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Abstract

Cyanidin 3-O-glucoside (CND) is a frequently-used anthocyanin that has excellent
antioxidant properties but a limited bioavailability in bloodstream. Complexation of CND
with alginate can improve its therapeutic outcome. Here we have studied the complexation of
CND with alginate under a range of pH values from 2.5 to 5. CND is positively charged at
low pH, and becomes neutral, and then negatively charged as pH increases. CND/alginate
complexation was studied by dynamic light scattering, transmission electron microscopy,
small angle X-ray scattering, STEM, UV-Vis spectroscopy and circular dichroism (CD).

CND/alginate complexes at pH 4.0 and 5.0 form chiral fibres with a fractal structure. At these



pH values, CD spectra show very intense bands, which are inverted compared with free
CND. Complexation at lower pH results in disordered polymer structures and CD spectra
show the same features as for CND in solution. Molecular dynamics simulations suggest the
formation of parallel CND dimers through complexation with alginate at pH 3.0, while at pH

4.0 CND dimers form in a cross like arrangement.
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1. Introduction

Anthocyanins are secondary metabolites from plants responsit.ic foi the orange, red, purple,
and blue colours of flowers and fruits, and the red colours =7 ~u.umn leaves. They are also
molecules of large therapeutic interest, widely applied b¢.cauc: of their antioxidant, antiaging,
anti-inflammatory, antidiabetic, and anticancer prope.ties (Olivas-Aguirre et al., 2016;
Rupasinghe et al., 2018). However, a very low bioav ilavu:lity of anthocyanins is the main
challenge for their medical application. Cyanidi,> 3-()-glucoside (CND) is one of the most
abundant anthocyanins, found in edible pi4n.2n. nlants such as berries, purple grapes, purple
potatoes, butterfly pea flowers, roselle ana -thers.

The structure and colours of CND st. 0.7y depend on the pH. At acidic pH < 3, the red-
orange flavylium cation (AH") is uic only species present; however, as pH increases, the
flavylium cation undergoes chomicai tautomerism and protonation that lead to distinct
molecular structures that ar~ no \onger positively charged (neutral quinoid base), and can
even become negatively ~hai Jed (anionic quinoid base) at higher pH values (Fig. 1A) (Pina,
2014; Pina et al., 2012).
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Fig. 1. A) Cyanidin 3-O-glucoside sti*'ctures according to degree of protonation. At pH
higher than 3, the flavylium cation (A.:1") ::ndergoes sequential deprotonations resulting in
the neutral quinoid base (A) and blue- nurple anionic quinoid base (A). On the other hand,
nucleophilic addition of water le~ds 1. the colourless hemiketal (B), with subsequent
tautomerization to cis-chalcone and isomerization to trans-chalcone with equilibrium
constants Ky, K¢ and Kj respecu ‘ely. B) Sodium alginate in equilibrium with alginic acid. M
and G represent mannure:..> aud and guluronic acid monosaccharide blocks, respectively.
At pH >3 the most abun.ant isomer of CND is the neutral quinonoid (A) due to the
deprotonation of C7-OH, the most acidic group. At higher pH, a second proton loss from
C4’-OH results in the anionic quinoid base (A"). While deprotonations progressively result in
the purple-blue quinoidal base, the flavylium cation (AH") can also undergo nucleophilic
addition of water to the C2 position. This reaction produces the colourless hemiketal (B) and,
through tautomerization, the yellow cis-chalcone (C;) that isomerizes to trans-chalcone (Cy).
Although hydration is thermodynamically more favourable than deprotonation it is also much
slower. All these reactions are in equilibrium, and the acidification to pH 2.0-3.0 reverts the

system to the cationic form AH", recovering the colour (Quina et al., 2009).



Anthocyanins are also planar compounds capable of associating among themselves by non-
covalent interactions through their aromatic rings. Self-aggregation of anthocyanidin depends
on pH and concentration (Gavara et al., 2013; Leydet et al., 2012; Trouillas et al., 2016).
Dimer formation in solution should take place at concentrations over 1 mM in both flavylium
cation and neutral quinonoid bases (Asen et al., 1972; Dangles & Fenger, 2018; Hoshino,
Matsumoto, & Goto, 1981; Hoshino, Matsumoto, Harada, et al., 1981; Houbiers et al., 1998).
The presence of glucose on C3 and C5 enhance self-association due to additional hydrogen
bonds (Houghton et al., 2021). However, weaker association is observed by the hemiketal and

chalcone forms due to decreased conjugation of the tricyclic core upon ring opening.

Since cyanidin has an isomeric form with a positive charge, th< *avylium ion, we decided to
perform the encapsulation with alginate, a negatively charc . vuiysaccharide, by electrostatic
complexation (Fig. 1B). Alginate is the salt of alginic ac.d, rcund in algae. It is highly
hydrophilic and biocompatible, and widely used in fnad 1 yrmulations. Previous reports show
that alginate is a good candidate for CND complexat.on (Zou et al., 2021); it is a

linear copolymer with homopolymeric blocks n1 /1 —»4)-linked B-D-mannuronate (M) and a-
L-guluronate (G) residues covalently link~a 2gether in different sequences, which can
include homopolymeric blocks of consecuu ‘e G residues, consecutive M-residues (M-
blocks), or alternating M and G residues ‘Fig. 1B). Alginate has one carboxylate group per
monosaccharide; it is a weak polyanicn and its charge depends on pH (pKa = 3.6). It is highly

negatively charged at basic pH bu* loses charges at acidic pH, where CND becomes positive.

