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Characterization of Lycopene Nanoparticles Combining
Solid-State and Suspended-State NMR Spectroscopy
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The core—shell structure of lycopene micronizates can be verified by employing a combination of
solid-state and suspended-state NMR spectroscopy. The type of molecular aggregation of carotenoid
nanopatrticles can be clearly determined from their characteristic fingerprint pattern in the solid-state
NMR spectra.
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INTRODUCTION application by extensive research and development activities
(4—6). Due to the high sensitivity of carotenoids to oxidation,
. . o .. _the nanoparticles must be prepared extremely carefully. There-
foods with nutrients such as vitamins and carotenoids is fore, the lipophilic carotenoids are coated with a hydrophilic

e e oAb T, POTECN D aganst daton o o e s e
. ging, . ’ ’ e against particle agglomeration. Within aqueous media the
disease. A well-known example is the mandatory fortification

of flour in the United States with folic acid for the prevention protecting matrix will dissolve, thereby releasing the carotenoid

of severe birth defects in infants, viz. spina bifida. nanopartlclgj. ol th as ’ )
There is a general recommendation for an increased con- Carotenoid nanoparticles with a size of 1&D0 nm consist

sumption of fruit and vegetables, rich in carotenoids and other ofa carotgnoid core and a shell O.f adsorbeq prqtective colloid,
phytochemicals. Particularly rich sources of the carotenoids €.9., gelatin. They_ are for_meq using a precipitation process k_)y
lutein and zeaxanthin are spinach and broccoli, and the most™Xing @ carotenoid solution in alcohol and an agueous gelatin
important sources of lycopene are tomatoes and tomato product$€lution (so-called mixing chamber micronizatiod) §). Other
(1—3). Carotenoid nanoparticles, optimized with respect to Processes to prepare these submicroscopic particles involve
bioavailability, can be used in human and animal nutrition if SPecial grinding and emuisification techniques. The color of the
they are stabilized by special techniques such as microencap-camten_o'd nanopartlclt_es (w_h|ch are often used as _coIorants)_ is
sulation. The resulting properties are primarily determined by determined by the particle size and the agglomeration behavior
the morphology and structure of the formulated particles. The ©of the carotenoid molecule§) The structure of the nanopar-
evaluation of the complex composition is the aim of different ticles has so far been investigated by using UV/vis absorption
investigation methods, each of which can explain only some Spectroscopy, quasi-elastic light scattering, and wide-angle X-ray
aspects of the overall composition. The present paper deals withdiffraction (7).
the first applications of NMR techniques to characterize In this paper, crystalline lycopene (sample a) and three
carotenoid micronizates. samples of dried lycopene powders formulated with gelatin/

The nutritional and physiological effects of carotenoids are sugar are investigated: coarsely milled lycopene of abgumn 1
partly determined by their bioavailability. Coarse particles of (sample b), ultrafinely milled lycopene of about 83.4 um
crystalline carotenoids purified from foods and from chemical (sample c), and an ultrafinely precipitated lycopene micronizate
synthesis are poorly available. An increased bioavailability of of about 0.30.2um (sample d). By employing a combination
poorly soluble compounds such as carotenoids can be achievedf solid-state and suspended-state NMR spectroscopy, it is
by forming nanoparticles with a proper particle size. These possible to obtain information about the stereochemistry of the
nanoparticles have to be adjusted to the desired area ofcarotenoid lycopene within the protective colloid gelatin.

Additionally, full NMR spectroscopic characterization of the
t Universita Tibingen. formulated lycopene nanoparticles has been achieved for the
* BASF Aktiengesellschaft. first time.

In modern nutrition, the supplementation and fortification of
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Figure 1. NMR spectra of lycopene micronizates (sample d). (a) 12C CP/MAS NMR spectrum of solid micronizates. (b) 1*C HR/IMAS NMR spectrum of
micronizates suspended in D,0.

