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Carotenoids (Cars) are essential molecules with diverse biological roles, and their solubility can be enhanced by
forming complexes with cyclodextrins, which incorporate them into their cavities without chemical bonds. In this
study, we investigated the interactions of lycopene with B-cyclodextrins using Raman spectroscopy, molecular
dynamics and DFT. We simulated models of simplified structures, including various B-cyclodextrins and trans and
cis lycopene configurations, to better understand how structural changes influence the v; band shift observed in
Raman spectroscopy. Our focus was on reducing interactions such as van der Waals interactions, hydrogen
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DOI: 10.1039/d5cp00034c bonds, and electrostatic effects to isolate the impact of structural alterations on the methyl group in carotenoids.
We measured solid lycopene and its complexes with B-cyclodextrins, which exhibited Raman v; shifts. According

rsc.li/pccp to the modelling data, this can be attributed to the monomer band of lycopene.

appearing around 1500 cm ™, corresponds to C—=C bond stretch-

ing modes. The v, band, near 1160 cm ™Y, is due to the combined

Introduction

Carotenoids (Cars) are indispensable molecules that fulfill diverse
biological roles that are fundamental to the integrity and efficiency
of living systems."” Lycopene (Fig. 1A) (LYC) is predominantly
present in mature fruits, where it serves as a key pigment
contributing to their characteristic coloration.” Despite extensive
research, many of its properties remain uncertain, inviting deeper
investigation into their nature and function.* The phenomenon of
singlet exciton fission represents a potential photoprotective
mechanism that has been investigated in LYC.*® Also, LYC is
related to action against prostate cancer.’

Cyclodextrins (Fig. 1B) (CDs) are highly effective in complexing
with carotenoids through a process in which Cars are incorporated
into the cavities of the CDs without chemical bond formation,
rendering Cars water-soluble.'®™ B-cyclodextrin (B-CD) consists of
seven cyclic oligomers of o-1,4,p-glucose™ ™ and represents an
effective model system for computational studies of the complexa-
tion of 2-hydroxypropyl-B-cyclodextrin with various molecules.'®°

The Raman spectra of Cars (as well as of LYC) are characterised
by four main bands, referred to as v; through v,. The 14 band,
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effects of C-C stretching and in-plane C-C bending. The v; band,
situated at about 1000 cm ™', is attributed to the coupling of in-
plane rocking vibrations of methyl groups on the conjugated chain
with neighbouring C-H in-plane bending.>**

Using well-established extraction protocols, LYC can be
obtained from fresh tomatoes for study.>?* The preparation
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and characterization of Cars complexed with CDs to achieve
water solubility have been reported in ref. 24. Similar methodology
has been used together with computational study previously,> >
and we presented an analysis based on analysing the P-ring
dihedral angles and revealing three key all-trans-B-carotene con-
formers (trans-trans, trans—cis, and cis—cis of B-ring), with v, differ-
ing by 4 cm™" among them.”® However, the unique properties of
LYC arise from a different origin—its distinct terminal group
structures instead of B-rings—resulting in unique complexation
characteristics which are different for crystals and solutions as
observed from their Raman spectra.>>**°

Noncovalent interactions, encompassing van der Waals forces,
electronic effects, and hydrophobic interactions, play a crucial role
in forming CDs and Cars complexes.** Many authors have observed
the self-association of CD complexes,** which has been con-
firmed through various analytical® and microscopy techniques.*
Various studies have also explored CD/drug complexes using mole-
cular modelling approaches.® ° These products are often termed
“inclusion complexes,” although the specific form of the CD is
frequently not well characterized.’” The LYC Cars are good candi-
dates for inclusion characterisation as they exhibit Raman 1, band
shift from their crystal to their monomer structures and visually
change colour from red to yellow.**’

This work combines Raman spectroscopy, molecular dynamics
(MD), and density functional theory (DFT) to investigate complexes
of LYC with B-CD, HP-CD, and artificial CD-like structures. We
examine the shifts in the Raman v, band and identify potential
influences contributing to these variations. The study concludes
with an evaluation of structural modifications, followed by an
analysis and discussion of the influence of complexation on
LYC and its broader significance.

