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As a consequence of the recent advances in formulation
techniques lipophilic active substances can be precipitated as
particles in the nanometer size range.[1±4] These particles
exhibit superior properties with respect to bioavailability,
dispersibility in water, and color than previous larger particles.
Although several carotenoids that display these desirable
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properties are formulated by precipitation techniques and are
readily available as commercial products, the supramolecular
structure of the nanosize particles has not yet been fully
elucidated. Herein we briefly review our precipitation tech-
nique and then show how the combination of electron
microscopy, light scattering, X-ray scattering, and UV/Vis
absorption spectroscopy in conjunction with molecular mod-
eling calculations yields a detailed picture of the supra-
molecular and the microscopic structure of precipitated b-
carotene particles.

The process of mixing chamber micronization was devel-
oped for the precipitation of carotenoids.[1, 2] In this process a
molecularly disperse solution of a carotenoid in a water-
miscible solvent, for example, an alcohol, is mixed turbulently
with an aqueous phase. The aqueous phase usually contains
dissolved polymer that acts as a protective colloid. The
turbulent mixing of the solvent phase with the water phase
rapidly changes the character of the solvent and induces
nucleation and growth of carotenoid particles. The protective
polymer, for example, gelatin, plays an essential role in
providing excellent colloidal stability to the nanosize par-
ticles.[5] Thus, the primarily obtained colloidally stable hydro-
sol can be concentrated and subsequently transformed into
dry powder by techniques such as spray-drying.

The development of the precipitation technique was
accomplished by the use of appropriate analytical methods.
The size of nanoparticles is usually determined by quasi-
elastic light scattering (QELS). Standard QELS, however,
requires high dilution of the samples. Therefore, we devel-
oped fiber-optic quasi-elastic light scattering (FOQELS),
which is applicable even to highly concentrated hydrosols and
which can be applied on-line for the control of production
processes.[6±8] The electrophoretic mobility and the z-potential
of the particles was determined by means of microelectro-
phoresis.[5]

A first insight into the microscopic structure of the
precipitated particles was obtained by electron microscopy.
Figure 1 shows b-carotene particles obtained by precipitation

Figure 1. Transmission electron micrographs of precipitated b-carotene
particles. The core/shell structure is visualized by applying different
staining techniques: the b-carotene core is contrasted with OsO4 (left),
whereas the gelatin shell is contrasted with UO2-acetate (right).

in a mixing chamber. By using different staining procedures
both the carotenoid and the protective colloid can be
visualized separately: the carotenoid is stained with OsO4,
whereas staining with UO2-acetate brings about the contrast
of the gelatin. From Figure 1 it can be seen that the particles
exhibit a core/shell structure with a b-carotene core sur-
rounded by a gelatin shell. The average size of the particle
core is about 120 nm. The thickness of the adsorbed gelatin
layer in water was determined by QELS.[2, 5] We found that
above the isoelectric point (IEP), that is, above about pH 5
for B-type gelatin, the thickness of a typical gelatin layer is
about 40 nm. Above the IEP gelatin adsorbs onto the core
through hydrophobic interactions that lead to a loose
conformation with many loops and tails.[5, 9]

Until now information on the supramolecular structure of
the core of the precipitated carotenoid particles was scarce.
The only information available was deduced from UV/Vis
absorption spectra. Figure 2 shows the UV/Vis absorption

Figure 2. UV/Vis absorption spectra of a 5 ppm b-carotene solution and of
5 ppm b-carotene hydrosols. The solvent for the monomer spectrum was
cyclohexane. The H-aggregated b-carotene hydrosol was precipitated
under dilute conditions. The J-aggregated b-carotene hydrosol was
precipitated at higher concentration and in the presence of corn oil.