MATERIALS AND METHODS measurements, as shown kigure 1. Two complementary
Materials. The lycopene samples were provided by BASF Aktien- NMR techniques were utilized, tHéC cross-polarization/magic

gesellschaft, Ludwigshafen, Germany. Crystalline lycopene (sample a),angle spinning (CP/MAS) method and tH€ high-resolution/

as well as three specially prepared laboratory samples of lycopene drymagic angle spinning (HR/MAS) method. TA&C CP/MAS

powder formulations based on gelatin/sugar, i.e., coarsely milled technique is employed for the registration of NMR spectra of

lycopene of about &m (sample b), uItrafin_er milled ch_opene ofabout  ¢)ig amorphous powder8)( the3C HR/MAS technique allows

0.3-0.4 um (sample c), and an ultrafinely precipitated lycopene o 5cquisition of NMR spectra of samples suspended in a

micronizate of about 0:20.2 um (sample d), were investigated. The - A .
formulations were prepared by wet-milling in aqueous media and by solvent §). Both use the magic angle spinning (MAS) technique

controlled precipitation (mixing chamber micronization). These tech- to eliminate dipole-dipole and chemical shift an-

gelatin

/—%

nologies have been described in detdi-7). isotropy interactions in the solid state and susceptibility distor-
NMR Methods. All NMR spectra were obtained on a Bruker DSX  tions in the suspended state. Because NMR signal line width is
200 NMR spectrometer. more affected by dipotedipole and chemical shift anisotropy

"C suspended-state NMR measurements were conducted by susthan by susceptibility interactions, high spinning rates of 10 000
pending the micronizates inD. Magic angle spinning was carried  Hz are employed in the solid-state measurement. HR/MAS

out with 4-mm double-bearing rotors of Zs@nd a spinning rate of  gyspended-state measurements are performed at a spinning rate
4000 Hz at a probe temperature of 295 K. TH€ 90" pulse length of 4000 Hz.

was 4.7us. A total of 10K transients were accumulated at a time domain For the acquisition of solid-state NMR spectra, the cross-

size of 3K data points with an acquisition time of 78 ms and a delay polarization (CP) technique allows the registratiod NMR

time of 10 s. " . . . .
13C solid-state NMR spectra were obtained with the cross-polariza- SPectra at reasonable pulse repetition times in the dimension of

tion/magic angle spinning (CP/MAS) technique. Magic angle spinning S€conds. Here, the magnetization is transferred from protons to
was carried out with 4-mm double-bearing rotors of Zedd a spinning  the *3C atoms of the sample, whereas in tH€ HR/MAS

rate of 10 000 Hz at a probe temperature of 295 K. The protén 90 technique the carbon atoms are observed by direct excitation.
pulse length was 4.7is, and the contact time and delay time were 3 The13C signals of the rigid, heavily aggregated lycopene cores
ms and 3 s, respectively. A total of 10K transients were accumulated in lycopene micronizate (sample d) are preferentially excited
at a time domain size of 2K data points with an acquisition time_of 41 with cross-polarization experiments and can, therefore, be seen
ms. For _the measurements of cross-polarization curves, 11 different;, the cP/MAS NMR spectrumFjgure 1a). C signals of the
contact times in the range of 6-12.5 ms were chosen. mobile sugar and the gelatin protection shell, on the other hand,
can be recorded with thEC HR/MAS suspended-state NMR
technique Figure 1b). Here,*C signals of the rigid lycopene

The core-shell structure of the lycopene micronizate (sample core cannot be detected due to the presence of strong ¢ipole
d) can be verified by two different types dfC NMR dipole interactions.

RESULTS AND DISCUSSION
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Figure 2. Cross-polarization curves of carbon atom C-4 of crystalline lycopene (sample a) and of formulated lycopene micronizate (sample d).
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Figure 3. Comparison of the 13C CP/MAS NMR spectrum (aliphatic region) of crystalline lycopene (a) with the spectra of the coarsely milled product (b),
the ultrafinely milled product (c), and the lycopene micronizate (d).

The formulation of lycopene particles changes the relaxa- the contact times, specified in the following equatid@)(
tion behavior of both carbon and proton nuclei of lycopene.
The cross-polarization curves of CP/MAS measurements 1
are derived by plotting the recorded signal intensities against 1(t) = Al — Tep/To) ~[eXp(UTy,) — exptTey)]



NMR Investigations of Lycopene Nanoparticles J. Agric. Food Chem., Vol. 50, No. 26, 2002 7513

sample d: H-aggregate

sample c: H-aggregate

J-aggregate
sample b:

J-aggregate
sample a:

148 144 140 136 132 128 124 120 116 112 (ppm)

Figure 4. Comparison of the 13C CP/MAS NMR spectrum (olefinic region) of crystalline lycopene (a) with the spectra of the coarsely milled product (b),
the ultrafinely milled product (c), and the lycopene micronizate (d).