CND has the drawback of k~ing an unstable compound and rapidly degrades when exposed
to neutral and basic pH \ alues, high temperature, and in the presence of oxygen (Francis &
Markakis, 1989). CNDs are usually administrated orally. While stable at acid pH, such as in
the stomach, CNDs are prone to enzymatic degradation. Following stomach digestion, CND
will encounter the basic environment of the small intestine, which further acts on CND
degradation. Consequently, bioavailability of CND in blood is low, limiting therapeutic
outcome (Oidtmann et al., 2012; Yi et al., 2006). Co-pigmentation is a naturally occurring
stabilization mechanism based on non-covalent interactions of anthocyanins with colourless
organic molecules (Asen et al., 1972). A polymeric matrix to encapsulate CND would help to
protect the CNDs by acting as a co-pigment. Since anthocyanins are bio-synthesized in a
polysaccharide rich environment (Fernandes et al., 2016), the entrapment of CND within
polysaccharide chains seems to be a logical approach. Moreover, polysaccharides are
frequently used as micro/nanostructured additives for food, benefiting from their chemical
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versatility, biocompatibility and abundance. Our first attempt was to form CND/alginate
complexes by varying pH in a range where both CND and alginate are charged. Complexes
were successfully prepared at pHs from 2.5 to 5.0, and their physicochemical properties
noticeably depended on pH. Most interestingly, the chirality of CND/alginate complexes
differed significantly over the range of pH values tested. Circular dichroism (CD) spectra of
the complexes showed much more intense bands than the free CND. Some bands in the
spectra of the complexes are absent in the spectra of CND in solution, suggesting a
supramolecular organization of CND driven by its interaction with alginate. The motivation
of this work is to better understand the interaction of CND with alginate and how pH affects
this interaction, which is fundamental for the design of polysacci.>ride-based CND carriers.
Our working hypothesis is that the changes in the structure of CN1) with pH will lead to a
different association between CNDs and alginate and amo.xg C ND molecules complexed with
alginate, resulting in structures with different molecul>+ 0. ranization and chiral properties at
the different pHs considered. CND/alginate complexes ‘»cre characterized by ultraviolet-
visible spectroscopy (UV-Vis), dynamic light scau zring (DLS), scanning transmission
electron microscopy (STEM), CD, and small ongle X-ray scattering (SAXS). Molecular
dynamic simulations were used to study e ‘nteraction of CND with alginate, providing
fundamental insight into the interacti. behaviour of charged and non-charged CND in the

presence of alginate.
2. Materials and methods
2.1. Reagents

Cyanidin 3-O-glucosw.~ (1."\V = 484.84 g/mol) and alginate sodium salt low viscosity
(A1112, Mw =51 KDa ~.id Mn = 27 KDa, G/M:3) (Jeoh et al., 2021), were purchased from
Sigma-Aldrich with purity >99% and used without further purification. Carbon-coated copper
grids and uranyl acetate were purchased from Electron Microscopy Sciences (USA). Water

used for all the experiments was ultrapure MilliQ water.
2.2. Dynamic light scattering (DLS)

DLS measurements were performed with a Zeta Sizer Ultra Malvern Instrument in
backscattering mode. All studies were performed at a controlled temperature of 25 °C using

disposable folded capillary cells (DST1070). Alginate and CND/alginate complexes were



characterized for size and {-potential. Each sample was measured in triplicate at a
concentration of 0.25 mg/mL in MilliQ water at pH 2.5, 3.0, 3.6, 4.0 and 5.0.

2.3. Scanning transmission electron microscopy (STEM)

Transmission electron microscopy analysis was performed with a JEOL JEM-2100F UHR
microscope operating at an acceleration voltage of 200 kV. Carbon films (Aname, CF400-
CU) were pre-treated in a glow discharged chamber Emitek K100X (2 minutes, 35 mA). All
samples (alginate and CND/alginate) were deposited on plasma treated carbon grids (0.01
mg/mL, 0.5 pL) for 1 minute. Staining was carried out with uranyl acetate (0.5%, 0.5 pL)
with 1 minute incubation and subsequent washing with 5 pL of «"illiQ water at
corresponding pH.

