chol associates preferentially to the Lo
domains, where DiD is absent. The oppositional partitioning of
the two probes is reected also in the intensity proles shown in
Fig. 1H. As discussed below, the probes show within experi-
mental error, negligible difference in quantum yield when
localised at Lo or Ld, we can assume that the uorescence
quantum yield is unaffected by phase. On this basis we can
roughly approximate the Lo partitioning on the basis of inten-
sity for BODIPY-Ahx-Chol as (% Lo � 80%) (ESI Fig. S23†) and
the BODIPY-Ar-Chol partitioned to the Ld at �90%. The former
may be an overestimate of BODIPY-Ahx-Chol Lo association, as
although lifetimes are unchanged, xy scans of Lo and Ld asso-
ciating probes in liposomes, prepared under the same probe
concentrations suggest the probe at the Lo probe is slightly
brighter than the Ld.

The GUVs were imaged by uorescence lifetime imaging
(FLIM) to evaluate the effect of domain on probe photophysics.
As described, in solution, emission from both probes t to
mono-exponential decay kinetics. On partitioning into the lipid
membrane of the GUVs, the BODIPY emission decayed
according to a biexponential model irrespective of the phase
into which the probe partitioned. The lifetime data is
22808 | RSC Adv., 2019, 9, 22805–22816
summarised in Table 2. The short component of the decay was
within experimental error the same for both probes at 1.7 ns
constituting 30 to 40% of the amplitude of the decay. Its origin
is unclear but similar effects have been noted previously in
membrane bound probes and particularly molecular rotors
attributed to a fraction of probe that is associated/oriented at
the liposomes in such a way that it is strongly exposed to the less
viscous membrane interface.48 The dominant component of the
decay (>50% of the amplitude for both probes) was longer lived.
For BODIPY-Ar-Chol uorescence lifetime was determined as
4.74 ns from the Ld phase. By comparison for BODIPY-Ahx-Chol,
localised at the Lo, the long component of the lifetime was
recorded as 4.92 ns (Fig. 2). The decay was conrmed from the
Lo, by labelling with DID.

Recalling that in chloroform BODIPY-Ar-Chol and
BODIPY-Ahx-Chol exhibit emission decays of 2.94 and 3.27
respectively. Both dyes show a signicant increase in emis-
sion lifetime on association with GUV attributed to the
membrane rigidity/increased micro-viscosity. Similar
behaviour has been reported in other probes incorporated
into liposomes.18,46,58

Because of the very high selectivity of each probe for their
respective phases, we were unable to obtain reliable lifetime
data from FLIM for the probes in the opposing phases.
However, in previous reports, where probe associates with Lo as
well as at Ld domains, it has been noted that the increased lipid
order/rigidity of the Lo oen reduces non-radiative decay to
a greater extent than in Ld leading to notably longer emission
lifetimes from this domain.19 In a BODIPY cholesterol probe
linked through a C2 linker Heikal et al. reported that the probe
partitioned into both Lo and Ld phases and that the lifetime was
longer from the Lo, with FLIM results also indicating a stronger
preference for Lo domains.46

Thus, one might have expected a signicant increase in
lifetime of Lo associated BODIPY-Ahx-Chol given that its emis-
sion is already notably longer lifetime in chloroform than
BODIPY-Ar-Chol.

The negligible difference observed between BODIPY-Ar-Chol
in the Ld and BODIPY-Ahx-Chol in the Lo thus seems initially
counter-intuitive. However, we speculate that the similarity in
lifetimes between each probe in opposing phases arises because
the BODIPY unit cannot intercalate deeply into Lo. It associates
only when the linker is long enough between the cholesterol
anchor and the uorophore, to allow the cholesterol to partition
while the probe orients at the interface of the bilayer with
shallow penetration where photophysics are not strongly
impacted by the rigidity of the Lo domain.
Cell studies