Table 1. Chemical Shifts of the Olefinic Carbon Atoms in the NMR
Spectra of the Different Samples

feature has also recently been describegbfoarotene 11) and
seems to be characteristic of crystalline carotenoids. In contrast,
the Tyn time observed in the contact time curve of the

clryS‘a'””e C‘_’a(;,se ”'t,ra(?“e o micronizate is much shorter, leading to a decrease in intensity.
ycopene grinding grinding - micronizate This phenomenon occurs due to neighborhood interactions of
carbon atom (sample a) (sample b) (sample c) (sample d) . . .
the lycopene cores with the outer mobile shell, accelerating the

7,11 125.7 125.9 125 125.4 i
> 1236 1939 1258 1547 relaxation of the protons. . .
6 127.2 127.3 127.2 127.1 Both the supramolecular aggregation behavior of the lycopene
15 1308 1309 1301 130.2 molecules within the core and the core particle size have a
io igéi ig%g L5 s significant impact on light absorption and, therefore, on the color
1 1333 1334 1334 1333 of the m|(_:ron|zates. Foﬁ-cqrotene molecules, t\_/vo specific
8,9 136.1 1363 136.3 136.20 configurations have been discuss&)l (The formation of so-
12,13 1375 137.7 137 136.9 called H-aggregates, in which the crystals form a parallel
5 139.5,1403  139.4,1404 d d

configuration like a deck of cards, leads to a hypsochromic shift
in the UV/vis spectra as compared to the absorption maximum
of the carotenoid in the dissolved (isolated) state. In the head-
to-tail configuration of the molecules, the so-called J-aggregates,
both a bathochromic shift and a hypsochromic shift in the UV/

The cross-polarization constafi, describes the magnetiza- VIS SPectra can be observed. Depending on the production
tion transfer and determines the rise of the intensity at short Process, lycopene formulations show the same shifts. Larger
contact times, whereas the spin lattice relaxation time of the Particles (um and above), such as crystalline lycopene (sample
protons in the rotating frameTy,y, is responsible for the @) Or a coarsely milled product (sample b), reveal the charac-
decrease of the signal intensity at longer contact tirgire teristic UV/V.IS absorption bar]ds for q-aggregates, whereas in
2 shows the cross-polarization curves for the C-4 atoms (41 the absorption spectra of finely milled lycopene and the
ppm) of crystalline lycopene (sample a) and of formulated Micronizates (samples c and d, particle size below.@nd, the
lycopene micronizate (sample d). At short contact times, both typical bands for H-aggregates are intensified.
curves show an identical steep increase in intensity. However, High-resolution'3C solid-state NMR spectroscopy enables
clear differences can be seen at longer contact times. The longdifferentiation between the individual aggregates. Spectroscopic
Ti,1 time observed in the contact time curve of pure crystalline measurements of testosterofig)(and androstenoné ) pointed
lycopene causes a plateau in the cross-polarization curve. Thisout that the chemical shift of carbon atoms in solid-state NMR

a Signal coincides with the signals of the carbon atoms C-7 and C-11. ° Shoulder.
¢ Signal coincides with the signal of the carbon atom C-15. 9 Signal coincides with
the signals of the carbon atoms C-12 and C-13.
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spectra is exceptionally sensitive to conformational changes, (2) Hammond, B. R., Jr.; Johnson, E. J.; Russell, R. M.; Krinsky,

molecule geometry, and van der Waals forces with respect to N. I; Yeum, K.-J.; Edwards, R. B.; Snodderly D. M. Dietary
the core. The different fine structure of signals depending on modification of human macular pigment densityvest. Oph-

the aggregation type is shown Figure 3 (aliphatic region) thalmol. Vis. Scil1997 38, 1795-1801.

and in Figure 4 (olefinic region). Assignment of the signals (3) Dachtler, M.; Glaser, T.; Kohler, K.; Albert, K. Combined HPLC-
was achieved with data of conventional high-resolution NMR MS and HPLC-NMR On-line coupling for the separation and
spectra {4). It can be clearly seen that the spectrum of determination of lutein and zeaxanthin sterecisomers in spinach

and in retinaAnal. Chem2001, 73, 667—674.
(4) Horn, D. Preparation and Characterization of Microdisperse
Bioavailable Carotenoid Hydrosoléingew. Makromol. Chem
1989 166/167 139-153.
Horn, D.; Lueddecke, E. Preparation and characterization of
nano-sized carotenoid hydrosols.AFme Particles Science and

crystalline lycopene (sample a) is identical with that of coarsely
milled lycopene (sample b, J-aggregates), whereas these spectra
show differences in comparison with the spectra of (ultra)finely
milled lycopene (sample ¢, H-aggregates) and the micronizate ©)
(sample d, H-aggregates). In the aliphatic region, the signals of

methyl groups C-17 to C-20 reflect the different aggregation Technology Pelizzetti, E., Ed.; NATO ASI Series 3; Kluwer:
behavior Figure 3). While the intensity of signals of C-17 and Dordrecht, 1996; Vol. 12, pp 761775.

