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The surface and aggregation properties of the naturally occurring carotenoid crocin (1), examined
through measurements of surface tension and UV/VIS absorption, have been used to determine the fol-
lowing parameters: critical aggregate concentration, surface-saturation concentration, molecular area,
free energy of adsorption and micellation, adsorption-micellar energy relationship, equilibrium con-
stants, and aggregate size. On structural grounds and based on the determined molecular area at the inter-
face, the digentiobiosyl ester of the conjugated, highly unsaturated carotenoid diacid crocetin C20:7
should be classified as a bolaamphiphile. Crocin forms true monomolecular solutions in H,O; only at
rather high concentrations aggregation occurs.

Introduction. — Almost 750 naturally occurring carotenoids have been character-
ized, nearly all of them being hydrophobic, with the notable exception of a few diacids,
sugar esters, and sulfates [1]. Generally, the solubility of carotenoid sulfates in H,O is
too low (ca. 0.4 mg/ml) [2] to be of practical interest. However, the diacid norbixin, for
example, is water-soluble up to 5% (colorMaker, Anaheim, CA, USA), and the sugar
ester crocin (1) has no saturation point in H,O [3]. The above-mentioned compounds
possess hydrophilic and hydrophobic parts that confer an amphiphilic character, man-
ifested by surfactant activity and a tendency for aggregate formation. Interestingly, the
detergent properties of naturally occurring crocin (=f,-digentiobiosyl 8,8 -diapocaro-
tene-8,8'-dioate; 1), bixin, and carotenoid sulfates in general have not yet been deter-
mined, whereas the aggregation characteristics of other carotenoids with near-zero
aqueous affinities have found early interest [4—6]. This academic curiosity later merged
with an important commercial perspective, when the few commercialized hydrophobic
carotenoids were introduced as safe food colors for soft drinks [7-9].

In this work, we report on the surface activity and aggregation properties of crocin
(1), the disugar ester of the highly unsaturated diacid crocetin C20:7 [10]. Compound
1, a stable ingredient making up ca. 25% of saffron [11-13], is, in fact, the only really
highly water-soluble natural carotenoid, and the only highly unsaturated, conjugated
sugar surfactant abundantly available!) [14]. Other carotenoid glycosides occur in

1) The World production of saffron in 2003 amounted to ca. 200 t, corresponding to an estimated 50 t of
crocin (1).
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Crocin (1)

much smaller amounts or are only sparingly soluble [15][16]. Carotenoid glycosides can
be synthesized, but in spite of reported high yields, the properties of these biodegrad-
able surfactants have not been investigated [17]. Crocin (1) has antioxidant [18] and
radical-scavenging [19] properties, acts as a singlet-oxygen ('O,) quencher [20][21],
inhibits cancer-cell growth [22][23] and arthritis [24], and prevents neurodegenerative
disorders [25]. Other crocetin glycosides are less biologically active [23].

The following results are part of recent investigations on hydrophilic carotenoids
and their biological and physical properties [26—37].

Results and Discussion. — Surface Tension and Critical Micelle Concentration. Cro-
cin (1) dissolves in H,O to a clear, yellow solution. We did not find a saturation point up
to 150 mg/ml [3]. The surface tension y for various concentrations ¢ of 1 in H,O was
determined by the Wilhelmy-plate method. A plot of y vs. In ¢ (and y vs. ¢) gave, at
the point of discontinuity for the critical micelle (aggregate) concentration cy; of 0.8
mg/ml (0.82 mm), a y value of 52 mN/m (Fig. 1). The surface excess concentration 7,
which corresponds to the concentration of molecules completely covering the H,O sur-
face, was calculated to be 1.4 x 10~® mol/m?, which corresponds to a molecule area a,, of
115 A? at the interface. The thermodynamic characteristics of this solution are listed in
the Table.

