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The linear dichroism of single monolayers of lutein, zeaxanthin and a mixture of lutein and synthetic
phosphatidylcholine has been measured. The angle of orientation of the carotenoid molecules was found to
lie between 45° and 51° relative to the plane of the solid support. Although the adsorbed monolayers were
mostly in a monomeric state, microscopic observations, as well as the II-4 isotherms, indicated the existence
of crystalline islets. The results have been interpreted in connection with Haidinger’s polarization brushes.

Introduction

Carotenoids are supposed to act as photopro-
tective pigments in photosynthetic membranes,
and possibly also in the primate retina [1-7]. In
addition, they have been assigned another role in
the retina, as an optical filter for reducing the
effects of chromatic aberration [§-10], the main
concern of this paper.

The carotenoids in human retina have been
identified as lutein and zeaxanthin {11] responsible
for the yellow colour of the retinal macula, the site
of localization of the structure responsible for
Haidinger’s brushes [12-14]. The brushes are at-
tributed to the directional organization of caro-
tenoids in the membranes of Henlé’s fibers (the
inner segments of cone receptor cells [15]).

Correspondence: R.M. Leblanc, Centre de recherche en photo-
biophysique, Université du Québec A Trois-Rivieres, C.P. 500,
Trois-Riviéres, Québec, Canada, GSA SH7.

A number of studies have been published con-
cerning the orientation of carotenoids in vivo
[16-20] and in vitro [21-27], but many conflicting
hypotheses have emerged. Some authors con-
cluded that carotenoids are oriented parallel to the
bilayer plane in vesicles [21,22] and in chloroplasts
[16-19] or traverse it perpendicularly in liposomes
[23]. From resonance Raman studies on lipid bi-
layers, Van de Ven et al. [27] found that B-caro-
tene is oriented parallel to the lamellar plane in
dioleoylphosphatidylcholine bilayers but per-
pendicular to it in soybean phosphatidylcholine
bilayers. Results obtained for mixed monolayers
of B-carotene and barium stearate led Ohnishi et
al. [24] to the conclusion that B-carotene is aligned
in the multilayer parallel to the plane of the glass
support. Reich et al. [25] and Sewe and Reich [26]
noted that carotenoids would lie rather flat in
chloroplast membrane, as suggested by results ob-
tained from electrochromic measurements.

In an attempt to resolve these controversies, we
have investigated the orientation of carotenoids in
a single monolayer state. In the present paper, we
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report data related to the linear dichroism of
monolayers measured at different angles of inci-
dence, the interfacial properties, and the orien-
tation of molecules in pure lutein and zeaxanthin
monolayers and of lutein when mixed with a phos-
pholipid. The results obtained indicate clearly that
the carotenoids studied lie at a mean angle of 48°
to the plane of the solid support, fulfilling the
condition for the Haidinger’s brushes formation in
the macula.

Materials and Methods

Materials

Benzene (BDH Chemicals, Montréal, Québec,
Canada) distilled at 80°C in a glass bead column
and ethanol (Les Alcools de Commerce Ltée, Ville
St-Laurent, Québec, Canada) distilled at 78.5°C
in a Vigreux column were used as solvents to
prepare carotenoid solutions. For the monolayer
work, water was filtered and deionized in a nano-
pure Barnstead column (Fisher Chem. Co.,
Montréal, Québec, Canada) to obtain a specific
resistivity of 16-18 M cm and was bidistilled in
a quartz distiller (Heraeus Quarzschmelze GmbH,
Produktbereich Infrarot, Hanau 1, F.R.G.): the
surface tension was equal to or higher than 71
mN-m~!, pH 5.6. Zeaxanthin was supplied by
Hoffman-La Roche Co. (Basle, Switzerland).
Lutein was isolated from spinach leaves, its identi-
fication and purity being confirmed by high-per-
formance liquid chromatography, thin-layer chro-
matography, spectral absorbance measurements
and mass spectrometry [28-31]. The spectropho-
tometer used was a Perkin-Elmer 553 (Perkin-
Elmer Corporation, Oak Brook, Instrument Divi-
sion, Oak Brook, IL) provided with a Data Station
for computation work. The polarizers used were
supplied by A.B.P. Inc. (Montréal, Québec).