2.4. Ultraviolet-visible spectroscopy (UV-Vis) and cir:uiu: dichroism (CD)

UV-Vis spectra were recorded using a JASCO V-730. Tke full spectrum (190-700 nm) for
each sample was recorded at room temperature. =i jinate (1 mg/mL) and CND/alginate (0.4
and 1 mg/mL) were dissolved in N, purged M:lli¢; water at pH 2.5, 3.0, 3.6, 4.0 and 5.0. CD
measurements were performed using a J. «<SC O J-1500 CD spectrometer. A quartz cuvette
with 1 mm optical pathlength was usc for these measurements recording from 190 to 700
nm with a bandwidth of 1 nm at roo’n .>mperature. Alginate and CND/alginate were
dissolved at 1 mg/mL in N purgr.a > iniQ water at pH 2.5, 3.0, 3.6, 4.0 and 5.0. Each CD

spectrum was recorded and acc 'muated three times.
2.5. Small angle X-ray szac.ruscopy (SAXS)

SAXS experiments were performed at the Austrian beamline at the Elettra Synchrotron,
Trieste, Italy. Measurements were carried out at 20 °C in capillaries of 1.5 mm outer
diameter/0.01 mm wall thickness made from borosilicate (Hilgenberg, Maisfeld, Germany).
The capillary is enclosed within a thermostatic compartment connected to an external
circulation bath, and a thermal probe for temperature control. Data for the transmission of the
sample and the fluctuations of the primary beam were corrected, the scattering patterns of all
the images of each sample were averaged and the respective backgrounds, treated in the same
way, were subtracted. A Pilatus3 1M detector system recorded the two-dimensional patterns,
processed by SAXSDOG (Burian et al., 2022) and by Igor Pro software (WaveMetrics, Lake
Oswego, OR, USA) to obtain radial averages. Bidimensional spectra report the scattering

intensity as a function of the magnitude of the scattering vector Q defined as Q =4 sinf / A,
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with 20 being the scattering angle and A equal to 0.154 nm the wavelength of X-rays
corresponding to an energy of 8 keV). Alginate and CND/Alginate complexes were measured
at a concentration of 1.00 mg/mL in MilliQ water at pH 3.0, 4.0, and 5.0. Each sample was
measured at least 18 times with an acquisition time of 10 s and a dwell time of 3 s for each
measurement. An average of each set of acquisitions, was obtained after checking for
possible radiation damage. No radiation damage was observed for the investigated samples.
Both the samples and their buffers were measured under the same conditions regarding
temperature and exposure time. To generate model-free results, we firstly plotted SAXS data
in the form of Kratky plots. If a well-defined bell-shape can be evidenced in the Kratky plot,
it follows that macromolecules in solution show a somehow cor.apact structure. On the other
side, if Kratky plot does not show a clear peak, just disordere.' spe cies are observed. Since we
observed both cases, two data analysis approaches were ac opte d to fit SAXS experimental
curves. Data corresponding to disordered species in so!ticn (evidenced by the lack of a peak
in Kratky plot) were analysed by the form factor of a i1c~aomly oriented Gaussian-chain,
which is expressed by Debye’s law, whose uniqse .ree parameter is the gyration radius Rg.
Data corresponding to well-formed species. a. demonstrated by the presence of a peak in
Kratky plot, were analyzed by Beaucage mo-.el of polymeric mass fractals (Beaucage 1996).
This model accounts for the large-sca:~ polymer coil size (Rq ), composed of small-scale
Kuhn steps of size Rs. Hence, two st.u.. 'ral levels were considered: a large scale structural
level corresponding to the chain. wi..~n is composed of a small scale structural level, the rod
subunits corresponding to Kuh, segiments whose size, Rs, is a fitting parameter. Both the
models are applied to the fu'l exuerimental g-range (Polizzi et al., 2015), and SAXS data
were analyzed by GENF 'T st ftware (Spinozzi et al., 2014).

2.6. Molecular dynamiz, (MD) simulations

NVT MD simulations of two AH" or two A molecules in aqueous solution in the presence of
different models of alginate were performed at a temperature of 300 K, using the force field
CGenFF/CHARMMS36 (Vanommeslaeghe et al., 2010) and TIP3P as the water model. The
force field parameters for AH™ and A were obtained through CHARMM-GUI (Jo et al.,
2008), using the ESP charges (Singh & Kollman, 1984) obtained by DFT calculations at the
®B97XD/6-311+G* level (Chai & Head-Gordon, 2008), using geometries minimized at the
®B97XD/6-31G(d) level. In the cases where such an automatic process failed to generate
suitable parameters, they were estimated using the ones found in CGenFF (Jo et al., 2008),

based on chemical similarity. The polymers used as models of alginate were pure guluronic
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(G2o), pure mannuronic (Mag), block copolymers of guluronic and mannuronic (G;oMyo)and
random guluronic mannuronic alginates (GM);o, considered in their deprotonated form. The
systems were neutralized by adding the necessary amount of Na* ions. Rhombic
dodecahedron boxes of around 70 nm?® of volume containing around 21,000 molecules of
solvent were considered (the volumes used reproduce the experimental condition of the
isobaric insertion of the solute in liquid water at infinite dilution) (Del Galdo et al., 2015).
The canonical sampling was obtained using the velocity rescaling thermostat (Bussi et al.,
2007). Periodic boundary conditions were adopted, setting a cut-off of 1.1 nm for the short-
range interactions, while the long-range interactions were calculated using the Particle Mesh
Ewald method (Darden et al., 1993) using a cut-off of 1.1 nm. Fo. each system, 3 simulations
of 200 ns from randomly obtained initial conditions were perinrm :d with a timestep of 2 fs.
The MD simulations were carried out using Gromacs 202- 5 (»\braham et al., 2015), while
the DFT calculations were performed using Gaussianl 4 (i ~isch et al., 2016). CNDs were
considered dimers when the minimum distance betwee *wo atoms of each molecule is less
than 0.4 nm.

