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Abstract Cyanidin and cyanidin 3-O-B-glucopyranoside
(Cy3Glc) are flavonoids that have several biological
properties, including as antioxidants. The interactions of
cyanidin and Cy3Glc with model lipid membranes differ-
ing in surface charge and phase state were investigated
using differential scanning calorimetry and fluorescence
emission polarization spectrometry. Differential scanning
calorimetry shows that cyanidin and Cy3Glc have no
effects on the phase transition of zwitterionic liposomes
composed of the 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) and negatively charged liposomes com-
posed of 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol
(DPPG) at pH 7.0. Emission polarization spectrometry
using 1,6-diphenyl-1,3,5-hexatriene (DPH) and N,N,N-tri-
methyl-4-(6-phenyl-1,3,5-hexatrien-1-yl)phenylammonium
p-toluenesulfonate (TMA-DPH) probes shows that cyani-
din slightly increases the polarization of DPPC and DPPG
liposomes in the gel state at 298.15 K. Significant ordering
effects of cyanidin on DPPC liposomes in the liquid state at
318.15 K and no effect on the liquid state of DPPG at
318.15 K were observed using the DPH and TMA-DPH
probes. Cy3Glc causes no change in polarization regardless
the gel or liquid-disordered state of DPPC or DPPG lipo-
somes. Cy3Glc due to its glucoside moiety is too bulky to
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partition into water—lipid interface or between the nonpolar
acyl chains of membranes. The results of this work may
contribute to understanding the low bioavailability of
glycosides.

Keywords Cyanidin - Cyanidin 3-glucoside - DPPC and
DPPG model membranes - DSC - Fluorescence emission
polarization of DPH and TMA-DPH

Introduction

Anthocyanins are a group of flavonoids that are found in
various fruits and vegetables and have several biological
activities, including antioxidant activity, which plays a
vital role in the prevention of neuronal and cardiovascular
illnesses, cancer and diabetes, among others [1]. Epi-
demiological studies have suggested that anthocyanins
have cardioprotective functions in human [2], and other
studies have suggested that anthocyanins inhibit tumor-cell
growth in vitro and suppress tumor growth in vivo [3].

The high antioxidant potential of anthocyanins has been
shown in vitro using several antioxidant systems that are
based on quenching free radicals in cell-free systems.
These tests have included radical scavenging capacity,
using 2,2’-diphenyl-1-picrylhydrazyl [4-6] or 2,2'-azino-
bis-(3-ethylbenzothiazoline-6-sulfonic acid) [6], ferric-re-
ducing antioxidant activity [7], oxygen radical absorbance
activity [8-10], and antioxidant activity in human low-
density lipoprotein [5, 11], methyl linoleate [5, 12], and
liposome [11] systems.

In cell membranes, free radical peroxidation of lipids
disrupts the structural and protective functions of the lipids,
which can result in several pathological events [13]. The
molecular mechanisms of polyphenol antioxidant action
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are poorly understood, and it has been suggested that the
antioxidant properties of polyphenols lies in their ability to
insert into cell membranes and to modify the lipid packing
order, and thus fluidity. Flavonoids and isoflavonoids can
partition into the hydrophobic core of membranes and
cause dramatic decreases in lipid fluidity in this region of
the membrane [14, 15]. Localization of flavonoids and
isoflavonoids in the membrane interiors and the resulting
fluidity restrictions to the membrane components might
sterically hinder diffusion of free radicals, and thereby
decrease the kinetics of free radical reactions [14, 15].

Following their ingestion, anthocyanins have been
detected intact in blood [16, 17], at considerably shorter
times than those seen for other flavonoids [18]. They are
also found in plasma as intact glycosylated compounds.
The rapid diffusion of anthocyanins across the gastro-in-
testinal barrier is via membrane transporters that promote
their specific, sequential translocation from the gastro-in-
testinal lumen into epithelial cells, and from these epithe-
lial cells into the blood [19]. Bilitranslocase is a membrane
transporter in the gastric epithelium that appears to be
relatively specific for anthocyanins. The poor bioavail-
ability of anthocyanins appears to arise as they are trans-
ported into intestinal cells by a carrier-mediated
mechanism that has a high affinity, although low capacity,
of transport. Contrary to many other organic anions, the
anthocyanins are apparently not transported by intestinal
membrane carriers other than bilitranslocase, although this
needs to be further investigated [19]. With biological and
model membranes, the interactions between some flavo-
noids and lipid bilayers result in either their binding at the
lipid—water interface or their distribution into the
hydrophobic core of the membrane, with these different
locations being determined by the chemical properties of
the flavonoids [20].