Methods

(1) Purification of lutein

Isolation of lutein from spinach was accom-
plished by the following procedures. Warm
methanol extracts were treated with KOH to
saponify the chlorophylls, and the carotenoids
separated by solvent partition using diethyl ether
[29]. Purification and initial identification of the

individual carotenoids were done by thin-layer
chromatography following the methods of Hager
and Meyer-Bertenrath [32]. For large scale work,
these methods were adapted to liquid column
chromatography. Identification of lutein was con-
firmed by mass spectrometry, high-performance
liquid chromatography, UV-visible spectrometry
and chemical derivatization. In all cases, agree-
ment with literature data was obtained [28-31].

(2) II-A isotherms

Distilled and deionized water was used as the
subphase. Spreading solutions of pure lutein, or
synthetic phosphatidylcholine, or a mixture of both
were prepared as follows: we first dissolved lutein
and phosphatidylcholine separately in a benzene/
ethanol mixture (9:1, v/v). Both solvents were
freshly distilled and bubbled with argon. The two
solutions were then mixed to give the required
molar ratio of lutein to phosphatidylcholine. As a
rule, the concentration of the solutions was (2-4) -
10™* mol - dm™3. Solutions were prepared and
stored in vials filled with argon and closed with
mininert valves (Chromatographic Specialties Ltd.,
Brockville, Ontario, Canada). All operations with
monolayers were performed under a nitrogen
atmosphere. In all experiments, the initial molecu-
lar area was approximately 200 Az/molecule. In
one series of experiments, the rate of compression
was 8 A?/mol per min, and, in another one, 3
;\Z/mol per min, in order to investigate the effect
(if any) of the speed of compression on the II-4
isotherms.

The measurements were performed on a trough
with useful dimensions 50.0 X 14.0 X 1.0 cm
equipped with a Langmuir-film balance provided
with a DCDT transducer (Hewlett Packard). The
movement of the compressing barrier was con-
trolled by an Apple II computer.

(3) Monolayer deposition

The solutions were prepared as previously de-
scribed. The solid support for the deposition con-
sisted of two quartz disks, 2.54 cm in diameter
(Esco Products Inc., Oak Ridge, NJ, U.S.A.) set
face-to-face and joined along their rims by paraf-
fin wax. This arrangement allows for the adsorp-
tion of one monolayer on only one face of each
disk. The support was immersed in the water



subphase contained in the trough (30.0 X 14.7 X
4.5 cm), and the carotenoid solution was spread
on the water surface. Operations were carried out
under a nitrogen atmosphere. After a 10-min
period to allow for homogeneous spreading, the
molecules were compressed until the desired
surface pressure (e.g. 5, 25 or 40 mN-m™!, de-
position pressure) was reached. The pure caro-
tenoid monolayers were very unstable at the
air /water interface as usually evidenced by a drop
in the surface pressure when the compression was
stopped and by a deposition ratio higher than 1.2.
As soon as the deposition pressure was reached,
hydrophilic adsorption of the monolayer was ob-
tained by lifting the support at a speed of 0.6
cm - min~' by means of a vibration-free hydraulic
system [33]. During the lifting process, the pres-
sure was maintained at a constant value by adjust-
ing the compression. The quartz disks were then
separated, each of them carrying a single mono-
layer on only one face. The slides were mounted in
a special holder which was placed in an aluminum
foil-wrapped beaker in the presence of argon. The
monolayers were analyzed immediately in the
spectrophotometer.

(4) Linear dichroism measurements

All of the absorption spectra were measured
under a nitrogen atmosphere at 23-25°C. The
slides were disposed (one at a time) in the spectro-
photometer in exactly the same orientation as
during the deposition of the monolayer. The ab-
sorption spectra were run both in unpolarized and
polarized light at angles of incidence, a«, of 0°,
45° and 65°. The absorption spectrum of each
monolayer in unpolarized light was always checked
at the end of each series of measurements.