Cell membranes contain cholesterol and sphingolipid enriched
microdomains, that are resistant to non-ionic detergent sol-
ubilisation. These detergent-resistant membranes (DRMs) have
many of the characteristics of the liquid-ordered (Lo) phase in
model membranes. Given the strong selectivity of BODIPY-Ahx-
Chol probes for Lo domains in GUVs, we investigated if this
phase preference extended to its distribution in living cells and
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Confocal fluorescent imaging of phase separated GUVs DOPC/BSM/Chol (4 : 4 : 2) mol%. GUV stained with compound BODIPY-Ar-Chol
(A), DiD (B) and overlay image (C). GUV stained with BODIPY-Ahx-Chol (D), DiD (E) and overlay image (F). Figures (A–F) are raw data images,
without pre-processing. Fluorescence intensity plot of BODIPY-Ahx-Chol ( ) vs. DiD ( ) (G and H). Fluorescent lifetime image of BODIPY-Ahx-
Chol(I) in a phase separated GUV of composition DOPC/BSM/Chol (4 : 4 : 2) with variation in lifetimes given by the colour bar. Fluorescent
lifetime image of the difference in lifetime given by colour (Ld region ¼ orange/yellow) and (Lo region ¼ green). A 503 nm white light laser was
used to excite the GUV samples and the emission collected between 511–570 nm.
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if we could distinguish membrane domain distributions in
a cancer and non-cancer cell line.

Fig. 3 shows confocal uorescence images of live HeLa and
CHO cells following their incubation with BODIPY-Ahx-Chol (5
mM) at 37 �C for 3 h. The imaging indicates that the probe
localises at the plasma membranes. From z-scanning it is
evident that BODIPY-Ahx-Chol also permeates the cell as
emission can be seen from membranous regions therein, but it
is excluded from the nucleus. To examine BODIPY-Ahx-Chol
distribution in the membrane we focused on the lower cell
membrane which is intensely but highly heterogeneously uo-
rescent.59–61 In HeLa cells (Fig. 3A and B) discontinuous patches
Table 2 Fluorescent lifetime of BODIPY-Ar-Chol and BODIPY-Ahx-Cho
liquid-ordered domains, as well as live HeLa cells

Ex/Em GUV DOPC

l (nm) s (ns)

BODIPY-Ar-Chol (Ld phase) 503/511–570 s1 ¼ 4.74 �
s2 ¼ 1.77 �

BODIPY-Ahx-Chol (Lo phase) 503/511–570 s1 ¼ 4.92 �
s2 ¼ 1.74 �

This journal is © The Royal Society of Chemistry 2019
of sub-200 nm to 1 mm length as well as more ordered ringed
structures are intensely uorescently labelled. However, in
addition dark, unlabelled regions of comparable dimensions
(white arrows) are evident across the membrane. On co-staining
cells with DiD (800 nM) it was observed that, as at GUVs,
BODIPY-Ahx-Chol and DiD distributed in a mutually exclusive
way in the cell membrane. This is most obvious in HeLa cells
where Fig. 4A–C shows that DiD localises in the regions of the
cell membrane from where BODIPY-Ahx-Chol is excluded (ESI
Z-Stack Video†).

The membranes of live cells are so complex that it is difficult
to ascertain denitively what is labelled. Given the propensity
l within phase separated GUVs containing both liquid-disordered and

/SM/Chol 4/4/2 mol% HeLa cells

sAmp (%) s (ns) sAmp (%)

0.17 57 — —
0.15 43 — —
0.04 54 s1 ¼ 5.85 � 0.15 67
0.15 46 s2 ¼ 2.31 � 0.37 33

RSC Adv., 2019, 9, 22805–22816 | 22809
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Fig. 2 Confocal fluorescent image of a phase separated GUV of
composition DOPC/BSM/Chol (4 : 4 : 2 mol%) co-stained with BOD-
IPY-Ahx-Chol (green) and DiD (red) showing the different Ld (red) and
Lo phases (green) (A). Fluorescent lifetime image (FLIM) of the same
GUV showing BODIPY-Ahx-Chol in the Lo phase (B).

Fig. 3 Live HeLa (A and B) and CHO cells (C and D) stained with
BODIPY-Ahx-Chol (5 mM, 3 h 37 �C). White arrows highlighting the
dark regions where BODIPY-Ahx-Chol does not localise. (A) and (C)
overlay of BODIPY-Ahx-Chol and background channels. (B) and (D)
BODIPY-Ahx-Chol channel.