The same criteria and cut-off value (i.e. 0 +1.m) ~ave been applied to determine whether the
CNDs are bound to alginate. For the confoi.national analysis of the CND dimer bound to
alginate, we evaluated the MD samplea istributions of i) the scalar product of the versors

corresponding to the vectors ¥, and © ., 'ndicating the mutual orientation between the two

cyanidin molecules (see Fig. 7B), .\ the sum of the distances c?l and 52, indicating the degree
of planar shift between the twe munomers (see Fig. 7C), and iii) the scalar product of the
versors corresponding to uic vectors obtained by the cross product of v; and %, , and of 7,
and 1, (where 1, and «._ are the vectors that connect the carbon atoms in position 2 and 3,
see Fig. 1A; together win v, and v,, they identify the planes approximating the
benzopiranoil moieties of CND), indicating if the monomers are stacked facing each other on
the same side or not, i.e. if the cyanidins are placed as a specular pair or not, see Fig. 7B; we
will simply refer to it as "Cross product™:(v; X uy). (U, X Uy ) .

We later applied a Kernel density estimation to the sampled distributions (see Fig. 7A). The
most significant conformation for A and AH" (see Fig. 7B and Fig. 7C) have been obtained
by performing a k-means clustering (Lloyd, 1982) using the standardized sampled values of
scalar product, sum of distances and cross product along the simulations, using 4 clusters for
A and 2 clusters for AH" (see Fig. S3B in SI), as determined by applying the “elbow” rule by
plotting the inertia against the number of clusters used in the analysis (see Fig. S3A in Sl).
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3. Results and discussion
3.1. CND/alginate complex preparation

Fig. 1 shows the chemical structures of CND and alginate, and the different tautomeric forms
of CND according to pH. CND/alginate complexes were prepared varying pH from 2.5 to 5.0
to find the optimum conditions for association between CND and alginate. Complexes were
prepared using a procedure based on Zou’s protocol (Zou et al., 2021) with some
modifications. The pH range was chosen taking into account the pK,s of alginate (~3.5) and
CND (~3.8), and the pH range where both molecules, or at least one of them, is charged.
MilliQ water was adjusted to pH 2.5, 3.0, 3.6, 4.0, and 5.0 with 11 0.1 M and purged 30
minutes with N just prior to use. PH was adjusted with HCI ¢s it vas preferred not to use
buffers to avoid any potential effect of the salts of the bufi>r in the complexation process.
Alginate and cyanidin were dissolved in MilliQ water =t .= selected pHs to a concentration
of 1 mg/mL. Then, pH was monitored and eventually >:usted to the desired value. To
determine the maximum amount of CND that ce.i» @ complexed with alginate, four
CND/alginate complexes with different CND."|giniate monomer ratios were prepared (1:10,
1:50 and 1:100). As monomer ratios we . 1ea 1 the ratio between mmol of CND to mmol of
alginate monomers. We finally used 210 ratio because in this condition we found a small
amount of precipitate indicating the sa'cv2uon of alginate with CND. CND and alginate
solutions were precooled in ice, nu *hen mixed under inert atmosphere with a ratio of CND
to alginate monomers equal to : *10. In a typical complexation reaction, CND solution (82.5
uL; 1 mg/mL; 1.7-10 mmal) wus added dropwise to the alginate solution (300 pL; 1
mg/mL; 1.7-10° mmol ¢ f mcnomer). Mixtures were left under shaking for one hour at 4 °C
in the dark. Samples were centrifuged at 10000 rpm for 5 minutes in a Minispin centrifuge.
The supernatant solution was separated from precipitates and freeze dried. After weighting
the purple solids obtained the amount of soluble CND/alginate complexes could be estimated,

which changes depending on pH ranging from 75% at pH 2.5 to 91% at pH 5.0.
3.2. Dynamic light scattering (DLYS)

CND/alginate complexes were characterized by DLS. All samples were prepared at 0.25
mg/mL in the corresponding MilliQ water at pH 2.5, 3.0, 3.6, 4.0 and 5.0. The hydrodynamic
diameter of alginate alone did not show notable differences when changing the pH (Fig. 2),
with a hydrodynamic diameter of 207 nm at pH 2.5, 160 nm at 3.0, and around 300 nm for
pH 3.6, 4.0 and 5.0. Size differences are probably due to the internal repulsion of the
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increased number of negative charges as pH increases that leads to a less coiled arrangement
of the alginate. Alginate’s pKa is around 3.6. For the CND/alginate complex, the
hydrodynamic diameter determined is almost the same as that of alginate alone at pH 2.5, 3.0,
and 3.6. However, there is an abrupt change in CND/alginate size when pH increases to 4.0
and 5.0. The hydrodynamic diameter dramatically increases reaching values of around 1040
nm at pH 4.0 and 1600 nm at pH 5.0 (Fig. 2).
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Fig. 2. Hydrodynamic diameters of al vir.ate (grey bars) and CND/alginate complexes (orange
bars) obtained by DLS. Both sar.nles correspond to an alginate concentration of 0.25 mg/mL
in MilliQ water at pH 2.5, 3.0, 0 6, 4.0 and 5.0. Measurements were performed at 25 °C.
(-potential of alginate and C. 'T/alginate complexes at different pHs were measured. As
expected, alginate ge. ~ noa2tive (-potential values, ranging from -10 (pH 2.5) to -50 (pH
5.0). CND/alginate comn’eaxes show slightly less negative values compared to the

corresponding sample of alginate alone at the same pH.
3.3. Scanning transmission electron microscopy (STEM)