spectrum of the b-carotene monomer molecules dissolved in
cyclohexane and the spectra of two differently precipitated b-
carotene hydrosols. The curve labeled ªH-aggregateº was
obtained from a b-carotene hydrosol that was precipitated
under dilute conditions, that is, which yield a b-carotene
concentration of 0.3 weight %. In this case the overall particle
size, including the gelatin layer, is about 150 nm. The sample
corresponding to the curve labeled ªJ-aggregateº was pre-
cipitated at higher concentration (1.0 weight% b-carotene)
and with the solvent phase containing 40 % corn oil with
respect to b-carotene. The overall particle size in this sample is
about 250 nm. There are two major parameters that affect the
UV/Vis spectra: particle size and type of supramolecular
aggregation of the b-carotene molecules. As a consequence of
the different particle sizes the trailing edge of the spectra at
long wavelengths is more pronounced for the larger particles,
since Mie scattering effects of larger particles contribute more
to the long wavelength absorbance than they do for smaller
particles. In addition to the effect of particle size, a hyp-
sochromic shift of about 40 nm is observed for the ªH-
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aggregateº sample and a bathochromic shift is observed for
the ªJ-aggregateº sample. These spectral shifts can be
explained by self-assembly of the b-carotene molecules during
the precipitation process. It is assumed that the hypsochromic
shift results from H-type aggregation (ªcard stackº structure),
whereas the bathochromic shift has its origin in J-type
aggregation, namely, ªhead-to-tailº or ªherring boneº-type
aggregation.[2] As a consequence of these spectroscopic shifts
the color of the b-carotene hydrosols can be adjusted from a
clear yellow to a bright orange.

The optical transitions in b-carotene crystals were inves-
tigated by Gaier et al.[10] It was not possible to locate the
Davydov components because of the strong absorption and
the thickness of the crystals. However, the absorption
maximum, which is a S0(11Ag)!S2(11Bu) transition, was
determined from reflectance spectra to be located at
18 700 cmÿ1, which corresponds to 535 nm. The first absorp-
tion band of b-carotene has its maximum at 20 950 cmÿ1

(477 nm) in hexane or light petroleum, neither of which
exhibit any solvent shift for carotenoids.[11]

Molecular modeling calculations were performed to further
confirm the supposition that the observed spectral shifts are a
result of molecular aggregation. The quantum mechanical
CIS-method[12] in the semi-empirical INDO/1-model as im-
plemented in the ZINDO-package[13] has been used for the
calculation of both the transitions and the corresponding
oscillator strengths for both the single b-carotene molecule
and aggregates up to tetramers. The results are summarized in
Table 1.

Table 1. UV/Vis transitions and corresponding oscillator strengths of b-
carotene calculated with the quantum mechanical CIS-method for an
isolated monomer, for an ideal, parallel oriented tetramer aggregate, and
for tetramer supercells comprising two unit cells along the crystallographic
a, b, and c axes, respectively.

Orientation (a, b, c)[a] Absorption
maximum

Oscillator
strength

monomer molecule 509 nm 3.9
ideal H-aggregate 465 nm 16.4
(2_1_1)-aggregate 500 nm 2.3

469 nm 14.3
(1_2_1)-aggregate 553 nm 4.0

502 nm 9.6
(1_1_2)-aggregate 519 nm 2.1

487 nm 13.4

[a] The symbolism used to describe how the unit cells are joined is used to
avoid any confusion with Miller indices or with the description of crystal
surfaces.

The geometry for a single, isolated monomeric b-carotene
molecule in the gas phase has been optimized by applying
density functional theory (DFT).[14] An absorption maximum
is obtained from this structure at 509 nm, which is considered
to be in satisfactory agreement with the observed absorption
wavelength of 477 nm. However, the amount of the relative
shift that arises from molecular aggregation is much more
relevant than the absolute position of the first absorption
maximum.