Fig. 4 Live HeLa (A–C) and CHO cells (D–F) stained with BODIPY-
Ahx-Chol and co-stained with DiD, (800 nM). Overlay of channels (A
and D), the BODIPY-Ahx-Chol channel in green (B and E) and the DiD
channel in red (C and F).
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for the probe to stain sterol-rich domains/regions and the fact
that DiD is excluded from many of the regions that BODIPY-
Ahx-Chol is localised suggests it is localizing at sterol-rich
domains. This may include Lo phases as well as caveolae at
the cell membrane, protein aggregated domains andmembrane
bound protein. The staining is highly heterogenous and struc-
tured, over a range of sizes, that are difficult to resolve with
confocal imaging.60 Interestingly, when incubated with
BODIPY-Ahx-Chol under identical conditions, CHO cells did not
show the same distribution as shown in Fig. 3C and D. The
probe emission from the membrane is weaker but appears to
distribute more homogenously across the membrane with less
well dened bright and dark regions. Staining of lipid droplets
are evident as intense spherical features, in both CHO and HeLa
22810 | RSC Adv., 2019, 9, 22805–22816
images, this was conrmed from z-scanning which showed the
features persisted outside the membrane.

The difference between probe distribution we attribute to
different membrane compositions between the two cell lines as
HeLa is a cancer line and CHO a mammalian non-cancer line. The
cholesterol concentration within the cell membrane is highly
regulated and has been shown to be signicantly upregulated in
many cancers leading to increased lipid order, and caveolae are
oen highly prevalent in cancer cell lines. In particular, detergent
resistant/ra-like domains have been shown to be particularly
prevalent inmultidrug resistant cancer cell lines.62–64 The distinctive
membrane compositions lead to greater lipid order in the HeLa
membrane compared to CHO. Of note, for BODIPY-Ar-Chol in the
absence of the C6 linker, the probe showsmarkedly different uptake
and distribution. In both HeLa and CHO cells it permeates the
membrane and localises with high selectively into lipid droplets
(Fig. S19 ESI†). When co-stained with DiD, and focusing on the
plasma membrane of the cell, no emission from BODIPY-Ar-Chol
could be observed (Fig. S20 ESI†), conrming that without the
linker, the complex does not localise in the plasma membrane in
live cells.
Probing cholesterol in the cell membrane

In order to understand further if the BODIPY-Ahx-Chol localises
in cholesterol-rich domains at HeLa and CHO cells, we exam-
ined if the presence of cholesterol in the membrane affected dye
distribution. This was achieved by treating the cells with
methyl-b-cyclodextrin (MbCD) which is widely used for choles-
terol depletion from the plasma membrane, as it forms soluble
host–guest inclusion complexes with cholesterol with high
affinity.46,65 It can also deplete lipids from the membrane but
typically to a signicantly lower extent than cholesterol.66 Cells
were initially exposed to MbCD (10 mM) for 1 hour in cell
media, then removed and washed prior to adding the BODIPY-
Ahx-Chol (5 mM) to the cells. Following probe exposure, the cells
were washed and imaged without xing. Fig. 5A and B show
This journal is © The Royal Society of Chemistry 2019
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HeLa cells aer 2 h exposure to MbCD stained with BODIPY-
Ahx-Chol. Focusing on the lower plasma membrane of the cell
as before, aer 2 hours, emission is still observed from the
membrane and dark/unstained regions are remain visible,
similar to the non-cholesterol depleted cells (Fig. 3A and B)
however emission overall is less intense, and heterogeneity of
the emission is much less dened.

Furthermore, emission for BODIPY-Ahx-Chol also appears to
have migrated to the plasma membrane periphery, with bright
spots located along the cell membrane. A similar pattern of
behaviour has been reported for other ordered-domain
sequestering probes upon cholesterol depletion with MbCD.67

Aer 4 h of MbCD cholesterol depletion, the dark regions
completely disappear, and the emission intensity of BODIPY-
Ahx-Chol although more homogeneously distributed has
decreased (4.6 a.u. to 3.3 a.u. intensity), shown in Fig. 5E and F.

Overall, our data suggests that BODIPY-Ahx-Chol uptake to
the cell membrane is greater at the cholesterol rich cell
membrane of HeLa cells and that the probe associates in part
with cholesterol rich domains at the membrane HeLa cells. The
distribution observed here is also similar to that reported by
Malim et al.68 and Yoshida et al.69 at HeLa cells. And, is
consistent with literature where between 50 and 80% of cell
membranes have been shown on the basis of detergent sol-
ubilisation resistance or uorescence polarisation to be
cholesterol rich ra-like domains.8,70

In the case of CHO cells, treatment with MbCD appears to
have the opposite effect, where emission intensity Fig. 5G and H
from the CHO membrane post treatment (3.9 a.u. to 6.9 a.u.
intensity) increases. It is not clear why behaviour in the two cell
lines on cholesterol depletion is so different, but our observa-
tions concur with data reported by Hao et al.67 who observed
similar behaviour in CHO cells, that they speculated might be
Fig. 5 Live HeLa and CHO cells treated with MbCD. Cells were treated w
altering the cholesterol distribution in HeLa cells (E and F) and CHO cells
and (B), (D), (F) and (H) showing the overlay of BODIPY-Ahx-Chol and b

This journal is © The Royal Society of Chemistry 2019
due coalescence of cholesterol bounded domains into micro-
domains on CD treatment.