The surface excess concentration /" for 1 was found to be constant in the concentra-
tion range of ca. 8—800 mg/1 (constant slope dy/d(In c); Fig. 1). For most other surfac-
tants, the concentration range between the upper and lower discontinuity amounts to
10-30%, corresponding to a much steeper slope [38]. Less-steep slopes appear to be
characteristic for highly water-soluble, not easily aggregating surfactants [39][40].
The discontinuity break of surfactants with large hydrophilic and short hydrophobic
groups could represent a point of phase separation, and not of aggregate formation
[41]. Yet, H-type aggregates due to card stack orientation of the polyene chains
[9][37] were detected in the UV/VIS spectrum at ¢=1000 mg/l, slightly above cy
(Fig. 2). Similarly, dynamic-light-scattering (DLS) measurements indicated that mostly
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Fig. 1. Determination of the critical micelle concentration (cy) of crocin (1) in H,O from the observed
change in surface tension. The following values were found: ¢, =800 mg/l (0.82 mm), y,,, =52 mN/m.

Table. Selected Data for Crocin (1) and Related Compounds. For details, see text and Exper. Part.

Parameter Crocin  Cardax [28] C30-L?) [27] Bixin [43] Isobixin [43] Maltose-6-C12:0 [44]
Yoy [MN/m] 52 60 57 - — 39.0

7., [mN/m] 21 13 16 _ _ 34.00)

ey [mM] 0.82 0.45+0.05 1.30£0.2 - - 0.33
[[107° molm?] 1.4 07+£01  45+1 0.6%) 5.7%) 33

an [A?] 115 240430  39+9 100 29 50

AGgg [kJ/mol] —175 —548+08 -162+04 - - —19.6%)
AG!, [kJ/mol] —-325 -—-73.6+32 -201+14 - - —29.8
AGY, . [KImol] —150 —1838 ~39 - - ~10.2%
K, 1200 1800 750 - - 3000P)
K,q 450000 23000 3500 - - 197000°)
Kug a 370 13 5 - - 65b)
AMER®) 1.8 13 12 - - 1.5%

%) C30-Lysophospholipid. ©) Calculated from reported data. ©) AGL/AG,

monomers and some few aggregates were present in solution at concentration below
and above ¢y, and that higher concentrations resulted in larger aggregates (Fig. 3).

The calculated value from tensiometric data (a, =115 A?) indicates horizontally
oriented crocin molecules at the H,O surface (Fig. 4), with lengths / between the 9-
Me group and the O-atom at C(1) of the remote sugar of 18 A, and between 9-Me
and the corresponding O-atom of the adjacent sugar of 6.5 A, corresponding to
ay=117 A2, in agreement with the above value. In such an arrangement, hydration
of the polar groups would not significantly increase the molecule area ay, [42]. The mol-
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Fig. 2. UV/VIS Spectra of crocin (1) in H,O as a function of concentration (colored curves; in mg/l).

Upon increasing the concentration of 1, a hypochromic shift from 4,,,, 445 to 410 nm was observed

due to a change in the equilibrium between mono- and polymolecular (aggregated) forms. The equili-
brium concentration (1 mg/ml) was close to the experimental ¢y value (0.8 mg/l; see Fig. I).

ecule area of crocin is similar to that of a flat-lying bixin, but is much larger than the one
of the vertically oriented molecules C30-lysophospholipid, isobixin, and maltose-
C12 :0-monoester [27][43] [44] (Table).

With ¢, c,, and ¢, denoting the concentrations of 1 at the surface, in the aggregated
form, and in bulk solution, respectively, the values of the equilibrium constants K
(=c/c, =450000) and K, (=c,/c, =1200) point to a high preference of crocin for sur-
face absorption over aggregation. In addition, the relatively high equilibrium constant
K., (=c/c,=370), i.e., the concentration ratio of molecules at the surface vs. the self-
aggregated state, demonstrates a low aggregation tendency (Fig. 5). The adsorption-
micellar energy ratio (AMER), represented by the term Ang/AGgg, has been proposed
as a surfactant-performance indicator [45]. AMER Values close to unity imply dense
monolayer formation, enhanced aggregate concentration, and high ability in flotation,
cleaning, and wetting. Compared with other carotenoid surfactants, the AMER value
of crocin indicates inferior surfactant properties (7Table).