To gain more insight into the structure of the CND/alginate complexes as we varied pH,
STEM experiments were performed. STEM images of CND/alginate complexes at pH 4.0
and 5.0 showed sizes in agreement with data obtained by DLS (Fig. 3A and 3C). Even though
morphology is slightly different at the two pH values tested, in both cases we observe the

formation of thin fibres that seem to follow a fractal geometry.
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Fig. 3. STEM characterization c* CND/alginate. Samples were prepared on activated carbon
grids and stained with a 0.5% s>lution of uranyl acetate. A) CND/alginate at pH 4.0 (scale
bar: 200 nm). B) Histogram rep.~senting fibre diameter of CND/alginate at pH 4.0
nanostructure (100 fibre Zi.mMeers were measured, with an average diameter of 7.7 + 2.5
nm). C) CND/alginat. at H 5.0 (scale bar: 500 nm). D) Histogram representing fibre
diameter of CND/alginate at pH 5.0 nanostructure (120 fibre diameters were measured with
an average diameter of 22.1 + 5.2 nm)

Fibre diameters of CND/alginate at pH 4.0 and pH 5.0 were measured. CND/alginate
complexes at pH 5.0 show an average fibre diameter of 22.1 + 5.2 nm (Fig. 3D); almost three
times larger than the fibres seen at pH 4.0, which have an average diameter of 7.7 £ 2.5 nm
(Fig. 3B). CND/alginate complexes at pH 2.5 and 3 did not show any organized structure,
and just a few straight fibres were found in the case of CND/alginate pH 3.6 (Fig. S1). As a
control, STEM experiments were also carried out with alginate alone in MilliQ water at pH
2.5, 3.0, 3.6, 4.0 and 5.0. No structure resembling the CND/alginate complexes was found for
alginate alone.
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3.4. Small angle X-ray scattering (SAXS)

Synchrotron SAXS experiments were performed on alginate and CND/alginate complexes at
pH 3.0, 4.0, and 5.0. At pH 3.0, SAXS curves corresponding to free alginate and to
CND/alginate almost overlap, whereas at pH 4.0 and 5.0 the SAXS fingerprints of
CND/alginate dramatically change from those of free alginate, in agreement with DLS
results. SAXS curves corresponding to alginate in solution were successfully fitted by
adopting the Gaussian-chain model, which resembles a disordered polymer, obtaining a
gyration radius for alginate of 2.4 + 0.1 nm at pH 4.0 and 2.3 £ 0.1 nm at pH 5.0 (purple
points in Fig. 4). The complexation of CND and alginate can b': rlearly seen in Fig. 4 since
the features of the SAXS curves are very different. CND/algira.. complexes show a SAXS
fingerprint typical of fractal structures, and they were consz 'ei.uy analysed by the Beaucage
model (Beaucage, 1996). CND/alginate complexes at pF 4.c snow a radius of gyration of 52
+ 1 nm, corresponding to the large-scale polymer coil siz., while at pH 5.0 the radius
increases to 69 £ 2 nm. The small-scale Kuhn steps r f si.S Rs obtained by Beaucage analysis
were of a few nanometres, affected by a conside ~.olv, error bar. SAXS data analysis confirms

the fractal structure for CND/alginate corm pi xes suggested by STEM characterization.

dE/Q(Q) (a.u.)
dE/Q(Q) (a.u.)

Q(nm’1)

Fig. 4. SAXS curves corresponding to alginate and to CND/alginate at 1 mg/mL at A) pH 4.0
and B) 5.0. Purple circles refer to alginate, cyan squares to CND/alginate; curves are scaled
for clarity. Black continuous lines indicate the theoretical fit corresponding to a Gaussian-
chain model for alginate samples, and to fractal structures for CND/alginate complexes.

3.5. UV-Vis spectroscopy and circular dichroism (CD)
UV-Vis spectroscopy was carried out on CND, alginate and CND/alginate complexes in a