Results and discussion
Experimental data

For the preparation of the lycopene/2-hydroxypropyl-p-cyclodextrin
complex (LYC/HP-CD), LYC was obtained from fresh tomatoes as
previously described.>® Based on 'H and "H-'"H-COSY NMR spec-
tra, LYC was identified as an (all-trans)-isomer (Fig. 2A). The
chemical shifts were in good accordance with previously published
spectral data of (all-¢trans) lycopene.***°

The "H NMR spectrum of the symmetric LYC indicates an
overlapping multiplet for the protons 11/11’ and 15/15’ at 6.60-
6.67 ppm. The overlapped doublets at 6.25-6.3 ppm were attributed
to the 8/8’ and 14/14’ protons. The signal of the 7/7' protons appears
as a doublet of doublets (dd) at 6.45-6.55 ppm. The multiplet at
5.11 ppm and three doublets at 5.95, 6.18 and 6.35 ppm correspond
to the protons 2/2/, 6/6',10/10" and 12/12/, respectively. The coupling
constants Js, (11.0 Hz), J55 (15.0 Hz), Jion1 (10.9 Hz) and Ji14,
(14.9 Hz) are in the region typical for trans conjugated protons in
Cars. The "H-"H-COSY NMR spectrum shows the correlated COSY
cross-peaks between protons 7/8 and 11/12, while the cross-peaks of
6/7 and 10/11 overlap due to their close NMR shifts (Fig. 2B).

The purity of the LYC extracted from tomatoes was analysed
by HPLC chromatography using the same column and mobile

This journal is © the Owner Societies 2025

View Article Online

PCCP

726
64
—649

7.0 6.5 6.0 5.5 5.0
f1(ppm)
B LMMMvw«JMJmLJkﬁMkmﬂﬂm_‘J“_w~y,ﬂw\//\‘mm
- 5.0
Qe

52

54

5.6

)

58 3
= (@) g

68 66 64 62 60 58 56 54 52 50
2 (ppm)

Fig. 2 H NMR (A) and H-'H-COSY NMR (B) spectra of the (all-trans)-
lycopene in CDCls.

phase as in the previously developed method for determining
LYC content in tomatoes and resolving all-trans LYC and its cis
isomers.*® The obtained LYC used in the experiments had a
purity of 94.8% with the retention time for all-trans isomers
(Fig. 3A). After extraction from the LYC/HP-CD complex, the LYC
purity reached 92.8% with the same retention time (Fig. 3B).
The Raman spectra of LYC, the LYC/HP-CD complex and HP-
CD are presented in Fig. 4. The intense vibrational bands at 1510
and 1157 cm™ " were attributed to the stretching of C—=C and C-C
in the polyene chain of LYC, respectively. The band at 1006 cm™*
occurs due to methyl in-plane rocking modes. In the Raman
spectrum of the LYC/HP-CD complex, the band at 1510 cm™*
shifts to a higher frequency of 1516 cm ™" due to the interaction of
LYC with HP-CD. Thus, the Raman spectra of LYC and the LYC/
HP-CD complex crystal structure results can be interpreted by
assuming that there are no longer lycopene-lycopene interactions.

Computational data

Modelling distortion into LYC with an artificial CD-like
complex. Raman spectra provide a footprint of molecules,
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Fig. 3 The HPLC chromatograms of the initial lycopene extracted from
tomatoes (A) and lycopene from the lycopene/2-hydroxypropyl-p-
cyclodextrin complex (B).
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Fig. 4 Raman spectra of pure (all-trans)-lycopene (1), the lycopene/2-
hydroxypropyl-B-cyclodextrin  complex (2) and 2-hydroxypropyl-B-
cyclodextrin (3).

which arises from their molecular structural properties. As the
crystal structure of LYC is unclear and strongly depends on the
structural environment, we used an artificial CD-like complex that
is 6-7 A in length, surrounding all the polyene chains of Car. This
allows us to determine the key factors affecting the Raman v,
bands. Molecular dynamics (MD) simulations were performed
with the initial structures (computational details are provided in
the Computational methods section) prepared as LYC inside
artificial CD (Fig. 5). The MD simulations showed that after 1 ns,
the structure was no longer as complex, as can be clearly seen from
the RMSD, mass of centre (MOC) or visual analysis. It should be
noted that experimental samples are prepared in a polar solvent
before crystal analysis. Thus, the artificial CD has a reduced ability
to form hydrogen bonds, van der Waals interactions, or other
electronic effects with solvent molecules, which allows for a better
understanding of interactions with LYC.
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Fig. 5 Analysis using RMSD and MOC (mass of center) methods for the
lycopene inside artificial CD simulations: MOC clearly shows several
different possible complexes; in both cases it is clear that after 1 ns the
structures are separate (inset).

