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Does Aliphatic Chain Length Influence Carbocyanines’
Orientation in Supported Lipid Multilayers?
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UV-Vis linear dichroism was used to study the orientation of-8jBexyloxacarbocyanine (DiQ(3))

and 3,3-dihexadecyloxacarbocyanine (Di@{3)) in supported multilayers of dipalmitoylphos-
phatidylcholine (DPPC) and dilauroylphosphatidylcholine (DLPC). Orientational probability density
functions were similar for the two carbocyanines in both lipids. Multimodal distributions were found
in all cases. The main peak is at41 relative to the bilayer normal axis, except for DIQE) in

DLPC multilayers (main peaks at18nd 90). Quenching studies revealed that the two carbocyanines
are localized at the interface region of the membrane regardless of the lipid matrix they are inserted
in. Combining these data with linear dichroism results lead to the conclusion that both the aliphatic
chain length of carbocyanines and the lipid phase have little influence in the structural organization
of these probes in lipidic bilayers. The partition constants of Qi(B}, K,, were determined from
fluorescence anisotropy measurements; the values obtainedy¢DPPC)= (2.39+ 0.05) x10°

andK, (DLPC) = (5.01+ 1.15) x 1C°.
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INTRODUCTION Although these probes are widely used to report prop-
erties of the lipidic systems where they are inserted in,
Cyanine dyes have been widely used to study bio- little attention has been given, to our best knowledge,
logical systems. They are commonly used to investigate to the oxacarbocyanines dyes themselves, mainly when
different lipid environments [1] and in studies of macro- short alkyl chains are used. It is intuitively expected that
molecules’ aggregates such as DNA [2]. The large variety the results generally obtained with cyanines from such
of existing dyes and the low cost of some made them com- studies may depend on the probe’s location and orien-
monly used probes. The most popular carbocyanine mem-tation but systematic studies are very scarce [3]. Never-
brane probes have been indocarbocyanines (Dil) and ox-theless/(ldentification of solubilization sites for the dye
acarbocyanines (DiO) with long alkyl tails {§}. Having in the membrane and its local structure (site of solubi-
strong oscillator strengths for electronic absorption, be- lization, surface vs. core, and orientation with respect to
ing weakly fluorescent in water but highly fluorescent and the interface) is a prerequisite for an understanding of
photostable when inserted in lipidic membranes, makes the molecular mechanism for the change in the fluores-
them good and appealing to work in model systems of cence parameterns as pointed out before by Krishna and
biomembranes by means of fluorescence spectroscopy. Periasamy [4].
- In this paper we focused our attention in two ox-
1 Centro de Quhica-Fsica Molecular, Instituto SuperioreEnico, Av. acarbocyanines, DiO@(3) and DiOG(3) (Fig. 1A and
Rovisco Pais, 1049-001 Lisboa, Portugal. B), which differ only in their aliphatic chain length. A

2 To whom correspondence should be addressed at Centroidgd@u’ mparative | tion and orientation study w rried
e Bioqumica, Faculdade de &iitias da Universidade de Lisboa, comparative location a orientation study was carrie

Campo Grande, Ed. C82®iso, 1749-016 Lisboa, Portugal. E-mail: (_)Ut by means of ﬂuo'jescence _quen_Ching ar_‘d_ UV-Vis
castanho@fc.ul.pt linear dichroism techniques. Using different lipids, we
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Fig. 1. Structures of 3,3dihexyloxacarbocyanine (DiQ{(3)) iodide (A), 3,3-dihexadecyloxacarbocyanine
(DiOC14(3)) perchlorate (B), and doxyl-stearic acids (5MS= 3, m = 12; 16NS:n = 14,m = 1) (C).

concluded on how chain length and the lipid phase in-
fluence the location and orientation of these probes.