C-18 changes depending on the aggregate type, the difference (g) Kopsel, C.; Auweter, H.; Bettermann, H.; Benade, Jddecke,

in the patterns of signals of C-19 and C-20 is remarkably E.; Beutner, S.; Martin, H. D.; Mayer, B. Aggregation and Self-

noticeable. In the case of H-aggregates, two separate signals Organization of Polyenes and Carotenoi@islorchemistry1998
appear at 12.6 and 14.2 ppm. J-aggregates, on the other hand, 1-4.
show a major signal at 13.7 ppm, which is not symmetrical  (7) Auweter, H.; Haberkorn, H.; Heckmann, W.; Horn, D.; Lued-

due to small amounts of H-aggregates in the sample that lead decke, E.; Rieger, J.; Weiss, H. Supramolecular structure of

to shoulders at 12.6 and 14.2 ppm. precipitated nanosizg-carotene particlesAngew. Chem., Int.
The signals of carbon atoms C-2 and C-5 also show Ed 1999 38(15), 2188-2191;Angew. Chenll999 111, 2325~

significant differences Rigure 4). In the NMR spectra of 2328.

H-aggregates these signals are not resolved, whereas in the case (8) Bachmann, S.; Hellriegel, C.; Wegmann, J.nHal, H.; Albert,

of J-aggregates the signal of C-2 is shifted to higher field and K. Characterization of polyalkylvinyl ether phases by solid-state

and suspended-state NMR investigatid®alid State Nucl. Magn.
Reson200Q 17, 39-51.

Tseng, L.-H.; Emeis, D.; Raitza, M.; Hdel H.; Albert, K.
Application of high-resolutiormagic-angle-spinning (HR-MAS)
NMR spectroscopy to cosmetic emulsiodsNaturforsch200Q
55bh, 651-656.

Mehring, M. InHigh-resolution NMR spectroscopy in solids

the signal of C-5 to lower field. The latter signal is split in two
resonances due to packing effects; this feature is often observed ©)
in solid-state NMR spectra.

In the spectra of crystalline lycopene (sample a) and the
coarsely milled product (sample b), the signals of carbon atoms
C-1, C-10, C-14, and C-15 show significantly different fine (10)

structures in comparison to the signals of the ultrafinely milled Diehl, P., Fluck, E., Kosfeld, R., Eds.; NMR Vol. 11; Springer-

lycopene (sample c) and the lycopene micronizate (sample d) Verlag: Berlin, 1976; pp 135152.

(Figure 4). Table 1 summarizes the different chemical shifts  (11) Kolodziejski, W.; Kasprzycka-Gutman, T. C-13 CP/MAS NMR

of the individual signals in the olefinic region. Although these in transp-carotene Solid State Nucl. Magn. Resoh998 11,

differences are sometimes very small, they are nevertheless 177-180.

clearly observable and cannot be ascribed to the measurement(12) Fletton, R. A.; Harris, R. K.; Kenwright, A. M.; Lancaster, R.

conditions because the chemical shift values for carbon atoms W.; Packer, K. J.; Sheppard, N. A comparative spectroscopic

C-1, C-6, and C-14 are nearly identical. Due to the characteristic investigation of 3 pseudopolymorphs of testosterone using solid-

signal pattern in solid-state NMR spectra, an unambiguous state IR and high-resolution solid-state NMBectrochim. Acta,

classification of the aggregation type of lycopene particles is Part A 1987 43 (9), 1111-1120.

possible. (13) Harris, R. K.; Say, B. J.; Yeung, R. R.; Fletton, R. A.; Lancaster,
Thus, solid-state, together with suspended-state, NMR spec- ~ R. W. Cross-polarization/magic-angle spinning NMR studies of

troscopy proves to be a versatile tool for detailed characterization polymorphism: androstanolonBpectrochim. ActePart A1989

45 (4), 465-469.

(14) Englert, G. NMR of carotenoids. I8arotenoids Britton, G.,
Liaaen-Jensen, S., Pfander, H., Eds.; Bidder Verlag: Basel,
Boston, Berlin, 1995; ; Vol. 1B, Spectroscopy, pp 2219.

of this important class of compounds.
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