The solvent was modelled with water molecules around the
structures, as water molecules create strong hydrogen bonding,
which can lead to different energetic surfaces.”™*' We placed
various amounts of water molecules (1000, 2500, 4000, 4500,
5000 or 10000 molecules) around Lyc and the artificial CD
complex. The criteria were water molecules filling the simulation
box and, at the same time, water molecules surrounding the
complex. We found for a small number or molecules (1000,
2500, or 4000 water molecules), the water molecules formed water
clusters. MD simulations of LYC in an artificial CD complex with
10,000 water molecules were successfully performed up to 0.5 ns,
with no evidence of water clustering throughout the trajectory.
After detailed analysis, we found that the major differences were in
the artificial CD structure itself, and these new artificial structures.

Next, computations were performed by choosing different
positions along the LYC polyene chain (Fig. 5). We found that
the largest possible v; was 1554.58 cm™ ", and the smallest was
1550.96 cm ™ *. The monomer computations of LYC were used as
a reference, for which the computed Raman v, band was
1553.66 cm ' (Table 1). Thus, we successfully determined the
shift to lower frequency by modelling LYC packing. The value
1550.96 cm ' was achieved when the artificial CD directly
blocked the vibration availability of both central methyl groups
in the polyene chain of LYC. This would explain the shifts in the
Raman v; bands of crystal and crystalloid LYC relative to the
monomer values as being from structural changes, which can
be true in large-scale J-aggregate type structures.”**** Moreover,
by artificially surrounding LYC with several LYC molecules, we
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Table 1 Calculated Raman values for lycopene and/or B-cyclodextrin complexes. Results presented without scaling factors

Structure/complex vy, cm ! v, cm ! Additional (v,), cm™"
LYC (all-trans-lycopene) 1553.66 1191.16

5-cis-lycopene 1553.53 1191.17

7-cis-lycopene 1552.91 1191.44

9-cis-lycopene 1557.74 1190.81 1201.83
11-cis-lycopene 1551.32 1190.07 1202.15
13-cis-lycopene 1560.13 1577.07 1182.88, 1169.94, 1162.72
15-cis-lycopene 1556.99, 1565.95, (1607.04 weak) 1607.04 1202.80, 1270.49
All-trans + B-CD (central) 1552.81 1192.36

LYC + B-CD (pos1) 1552.83 1188.42

LYC + B-CD (pos2) 1552.62 1191.15

observed lower shifts of 3 cm ™" and larger shifts of 8 cm™ " (using
the PBE0*’ functional and QM/MM with UFF*®); a more detailed
analysis will be reported separately.

Raman v, band for cis-type lycopene. We performed high-
level DFT computations for cis-type lycopene (Fig. 6A) together
with ground-state analysis. Four categories of cis-isomers
groups were established according to their stabilities:

e Type A includes the 9-cis and 13-cis-isomers. These cis-
isomers were slightly less stable (within 0.05 eV) than the all-
trans-form.

e Type A’ includes the 5-cis isomer. Relative to the all-trans-
form, this was the only cis-isomer that was slightly unstable
(within 0.003 eV).

e Type B includes the 15-cis-isomer, which was about 0.1 eV
less stable than the all-trans form.

e Type C includes the 7-cis and 11-cis-isomers. These cis-
isomers were about 0.23 €V higher on the energy scale than the
all-trans form.

Their stability followed the order all-trans < 5-cis < 9-cis <
13-cis < 15-cis < 7-cis < 11-cis. The same schema (Fig. 6B
and C) of stability was achieved when we omitted the
ZPE. According to B3LYP*°° with the basis set cc-pvDZ,"
6-311++G**,>>° 6-311++G(2d,p);’*>° and PBE1PBE*>*° or
CAM-B3LYP®! with cc-pvDZ®! and 6-31G**,°*~> levels of calcul-
ation, all-trans < 5-cis in all cases.

The results of Raman studies for the all-trans-lycopene (all-
trans), 5-cis-lycopene (5-cis), 7-cis-lycopene (7-cis), 9-cis-lycopene
(9-cis), 11-cis-lycopene (11-cis), 13-cis-lycopene (13-cis), 15-cis-
lycopene (15-cis) structures are presented in Table 1. One
group (9-cis-lycopene, 13-cis-lycopene and 15-cis-lycopene) has
values up to 6.47 cm ' larger relative to all-trans-lycopene.
The second group (5-cis-lycopene, 7-cis-lycopene and 11-cis-
lycopene) has values up to 2.34 cm ' lower relative to all-
trans-lycopene.