To better understand the antioxidant activities and
transport of cyanidin and cyanidin 3-O-B-glucopyranoside
(Cy3Glc) across membranes, it is thus important to deter-
mine their locations in the membranes and their effects on
the lipid packing order, and hence the membrane fluidity.
In the present study, we investigated the interactions of
cyanidin and Cy3Glc with model lipid membranes that
differ in surface charge and phase state (gel or liquid). The
interaction of cyanidin and Cy3Glc with one of the main
membrane lipids, namely 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), and its negatively charged coun-
terpart 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glyc-
erol) (DPPG) as model membranes was studied. DPPC is
one of the main lipids in eukaryotic cell membranes [21],
and the usage of DPPC in membrane studies is very
common [22-26]. They are responsible for several features
of the bilayer like stability and semipermeable properties
[27]. DPPG is chosen as an experimental model lipid since
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it is the negatively charged counterpart of DPPC and so is
used in order to understand the effect of charge status in
cyanidin and Cy3Glc-model membrane interactions as
reported in other studies [25, 28-31]. DPPG has the same
acyl chain length with DPPC, but has negative charge and
is used to understand the charge effect on bioactive
molecules—membrane interactions [25, 26, 28-31]. It is
known that a difference in the phospholipid head group
causes different intermolecular interactions, drawing to
different packing abilities [31, 32]. Providing such further
understanding of the effects of cyanidin and Cy3Glc on
these biophysical properties of membranes can help in the
determination of the mechanism(s) of their action(s) as
antioxidants and of their transport through cell membranes.
Here, the effects of cyanidin and Cy3Glc on the gel-to-
liquid crystalline phase transition (Lg'—Pg'-L, phase tran-
sition divided into pre-transition, Lg'~Pg/, and main tran-
sition, Pﬁ’—Lu) of model membranes of the zwitterionic
DPPC and of the negatively charged DPPG were investi-
gated using differential scanning calorimetry (DSC). The
localization of cyanidin and Cy3Glc in these DPPC and
DPPG membranes and their effects on the membrane flu-
idity were studied using fluorescence emission polarization
of the fluorophores 1,6-diphenyl-1,3,5-hexatriene (DPH)
and N,N,N-trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-
yDphenylammonium p-toluenesulfonate (TMA-DPH).

Materials and methods
Chemicals and reagents

The chloride salts of cyanidin and Cy3Glc were from
Polyphenols Laboratories AS (Sandnes, Norway) (Fig. 1).
The DPPC and DPPG (sodium salt) phospholipids were
from Avanti Polar Lipids (Alabaster, AL, USA). The flu-
orophores DPH and TMA-DPH were from Aldrich
Chemical Co. (Milwaukee, WI, USA). The 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES) was
from Sigma-Aldrich (Steinheim, Germany). All of the
other chemicals used were of analytical grade and were
from Merck (Darmstadt, Germany). The water used for all
experiments was purified using a Milli-Q system from
Millipore (resistivity >18 MQ cm) (Bedford, MA, USA).

Preparation of vesicles

Multilamellar vesicles (MLVs) were prepared from DPPC
and DPPG using the thin-layer-film method [36]. Briefly,
DPPC and DPPG were dissolved separately in methanol/
chloroform (DPPC: 3:7, v/v; DPPG: 1:9, v/v) and trans-
ferred to rotary flasks, where the solvents were completely
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Fig. 1 Chemical structures of cyanidin and Cy3Glc in aqueous
solutions at pH 7.0 [33-35]. At C-3 for cyanidin R = H, for Cy3Glc
R = Glc

evaporated off under reduced pressure (1000 Pa), followed
by vacuum drying. After these lipids had formed a thin
film, HEPES (20 mmol dm ™, pH 7.0) heated to 323.15 K
(above the gel-to-liquid crystalline phase transition [7},] for
DPPC and DPPG) was added, and the mixture was vor-
texed vigorously to form MLVs. The final lipid concen-
tration of the vesicles was 2.0 mg cm ™.

For DSC measurements, the DPPC and DPPG MLVs
were used at a final concentration of 0.5 mg Cm73, in the
same buffer. For fluorescence measurements, small unil-
amellar vesicles (SUVs) were prepared from these MLVs
by disintegration with a high-intensity ultrasonic cell dis-
rupter Vibracell VCX 750 (Sonics and Materials, New-
town, CA, USA) in an ice-cold bath for a total of 15 min,
as continuously repeated 10 s on-off cycles at 40%
amplitude of 750 W [37]. The SUVs for the fluorescence
measurements were prepared in 20 mmol dm > HEPES,
pH 7.0, at the final DPPC and DPPG concentrations of

0.1 mg cm .