The linear dichroism, D, was calculated using
the formula

A4,—4,

D=A”+Al

ey

where 4 and 4, are the absorbance values at the
maximum for light polarized parallel and per-
pendicular to the plane of incidence, respectively
(A4;>A4)).
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The linear dichroism can also be derived from
the angle of incidence (see Appendix A for details):
ol
D = 2—tan‘B

o«

1+ cos? @
[+3
tanZB—T— +2
sin“a

where a is the angle of incidence and 8 the angle
between the transition dipole moment vector (i)
and the normal to the plane of the monolayer.
Here, we assume that the molecules are dis-
tributed uniformly on the surface of the slide with
their transition dipole moment vectors forming a
constant angle 8 around the normal.

As can be seen from Eqn. 2, at normal inci-
dence (i.e., a=0°), D, equals zero. Thus there
will be no linear dichroism as long as the vectors
representing the transition dipole moments of the
molecules are uniformly distributed over the
surface of the slide and make a constant average
angle 8 with the normal. But, if this uniformity
condition is not met, as occasionally was the case
for lutein-phosphatidylcholine monolayers, a finite
linear dichroism at normal incidence may be re-
corded. We therefore needed to apply some mod-
ifications (shown in Appendix A) to the formu-
lation of the linear dichroism with respect to the
angle of incidence, a.

Results

The zeaxanthin and lutein used were tested for
purity by thin-layer chromatography (TLC) and
were revealed as single spots on an activated silica
gel G./dichloromethane/ ethylacetate (4:1, v/v)
system [34]. An additional trace was sometimes
observed probably due to oxidation during TLC.
Absorption spectra in ethanol are shown in Fig.
1A (curve 1) for zeaxanthin and Fig. 1B (curve 1)
for lutein.

Fig. 2, A and B show the surface pressure-area
isotherms (IT-4 curves) of zeaxanthin and lutein,
respectively (solid lines). The limiting area is 47
A?/molecule for zeaxanthin and 52 A?/molecule
for lutein. It may be noted that the II-A4 isotherm
of lutein undergoes a change of slope at around 30
mN - m™!, which is absent for zeaxanthin.

For mixed monolayers of lutein and phos-
phatidylcholine, we have recorded two series of
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curves by compressing the film at a rate of 3
A? /molecule min for one series and 8 A?/mole-
cule min for the other. Each of these series con-
sisted of eleven II-A curves (the means of three
isotherms measured under the same conditions)
corresponding to the different molar fractions of
lutein (x,,) used. Fig. 2B also illustrates the II-4
isotherms of mixed monolayers, for a rate of com-
pression of 8 A?/mol per min. Results for 3
Az/mol per min (not shown) are of the same
pattern. For the sake of clarity, some of the II-4
curves have been omitted. The mean molecular
area as a function of the molar fraction of lutein is
plotted in Fig. 3 for three different surface pres-
sures. The experimental II-4 isotherms, within
experimental errors, do not follow the additivity
rule at any investigated molar fraction. Indeed, at
low surface pressures and a low content of lutein,
we observed a positive deviation from the additiv-
ity rule. As the surface pressure increases (above
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Fig. 1. (A) Absorption spectra of zeaxanthin in ethanol solu-
tion (curve 1) and of the zeaxanthin monolayer dissolved in
ethanol at the end of spectroscopic measurements (curve 2).
(B) Absorption spectra of lutein in ethanol solution (curve 1)
and of the lutein monolayer dissolved in ethanol at the end of
spectroscopic measurements (curve 2).