Fluorescent lifetime imaging was carried out to evaluate the
lifetime of BODIPY-Ahx-Chol from within live cells to gain
further insight into the probe distribution in the membrane.
Fig. 6 show the false-color FLIM images of the lifetime distri-
butions within the cell.

The uorescent decay in cells t to a bi-exponential decay,
although in some cases a third component of the t (lifetime <
70 ps) was required to account for autouorescence/
background scatter (Table S1†). The majority of the longer-
lived components comes from the membrane structures, and
notably, BODIPY-Ahx-Chol has a slightly longer lifetime of 5.85
ns in HeLa cells (A) compared to 5.3 ns in CHO cells (B). This is
consistent with the higher content of cholesterol at the HeLa
membrane which may contribute different phase distributions
within the membrane. Comparing these lifetimes to those
derived from GUVs, the longer lifetime of 4.9 ns is shorter than
that observed in cells presumably reecting the far greater
complexity of the cell membrane, its diversity of lipids and
roughly 50% protein at the membrane interface. Interestingly,
aer exposure to MbCD, the longer-lived component of 5.85 ns
in HeLa cells decreases to 5.35 ns while the shorter component
of 2.31 ns is not affected.

However, in CHO cells, the lifetime of the major component
increases post MbCD treatment (Table S1†). This data reects
the confocal images where in CHO cells the lipid regions appear
to cluster together upon cholesterol redistribution, this is not
observed for HeLa cells. For HeLa cells, the majority of the long-
lived component continues to arise from the membrane post
MbCD treatment, and the shorter lifetime of 2.23 ns is attrib-
uted to lipid droplet structures from inside the cells, which was
observed in both confocal and FLIM images (Fig. 6C).
ith 10 mMMbCD and after 2 h ((A and B) HeLa, (C and D) CHO) and 4 h,
(G and H). (A), (C), (E) and (G) showing the BODIPY-Ahx-Chol channel,
ackground channels.

RSC Adv., 2019, 9, 22805–22816 | 22811
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Fig. 6 Fluorescent lifetime images (FLIM) of a live HeLa cell (A) and
CHO cell (B) stained with BODIPY-Ahx-Chol (5 mM, 2 h), and after
treatment with MbCD (10 mM) in HeLa (C) and CHO (D) cells.
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Conclusions

We demonstrate a simple approach by which phase preference
of a simple BODIPY uorophore can be switched between Lo or
Ld at phase forming liposomes, by altering the number of
carbons in the alkyl linker separating probe from cholesterol.
The cholesterol conjugation is achieved via a simple and very
mild Steglich esterication reaction between probe carboxyl
and cholesterol hydroxyl. Phase preference in domain forming
giant unilamellar vesicles (GUVs) conrmed, using a commer-
cial Ld marker as reference, >90% Ld selectivity for BODIPY-Ar-
Chol, where the probe is directly ester linked to cholesterol,
which is reversed leading to approx. 80% Lo partitioning when
a hexyl linker is inserted between probe and cholesterol in the
case of BODIPY-Ahx-Chol. The preference for cholesterol rich
membrane persists in live cells where changing linker length
has a profound impact on the localisation of the probe. Unlike
liposomes, BODIPY-Ar-Chol does not stain the membrane of
live cells but is directed through the membrane and localises in
lipid droplets in HeLa and CHO cell lines. Whereas BODIPY-
Ahx-Chol is retained at the membrane in live cells where it
partitions into regions fromwhere the Ld probe DiD is excluded.
The preference for cholesterol rich membrane is conrmed on
treatment of HeLa cells with cyclodextrin. Ra like, detergent
resistant domains are highly prevalent in cancer cells and
BODIPY-Ahx-Chol membrane distribution varied signicantly
between HeLa and CHO which is a non-cancer cell. Robust
uorescent probes that can partition into and distinguish ra-
like domains in live cells as well as in biophysical models are
rare and can facilitate use of advanced microscopy applied to
detailed studies into domains and ras in cells. Ordered lipid
domains are particularly prevalent in cancer and in multidrug
resistant cells, probes that can be targeted to such domain
22812 | RSC Adv., 2019, 9, 22805–22816
should be useful in developing insights into such models.
Ongoing work will explore whether the principle of extending
a long linker to a lipophilic probe can be applied more univer-
sally to broader families of uorescent probes.