Differential scanning calorimetry

To follow the effects of cyanidin and Cy3Glc on the gel-to-
liquid phase transitions of MLVs composed of DPPC or
DPPG (0.5 mg cm™>), a NANO DSC series III system was
used (Calorimetry Science, Provo, UT, USA). The phase
transitions of the MLVs at pH 7.0 (20 mmol dm > HEPES
buffer) were monitored with cyanidin and Cy3Glc at a 1:1
and 2:1 molar ratio to DPPC, and a 1:1 molar ratio to
DPPG. The molar ratio, R = 2:1, of cyanidin and Cy3Glc
to DPPC was used to intensify the magnitude of

interactions. To prepare cyanidin/Cy3Glc-containing lipo-
somes, the required amount of cyanidin/Cy3Glc from stock
solution was initially put into the sample tube, excess of
methanol was evaporated by nitrogen flux, and then lipo-
somes suspension (0.5 mg cm ) in HEPES buffer was
added and vortexed. The samples were degassed under
vacuum and loaded into the calorimetric cell, in which they
were heated/cooled repeatedly in the temperature range of
283.15-343.15 K, with a heating/cooling rate of
1 K min~". The first DSC scan was used to determine the
temperature of pre-transition (7p.), the temperature of gel-
to-liquid lipid-phase transition (7},), and the model-inde-
pendent calorimetric enthalpy (AH.,). The subsequent
scans were used to determine the reversibility of the lipid-
phase transition. The OriginPro 8.1 software (OriginLab
Corporation, Northampton, MA, USA) was used to eval-
uate the enthalpies and temperatures of transition from the
DSC curves.

Florescence polarization

The fluorescence polarization measurements of DPH and
TMA-DPH were performed in a 10-mm-path-length cuv-
ette using a Cary Eclipse fluorescence spectrophotometer
(Varian, Mulgrave, Victoria, Australia) equipped with a
magnetic stirrer, a thermostatically controlled cell holder,
and a digital thermocouple that allowed direct temperature
measurements of the samples. The temperatures of 298.15
and 318.15 K were used for the DPPC and DPPG SUVs
(above and below the DPPC/DPPG main transitions).
Varian auto-polarizers were used, with slit widths with a
normal band-pass of 5 nm for both excitation and emission.
DPH and TMA-DPH were added to 0.1 mg cm™> solutions
of SUVs of pure DPPC or DPPG in 20 mmol dm™>
HEPES, pH 7.0. The final concentrations of DPH and
TMA-DPH were 0.5 pmol dm™ and 8 pmol dm™,
respectively. Solutions of these DPPC or DPPG SUVs with
DPH or TMA-DPH were titrated using the addition of
aliquots of 2 mmol dm ™ cyanidin or Cy3Glc solutions in
methanol, to obtain cyanidin/Cy3Glc:DPPC/DPPG molar
ratios from 1:1 to 2:1. The control experiment was per-
formed to follow the effect of methanol on DPPC or DPPG
SUVs with DPH or TMA-DPH. After each cyanidin and
Cy3Glc addition, the samples were allowed to equilibrate
for 10 min. DPH and TMA-DPH fluorescence emission
polarization was measured in the presence of these DPPC
or DPPG SUVs as a function of the concentrations of
cyanidin and Cy3Glc. An excitation wavelength of 358 nm
was used, with the excitation polarizer oriented in a vertical
position, while the vertical and horizontal components of
the polarized emission light were recorded through a
monochromator at 410 nm, for both of the probes. The
values of the G-factor (the ratio of the sensitivities of the
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detection system for the vertically and horizontally polar-
ized light) were determined separately for each sample.
The DPH and TMA-DPH polarization (P) was calculated
using the built-in software of the instrument, according to
Eq. (1):

I — GIL

= 1
I||+GIL ()

where I and I, are the fluorescence intensities of the
vertically and horizontally polarized emissions, respec-
tively, when the samples were excited with vertically
polarized light [38].