B-Cyclodextrin closed and open form interaction with LYC.
The B-CD structure has seven hydroxymethyl groups, which can
be oriented inside (closed form) or outside (open form) cavities
formed by seven cyclic oligomers of o-1,4,-p-glucose. The open
form is energetically 1.3 eV higher (including ZPE) than the
closed form, and it had imaginary frequencies. We used both
structures for the LYC complexes to keep the comparison solid.

We positioned the open and closed forms of f-CD at three
locations along the polyene chain of LYC, placing the primary
structures near the methyl groups. The positions were labelled

This journal is © the Owner Societies 2025

from the centre to the ending group (central), position 1 (pos1),
and position 2 (pos2). According to the modelling data described
in the previous section, these configurations were expected to have
the greatest impact on the Raman v, band.

As expected, the B-CD open form with LYC was energetically
>1 eV higher than the closed form. In contrast to the mono-
mer, the complexes did not have imaginary frequencies. Among
the positions of the open form complexes, pos1 had the lowest
energy, while the energy of pos2 was higher by 0.12 eV and that
of the central position by 0.04 eV. The Raman v; bands were
1551.33 ecm %, 1550.96 cm ', and 1552.62 cm ' for central,
posl and pos2 complexes, respectively. These findings indicate
that the open form influences the methyl groups of LYC.
Although the ring has a diameter of about 9 A, its oxygen atoms
can interact with LYC.

The B-CD closed form (or f-CD) with LYC was energetically
favourable, with the lowest energy observed at pos2 (Fig. 7).
Position pos1 was higher in energy by 0.05 eV, and the central
position was higher by 0.12 eV. The complexes also did not have
imaginary frequencies. The Raman v; bands were 1552.81 cm™ %,
1552.83 ecm™ ', 1552.62 cm ' for the central, posl and pos2
complexes, respectively (Table 1). The differences from the mono-
mer (all-trans-polyene) was up to 1.04 cm ™ *. The Raman v, band
was also in the 1 cm ™' range, except for the pos2 complex, which
differed by 2.74 cm™ .

The computational data was analysed not including the
scaling factor, as experimental data for LYC in the monomer
is quite complex,*” as the solid-state can have H-aggregate and
J-aggregate type crystal systems. Thus, LYC monomer DFT
computations represent a scenario without interactions, which
is not representative of solid-state LYC. Our data indicate that
the fixation of methyl groups by the surrounding environment
can influence the Raman v, band shifts; this phenomenon is
likely applicable to solid-state LYC.

Despite the fact that cistype LYC exhibits Raman v; shifts to
larger values, the experimental data suggest that the cis-type LYC can
be neglected. An additional argument is the absence of additional
Raman bands and the influence of experimental preparations.

Based on the modelling data of the LYC/B-CD complexes
(Table 1), it can be concluded that B-CD encapsulates LYC
either at the central position of the Cars chain or at the
terminal group. This structural arrangement ensures that the
Raman v, band remains close to that of the monomer. Such a
situation would manifest in a Raman experiment as a shift

Phys. Chem. Chem. Phys., 2025, 27, 7874-7881 | 7877
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Fig. 6 Major cis isomers of LYC (A) and their relative energies (B) and (C).

toward the Raman values of the LYC monomer, as observed in
the LYC/HP-CD experiment, where a shift of 6 cm™ " was
recorded.
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Fig. 7 B-Cyclodextrin structures and complexes: (A) from side; (B) from top;
(C), at the terminal group of lycopene; (D) at the central position of lycopene.

Methods

Computational methods

The initial equilibrated clusters were generated using the classical
molecular dynamics (MD) approach in the software AMBER 22.%*
MD force fields were not optimised structures. Hence, the force
field was reoptimised for the molecular models described below.
DFT was used to optimise the reference molecules and dimers at
the B3LYP"°/cc-pVDZ™ level. Partial atomic charges were deter-
mined with the RESP procedure as required in AMBER'’s antecham-
ber program. Structures were generated by using the generalized
amber force field (GAFF), and the TIP3P Force Field was used for
water molecules. An MD simulation box (size 100 x 100 x 100 A%),
filled with the chosen number of molecules (LYC, CD and/or water),
was used for MD simulations. Water molecules were generated
using the Packmol package.®® MD simulations were performed at a
temperature of 333 K with a Langevin thermostat for up to 0.6
simulations (which varied for different simulations). The SHAKE
algorithm was used, in which all bonds involving hydrogen are
constrained. The nonbonded cutoff was 10 A. The interaction
between complexes primarily was modelled by MD, which has
van der Waals interactions modelled by Lennard-Jones potential.®®