Experimental
Preparation of giant unilamellar vesicles (GUVs)

Lipid stock solutions were prepared in chloroform. For prepa-
ration of Ld/Lo phase separated GUVs, 1-2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), brain sphingomyelin (BSM) and
cholesterol (Chol) were mixed in a molar ratio 4 : 4 : 2 to a nal
concentration of 5 mM. For partitioning (confocal uorescence
microscopy) studies BODIPY-Ar-Chol or BODIPY-Ahx-Chol,
along with the lipophilic tracer dye DiD, were all included
respectively at a concentration of 0.1 mol% in lipid content
prior to electroformation. DiD is a commercially available lipid
stain that is known to associate strongly within the liquid-
disordered phase of GUVs. It was therefore chosen in order to
identify this phase during confocal uorescence microscopy
experiments. GUVs were formed by electroformation using the
Vesicle Prep Pro (VPP) (Nanion Technologies, Munich, Ger-
many). The lipids were added in 1.5 mL droplets onto a pair of
conductive ITO slides and dried in a desiccator under vacuum
for 45 minutes. The ITO slides were carefully placed in contact
at an angle to avoid air bubbles. A voltage was then applied and
increased over 10 minutes from 0 V to 3 V and then held for 125
minutes. The protocol was carried out at 37 �C. Once electro-
formation was completed, the GUVs were removed, diluted with
0.23 mM glucose solution and 0.5% agarose solution and
deposited on glass coverslides for imaging. For uptake studies,
GUVs were prepared as described above by electroformation
using DOPC 100 mol%.

Confocal microscopy of giant unilamellar vesicles (GUVs)

Fluorescent confocal imaging was carried out using a Leica TSP
inverted (DMi8) confocal microscope. A 100-oil immersion
objective was used for all measurements. A white light laser was
used to excite the dyes. The excitation and emission wave-
lengths (lex/lem) were as follows: 503/511–570 for BODIPY-Ar-
Chol and BODIPY-Ahx-Chol, and 644/665–700 nm for DiD.

Fluorescence lifetime imaging

Fluorescence lifetime imaging was carried out using a Pico-
Quant 100 system attached to Leica TSP inverted (DMi8)
confocal microscope using a 100� oil immersion objective.
Each sample was acquired for 120 s with a 512� 512 resolution.
A 503 nm white light laser was used to excite the GUV samples.
Data was analysed using PicoQuant Symphotime soware.

Cell culture and imaging

HeLa cells were purchased from Sigma Aldrich (Ireland) and
cultured usingMEMmedia supplemented with 2% L-glutamine,
1% MEM non-essential amino acid solution, 10% fetal bovine
serum (FBS) and 1% penicillin–streptomycin. CHO cells were
purchased from ATCC Cell Biology Collection (UK) and cultured
This journal is © The Royal Society of Chemistry 2019
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in a mixture of DMEM media and F-12 Hams media supple-
mented with 10% FBS and 1% penicillin/streptomycin. Both
cell lines were grown at 37 �C with 5% CO2. Cells were harvested
or split at 90% conuency using 0.25% trypsin for 5 minutes at
37 �C.

Confocal microscopy for cell imaging

For imaging, cells were seeded at 7 � 104 cells in 2 mL culture
media on 35 mm high precision glass-bottom dishes (Ibidi,
Germany). BODIPY-Ar-Chol and BODIPY-Ahx-Chol were added
to cell media to give a nal concentration of 5 mM and le to
incubate in the absence of light at 37 �C with 5% CO2. Cells were
washed twice with supplemented PBS (1.1 mM MgCl2 and
0.9 mM CaCl2) prior to imaging. The cells were imaged live
using a Leica TSP DMi8 confocal microscope with a 100� oil
immersion objective lens. Cells were excited at 497 nm and
emission was collected between 518–610 nm. Co-staining with
DiD was carried out by adding 800 nMDiD in PBS to the cells for
20 minutes at 37 �C prior to imaging. DiD was excited at 640 nm
and emission was collected between 660–760 nm.