Kinetic stability of cyanidin and cyanidin 3-O-f-
glucopyranoside at 328.15 K

To get insight the kinetic stabilities of cyanidin and Cy3Glc
at temperature above the DPPC/DPPG main phase transi-
tion (328.15 K) in 20 mmol dm~> HEPES, pH 7.0, the
absorption spectra of the cyanidin and Cy3Glc solutions
were recorded in 30 min time intervals. The chloride salts
of cyanidin and Cy3Glc were dissolved in 20 mmol dm >
HEPES, pH 7.0, to the final concentration of
0.25 mmol dm™>. The absorption spectra (190-900 nm) of
these cyanidin and Cy3Glc solutions were recorded at
328.15 K using a Cary 100 Bio UV-Vis spectrophotometer
(Varian, Mulgrave, Victoria, Australia) in a thermostated
10-mm-path-length quartz cell, using a digital thermocou-
ple that allowed direct temperature measurements of the
samples, and with 20 mmol dm™> HEPES, pH 7.0, as the
reference. Each spectrum was corrected for the blank
solution. The decreases in absorbance, as percentages rel-
ative to the initial absorbance at time zero (%), are plotted
as a function of time at 568 nm for cyanidin and at 559 nm
for Cy3Glc. The data were fitted by built-in mathematical
model (ExpDecl and ExpDec2) for first-order reaction
from which the rate constant of reaction k; and k, were
obtained using the OriginPro 8.1 software (OriginLab
Corporation, Northampton, MA, USA).

Results and discussion

Energetic impact of cyanidin and cyanidin 3-O-f-
glucopyranoside on DPPC and DPPG gel-to-liquid
phase transition

Lipid-phase transitions can be followed using DSC, which
measures heat flow as a function of temperature [26]. The
main gel-to-liquid phase transition of lipids occurs at the
transition temperature, T,,, generally gives rise to a very
intense and sharp peak in the heat capacity and corresponds
to Pg'—L, transition from ripple gel intermediate phase
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(Pﬁ’ ) to liquid crystalline (L,). On the other hand, the pre-
transition temperature, Ty, is usually detected as a much
less intense and broader peak at lower temperatures and
corresponds to Lg'~Pg’ transition from quasi-lamellar (Lg)
to ripple gel intermediate phase (Pg') [26]. To study the
cyanidin and Cy3Glc lipid interactions, DPPC and DPPG
MLVs were chosen as the model membranes. Phospho-
choline and phosphoglycerol lipids with the same acyl
chains are known to show similar thermal behaviors [39].

Figures 2 and 3 show the lipid thermotropic phase
behaviors of the DPPC and DPPG MLVs, respectively,
without and with the addition of cyanidin and Cy3Glc. The
T, of DPPC and DPPG in the absence of cyanidin and
Cy3Glc was 314.35 (£0.2) K and 313.55 (£0.2) K,
respectively (Table 1). These data are in agreement with
the literature data [26, 40, 41]. The main transition is ascribed
to the reorientation of acyl chains from an ordered structure
into a tilted configuration, as the well-known Lg'-L, phase
transition. This thermotropic behavior can be studied using
DSC, and it can be influenced by small molecules that can
dissolve in the ordered lipid bilayer structure [42, 43].

In Fig. 2, the effects of cyanidin and Cy3Glc addition on
the thermotropic phase behavior of the DPPC MLVs can be
seen at the 2:1 molar ratio of cyanidin or Cy3Glc to DPPC.
At the molar ratio of 1:1, there were no effects of cyanidin
and Cy3Glc on the phase transition of these DPPC MLVs.
Even at the 2:1 molar ratio, there were also no effects of
cyanidin and Cy3Glc on the phase transition of DPPC in
this temperature range from 283.15 to 343.15 K (Fig. 2).
The integral of the excess heat capacity gives the enthalpy
change, AH,,, that is associated with gel-to-liquid transi-
tion. The thermodynamic parameters of this transition are
given in Table 1. Detailed inspection of Table 1 reveals
that cyanidin and Cy3Glc have no significant effects on the
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Fig. 2 Differential scanning calorimetry profiles in the absence and
presence of cyanidin and Cy3Glc for the DPPC MLVs at a 2:1 molar
ratio (ney/cy3Gic/npppc), Tespectively
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Fig. 3 Differential scanning calorimetry profiles in the absence and
presence of cyanidin and Cy3Glc for the DPPG MLVs, at a 1:1 molar
ratio (ncy/cy3Gic/Mpppc), respectively

thermal and enthalpic stabilization of the DPPC MLVs at
2:1 ratio of cyanidin/Cy3Glc to DPPC MLV, as the tem-
perature and enthalpy of the gel-to-liquid transition do not
change significantly (Table 1). Based on this DSC profile,
it is likely that there are no significant interactions between
the neutral cyanidin and Cy3Glc with these zwitterionic
DPPC MLVs.