{(mN/m)
n
2

SURFACE PRESSURE

120

22
A ( A°/molecule )

Fig. 2. (A) Pressure-area isotherm of zeaxanthin at air/water
interface. Speed of compression: 8 Az/mol per min. (B) Pres-
sure-area isotherms of pure lutein ( ), and of a mixture
of lutein and L-a-phosphatidylcholine-B-oleoyl-y-stearoyl at
different molar fraction of lutein: 0.90 (-—-—-), 0.70 (— — —),
050 (—++=-+), 030 (+----- ) and 0.10 (~----), and of pure
phosphatidylcholine (o 0). Speed of compression: 8
A?/mol per min.

35 mN-m™), the positive deviation becomes less
pronounced or disappears. Instead, at a higher
content of lutein, we observed a negative deviation
which becomes more pronounced as the surface
pressure increases. Except for x;,, = 0.90, the col-
lapse pressure of mixed monolayers remains the
same as for pure phosphatidylcholine (Fig. 2B).
Some of the curves of mixed monolayers present
regions of very small slope which resemble the
plateau observed in IT-A4 isotherms of astaxanthin
and canthaxanthin (unpublished data).

The absorption spectra in unpolarized and
polarized light of pure zeaxanthin monolayers,
deposited at 25 mN-m™ !, are shown in Fig. 4.
Fig. 4A illustrates the results for normal incidence
(i.e., a = 0°) and reveals no significant differences



between the parallel (4,) and perpendicular (4 )
absorption spectra. This absence of linear dichro-
ism indicates a homogeneous distribution of the
transition dipole moment vectors of the molecules
in the monolayers.

Fig. 4, B and C show the absorption spectra of
zeaxanthin monolayers at angles of incidence, a,
of 45° and 65°, respectively. In these two cases,
absorption of the parallel polarized light exceeds
that of perpendicularly polarized light. In each
case, the absorption of the unpolarized beam lies,
as expected, between those of parallel and per-
pendicularly polarized beams. Using Eqn. 1 to
calculate the linear dichroism, values of 0.20 for
a=45° and 0.41 for a = 65° were obtained. In-
troduced into Eqn. 2, these values yield corre-
sponding angles, B, of 45.0° for a=45° and
40.8° for a = 65°. Consequently, the angle formed
by the transition dipole moment vector with the
plane of the monolayer would be 45° for a = 45°
and 49.2° for a = 65°. Thus B is essentially inde-
pendent of the angle of incidence.

In Fig 5, the absorption spectra of pure lutein
monolayers, deposited at 25 mN-m~™!, in un-
polarized and polarized light are presented. Con-
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Fig. 3. Molecular area vs. molar fraction of lutein at different
surface pressures showing the deviation from the additivity
rule.
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Fig. 4. Linear dichroism measurements of a pure zeaxanthin
monolayer at normal incidence (A), at an angle of incidence of
45° (B) and 65° (C). A,, A and Ay represent the absorp-
tion of perpendicularly, parallel and unpolarized light, respec-
tively.

trary to those for zeaxanthin, the absorption spec-
tra of lutein monolayers occasionally reveal a small
linear dichroism at normal incidence (Fig. 5A) in
addition to that observed for a =45° (Fig. 5B)
and a = 65° (Fig. 5C). In these cases, the follow-
ing formula derived from Eqns. 20 and 21 (Ap-
pendix A), was used:

1+ cos®
2+ Dy tan B(——.c—gs—a)—tanzﬁ
sin’e

D, = 1+ cos? (3)
2+tanZB(—£S—a) — Dy tan’8

sin’a

in which D, is the linear dichroism calculated for
a finite angle of incidence and Dy is the linear
dichroism measured for normal incidence (o=
0°). The generalized formula (Eqn. 3) gives values
of B which do not differ essentially from those
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Fig. 5. Linear dichroism measurements of a pure lutein mono-
layer at normal incidence (A), at an angle of incidence of 45°
(B) and 65° (C). The symbols 4 ,, 4, and Ay have the same
meaning as in Fig. 4.

predicted by the simplified formula (Eqn. 2) mostly
used for the calculations. The calculated angle, 8,
between the transition dipole moment vector and
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Fig. 6. Linear dichroism measurements of two monolayers of

lutein mixed with L-a-phosphatidylcholine-B-oleoyl-y-stearoyl

(1:1, molar ratio) at an angle of incidence of 0° (A), 45° (B)

and 65° (C). 4,, 4, and A4y have the same meaning as in
Fig. 4.