Monomeric and Aggregated States. The UV/VIS spectra of crocin (1) in H,O at con-
centrations below ¢y were typical of the monomeric form (4,,,, 440 nm), resembling the
spectra of crocin in organic solvents (Fig. 2), as corroborated by DLS measurements
(Fig. 3). The optical rotation at ¢ < ¢y, was not constant, with values of [a]33, of —859,
—1109, and —1717 after 1, 2, and 40 min, respectively, at c=0.18 mg/ml. A similarly
high optical rotation for 1 in H,O has been reported (at longer wavelength) before,
even below the critical micelle concentration: [a]Z, =—1760 (c=1.06 mg/ml) [46].
Unfortunately, we were not able to determine optical rotations above cy due to very
strong absorption.
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Fig. 3. Size determination of crocin (1) in H,O at 24° by dynamic light scattering. The typical inten-
sity-weighted distribution function for 0.6 mg/ml (—--) and 4.3 mg/ml (—) of 1, and the number-
weighted distribution function for 0.6 mg/ml (---) and 4.3 mg/ml (- — -) of 1 are plotted vs. the
equivalent hydrodynamic radius (ry). All data were recorded 2—-3 h after sample preparation. At the
above concentrations, 1 is mostly present in its monomolecular form, with r;=2 nm, together with
small amounts of aggregates (ry=110 and 150 nm at 0.6 and 4.3 mg/ml, resp.). The shoulder at 30 nm
and the small peak at ca. 20 nm radius are caused by rotational motion, and do not represent particle
sizes.

Fig. 4. Hypothetical orientation of crocin (1) at the water surface. The distances between the 9-Me
group and the O-atom at C(1) of the opposite (d=18 A) and the adjacent sugar (d=6.5 A) corre-
spond to a molecule area a,, of 117 A? (calculated value from tensiometric measurements: 115 A?).
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Fig. 5. Thermodynamic cycle for surface-monolayer and aggregate formation of crocin (1). AG?, and
AGSg refer to adsorption and aggregation free-energies, resp. For the corresponding equilibrium con-
stants K, see the Table.

Aggregate formation in H,O was clearly indicated in the UV/VIS spectra recorded
for concentrations of 1 above cy;. The absorption at 1,,,, 410 nm indicated an H-type
arrangement, and a small shoulder near 480 nm pointed to some J-type arrangement
(‘head-to-tail’ orientation) [9][37]) of the monomers in the aggregates (Fig. 2). To
ensure that the observed changes were, indeed, caused by aggregation of crocin (1)
in aqueous medium, we also recorded UV/VIS spectra of highly concentrated solutions
of 1 (100 mg/ml) in MeOH, but could not find any changes. The detection of aggregates
just after reaching the surface-saturation concentration I” and the critical aggregation
concentration cy; indicate that, for crocin, surface population and aggregation are
sequential processes. In contrast, phospholipidic carotenoids tend to aggregate at con-
centrations as low as 5 nM [27], and aggregation and surface filling are, thus, concurrent
processes. Likewise, the anionic carotenoid bolaamphiphile Cardax was found to aggre-
gate and fill the surface simultaneously [28]. The different behavior of crocin (1) rela-
tive to the two other carotenoid surfactants is reflected by the equilibrium constants: 1
aggregates less readily, and disaggregates more readily than Cardax (Table).

The intensity and number-weighted distribution function obtained from DLS meas-
urements of crocin (1) plotted vs. the equivalent hydrodynamic radius ry; is presented in
Fig. 3. We found that mostly monomers with ry; of ca. 2 nm exist in solution, both at 0.6
mg/ml (< cy) and at 4.3 mg/ml (> cy,). The presence of a small number of aggregates of
rg=110 nm (at 0.6 mg/ml) and 160 nm (at 4.3 mg/ml) was only detected in the inten-
sity-weighted distribution. Thus, higher concentrations gave rise to larger aggregates.
We also measured the aggregate size after 24 h (data not shown). At a concentration
of 0.6 mg/ml, time had no influence on aggregate size. At 4.3 mg/ml, the aggregate
size increased to 180 nm. Hence, higher concentrations of 1 over longer time result
in bigger aggregates.