FLIM of live cells

HeLa and CHO cells were prepared and stained as described for
confocal imaging. Live FLIM images were acquired using Sym-
phoTime 200, Picoquant, attached to a Leica TSP DMi8 confocal
microscope using a 100� oil immersion objective. Each FLIM
image was acquired for 2 minutes with 512 � 512 resolution, at
10 MHz and resolution 16. A 497 nm laser was used to excite the
sample, and emission collected between 520–620 nm. The data
was analysed using PicoQuant Symphotime soware. Lifetimes
were t to a tri-exponential decay, until a c2 value of 0.9–1.1 was
achieved.

Synthesis of BODIPY-Ar-COOH (1)

Synthesis was carried out according to modied procedure.49

DCM (60 mL) was purged with nitrogen for 30 min. To 4-for-
mylbenzoic acid (500 mg, 3.3 mmol), 2,4-dimethylpyrrole (453
mL, 7.45 mmol) and TFA (cat.) was added and kept at room
temperature while stirring for 5 hours. Aer the 5 hours tetra-
chlorobenzoquinone (p-chloranil) (973 mg, 3.95 mmol) in DCM
(20 mL) was added and the reaction mixture was le to stir for
30 minutes followed by the addition of BF3$OEt2 (6.4 mL) and
Et3N (6.4 mL). The reaction mixture was le to stir overnight.
The crude mixture was washed with water (2 � 50 mL), dried
over MgSO4 and concentrated to dryness via vacuum. The crude
product was puried on a silica gel by column chromatography
eluent: DCM/MeOH (30 : 1). Yield: purple solid, 158.3 mg
(0.43 mmol, 13%). 1H NMR: (600 MHz, DMSO-d6) d (ppm): 9.60
(t, 2H); 9.22 (d, J¼ 1.8 Hz, 2H); 8.61 (d, J¼ 1.8 Hz, 1H); 8.42 (d, J
¼ 3 Hz, 1H); 7.97 (d, J¼ 7.8 Hz, 2H); 7.77–7.75 (m, 2H); 7.45 (d, J
¼ 7.8 Hz, 2H); 5.96 (s, 2H); 2.52 (s, 6H); 1.44 (s, 6H). 13C NMR:
(150 MHz, DMSO-d6) d (ppm): 155.8, 152.7, 152.6, 143.2, 143.0,
142.6, 142.1, 141.7, 141.3, 140.9, 140.1, 135.3, 133.8, 131.3,
130.2, 130.1, 129.0, 128.2, 127.6, 127.5, 127.0, 124.2, 121.4,
118.9. HR-MS (ESI-TOF) m/z: calculated for C20H19BF2N2O2

369.1512 found 369.1586.
This journal is © The Royal Society of Chemistry 2019
Synthesis of BODIPY-Ar-Chol (2)

BODIPY-Ar-COOH (1) (100 mg, 0.272 mmol) and DMAP (32 mg,
0.0272 mmol) was dissolved in DCM (4 mL). Cholesterol
(240 mg, 0.599 mmol) in DCM (2 mL) was added to the reaction
mixture and stirred at room temperature for 5 min. Following
this DCC (70 mg, 0.299 mmol) in DCM (2 mL) was added and
the reaction mixture was le to stir overnight. The crude
mixture was with brine solution, dried over MgS04 and
concentrated to dryness. The crude product was puried on
a silica gel by column chromatography eluent: DCM/MeOH
(30 : 1). Yield: orange solid, 78 mg (0.104 mmol, 38%). 1H
NMR: (600 MHz, CDCl3) d (ppm): 8.18 (d, J ¼ 8.3 Hz, 2H); 7.40
(d, J ¼ 8.2 Hz, 2H); 5.98 (s, 1H); 5.44 (d, J ¼ 6 Hz, 1H); 4.93–4.87
(m, 1H); 2.55 (s, 6H) 2.51 (d, J ¼ 7.2, 2H); 2.05–1.92 (m, 4H);
1.86–1.74 (m, 2H); 1.61–1.55 (m, 2H); 1.52 (s, 6H); 1.50–1.47 (m,
2H); 1.37 (s, 6H); 1.29–1.11 (m, 9H); 1.09 (s 4H); 1.05–0.98 (m,
3H); 0.93 (d, J ¼ 6 Hz, 3H); 0.87 (dd, J ¼ 6.5, 2.8 Hz, 6H); 0.70 (s,
3H). 13C NMR: (150 MHz, CDCl3) d (ppm): 165.37, 139.53,
130.32, 128.29, 122.96, 121.46, 75.17, 56.71, 56.16, 50.07, 43.34,
39.52, 38.22, 37.64, 36.68, 36.19, 35.79, 31.95, 31.90, 28.22,
28.01, 27.89, 24.30, 23.83, 22.80, 22.55, 21.01, 19.37, 18.72,
14.55, 11.88. HR-MS (ESI-TOF) m/z: calculated for
C47H63BF2N2O2 737.5055 found 737.5029.
Synthesis of 4-formylphenyl-Ahx (4)