the normal is 44.1° for a = 45° (D,s. = 0.22) and
38.8° for a = 65° (Dgs- = 0.46). The angle formed
by the transition dipole moment vector with the

TABLE I
Sample IT deposition Dy Dyso Dyso Baseo Beso B Relative

(mN-m™1) deviation (%)
Zeaxanthin 25 0.00 0.20 45.0

25 0.00 0.41 40.8 429 9.8
Lutein 25 0.00 0.22 44.1

25 0.00 0.46 38.8 41.4 12.8
Lutein/PC (1:1) 5 0.00 0.26 24

5 0.00 0.43 40.0 41.2 5.8

25 0.00 0.25 42.8

25 0.00 0.39 41.5 421 3.1

40 0.02 0.24 43.8

40 0.02 0.44 40.0 41.9 9.0




plane of the monolayer is therefore 45.9° for
a=45° and 51.2° for a=65°. These are the
mean values of at least three results obtained with
different preparations.

Fig. 1 shows the absorption spectra of the
zeaxanthin (Fig. 1A, curve 2) and lutein (Fig. 1B,
curve 2) monolayers, redissolved in ethanol at the
end of the experiments. No change in the spectra
compared with those of the corresponding fresh
solutions is indicated, attesting to no damage to
the compounds during the experiments.

Concerning mixed monolayers of lutein and
L-a-phosphatidylcholine-3-oleoyl-y-stearoyl (1:1,
molar ratio), the linear dichroism is essentially the
same as that of the pure lutein monolayer. Table I
shows data obtained for different angles of inci-
dence and surface pressures of deposition, to-
gether with results obtained for pure compounds.
The angle B varies from 40° to 43.8° for the
mixed monolayers. The absorption spectra of the
mixed monolayers deposited at 25 mN-m™! are
presented in Fig. 6.

As could be seen in Fig. 2B, a plateau was
present in the IT-4 isotherms of mixed monolayers
of lutein and lecithin at low surface pressures. It
was therefore of interest to investigate the state of
the mixed monolayer below and above the plateau
region. Accordingly, the mixed monolayer was
deposited on the quartz disks at a surface pressure
of S mN-m™! (below the plateau) and at 25
mN-m~! (above the plateau). The absorption
spectra of these monolayers are shown in Fig. 7.
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Fig. 7. Absorption spectrum of two monolayers of a mixture of

lutein and L-a-phosphatidylcholine-B-oleoyl-y-stearoyl (1:1,

molar ratio) deposited at 5 mN-m™?! (curve 1) compared with
that deposited at 25 mN-m™! (curve 2).
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Discussion

The almost unchanged collapse pressure (Fig.
2B) for 0.00 < x, < 0.80 provides evidence that,
at least at high surface pressure, a significant part
of the mixed film has the same properties as the
pure phosphatidylcholine monolayer. This would
suggest that phosphatidylcholine and lutein are
not fully soluble in one another. On the other
hand, experimental values of the mean molecular
areas at 35 mN-m~! for x,, =0.10, 0.20 and
0.30 are close to the values predicted by the ad-
ditivity rule. It seems reasonable to conclude that
for the above values of x;,, at surface pressures
higher than 35 mN - m ™!, phosphatidylcholine and
lutein form two separated phases. From micro-
scopic observations (unpublished data), lutein and
zeaxanthin, when spread without compression on
the water surface at a molecular area of 50
Az/molecule, do not seem truly monomolecular.
Most probably, under these conditions at least,
the lutein film has a porous polycrystalline struc-
ture. On the Langmuir trough, above 35 mN - m ™7,
parallel and orange-coloured thread formations
were observed with the naked eye. The negative
deviation from the additivity rule, for higher lutein
molar fractions, suggests the presence of pinholes
in the lutein polycrystalline network that are filled
with phosphatidylcholine monolayers.