In Fig. 3, the effects of cyanidin and Cy3Glc on the
thermotropic phase behavior of the DPPG MLVs are shown,
at a molar ratio of 1:1 for cyanidin/Cy3Glc to DPPG.

The interactions of cyanidin and Cy3Glc with the neg-
atively charged DPPG MLVs slightly change Ty, (Fig. 3;
Table 1). The Tj,. in the presence of cyanidin does not
change, while the pre-transition peak in the presence of
Cy3Glc disappears. The main transition peak in the ther-
mograms became smaller and broader, although the
enthalpy did not change (Fig. 3; Table 1). Cyanidin and
Cy3Glc have no effects on enthalpic stabilization/

destabilization of the main transition of these DPPG MLVs
at molar ratio 1:1 (Table 1).

Thus from the DSC data, cyanidin and Cy3Glc ther-
mally and enthalpically do not stabilize the negatively
charged DPPG MLVs (Fig. 3; Table 1). The polar head-
group of DPPG is negative, and it has two -OH groups on
the glycerol moiety. At pH 7.0, cyanidin and Cy3Glc are in
the neutral form of quinonoidal bases, hemiacetal pseu-
dobases and chalcone [33, 44] (Fig. 1) which cannot
interact electrostatically as we would have expected. The
negligible changes in the enthalpy of the main transition,
AH,,, that are generally seen for cyanidin and Cy3Glc
might be due to a superficial interaction of cyanidin and
Cy3Glc with lipids at the level of the polar head groups of
DPPC and DPPG as it was observed before for some fla-
vonoides [45].

Effects of cyanidin and cyanidin 3-O-§-
glucopyranoside on DPH and TMA-DPH
polarization in model lipid membranes of DPPC
and DPPG

Steady-state polarization measurements were made for the
DPPC and DPPG SUVs at different temperatures (so at
different phase states of the lipids) and in the presence of
cyanidin and Cy3Glc, at different molar ratios. Fluores-
cence polarization was measured using two fluorescent
probes: DPH and TMA-DPH. These two fluorescence
probes were used because each of them embeds itself in
different regions of the lipid bilayer. The DPH probe is an
apolar molecule which is incorporated into the hydropho-
bic region of the liposome bilayer with its long axis parallel
to the acyl chains [41, 46], while the TMA-DPH probe is
positioned at the fourth carbon atom in the transient region
between the hydrophobic and hydrophilic parts of the
bilayer [41]. This differential incorporation of these probes
provides insight into the structural changes caused by the

Table 1 Thermodynamic profiles of DPPC and DPPG MLVs (pH 7.0) in the absence and presence of cyanidin and Cy3Glc at different molar

ratios (R)

MLV? conditions R T /K AH.,/kJ mol ™! AT, /K
DPPC - 314.35 £ 0.2 44.0 £ 2.0 0.6 £ 0.1
Cyanidin + DPPC® 2:1 31435 £ 0.2 448 £ 2.0 0.6 £ 0.1
Cy3Glc + DPPC® 2:1 31435 £ 0.2 463 £ 2.0 0.6 + 0.1
DPPG - 313.55 £ 0.2 36.0 + 2.0 1.1 £0.1
Cyanidin + DPPG 1:1 313.75 £ 0.2 353+ 20 09 £ 0.1
Cy3Glc + DPPG 1:1 313.75 £ 0.2 35.6 £ 2.0 1.8 £0.1

* MLVs at 0.5 mg cm > DPPC/DPPG

" The higher molar ratio, R = 2:1 of cyanidin and Cy3Glc to DPPC, was used to intensify the magnitude of interactions

Data are mean = SD (n = 3)
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incorporation of cyanidin and Cy3Glc [14, 41, 46, 47]. The
degrees of DPH and TMA-DPH fluorescence polarization
reflect the degree to which the molecules of these fluo-
rescence probes are reoriented during the excited state.
This is seen as a decrease in the degree of reorientation
(and thus an increase in that of polarization) in an envi-
ronment in which motion is restricted, i.e., a closely
(tightly) packed, ordered (less fluid) lipid environment.
There is the greatest polarization (i.e., the lowest fluidity)
with the highest gel state of the lipids and the lowest in the
liquid-disordered state and intermediate in the liquid-
ordered state [48].