EXPERIMENTAL

3,3-Dihexyloxacarbocyanine (DiO43)) iodide,
98%, was from Acros Organics (Gell, Belgium) and
3,3-dihexadecyloxacarbocyanine (Di@3)) perchlo-
rate, 99%, was from Molecular Probes (Oregon, USA).
DPPC and DLPC were from Avanti Polar Lipids (Al-
abaster, AL) and both 5-doxyl-stearic acid (5NS) and
16-doxyl-stearic acid (16NS) were from Aldrich Chem
(Milwaukee, USA). All solvents were from Merck (Darm-
stadt, Germany) with spectroscopic grade.

UV-VIS LINEAR DICHROISM
(ORIENTATION) STUDIES

Samples of aligned lipids multilayers were obtained

by incomplete evaporation of the aqueous solvent. First,

multilamellar vesicles were prepared. The lipid solution
in chloroform was dried in a round flask under @ N
flow and placed in vacuum overnight. Then the lipid was
ressuspended in Millipore water to a final concentration
of 1.36 mM, by cycles of vortexing/heating. A drop of the
suspension (2aL) with or without carbocyanine (68M)

was spread on one surface of a quartz plate and the solvent

was slowly evaporated under a controlleg ffdw with a
pipette in order to make the film as uniform as possible.

The final molar ratios of lipid to cyanine were 20:1. The
structural organization of multilayers obtained by solvent
evaporation has been checked before [5].

UV-Vis absorption measurements were carried out
in a Shimadzu spectrophotometer (model UV-3101 PC).
Dichroic ratios were determined using Glan-Thompson
polarizersin home-made stands. Blank correction was car-
ried out by reading both sample (lipid carbocyanines)
and blank (lipid) against air, and subtracting afterward.
However, in DPPC/DiIOg(3) samples a more sophisti-
cated additional process was needed due to turbidity, as
described elsewhere [6]. This method is based on data ex-
trapolation from wavelength ranges where only turbidity
is operative. The usual sample holder was replaced by a
goniometer (Optosigma, SL) where the quartz plates were
mounted in. A spectrofluorimeter SLM-Aminco 8100 was
also used, equipped with a 450 W Xe Lamp and dou-
ble monochromators in both excitation and emission, as
well as a quantum counter. Dichroic ratios and fluores-
cence intensity ratios were measured in the range of0-72
and 18-72 respectively. Excitation and emission wave-
lengths were, respectively, 494 nm and 547 nm.

A more detailed description of the data analysis
methodologies can be found elsewhere [7]. Shortly, ori-
entational distribution functiond,(v) (Eq. (1)), are cal-
culate from a Legendre polynomial series:

1
> 5(2L +1)(PL)PL(cosy)

Leven

f(y) = @
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so that

/O " sin@) f(y) dy = 1 @

while

1
(P = [ PLeosNfdcos) @)
(P_(cosy) are Legendre polynomialsiP.) is the
ensemble-average &#_(cosy) and is referred to as the
Lth rank order parameter, whén=£0).
As f (y)issymmetrical € ()= f(—y)andf (y) =
f(r — ), (P) =0if L is odd. Therefore:

1 5 9
f(y) = >t §<P2) Po(cosyr) + §<P4> Pa(cosyr) + - - -

(Pz(cosw) = %‘H and
Py(coSy) = 35 cod y — :O cody + 3) @

becausePy(cosyr) = 1. For an isotropic systemP,) =

0 if L>2 and f(¥)=1/2. For perfectly aligned
molecules (P ) = 1if L > 2 and f (v) = §(cosy — 1)

(6 is Dirac’s delta function). Intermediate distributions
are characterized by their peculiar set @%), (Ps),
(Ps). .. Howeveronly (P,) and (P;) can be known from
experiment. Thus, the quest fé(y)sin(y) (Probability
Density Function) resumes to two steps: (B)) and(P,)
determination, and (2) finding an approximated function
for f(y)sin(@y) from (P,) and(Ps) only. The most com-
mon realistic approximation combines the application of
the maximum entropy method with the Lagrange multipli-
ers method [8]. In this approach, the approximated func-
tion is the one that maximizes the orientational entropy of
the distribution,S(f (v)):

S(f(y) = /On In(y) sin(y) f () dy (%)