The positive deviations from additivity at low
surface pressure are due to the plateau observed in
experimental IT-4 isotherms of mixed monolayers.
Such a plateau, observed previously in pure films
of canthaxanthin and astaxanthin, was considered
to be due to crystallization (unpublished data).
Molecules of astaxanthin and canthaxanthin may
interact with the water surface at both ends. The
work which has to be performed in breaking the
hydrogen bond between water and one of the ends
of the carotenoid molecule, constitutes an activa-
tion barrier for crystallization. As a result, the
crystallization is a relatively slow process at zero
surface pressure. Compression and the rise of
surface pressure accelerate crystallization. The
process takes place at a surface pressure measura-
bly different from zero and is reflected by the
plateau in the II-4 isotherm.

We have never observed a plateau in the II-4
isotherms of one-component films of echinenone,
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hydroxyechinenone and B-cryptoxanthin. Mole-
cules of these three carotenoids have a hydrophilic
group at one end only. Consequently, the other
end is not attached to water and there is no
activation barrier for crystallization. In virtue of
this, crystallization is quite a rapid process at zero
surface pressure. After crystallization, the surface
pressure becomes measurable, and no plateau can
be observed for these carotenoids.

The absence of a plateau in the II-4 isotherms
of lutein and zeaxanthin films may be explained
by the geometry of these molecules, which pro-
hibits their interaction with water at both ends
simultaneously. Consequently, surface films of
these compounds behave more like those of one-
head carotenoids than those of canthaxanthin and
astaxanthin. If the crystallization hypothesis is
correct, then the presence of a plateau in the II-4
isotherms of mixed monolayers of lutein and
phosphatidylcholine can be accounted for by the
following two mechanisms. First, the presence of
phosphatidylcholine molecules, especially at small
lutein molar fractions, makes collisions between
two or more molecules of lutein less probable. If
this is so, then the surface pressure corresponding
to the plateau should be higher at smaller molar
fraction of lutein. Such a tendency is clearly indi-
cated in Fig. 2B. Second, lutein molecules can
form hydrogen bonds with 8 and /or a-ester bond
oxygens of the phosphatidylcholine molecules.
Such bonds would indirectly attach the free end of
a lutein molecule to water, and would create an
activation barrier for crystallization.

The spectroscopic results that we have obtained
show that each of the carotenoid monolayer
studied possesses a significant linear dichroism.
This is true both for the pure compounds and for
the lutein-phosphatidylcholine mixtures, and was
measurable at angles of incidence of 45° and 65°.
At normal incidence, there was no linear dichro-
ism for zeaxanthin, and only a little dichroism for
lutein and lutein-phosphatidylcholine mixture in
some experiments. The latter could stem from an
imperfectly homogeneous distribution of the
molecules at the air/solid interface. In all cases,
the angle between the transition dipole moment
vector and the plane of the support is in the range
45° to 51°. Difference between the values ob-
tained at different angles of incidence is quite

insignificant considering the low absorbance levels
measured (0.01-0.08) and their accompanying
mean deviation of around 8%.

The preceding discussion on crystallization im-
plies that the film is in different states on each
side of the plateau. However, there is no signifi-
cant difference between the dichroism results ob-
tained at low surface pressure (5 mN-m ') and
those obtained at high surface pressure (25 and 40
mN -m '), as indicated in Table 1. There is no
significant difference in the absorption spectra
(Fig. 7). The absorption spectra are rather indica-
tive of monomers [35], though for pure lutein and
zeaxanthin monolayers, shifts of the main absorp-
tion band to near 410 nm, characteristic of a
crystalline {15,35] or aggregate state [36] were oc-
casionally observed. It is therefore reasonable to
conclude that partial crystallization occurs, maybe
in microdomains in the monolayer phase, and to
link this process with the plateau in the IT-A4
isotherms and with the observed deviations from
additivity.