These data from the steady-state DPH and TMA-DPH
polarization measurements for the addition of cyanidin or
Cy3Glc to the DPPC SUVs at 298.15 K and 318.15 K are
shown in Fig. 4.

To study the effects of cyanidin and Cy3Glc on the
DPPC SUV properties in a gel-crystalline state, steady-
state DPH and TMA-DPH polarization measurements were
performed at 298.15 K. The polarization of DPH before the
addition of cyanidin or Cy3Glc to these DPPC SUVs was
0.396. The addition of cyanidin to DPPC increased the
polarization of DPH in the whole concentration range up to
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molar ratios 2.0 (Fig. 4a). These data indicate that cyanidin
has a slight membrane-ordering effect on DPPC SUVs in
the gel state. In comparison, Cy3Glc has lower effect on
the lipid hydrophobic region, where the non-specific DPH
probe is located (Fig. 4b).

The polarization of TMA-DPH in these DPPC SUVs at
298.15 K and before the addition of cyanidin or Cy3Glc was
0.430, and this increased only slightly after the addition of
cyanidin or Cy3Glc (Fig. 4c, d). As indicated by the fluo-
rescence polarization at the interphase between the hydro-
philic and hydrophobic parts of these DPPC SUV
membranes (i.e., the level at which the TMA-DPH probe is
incorporated), cyanidin caused a small and constant increase
in polarization (ordering) of DPPC SUVs (Fig. 4c).

To study the effects of cyanidin and Cy3Glc on the
DPPC and DPPG SUV properties in a liquid state, we
performed steady-state DPH polarization measurements at
318.15 K (Fig. 4a, b). The transition temperature of DPPC
is 314.15 K, and so at 318.15 K the DPPC in these SUVs is
in the liquid unordered state. Before addition of cyanidin or
Cy3Glc, the polarization of DPH in the DPPC SUVs at
318.15 K was 0.147. With increased cyanidin addition, the
DPH polarization in the DPPC SUVs increased, indicating
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Fig. 4 Polarization (P) of the fluorophors DPH (a, b, crosses) and TMA-DPH (¢, d, crosses) with the addition of cyanidin (a, ¢, circles) and
Cy3Glc (b, d, triangles) to the DPPC SUVs at different molar ratios (R) at 298.15 K (closed symbols) and 318.15 K (open symbols)
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that cyanidin had a strong membrane-ordering effect on the
liquid-state DPPC SUVs (Fig. 4a), while Cy3Glc had no
effects (Fig. 4b).

Before the addition of cyanidin or Cy3Glec, the polar-
ization of TMA-DPH in these DPPC SUVs in the liquid
state at 318.15 K was 0.277, and after the addition of
cyanidin, the polarization increased across the whole con-
centration range (Fig. 4c). However, with the addition of
Cy3Glc, there were no effects on the polarization of TMA-
DPH in these DPPC SUVs at 318.15 K (Fig. 4d).

A comparison of cyanidin and Cy3Glc can explain this
effect, considering that cyanidin has a polar surface area of
114.29 A% and a partition coefficient between octanol and
water (log P3) of 3.05, and Cy3Glc has a polar surface area
of 193.44 A% and a log P5 of 0.39 [49]. Thus, cyanidin is a
less polar and smaller molecule compared to Cy3Glc, and
these data indicate that at the temperature of 318.15 K,
where the DPPC SUV membranes are in a liquid state,
cyanidin affects the polarization values of DPH and TMA-
DPH in DPPC SUVs. It is likely that cyanidin can partly
insert into the water—lipid interface of SUV and enhance
the order of nonpolar acyl chains of DPPC. The discrep-
ancy observed by studying the cyanidin interactions with
DPPC lipids by polarization measurements and DSC can be
due to different form of liposomes, SUV and MLV,
respectively. Several studies showed that the curvature of
the membrane due to the macromolecular size and shape
affects the thermodynamic properties. DSC scans showed
that small unilamellar vesicles (SUVs) have lower enthal-
pic peaks and greater widths compared to multilamellar
vesicles (MLVs). SUVs also have more mobility and less
order in the hydrocarbon chains [50].

It can thus be postulated that cyanidin becomes con-
centrated in the hydrophobic part of these DPPC SUVs and
in the transient region between the hydrophobic and
hydrophilic parts of the membrane. According to
Arora et al. [14], a greater degree of structural order and
rigidity of membranes can reduce the mobility of free
radicals in the lipid bilayer. Consequently, this decreased
membrane fluidity would result in inhibition of lipid per-
oxidation due to the slow-down of free radical reactions
[14]. It is interesting that these interactions do not have any
impact on the thermal stability of these DPPC SUVs, as can
be seen from the DSC data at molar ratio of 2 mol cyanidin
to 1 mol lipid.