The results of the calculations for b-carotene tetramers give
a rough estimate of packing effects. First, in a model
calculation, four b-carotene molecules were oriented in a

parallel arrangement (ªidealº H-aggregate). For this tetramer
we obtained a hypsochromic shift of 44 nm. Then, for the
calculation of the optical transitions of ªrealº tetramers, we
took four b-carotene molecules as they are oriented in two
crystallographic unit cells,[15] where the unit cells are joined
along the a axis (2_1_1), the b axis (1_2_1), and the c axis
(1_1_2), respectively. The model aggregates are depicted in
Figure 3. In order to ensure that the calculated shifts result

Figure 3. Pictorial presentation of various b-carotene tetramer configur-
ations: ideal, parallel-oriented molecules, and tetramer supercells compris-
ing the molecules of two unit cells along the crystallographic a, b, and c
axes, respectively.

from packing effects the molecules in the supercells were
replaced by the DFT-optimized structure of the isolated
molecule. The tetramer in the (2_1_1)-supercell resembles
two H-aggregates and a strong hypsochromic shift of 40 nm
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was calculated. A bathochromic shift of 44 nm and a
hypsochromic shift of 7 nm were calculated for the (1_2_1)-
tetramer. Therefore, this aggregate is close to a J-aggregate
and, in accordance with the simple exciton model, we find that
for J-aggregates two optical transitions are allowed.[16] The
(1_1_2)-tetramer yields a predominant hypsochromic shift of
22 nm and a weak transition at 519 nm. This structure,
therefore, corresponds to weakly coupled H-aggregates.

The spectral features described above and the semiempir-
ical calculations of the optical transitions give evidence for the
existence of domains of regularly aggregated b-carotene
molecules. However, regularly packed molecules should yield
Bragg peaks in wide-angle X-ray scattering (WAXS). There-
fore, a WAXS study was performed with a diffractometer
(type D 5000, Siemens) operating in the reflection mode with
CuKa radiation. The WAXS diffractograms were analyzed
with respect to crystallite size by means of a line-width
analysis. The width of any Bragg peak is determined by the
crystallite size, by lattice distortions, and by broadening from
the apparatus. By neglecting the latter two effects, for reasons
which will be discussed below, one can use the Scherrer
equation to determine the average crystallite size.[17]

For both samples under consideration we obtained crystal-
lite sizes in the order of 30 nm from analysis of two
pronounced peaks in the angle range 108� 2V� 138. By
comparing the magnitude of the line broadening that arises
from the X-ray diffractometer with the obtained line widths of
our samples one can conclude that the effect of the apparatus
can be neglected in the case of such small crystallite sizes. Less
can be said about the existence of lattice distortions. The
quality of the higher order Bragg peaks is not sufficient to
decide whether lattice distortions are present or not. How-
ever, we assume that lattice distortions should only play a
minor role in these small crystallites. Contrary to the case of
metals or polymeric materials, it is likely that the crystallites
grow without tensions.

In summary, we arrive at the following picture of the
precipitated b-carotene particles (Figure 4): the particles have
a core/shell structure. The shell consists of an adsorbed gelatin
layer, which has a thickness of about 40 nm when the particles
are dispersed in water at pH values above the IEP of the
gelatin. The core of the particles consists essentially of

Figure 4. Core/shell structure of precipitated b-carotene particles. The
particle core contains aggregated b-carotene molecules of various aggre-
gate sizes. The largest aggregates are about 30 nm, as determined by
WAXS. The particle shell consists of adsorbed gelatin which acts as a
stabilizing hydrocolloid.

regularly aggregated b-carotene molecules. In these aggre-
gates either H- or J-aggregate morphologies prevail, depend-
ing on the precipitation conditions. Aggregates with small
aggregation numbers do not give measurable Bragg peaks in
the WAXS experiments. The larger aggregates yield an
average crystallite size of about 30 nm. This crystallite size
corresponds to an aggregation number of the order of 10 000
molecules. The overall size of the particle core is about
120 nm. Consequently, according to our model the particle
core is a composition of aggregated b-carotene molecules with
a wide range of aggregation numbers.
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