How important are the dichroic properties and
orientation of the carotenoids in vivo? For caro-
tenoids, the absorption dipole moments usually lie
along the long molecular axis [37-41]. Thus the
carotenoid molecules involved in the present study
appear to lie at a mean angle of 48° to the surface
of the solid support. These findings, which are
consistent with results reported elsewhere on
carotenoid monolayers [25,26] in the sense that the
carotenoid molecules form an acute angle to the
plane of the membrane, differ, however, quantita-
tively from the published data. Indeed, the angle
we obtained is quite a lot higher than that re-
ported in several cited references [25,26]. Reich et
al. {25] have measured an angle of 16° for total
carotenoids in chloroplast, which is a different
system, using electrochromic methods. Although 1t
is not surprising that our results differ greatly
from those of Reich et al. [25] because of dif-
ference between the systems studied, one may
question the accuracy of the electrochromic meth-
ods they used. We believe that the linear dichro-
ism, being a direct measuring method, applied to a
well defined system (i.e., Langmuir-Blodgett films)
is more appropriate for this study. Applying reso-
nance Raman spectroscopy to a different caro-
tenoid system, i.e., fB-carotene and phosphati-



dylcholine, Van de Ven et al. [27] found that in
soybean phosphatidylcholine bilayers, B-carotene
is oriented perpendicular to the bilayer plane while
it lies parallel to the plane in dioleoylphosphati-
dylcholine bilayer. In another study involving the
linear dichroism of chloroplast membranes, Bre-
ton and his -co-workers [16,17,18] concluded that
carotenoids (mainly B-carotene) in spinach chloro-
plasts lie close to the lamellar plane. These ob-
servations could be expected since S-carotene has
no polar head group.

Our results are in accordance with those of
Snodderly et al. [42]), who applied microspec-
trometry to retinal tissue. It was shown that the
macular tissue, which contains lutein and
zeaxanthin [11], was dichroic. The greatest absorp-
tion occurred when the plane of polarization of
the incident light was perpendicular to the axes of
the Henlé fibers, thereby accounting for the for-
mation of Haidinger’s polarization brushes. In
another paper [15], it has been shown that the
brushes can be explained by a model which
supposes a fraction of the carotenoid molecules to
be aligned perpendicular to the cylindrically
shaped fiber membranes. The remainder was as-
sumed to have random orientations. In the light of
the present results, an alternative interpretation
would be that all the molecules are disposed about
some average angle to the membrane surface. We
have calculated that, for a fiber as a whole to
absorb light more strongly which is polarized per-
pendicular to its axis, rather than parallel, this
angle would have to exceed approximately 35°.
Our measured angles are all equal to or greater
than 45° and, as such, are completely consistent
with these calculations and with the measurements
of Snodderly et al.’s [42]. In addition, it may be
noted that the lutein monolayers reproduce the
absorption band in retinal tissue, which is centered
at 460 nm [43].

Conclusion

Dichroic and orientational measurements of lu-
tein, zeaxanthin and mixtures of lutein and phos-
phatidylcholine have been carried out in Lang-
muir-Blodgett films. The results obtained, which
are in excellent agreement with observations re-
ported on the native macular tissue, indicate that
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@  Incident light

Fig. 8. Geometry of the linear dichroism measurements. S is

the slide. Axis Z is normal to the plane of the slide (mono-

layer). Axes X and Y are in the plane of the slide: X is a

horizontal, and Y a vertical axis. a is the angle of incidence. E
is the electric vector of the parallel polarized light.

the carotenoid molecules are oriented at a mean
angle of 48° to the surface of the support of the
film. It is inferred that carotenoid molecules in the
macula form an angle of the same magnitude to
the surface of the membrane of Henlé fibers. One
important point, concerning the relationship be-
tween these carotenoid molecules and the mem-
brane constituents of the Henlé fibers remains,
however, to be clarified.