In addition to these neutral DPPC liposomes, we
examined the effects of cyanidin and Cy3Glc on liposomes
of the anionic lipid DPPG. The DSC study above (Fig. 3)
showed, similarly as it was observed for DPPC liposomes,
that cyanidin and Cy3Glc do not have significant effect on
the thermodynamic parameters of gel-to-liquid transition
(Table 1) of the DPPG MLVs. Therefore, the polarization
measurements of DPH and TMA-DPH in the presence of

these DPPG SUVs were performed at 298.15 K for the
model membranes in the gel state, and at 318.15 K for the
model membranes in a liquid-disordered state.

Thus, to study the effects of cyanidin and Cy3Glc on
the DPPG membrane properties in the gel state, we per-
form steady-state DPH polarization measurements at
298.15 K with SUVs composed of DPPG (Fig. 5a, b).
The polarization of DPH in these DPPG SUVs before the
addition of cyanidin or Cy3Glc was 0.420. The addition
of cyanidin caused an initial increase in polarization up to
0.437, while the addition of Cy3Glc caused no change in
the polarization of DPH in DPPG lipids (Fig. 5a, b).These
data indicate that cyanidin increases the ordering and
decreases the dynamics of the phospholipid alkyl chains
in the DPH environment; or in other words, the mem-
branes initially become more ordered when they incor-
porate of cyanidin.

The polarization of TMA-DPH in this DPPG SUVs at
298.15 K before the addition cyanidin or Cy3Glc was
0.379. Cyanidin caused increase in the polarization of
TMA-DPH, while Cy3Glc had no significant effect on the
polarization in the whole concentration range (Fig. 5c, d).
As the TMA-DPH probe is located in the interphase
between the hydrophilic and hydrophobic parts of mem-
brane, this indicates that this part of the lipid bilayer in gel
state is affected by cyanidin but not with Cy3Glc.

As indicated above, the impact of cyanidin and Cy3Glc
on the properties of these DPPG SUVs in the liquid state
was studied at the temperature of 318.15 K, where the DPH
polarization before the addition of cyanidin and Cy3Glc
was 0.154. These DPPG SUVs were in a liquid-disordered
state, and the addition of cyanidin or Cy3Glc had no sig-
nificant effects on the DPH polarization (Fig. 5a, b). These
data indicated that cyanidin and Cy3Glc have no effects on
the DPPG SUV membrane properties at this temperature.
Similar results were obtained when the TMA-DPH probe
was used. The polarization of TMA-DPH in these DPPG
SUVs at 318.15 K before addition cyanidin or Cy3Glc
was 0.270, and this did not change after their addition
(Fig. 5c¢, d).

Thus, at 298.15 K, cyanidin influences the structure of
the DPPG liposomes in the gel state, while Cy3Glc does
not. No effect of Cy3Glc on polarization was seen across
the whole concentration range using the DPH or TMA-
DPH membrane probe. It is likely that cyanidin and
especially Cy3Glc do not interact with negatively charged
groups of DPPG. They can interact on the surface of these
liposomes (which will initially increase the surface rigid-
ity) and then partially insert between the water—lipid
interface, thus causing an increase in the rigidity of the acyl
chains deeper in the liposome bilayer. This conclusion
explains the data obtained with the DSC measurements,
which show that cyanidin and Cy3Glc do not affect the
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Fig. 5 Polarization (P) of the fluorophors DPH (a, b, crosses) and TMA-DPH (¢, d, crosses) in the presence of DPPG SUVs at different molar
ratios (R) of cyanidin (a, ¢, circles) and Cy3Glc (b, d, triangles) to DPPG at 298.15 K (closed symbols) and 318.15 K (open symbols)

thermal stability of DPPG liposomes (no observed increa-
ses in Ty,).

Our data suggest that cyanidin influences the
hydrophobic part and transient region between hydropho-
bic and hydrophilic parts of the DPPC liposomes in the
liquid state by modifying the lipid packing order. Cyanidin
thus increases the ordering and decreases the dynamics of
the phospholipid alkyl chains of these liposomes in the
liquid-disordered form. This appears to be because when
the liposome membranes are in the liquid state, the less
polar and smaller molecule of cyanidin (compared to
Cy3Glc) can more easily insert between the nonpolar acyl
chains of DPPC, and thus interact with them more easily.
The more polar and bulkier Cy3Glc molecule (compared to
cyanidin) has very little effect on the structure and energy
of these neutral DPPC liposomes, irrespective of whether
they are in the gel or liquid forms. Similar data were
reported by Bonarska-Kujawa for selected anthocyanins
interactions with erythrocytes and liposome membranes
[47]. They conclude that the anthocyanins cause insignifi-
cant changes in the membrane structure and that their
action is limited to the membrane surface, which indicates
that the substances are effective and safe antioxidants [47].