In other words, the resulting distribution is the broadest
possible from all the universe of distributions having that
particular (P), (P4)) pair:
() = Aep(Lupilcos))  ©
L

A is a normalization constant and thg coefficients
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exp@.2 Po(cosyr) + A4Ps(cosy))
o siny exp@2Po(cosy) + A4Ps(cosy)) dyr
9)

f(y) =

f(y)siny

_ exp@2Pa(cosyr) + A4 Pa(cosy))
Jo siny exp@.2P2(cosy) + A4 Ps(cosy)) dyr

sinyr
(10)

The probability density functionf () sin(y), is
then easily obtained.

QUENCHING (IN-DEPTH LOCATION) STUDIES

Quenching studies were carried out using DPPC and
DLPC Large Unilamellar Vesicles (LUV'’s), prepared by
extrusion techniques as described in [9], with cyanine in-
corporated to a final lipid:cyanine 830:1 ratio. 5NS or
16NS (in ethanol) (Fig. 1C) were added to these sus-
pensions to a final concentration of 0.42 M inside the
lipidic matrix. The cyanine’s fluorescence intensity was
read ten minutes after each addition. The final percent-
age of ethanol in the solution was kept below 2% in
order to guarantee that there was no damage in the pre-
pared vesicles. A more detail description for the interpre-
tation of quenching results can be found in reference [10].
Briefly, it is based in the dependence of quenching extent
on the local concentration of the quencher in the vicinity
of the fluorophore. When acyl chains derivatized at shal-
low position are better quenchers than the ones deriva-
tized near the bilayer core terminus (e.g. 5NS relative
to16NS), a location of the fluorophore near the interface
can be inferred. The opposite result leads to the opposite
conclusion.

PARTITION STUDIES

Partition studies with DiOg{3) were carried out us-
ing different DPPC and DLPC Large Unilamellar Vesi-
cles (LUV’s) concentration (until a final concentration of
5 mM was reached) with a fixed cyanine concentration
of 7 uM. Steady-state fluorescence anisotropy was mea-
sured akexe = 494 nm and.em, = 514 nm. The measured

(Lagrange multipliers) are calculated from the accessible steady-state fluorescence anisotrdpy, is a balance be-

(P.) values:

(Py) = /O " siny Pycosy) f () dy @)

(Py) = /O " siny Py(cosy) () dy ®)

tween the anisotropy of cyanines in bulk aqueous phase
and cyanines inserted in the lipidic matrix. The weight
factors in this balance depend on the partition coefficient,
Kp, wich was calculated as a fit parameter in a non-linear
regression methodology. Details regarding this methodol-
ogy can be found elsewhere [11].
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Fig. 2. DiOCg(3) and DiOGg(3) normalized absorption spectra in supported lipid multilayers of DPPC and
DLPC (ratio lipid:cyanine 20:1) at room temperature.

For DIOCy¢(3) complete incorporation in the lipid
matrix was assumed, which is in agreement with its very
low solubility in aqueous media, since similar probes
present very big partition coefficients [1].

RESULTS AND DISCUSSION

The absorption spectra of both cyanines (DB}
and DiOGg(3)) in DPPC and DLPC multilayers are de-
picted in Fig. 2. The vibrational progression of the ab-
sorption spectra in the aligned multilayers is similar to the

different systems but this cannot be regarded as a con-
sequence of the presence of cyanine dyes in the water
layers between the lipidic bilayers. The partition coeffi-
cients, even for DIOgI3) (K, (DPPC)= (2.39+ 0.05) x

10° and Kp (DLPC)= (5.01+ 1.15) x10%; Fig. 4) are
favourable to the lipidic phase. As the aqueous and lipidic
layers have similar volumes in supported multilayers, the
molar fraction of dyes inserted in lipidg, , are bigger
than 99%. Quenching studies revealed that the two ox-
acarbocyanines are localised at the interface region of the
membrane regardless of the matrix lipid they are inserted
in (results not shown).