Appendix A

The measurements of linear dichroism of de-
posited monolayers were performed in the geome-
try presented in Fig. 8. Derivation of the formulas
used in the text is based on the assumption that all
transition dipole moments (long axes of the caro-
tenoid molecules) form the same angle 8 with the
normal to the plane of the slide. The distribution
of orientations of transition dipoles in the XY
plane is expected to be almost homogeneous.
However, vertical movement of the quartz slide
during deposition can disturb this homogeneity.
Therefore we suppose that, in the general case, the
orientation of molecules in the XY plane is de-
scribed by a distribution N(y), which satisfies
Eqns. 4 and 5:

fo”N(xp)dw) -1 )

N)=N(r—y) (C)

where ¢ is the angle between the X axis and the
projection of the transition dipole on the XY
plane. Eqn. 4 is an obvious normalization condi-
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tion. Eqn. 5 implies that the distribution N(y) is
symmetrical with respect to the vertical Y axis.
Such properties of the distribution are highly
probable, because the orientation of the slide was
the same during deposition and during optical
measurements.

The probability of absorption of a quantum by
the carotenoid molecule is proportional to cos’y,
where vy is the angle between the transition dipole
moment of a molecule and the electric vector of
the incident light wave. First, we calculate cos y
as a scalar product of two unit vectors. One of
these vectors is parallel to the transition dipole,
the other is parallel to the electric field intensity
vector of the light wave. Next, we calculate the
average value of cos’y and finally derive an ex-
pression for linear dichroism according to Eqn. 2:

_ <C°SZ‘/>|| '<°052Y>¢
(coszy)” +(coszy)l

(6)

where indices | and , correspond to the parallel
and perpendicular planes of polarization of the
light wave. Provided that the proportionality coef-
ficient between cos’y and absorption is the same
for both polarizations, Eqn. 6 is identical with the
definition of linear dichroism used in the text.
Under such assumptions we can write:

&= (sin B cos y, sin B sin ¢, cos B8) )
E, =(0,1,0) ®)
Ell = (cos a, 0, sin «) 9

where g, E]I, E |, are unit vectors parallel respec-
tively to the transition dipole moment and to the
electric field of the light wave under the two
polarization conditions. So, for perpendicular
polarization of the electric vector, we have

cosy, =E,-E=sin B sin ¢ (10)
and

(cos?y) , = sin’B(sin’y) 11)
where

Gin'd) = [N (4) sin’y dy a2

From Eqns. 4, 11 and 12 it follows that,

(cos’y)  =sin®B(3 —31) (13)

where

I= f"N(\p) cos?y dy (14)
0

For the parallel polarization we have:

cos y“=b:”~ﬁ=sin B cos ¢ cos a+cos B sin a (15)
and

(cos’y), = sin’B cosZa(cos™y)

+2 sin 3 cos B sin a cos a{cos ) +cos?B sin‘a

(16)
where
(costyy = ["N(¥)cos ¥ dy =} +31 a”
and
(cos ¥y = ["N(g)cos y dy =0 (18)
because of Eqn. 5.

So
(cos?y), = sin’8 cos®a(; + 31) +cos’B sin’e (19)

Inserting Eqns. 13 and 19 into Eqn. 6 we ob-
tain:

_ 2cos’B sin’a +sin’B (1 + cos’a) I —sinB sin’a
sin®8(1 + cos’a) +2 cos?8 sin’a — I sin’B sin’a

(20)

For light at normal incidence a=0° and it
follows from Eqn. 20 that:

Dy=1 (1)

It is not necessary to know the distribution,
N(¥), in order to calculate the linear dichroism at
finite angles of incidence. In order to evaluate
integral, I, in Eqn. 20, we can measure the linear
dichroism at normal incidence and make use of
Eqn. 21. In the event that the linear dichroism at



normal incidence is zero (then I=0), we can
divide the numerator and denominator of Eqn. 20
by cos?8 sin’a to obtain a simpler formula:

tanl
D= 2 —~tan‘B (22)

“ 1+ cos’a
tanzﬂ( Sfsa ) +2
sin’a

In any case insertion of experimentally de-
termined values of Dy, D, and « into Eqns. 22 or
20 and 21 leads to the linear equation for tan’S.
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