S. N. N. thanks the Norwegian Research Council for a Ph.D. grant.
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Experimental Part

1. Compound Purification. Crocin (1) was purchased from Fluka, and its UV/VIS spectrum was iden-
tical to the spectrum reported in [47]. Since commercial 1 contains considerable amounts of byproducts,
probably picrocrocin and 13-cis-crocin (4,,, 325 nm) [48], it was purified by column chromatography
(CC) on neutral alumina (MeOH/H,0/MeCN 7:2:1) followed by freeze drying of the aq. fraction
after evaporation of the org. solvents [49][50]. The UV/VIS spectra of such purified crocin did not
show significant absorption maxima between 200 and 350 nm [49].

2. UV/VIS and ORD Data. UV/VIS Spectra of the highly concentrated crocin solns. in H,O and
MeOH (100 mg/ml) were recorded in a 0.1-cm quartz cell or as films between quartz plates (0.08—0.2
mm). The monomeric form of 1 showed a maximum absorption at 4,,, 445 nm (0.02 mg/ml H,O), the
aggregates at 410 nm (10 mg/ml H,0). Optical rotations were measured in H,O with a Perkin-Elmer
243B polarimeter in a 10-cm cell.

3. Critical Micelle Concentration. Critical micelle (aggregate) concentrations ¢y, were determined in a
conical, Teflon-coated vessel with a Wilhelmy plate on a Kriiss K100 tensiometer. Solns. of 1 (10 ml) were
prepared with filtered (0.22 um) H,O (Milli-Q).

4. Surface Parameters. 4.1. Surface Tension. Surface tensions y were measured by gradually adding
H,O0 to an aq. soln. of 1 with a Metrohm 765 Dosimat. The measurements were carried out in duplicate
(for low concentrations) and in triplicate (for high concentrations) at 24°. We were not able to obtain reli-
able data in the range of 20—150 mg/I of 1.

4.2. Surface Pressure. The surface pressure m=y"— Yeu» I-€., the change in surface tension caused by
the substrate 1, was calculated with y°=73 mN/m (H,O).

4.3. Surface Concentration. The surface concentration was calculated as follows: I'=—1/(RT)-[dy/
(d(In ¢)))., =—U(RT)-(c dy/dc),,; I' in m/mol>. When y is measured in mN/m (=J/m®), ¢ in mol/m’,
RinJmol™' K™' and Tin K, I" comes out in mol/m?.

4.4. Surface Area per Molecule. This parameter, a,, (in A?), was calculated for a filled monolayer as
a,=10"/(I'N,) , where N, is Avogadro’s constant.

S. Dynamic Light Scattering (DLS). Particle sizes were determined by DLS with an ALV DLS/SLS-
5022F compact goniometer and an ALV-5000/E multiple t-digital correlator (ALV, Langen, Germany).
The light source was a 22-mW He/Ne laser (Uniphase, Witney Oxon, U. K.). Crocin (1) was carefully fil-
tered through 0.22-pm filters. The temp. of the sample was 24°, and the scattering angle was set to 90°.
Data analysis was performed with the CONTIN method available in the ALV software package [51].
To obtain reliable vesicle-size distributions, extended data-acquisition times were required, and the
data from several runs were averaged to minimize error.