4-Formylbenzoic acid (1 g, 6.66 mmol), EDC (2.55 g, 13.32
mmol) and NHS (1.53 g, 13.32 mmol) was stirred in DCM (50
mL) at room temperature for 1 h. Following this methyl 6-
aminohexanoate (1.45 g, 9.99 mmol) in DCM (2 mL) was added
with TEA (800 mL) and the reaction mixture was stirred over-
night. The crude mixture was washed with 3 � 50 mL water,
dried over MgSO4 and concentrated to dryness. The reaction
was monitored by TLC and NMR and was carried through to the
next step without purication. To the reaction product was
added MeOH (15 mL) and slowly the addition of 0.1 M LiOH in
MeOH/H2O (3 : 1). The reaction was stirred at room tempera-
ture for 4 h. The reaction mixture was concentrated to dryness
and then rehydrated with water. The solution was acidied
using conc. HCl until pH 2 was achieved. The product was ob-
tained via ltration and puried on a silica gel by column
chromatography eluent: DCM/MeOH (80 : 20). Overall yield for
two steps: white solid, 164 mg (0.62 mmol, 9.4%). 1H NMR: (600
MHz, DMSO-d6) d (ppm): 12.02 (s, 1H); 10.08 (s, 1H); 8.67 (t, J ¼
12 Hz, 1H); 7.99 (q, J ¼ 17.8, 8.7 Hz, 4H); 3.26 (q, J ¼ 14.8, 7.6,
2H); 2.21 (t, J¼ 7.3, 2H); 1.54–1.52 (m, 4H); 1.339–1.335 (m, 2H).
13C NMR: (150 MHz, DMSO-d6) d (ppm): 193.39, 174.94, 165.73,
140.18, 138.11, 129.85, 128.34, 34.08, 29.18, 26.48, 24.71. HR-MS
(ESI-TOF) m/z: calculated for C14H17NO4 264.1241 found
264.1236.
Synthesis of BODIPY-Ahx (5)

DCM (30 mL) was purged with nitrogen for 30 min. To 4-for-
mylbenzoic acid (500 mg, 3.3 mmol), 2,4-dimethylpyrrole (144
mL, 1.4 mmol) and TFA (cat.) was added and kept at room
temperature while stirring for 5 hours. Aer the 5 hours
RSC Adv., 2019, 9, 22805–22816 | 22813
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tetrachlorobenzoquinone (p-chloranil) (171 mg, 0.69 mmol) in
DCM (20 mL) was added and the reactionmixture was le to stir
for 30 minutes followed by the addition of BF3$OEt2 (1.74 mL)
and Et3N (1.74 mL). The reaction mixture was le to stir over-
night. The crude mixture was washed with water (2 � 50 mL),
dried over MgSO4 and concentrated to dryness via vacuum. The
crude product was puried on a silica gel by column chroma-
tography eluent: DCM/MeOH (30 : 1) followed by DCM/MeOH
(90 : 10). Yield: orange solid, 37.6 mg (0.078 mmol, 13.4%). 1H
NMR: (600 MHz,CDCl3) d (ppm): 7.91 (d, J¼ 8.2 Hz, 2H); 7.38 (d,
J¼ 8.16 Hz, 2H); 6.30 (t, J¼ 5.58, 1H); 5.97 (s, 1H); 3.51–3.48 (m,
2H); 2.54 (s, 1H); 2.39 (t, J¼ 7.9 Hz, 2H); 1.70–1.67 (m, 4H); 1.48–
1.47 (m, 2H); 1.35 (s, 6H). 13C NMR was not obtained due to
poor solubility. HR-MS (ESI-TOF) m/z: calculated for
C26H32BF2N3O3 482.2412 found 482.2427.
Synthesis of BODIPY-Ahx-Chol (6)