wavelength range from 190-700 nm (Fig. 5 and Fig. S2). Each sample was dissolved in N,
purged MilliQ water at pH 2.5, 3.0, 3.6, 4.0 and 5.0. UV-Vis spectra of CND (1 mg/mL) and
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alginate (1 mg/mL) are in agreement with data found in the literature (Fig. S2). UV-Vis
spectra of alginate do not change in response to varying the pH, showing only a weak band
around 220 nm. UV-Vis spectra of CND (Fig. 5A) change with pH. Intensity of bands at 280
nm and 508 nm gradually decrease from pH 2.5 to pH 5.0. Moreover, at pH 5.0, the band at
508 nm shifts to 530 nm. A new band at 230 nm appears in the spectra at pH 4.0 and pH 5.0
suggesting disappearance of the flavylium cation AH" in favour of C. and C,chalcone CND
forms. UV-Vis spectra of the CND/alginate complex showed bands of CND and alginate
(Fig. 5B). The bands at 508 and 435 nm are present in free CND. However, unlike free CND,
these bands at 508 and 435 nm for CND/alginate, do not decrease at the higher pH values of
3.6, 4.0 and 5.0. On the contrary, they almost show a constant irnonsity. At higher pH, the
band at 280 nm also has different behaviour for the complex «omy ared to free CND.
CND/alginate at pH 4.0 and 5.0 shows the highest intensit ’ suc gesting an increased
hydrolysis of benzopiranoil and implying that CND in the ~omplex is present in the cis or
trans-chalcone forms (Fig. 1) that absorb in the same votzchol UV region. However, the
increase in intensity of the bands at 280 could al,o .esult from the scattering of the samples,
which is more intense at pH 4 and 5 than at pi 3 as we have seen from SAXS measurements.
Nevertheless, an increase of the bands at ?8( due to scattering would imply that the intensity
of the whole spectra will increase but *his is not the case since the band at 508 shows the
lowest intensity at pH 4 and 5 amon 4 ..~ 4 pHs considered. The differences in UV spectra at
these pHs can be clearly visualised .~ tne different coloration of the CND free in solution
(Fig. 5A) or complexed with a: inawe (Fig. 5B). CND alone shows a more intense red colour
at low pH, which disappear: cor .pletely at pH 5.0. CND/alginate complexes have less intense
coloration, are red only ¢t pk 2.5 and at higher pH practically do not change colour
remaining slightly orange until pH 5.0, a behaviour not observed for CND alone.
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Fig. 5. UV-vis spectra of A) CND 0.4 mg/mL and B) CND/alginate complex (1 mg/mL) both
dissolved in N, purged MilliQ water at pH 2.5 (red), 3.0 (blue), < 6 (purple), 4.0 (yellow) and
5.0 (green). Insets show pictures of the CND (A) and CND/al’yi.ote (B) solutions at different
pH where the changes in colour of CND can be appreciated-

CD spectra of alginate, CND and CND/alginate comple» es ot yH 2.5, 3.0, 3.6, 4.0 and 5.0
were recorded. CD spectra of alginate alone showed «niy one negative band at 214 nm with
small changes in intensity of this band observed at th : a\*erent pHs studied (Fig. S2B).
Spectra of CND alone are characterized by threc r.ep ative bands at 215, 280 and 550 nm and
two positive bands around 440 and 485 nr. (~1y. AA). Intensity of signals in the 315-620 nm

A CND 0.4 mg/mL B CND/alginate 1 mg/mL

6 20 A

2 15 4

o a °

-6 o

-10 -+ T T T T T T T -5 T T T T T T T T
190 250 310 370 43¢ 490 550 610 670 190 250 310 370 430 490 550 610 670

Wavelength (nm) Wavelength (nm)

—pH2.5 —pH3 —pH 3.6 pH4 —pH5
region gradually decrease with increasing pH, and at pH 5.0 almost no signals were observed.

Fig. 6. CD spectra of A) CND 0.4 mg/mL and B) CND/alginate complex (1 mg/mL) both
dissolved in N, purged MilliQ water at pH 2.5 (red), 3.0 (blue), 3.6 (purple), 4.0 (yellow) and
5.0 (green).

As described in the literature, the colour and chiroptical properties of 3-O-glucoside
anthocyanins strongly depend on concentration and pH. Our data for free CND at 0.4 mg/mL
and 1 mg/mL at pH values from 2.5 to 5.0 (Fig. 6A and Fig. S2A) are in line with those

reported in the literature, indeed, CD signal is proportional to the concentration of
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anthocyanin dimers (Houbiers et al., 1998). The two series of CD spectra are very similar
giving the same bands without any shifts. The decrease and eventual absence of bands in the
region 360-600 nm are indicative of CND being dominantly in the hemiketal form. In this
form the benzopiranoil ring of CND is partially hydrolysed, resonance is reduced (which
prevents dimerization), and therefore the characteristic bands observed at lowest pHs tend to
disappear. CD spectra of CND at 1 mg/mL has higher intensity showing the presence of
dimers also at pH 4.0 and 5.0, while at 0.4 mg/mL no dimers seem to be present at these pHs
since no CD signal was observed. These results suggest that in this case, the lower the pH, the

higher the CD intensity, meaning that the concentration of dimers is higher.