6. Calculation of Thermodynamic Data. The calculations were based on ¢y =800 mg/l (=0.82 mol/
m®), In ¢=7.10, y=52 mN/m (= 0.052 J/m?), T=24° (297 K), and a slope dy/dc of 0.00435. The free
energy of aggregation, AG,,, i.e., the free-energy change associated with the change from a monomeric
to an aggregated state, was calculated as AG, = —RT In ¢y The free energy of adsorption, AGY,, i.e., the
energy change associated with a molecule going from the bulk to the surface, was calculated as
AGy=AG,, —6.023 7tay (in J/mol). Equilibrium constants K for the different states were calculated
as follows: I) Aggregated molecules/bulk monomer: K,,=exp(— AG/(RT); 2) surface molecules/bulk
monomer: K,y=exp(—AGL/RT); 3) surface molecules/aggregated molecules: K, ,,=exp[—AGY, —
AG},/(RT)].

REFERENCES

[1] ‘Carotenoids Handbook’, Eds. G. Britton, S. Liaaen-Jensen, H. Pfander, A. Z. Mercadante, E. S.
Egeland, Birkhéuser, Basel, 2004.

[2] S.Liaaen-Jensen, in ‘Carotenoids’, Eds. G. Britton, S. Liaaen-Jensen, H. Pfander, Birkhéuser, Basel,
1996, Vol 2, p. 295-300.

[3] Merck Index, 13th edn, Eds. P. Heckelman, A. Smith, M. J. O’Neil, Merck Publishing Group, 2001,
p- 2617.

[4] H. von Euler, H. Hellstrom, E. Klussmann, Ark. Mineral. Geol. 1931, 10B, 1.

[5] P. Karrer, W. Straub, Helv. Chim. Acta 1938, 21, 1624.



52 HELVETICA CHIMICA ACTA — Vol. 89 (2006)

[6] K. Shibata, Biochem. Biophys. Acta 1956, 22, 398.

[7] H. Kléui, Hofmann-La Roche, Nutley, US Pat. 3206316, 1965.

[8] E. Liiddecke, A. Auweter, L. Schweikert, BASF, Ludwigshafen, EP 930022, 1998.

[9] D. Horn, J. Rieger, Angew. Chem., Int. Ed. 2001, 40, 4331.

[10] P. Karrer, H. Salomon, Helv. Chim. Acta 1928, 11, 513.

[11] R. Oberdieck, Dtsch. Lebensm. Rundschau 1991, 87, 246.

[12] M. Tsimidou, E. Tsatsaroni, J. Food Sci. 1993, 58, 1073.

[13] H. Pfander, F. Wittwer, Helv. Chim. Acta 1975, 58, 1608.

[14] C. Stubenrauch, Curr. Opin. Coll. Interface Sci. 2001, 6, 160.

[15] A. Haberli, C. Bircher, H. Pfander, Helv. Chim. Acta 2000, 83, 328.

[16] H. Pfander, M. Hodler, Helv. Chim. Acta 1974, 57, 1641.

[17] M. Rychener, P. Bigler, H. Pfander, Helv. Chim. Acta 1984, 67, 378.

[18] T. Q. Pham, F. Cornier, E. Farnworth, V. H. Tong, M.-R. Van Calsteren, J. Agric. Food Chem. 2000,
48, 1455.

[19] M. Erben-Russ, C. Michel, W. Bors, M. Saran, J. Phys. Chem. 1987, 91, 2362.

[20] I. B. C. Matheson, M. A. J. Rodgers, Photochem. Photobiol. 1982, 36, 1.

[21] G. Speranza, P. Manitto, D. Monti, J. Photochem. Photobiol., B 1990, 8, 51.

[22] F 1. Adullaev, Exp. Biol. Med. 2002, 227, 20.

[23] T. Konoshima, M. Takasaki, H. Tokuda, S. Morimoto, H. Tanaka, E. Kawata, L. J. Xuan, H. Saito,
M. Sugiura, J. Molnar, Y. Shoyama, Phytoter. Res. 1998, 12, 400.

[24] J. L. Gainer, US Pat. 4176179, 1997.

[25] K. Abe, H. Saito, Phytother. Res. 2000, 14, 149.

[26] B.J. Foss, S. Nalum Naess, H. R. Sliwka, V. Partali, Angew. Chem., Int. Ed. 2003, 42, 5237.