To a stirred solution of 5 (32.6 mg, 0.067 mmol) and DMAP
(8.1 mg, 0.0067 mmol) in DCM (4 mL), a solution of cholesterol
(51 mg, 0.134 mmol) in DCM (2 mL) was added. The reaction
mixture was stirred for 5 min at room temperature. A solution of
DCC (15.2 mg, 0.073 mmol) in DCM (2 mL) was added and the
mixture was stirred at room temperature overnight. The crude
mixture was washed with brine solution, dried over MgSO4 and
concentrated to dryness via vacuum. The crude product was
puried on silica gel by column chromatography eluent: DCM/
MeOH (90 : 10). Yield: orange solid, 22.9 mg (0.026 mmol,
40.2%). 1H NMR: (600 MHz, CDCl3) d (ppm): 7.94 (d, J ¼ 8.2 Hz,
2H); 7.39 (d, J ¼ 8.2 Hz, 2H); 6.38 (t, J ¼ 5.46 Hz, 1H); 5.98 (s,
2H); 5.36 (d, J ¼ 4.8 Hz, 1H); 4.63–4.57 (m, 1H); 3.67–3.64 (m,
2H); 3.52 (q, J ¼ 14.2, 7 Hz, 2H); 2.55 (s, 6H); 2.34–2.30 (m 4H);
2.02–1.91 (m, 2H); 1.86–1.79 (m, 3H); 1.72–1.66 (m, 4H); 1.50–
1.40 (m, 7H); 1.35 (s, 6H); 1.25 (s, 6H); 1.17–1.07 (m, 7H); 1.01 (s,
3H); 0.91 (d, J ¼ 6.7 Hz, 3H); 0.86 (dd, J ¼ 6.5, 2.9 Hz, 7H); 0.66
(s, 3H). 13C NMR: (150 MHz, CDCl3) d (ppm): 173.23, 166.56,
155.93, 142.92, 140.35, 139.60, 138.26, 135.22, 131.07, 128.47,
127.77, 122.78, 121.46, 76.81, 74.06, 56.63, 56.13, 49.99, 42.30,
39.71, 39.52, 38.18, 37.00, 36.61, 36.18, 35.80, 34.30, 31.84,
29.71, 28.97, 28.24, 28.02, 27.82, 26.23, 24.26, 24.16, 23.83,
22.83, 22.57, 21.02, 19.32, 18.72, 14.64, 14.13, 11.85. HR-MS
(ESI-TOF) m/z: calculated for C53H74BF2N3O3 850.5852 found
850.5870.
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41 M. Hölttä-Vuori, R.-L. Uronen, J. Repakova, E. Salonen,
I. Vattulainen, P. Panula, Z. Li, R. Bittman and E. Ikonen,
BODIPY-Cholesterol: A New Tool to Visualize Sterol
Trafficking in Living Cells and Organisms, Traffic, 2008,
9(11), 1839–1849.

42 Z. Li, E. Mintzer and R. Bittman, First Synthesis of Free
Cholesterol-BODIPY Conjugates, J. Org. Chem., 2006, 71(4),
1718–1721.

43 M. J. Sarmento, S. N. Pinto, A. Coutinho, M. Prieto and
F. Fernandes, Accurate Quantication of Inter-Domain
Partition Coefficients in GUVs Exhibiting Lipid Phase
Coexistence, RSC Adv., 2016, 6(71), 66641–66649.

44 A. S. Klymchenko and R. Kreder, Fluorescent Probes for
Lipid Ras: From Model Membranes to Living Cells, Chem.
Biol., 2014, 21(1), 97–113.

45 Y. Niko, P. Didier, Y. Mely, G. Konishi and A. S. Klymchenko,
Bright and Photostable Push-Pull Pyrene Dye Visualizes
Lipid Order Variation between Plasma and Intracellular
Membranes, Sci. Rep., 2016, 6, 18870.

46 F. S. Ariola, Z. Li, C. Cornejo, R. Bittman and A. A. Heikal,
Membrane Fluidity and Lipid Order in Ternary Giant
RSC Adv., 2019, 9, 22805–22816 | 22815

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03905h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
25

/2
02

5 
7:

44
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Unilamellar Vesicles Using a New Bodipy-Cholesterol
Derivative, Biophys. J., 2009, 96(7), 2696–2708.

47 J. M. Kwiatek, D. M. Owen, A. Abu-Siniyeh, P. Yan, L. M. Loew
and K. Gaus, Characterization of a New Series of Fluorescent
Probes for Imaging Membrane Order, PLoS One, 2013, 8(2),
e52960.
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