Binding of CND to alginate dramatically changes its CD spec*i« ‘Fiy. 6B). In the region of
340-490 nm, spectra of CND/alginate show highest intensi*, ~t u 4.0, and the lowest at pH
2.5. Almost the same occurs at pH 3.6, 4.0 and 5.0 for th2 be.\d at 530 nm, but for pH 3.0 this
band almost disappears. On the contrary, at pH 2.5, tte C) spectrum is very similar to that of
free CND with a negative band at 530 nm. At pHs 3 5, 4.C and 5.0 the band of CND/alginate
at 530 nm becomes positive, suggesting either a ~iar.ge in the symmetry of the dimers or an
arrangement of CND in a chiral structure “iny osc ¥ by the interaction with the alginate. A hint
in this direction comes from the very strony hands displayed by CND in the complex at pH
4.0, which are much more intense than a: aother pHs. At low pH 2.5, the aromatic rings of
CND in the flavylium ion can induce liraerization of the CND in bulk through pi stacking,
but dimers must place positive snorges in opposite positions to minimize repulsion.
Association of CNDs over diiers is unlikely because of strong charge repulsion that would
result from the several chz: e involved. Compared with CND alone, the complexation of
CND with alginate a. .4 2.C-5.0, results in a reversal of the band at 500-590 nm which
becomes positive and vc:y strong while the band at 350-490 nm remains similar. The bands
are significantly stronger than at pH 2.5 and could be indicating the formation of dimers or
species of higher order through the complexation with alginate, which is in agreement with
the long fibrillar structures observed by TEM. Since alginate is in its anionic form, it will act
as a weak base and favour deprotonation of CNDs. Taking into account the UV data and the
colour of the complexes, CND must be present in the neutral quinoid base form in the
complexes. In this form of CND, the aromatic benzopiranoil ring and the absence of a charge
on the ring as in the flavylium ion could favour association among several CND molecules,
which could be the reason for the strong intensity of the bands of the CD spectra. It is also

possible that there is association between the hemiketal present in the complexes as observed
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in UV and the neutral quinoid. The charge of the flavylium ion, present at lower pHs,
imposes the dimers to associate with the charges one opposite the other to minimize
electrostatic repulsion. Without that restriction, the CND molecules will dimerize to
maximize interactions among them, and mainly the two central rings and eventually the third
ring may be involved. The absence of a charge in neutral quinoid form would mean the
association of CNDs with alginate takes place through weak interactions, i.e. between the
glucose in CND and the sugar rings of alginate, as confirmed by the H-bonds analysis of the
MD simulations (see Fig. S5). At pH 5.0, the CD spectra from CND and from the complex
display the same pattern as in pH 4.0 but bands are much weaker. The UV spectra and the
colour of the complexes hint that CND is present in the same fo.:.» as at pH 4.0. At pH 5.0 the
further deprotonation of the CND would result in a negatively cha ‘ged species, the anionic
quinonoid base. However, this form of CND has a charact rist - blue, which is not observed
in the complexes. The negative charge is likely to prevny the interaction of CND with the
negatively charged alginate and for the complexes oni, t5e neutral quinonoid is retained with
the alginate. Since this form is less frequent at tris pH, the loading of the alginate with CND
is lower and the bands of the CD spectra are v.2aker. It may also be that the CND protonates
through the interaction with the alginate, anr' this would explain the differences in colour
with the free CND. It is interesting tc note that in TEM images, CND/alginate at pH 5.0
seems to be thicker, but according tc S~ ¥.S data, with a different fractal size, which could

mean a different organization of N with alginate.
3.6. Molecular dynamics (M) simulations

To gain additional inforraticn on the arrangement of cyanidin molecules on the alginate, MD
simulations were perforn.>d considering the binding of two cyanidin molecules to an alginate
molecule. From the MD simulations different geometrical parameters were calculated as
shown in Fig. 7A. These values refer only to the frames of the simulations in which both of
the following conditions were met: 1) cyanidins are present as dimers and 2) dimers were
found to be bound to the alginate (see section 2.6). Four models of alginate were considered,
namely Gy (20 units guluronic acid), Mg (20 units mannuronic acid), G1oMio (block of 10
units guluronic acid and block of 10 units mannuronic acid), and (GM)1 (10 random units of

mannuronic and guluronic acid).

16



g 1 g - 5
& 2 k= System
g 0-“ B g | g- | B Neutral Gy
L o P B Neutral My
© 0 n
8 e [l B e ﬂ I Neutral G10M10
wn -1- ' 1 O - | 1 O 1 1 |
4+ 1 ) & i
= @} @} j
= ‘C 2 ‘ C 8 g System
g 2 o o B Cationic Gyo
- = o BN Cationic My
© " w0 A
E I o ° B Cationic G1oM1o
n —=1- | O 4 I O 4 | Il Cationic (GM)q9
0 10 0 10 -1 C 1
Distances sum (A)  Distances sum (A) Scalar o, ~~uct
B C
‘ dz\/w‘
b, Y 4
\\ Y. COCA
R d,“x\"\; N\

Fig. 7. A) Sampled distributions of t.. na. ed values of the “scalar product”, “distances sum”
and “cross product” (as defined in sec:icn 2.6) for each of the systems considered. The most
significant conformations obtained 1" k-means clustering (see section 2.6), and the vectors
used in the geometric analysis tor ) neutral CND, and C) cationic CND.

We considered alginate me'acui s purely consisting of guluronic acid and purely composed
of mannuronic as the int :rac.'on of the cyanidin with one or another block may be different
with the G or M residues. Cyanidin was considered in its neutral and cationic state. For each
system, three simulations were carried out from different randomly obtained conformational
starting points. It is worth noting that the dimerization of the neutral cyanidin was observed
for all models except (GM)10. To provide a quantitative picture of the interaction behaviour
between the cyanidin molecules and the alginate, three parameters were calculated from the
MD trajectories, the “scalar product”, “distances sum” and the “cross product”, as defined in

section 2.6.