[27] B.J. Foss, H. R. Sliwka, V. Partali, S. Nalum Naess, A. Elgszter, T. B. Melg, K. Razi Naqvi, Chem.
Phys. Lipids 2005, 134, 85.

[28] B.J. Foss, H. R. Sliwka, V. Partali, S. Nalum Naess, A. Elgsaeter, T. B. Melg, K. Razi Naqvi, S.
O’Malley, S. F. Lockwood, Chem. Phys. Lipids 2005, 135, 157.

[29] A.J. Cardounel, C. Dumitrescu, J. L. Zweier, S. F. Lockwood, Biochem. Biophys. Res. Commun.
2003, 307, 704.

[30] B.J.Foss, H. R. Sliwka, V. Partali, A. J. Cardounel, S. F. Lockwood, Bioorg. Med. Chem. Lett. 2004,
14, 2807.

[31] F. Zsila, M. Simonyi, S. F. Lockwood, Bioorg. Med. Chem. Lett. 2003, 13, 4093.

[32] S.F Lockwood, S. O’Malley, D. G. Watumull, L. A. Hix, H. Jackson, G. Nadolski, WO 2004/011423.

[33] G.J. Gross, S. F. Lockwood, Life Sci. 2004, 75, 215.

[34] L. A. Showalter, S. A. Weinman, M. @sterlie, S. F. Lockwood, Comp. Biochem. Physiol., C 2004,
137,2217.

[35] L. M. Hix, S. F. Lockwood, J. S. Bertram, Cancer Lett. 2004, 211, 25.

[36] H. L. Jackson, A.J. Cardounel, J. L. Zweier, S. F. Lockwood, Bioorg. Med. Chem. Lett. 2004, 14,
3985.

[37] B.J. Foss, H. R. Sliwka, V. Partali, C. Kopsel, B. Mayer, H. D. Martin, F. Zsila, Z. Bikadi, M. Simo-
nyi, Chem.—Eur. J. 2005, 11, 4103.

[38] H. Schott, J. Pharm. Sci. 1980, 69, 852.

[39] C. Boissier, J.-E. Lofroth, M. Nydén, Langmuir 2001, 17, 8368.

[40] B. M. Bajouk, R. O. Skjold, Colloids Surf, A 2003, 212, 65.

[41] R. Brix, S. Hvidt, L. Carlsen, Chemosphere 2001, 44, 759.

[42] M. J. Rosen, ‘Surfactants and Interfacial Phenomena’, 2nd edn., J. Wiley & Sons, New York, 1989, p.
81.

[43] J. H. Fuhrhop, M. Krull, A. Schulz, D. Mébius, Langmuir 1990, 6, 497.

[44] I.So6derberg, C. J. Drummond, D. N. Furlong, S. Godkin, B. Matthews, Colloids Surfactants, A 1995,
102, 91.

[45] L.D. Skrylev, E. A. Streltsova, T. L. Skryleva, Russ. J. Appl. Chem. 2000, 73, 1364.

[46] R. Kuhn, Y. Wang, Chem. Ber. 1939, 72B, 871.

[47] Z. Zhang, W. Wu, X. Wang, H. Wang, Shipin Yu Fajiao Gongye 1987, 20.



HELVETICA CHIMICA ACTA — Vol. 89 (2006) 53

[48] G. Speranza, G. Dada, P. Manitto, D. Monti, P. Gramatica, Gazz. Chim. Ital. 1984, 114, 189.

[49] L. V. Jgrgensen, H. J. Andersen, L. H. Skibsted, Free Rad. Res. 1997, 27, 73.

[50] S.G. Agarwal, R. K. Thappa, V. K. Agnihotri, O. P. Suri, G. N. Qazi, US Pat. 0126467, 2004.

[51] S. W. Provencher, CONTIN (version 2), Users Manual, EMBL-technical report DA07, Max-Planck
Institut fiir Biophysikalische Chemie, Gottingen, Germany.

Received September 15, 2005