The final geometries and Raman spectra calculations were
performed using the density functional theory (DFT) within the
Gaussian 16 package.** All structures were optimised and calculated
using CAM-B3LYP®' with the basis set cc-pvDZ;' frequency and
Raman computations were performed at the same level. As the main
task was to understand the Raman v; shifts, it was decided not to
include the basis set superposition error (BSSE) results.”* As the
major task was to describe v, shifts and obtain data on what can
cause them, the computational data were not scaled. According to

This journal is © the Owner Societies 2025
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previous studies, various scaling factors can be used to fit experi-
mental values (see ref. 21, 29 and 65). All structures that had
imaginary frequencies were neglected. Due to the fact that the
experimental data was for crystal structures, solvent models such
as PCM or SMD were not included.

Regarding the complex system, Grimme’s dispersion
corrections®® should at least be included, since dispersion
effects can be important for complex molecules. However, they
must be carefully studied, as Raman and excitonic effects are
sensitive to the chosen DFT methodology.>®%7:%®

Experimental methods and sample preparation

Preparation of the lycopene/2-hydroxypropyl-p-cyclodextrin
complex (LYC/HP-CD). The water-soluble complex was prepared as
previously described by Celitan et al. with slight modifications.®
Briefly, 35 mg of HP-CD (Wacker Chemical Corp., USA) was
dissolved in 7 mL of water, and the resulting HP-CD solution
was heated to 65 °C. Separately, 2.2 mg of lycopene extracted from
tomatoes as previously described by Bockuviene et al** was
dissolved in 10 mL of acetone and slowly added to the heated
HP-CD solution with rapid stirring. After the evaporation of
acetone, the solution was filtered through a glass filter with a
porosity of 10-16 pm, lyophilized and used for analysis.

HPLC chromatography was performed using a C30 YMC
carotenoid column (250 x 4.6 mm LD., 5 um particle size, YMC
Co., Ltd., Kyoto, Japan). A mobile phase of 1-butanol-acetonitrile-
methylene chloride (30/70/10, v/v/v), isocratic elution at 2 mL min ™"
and detection at 476 nm were used. To extract LYC from the LYC/
HP-CD complex, its aqueous solution was mixed with acetone in a
ratio of 1/0.1 (v/v). The LYC was extracted with diethyl ether/
petroleum ether (1/1, v/v). After gentle mixing, the organic fraction
was separated. The extraction procedure was repeated until the
aqueous phase became colourless. The collected organic fractions
were combined. The solvent was then removed using a rotary
evaporator, and the resulting solid residue was redissolved in the
mobile phase of HPLC. The same solvent mixture was used to
dissolve the initial LYC extracted from tomatoes. The solutions
obtained were analysed using HPLC.

Nuclear magnetic resonance (NMR) spectra were recorded
using a Bruker 400 Ascend™ 400 MHz (UltraShield™ Plus 9.4 T
magnet) instrument. Samples were dissolved in CDCl; ("H NMR
0 = 7.26 ppm). 'H spectra were recorded with an acquisition
time of 4.09 s and with 64 scans. '"H-'"H COSY spectra were
recorded using the cosygpppqf pulse program with an acquisi-
tion time of 0.27 s, 8 scans and a relaxation delay of 2 s.

Raman spectra of samples were recorded using a MultiRAM
(Bruker Optik GmbH, Ettlingen, Germany) spectrometer equipped
with a 1000-mW Nd:YAG laser (1064 nm) as the excitation source.
All the samples were analysed in the form of powder, and the
spectra were collected with a laser power of 50 mW and an exposure
time of 15 s (about 100 scans).

Conclusions

We studied LYC/B-CD complexes by modelling various details and
comparing them with the experimental data for LYC/HP-CD.
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Experimental data show a clear shift of the Raman v; bands
when comparing solids and complexes with B-CD structures.
We successfully simulated various shifts using the modelling
methodology and identified methyl groups as the key structural
components. This work enhanced our understanding of
potential LYC/B-CD complexes. Notably, it revealed that -CD
provides a means to investigate LYC as a monomer. However,
the solid-state behaviour of LYC remains an open question,
requiring further investigation to identify internal interactions,
which we anticipate addressing in future studies. This work
demonstrates that LYC/B-CD complexes offer new insights into
structural characteristics.
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