one obtained when cyanines are inserted in vesicles. Both

cyanines have a transition moment that is fairly parallel
to the chromophore axis, which enables direct molecu-
lar orientation study of the chromophore. The second and
fourth rank order parameterd?,) and(P,) respectively,
and Lagrange multipliers.6 andx.4) needed for the calcu-
lation of orientational distribution function are presented
in Table I. The probability density functions calculated
with these parameters are shown in Fig. 3. Optimisation
of the signal/noise ratio was obtained with 20:1 molar
lipid:cyanine ratio, which is high compared to methodolo-
gies based exclusively in fluorescence spectroscopy tech-
niques [3,4]. Multimodal functions were obtained for the

Table I. Second and Fourth Rank Order Parameters for Each of
the Studied Systerfis

System (P2) (Pa) A2 A4
DPPC:DIiOG(3) (20:1) 0.460 0450 0.786 2.624
DLPC:DiOGs(3) (20:1) 0.571 0569 0.730 3.508
DPPC:DIOG4(3) (20:1) 0580 0.512 1116 2.717
DLPC:DIOC6(3) (20:1) 0.280 0.317 0524 2.027

2%, andi4 are Lagrange multipliers that result from the applica-
tion of the maximum entropy method to obtain the orientational
distribution functions (see reference [7])
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Fig. 3. Orientational probability density functions for DiQ§(3) and DiOG(3) in DPPC and DLPC
multilayers at room temperature.

In all the cases, but especially for the system freedom conferred by the liquid crystalline DLPC matrix.
DLPC/DiOCy4(3), the peaks at 9@are significantand de-  In binary lipid mixtures, where the shorter chain phos-
serve some attention. One can point several reasons tgholipids form fluid domains [12], interdigitation in the
explain the results: (1) a fraction of the chromophores lies opposing leaflet of the bilayer of molecules having long
parallel to the bilayers plane, (2) a fraction of the bilayers alkyl chains leads such molecules to prefer gel-like do-
has macroscopic defects and involves cyanine moleculesmains [13]. Therefore, hypothesis number 1 cannot be
(3) the peaks are spurious and result from the data analy-ruled out. A bimodal orientational distribution of probes
sis method. Previous studies with other probes [5,6] lead is possible, although orientations in the-BO® (relative
to the conclusion that multilayers are quite ordered and to the bilayer normal axis) range are more likely to occur
homogenous, which hardly accounts for such significant than 70-90° in most systems. Using a methodology that
peak areas. The second hypothesis is thus considered ndbalances two assumed sub-populations (parallel and per-
important. Reason number 3 is not likely at the used sig- pendicular to the membrane surface) with a similar dye,
nal/noise ratios but cannot be excluded because orientaKrishna and Periasamy [3] obtained bimodal functions
tional density probability functions are very sensitive to er- with pronounced peaks at 9¢com the bilayer normal.
rorin Lagrange multipliers, anda,4; propagation into the Theoretical studies have not reached a definitive con-
90 peak is mainly imposed by the sinus term in Eq. (10). clusion regarding the major force governing the in-depth
Reason number 1isthe mostlikeky. The DLPC/Dig(@) distribution of molecular probes in lipid bilayers [5]. Nev-
(i.e. long tail cyanine in short-tail fluid lipids) systemis pe- ertheless, we can say that weak van der Waals interac-
culiar, with an almost equal balance between both peaks.tions are responsible for acyl chain packing and that the
This resultis probably related to simultaneous occurrence number of interacting molecules, present in lipid layers,
of lipid/probe acyl chains mismatch and high orientational is large enough to overcome the disrupting influence of
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vorable electrostatic interaction leading the chromophore
group towards the vicinity of the lipid layer interface.
CONCLUSIONS
A
7

Our results revealed that both oxacarbocyanines in-
sert extensively into lipidic membranes, where they are
localized at the interface region. Their chromophores are
mainly parallel to the chains of the lipids regardless its
Lo own chain length or the matrix lipid they are inserted in
(Fig. 5). Probe/host chain mismatch can however lead to
more complex distributions.
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