@ Springer

Kinetic stability of cyaniding and cyanidin 3-O-f-
glucopyranoside at 328.15 K

To eliminate any influences of thermal stability of cyanidin
and Cy3Glc on the data for the fluorescence polarization
measurements, we studied the kinetic stability of cyanidin
and Cy3Glc at 328.15 K. The time-stability of cyanidin
and Cy3Glc at 328.15 K was investigated using UV-Vis
spectrometry, in 20 mmol dm~> HEPES, pH 7.0, which
was as used for the liposome preparation. The decrease in
the absorbance at a constant wavelength as a function of
time was expressed as the remaining absorbance relative to
the starting absorbance at time zero (as percentages). These
data obtained for cyanidin and Cy3Glc at 328.15 + 0.1 K
are presented in Figs. 6, 7.

For the given conditions here, the changes in absorbance
with time for cyanidin differed from those for Cy3Glc. At 1,
cyanidin showed two main bands in the visible range, as one
broad band with maximum absorbance at 568 nm with a
smaller shoulder at around 515 nm, and a narrower band
with maximum absorbance at 418 nm. Further, cyanidin
showed one band in UV range, with a maximum at around
285 nm (Fig. 6a). These bands all showed decreases in
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Fig. 7 Time-stability of cyanidin at 568 nm (closed circle) and Cy3Glc at 559 nm (closed triangle) during storage (up to 300 min) in

20 mmol dm™> HEPES, pH 7.0, at 328.15 + 0.1 K

absorbance with time, whereby the broad band (568 nm)
showed greater decrease in absorbance compared to the
narrower band (418 nm) (Fig. 6a). At t,, Cy3Glc also
showed two main bands in the visible range, with maximum
absorbance at 559 and 437 nm, plus one band in the UV
range, with a maximum at around 280 nm (Fig. 6b). In
parallel with cyanidin, the Cy3Glc 559-nm band showed a
greater decrease in absorbance compared to the Cy3Glc
437-nm band (Fig. 6b). Also, Cy3Glc showed a greater
decrease in absorbance with time at 328.15 K than for
cyanidin: after 10 min, 78.8% of Cy3Glc and 96.5% of
cyanidin were intact, while after 30 min, 64.4% of Cy3Glc
and 91.4% of cyanidin were intact. The rate constants of
degradation obtained by fitting the curve for cyanidin was
(424 02) x 107 min™" and for Cy3Glc is (7.76 +
0.07) x 1072 min~" and (1.2 £0.9) x 1073 min~",
respectively. The Cy3Glc is less kinetically stable at

328.15 K in comparison to cyanidin and degradation results
in the formation of gallic acid, protocatechuic acid, and
2,4,6-trihydroxybenzaldehyde [51]. Since all of these
degradation products are negatively charged, it is unlikely
that they will interact with negatively charged lipids.

Conclusions

Previously, we have studied interactions of several phe-
nolic compounds with model lipid membranes of dif-
ferent composition using a combination of fluorescence
polarization, electron paramagnetic resonance Spec-
troscopy (EPR) and differential scanning calorimetry
(DSC). Our investigations with different flavonoids [tea
catechins and synthetic antioxidant butylated hydroxy-
toluene (BHT)] indicated that total polar surface area
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(TPSA) and polarity of flavonoids are the two main
characteristics which influence the most the properties of
model lipid membranes and that the studied flavonoids
were bounded to the membrane surface predominantly
via hydrogen bonds [52, 53]. It was also shown that
composition of liposomes, especially cholesterol, sig-
nificantly influences the interaction of flavonoids with
cell membrane [52-54]. Here we have shown for the first
time that the surface charge on the membrane and on the
cyanidin and Cy3Glc does not play important role in
binding at pH 7.0 because both compounds are at pH 7.0
in the form of quinonoidal bases and hemiacetal pseu-
dobases and chalcone; therefore, further studies about the
role of membrane charge additionally to the composition
and the structure of flavonoids in their interactions with
membranes are of great importance.
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