From MD data it appears that the different cyanidin charge states result in different sets of
values of these parameters, indicating that different conformations of the cyanidin dimers -

interacting with alginate - are sampled. In particular, neutral cyanidin dimers display a higher
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conformational freedom in the subspace defined by the three geometrical parameters,
favouring a conformation in which the two monomers can be considered in a cross-like
geometry as shown in Fig. 7B. In such a conformation the ortho phenol rings of each
cyanidin lie one parallel to the other while the glucose rings point in opposite directions. The
fused aromatic rings of the cyanidins are only partially overlapping in this arrangement.
Other possible conformations are shown in the supporting information (Fig.S4). For the
cationic state, fewer conformations are sampled along the MD trajectories. A shifted parallel
dimer was the most sampled in the models considered (see Fig. 7C) and, to a lesser extent, an
antiparallel conformation. The structures shown in Fig. 7B and 7C were obtained by
performing a k-means clustering. In the shifted parallel conformasion, the charge of the fused
aromatic rings of cyanidin points in the same direction for the two CND in the dimer, with a
high overlap of their aromatic rings, i.e. orto phenolic ring to o to phenolic ring and fused
aromatic rings to fused aromatic rings, while the gluce<e 1:1gs lie in a perpendicular plane.
The neutral CND dimer in interaction with alginate prc*®2:entially found in cross-like
conformations (high population around 0 of the c-.iar product), may correspond to a
maximum of the CD signal (which can be ass. meu to have a dependence on the sinus of the
angle between the transition moments (i, ard i,) of the two CNDs, according to the:

R o« — 7+ (i; X [i,), as described by ~antor and Schimmel (Cantor & Schimmel, 1980),
where R is the rotational strength, 7 (s u = distance between the centres of mass of the two
CNDs, and x that indicates the cioss nroduct. This is indeed observed in CD spectra. At pH
4.0, CND is present in a non ci.orged form and the CD bands are the strongest. On the other
hand, at lower pH, high po}latiuns of conformers CND dimers are present as parallel dimers
are found with CND in catior ic form. In this condition the angle between CND molecules is

near 0°, resulting in a low CD signal, as observed experimentally.

The complexation of CND with alginate has shown a rich and unexpected behaviour. In our
initial thoughts complexation at lowest pHs of alginate with CND bearing a positive charge
should be the most attractive condition for encapsulation since at pH 4.0 and 5.0 the limited
charges of CND should not favour association with alginate. However, at these pHs
CND/alginate complexes show the most interesting features. Electrostatic complexation
interplays with self-association for the formation of the complexes. At pH 4.0 and 5.0, the
formation of fibrillar structures with a fractal geometry in the CND/alginate complexes hints
at a supramolecular association among the CND, which is not present for free CND in bulk,
and which must be induced by the interaction with alginate. It seems that for the charged
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flavylium ions at low pH, the strong electrostatic interaction prevents large association of
CND in the complexes since these retain the conformational characteristics of free alginate.
UV spectra show that the complexation with alginate favours other forms of CND different
from the predominant form in solution at the considered pHs, implying a lower local pH in
the alginate. Most notably is the increase in the intensity of the hemiketal forms, while with
the visual colour of the samples indicates the presence of the neutral quinone base, even at
pH 5.0 where it is not predominant. The stabilization of supramolecular CND structures by
alginate also leads to interesting chiral properties that should come from the organization of
the cyanidin at pH 4.0 and 5.0. The most intense chirality is observed at pH 4.0, where CND
forms more compact assemblies with alginate. MD simulations suagest a different spatial
organization of CND with pH: cationic forms at pH below 3.t shculd arrange with their
charges parallel pointing out towards the alginate, while non ct arged CND should display a
crossed arrangement, which is probably responsible fer su ~ng signal observed in the CD
spectra in this condition, with the intensity of the CD s:~ral increasing with the sinus of the
angle between the transition dipole moments of “n¢ two chromophores. While conclusive
proof of the spatial arrangement of CND in CX'D/aiginate complexes was not obtained, the
organization of CND suggested by MD < 'mi'.ations explains some of the features of the

complexes observed our experimentas ‘work.
4. Conclusions

The interaction of CND with a:inawe is strongly influenced by pH for the range of pHs
shown in this work, from 2.5 to 2.0. The complexation of CND with alginate favours CND
association through dimcriza ion, resulting in interesting chiral properties. CD spectra from
the complexes show featu ves with pH very different from free CND in solution with respect
to intensity and sign of the bands of the spectra. UV spectra suggest that CND is present
predominantly in the hemiketal and neutral quinoid base forms in the complexes at pHs over
3.6. These forms, not charged, could allow for the formation of larger CND aggregates,
which could explain the fibrillar structure and the fractal arrangement of the complexes at pH
4.0 and 5.0. At pH 3.0 the complexes behave as a disordered polymer, and chiral properties
are similar to those of free CND. At acidic pHs the positive charge of the predominant
flavylium ion must prevent large association of the CND over dimers. MD simulations hint at
a crossed arrangement of CND molecules in dimers at pH 4.0, whereas at pH 3.0, CND must

form parallel dimers.
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