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Spectrophotometric and thermodynamic study on the co-pigmentation interaction
between strawberry anthocyanins and quercetin in model systems
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Changes in the visible spectra of strawberry anthocyanins were studied depending on the addition of quercetin as a
co-pigment. The investigations were carried out at different temperatures between 20°C and50 °C. The solution with a
molar pigment:co-pigment ratio of 1:6 exhibits absorption maxima(Amax) at 20 and 30 °C; in solutions with molar ratios
of 1:8 and 1:10 Amax decreases. At temperatures of 40 and 50 °C Amax gradually increases with the increase in the
concentrations of strawberry anthocyanin and quercetin, accompanied by bathochromic and hyperchromic effects.
Experiments were performed at pH=3.4 (0.1 M Mcllvaine buffer). The thermodynamic parameters of the system, AG,

AH and AS were calculated as a function of temperature.
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INTRODUCTION

Anthocyanins represent one of the most
important and most widespread groups of plant
pigments of the class of flavonoids. This group of
pigments is responsible for the existence of most of
the red, blue, and purple colors in flowers and fruits
[1]. Unfortunately, accelerated pigment degradation
occurs during conventional processing and storage
due to the low total content of strawberry
anthocyanins [2] and their inherent heat and light
sensitivity [3]. Therefore, retention of strawberry
color has always been a technological challenge. Co-
pigmentation is regarded today as one of the
significant factors of structure stabilization and
coloration of anthocyanins under in vivo conditions.
In the last years, pigment:co-pigment couples were
studied by different authors and thermodynamic
parameters of the systems were determined.
Marcovic et al. [4] investigated the process of co-
pigmentation of the anthocyanin molecule malvidin
with two organic acids - caffeic and ferulic acid by
electronic absorption spectroscopy. Equilibrium
constant, Gibbs energy and entropy of the co-
pigmentation process were calculated. Color
intensification of anthocyanin solutions in the
presence of natural polyphenols (co-pigmentation)
was re-interpreted in terms of charge transfer from
the co-pigment to the anthocyanin by Da Silva et al.
[5]. It was also demonstrated, for a large series of
anthocyanin-co-pigment pairs, that the standard
Gibbs free energy of complex formation linearly
decreases on increasing the difference between the
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electron affinity of the anthocyanin, EA(Anthoc),
and the ionization potential of the co-pigment,
IP(Cop).Co-pigmentation of  malvin was
investigated by Olivera et al.[6] and Baranc et al.
[7]. The former authorsstudieda series of naturally
occurring colorless organic molecules (co-pigments)
by UV-visible absorption and determined the co-
pigmentation  stability constant.  Co-pigment
formation was defined by kinetic and
thermodynamic parameters obtained by the authors
of [7]. Brouillard et al. [8] investigated the system
caffeoylquinic acid:flavylium cation of malvin
chloride(1:1)using visible absorption
spectrophotometry. Using UV-vis
spectrophotometry, Baranac et al. [9] established
that a process of co-pigmentation takes place
between an anthocyan molecule, malvin chloride
and a non-glycosidized pentahydroxyflavone.
Oszianski et al. [10] investigated the process of co-
pigmentation between isolated acylated anthocyanin
and rutin. The thermodynamic parameters were
related to the structure and position of the
substituents in the interacting molecules. Rose petal
polyphenols were foundas stabilizing agents for
strawberry anthocyanins in real beverage systems by
Mollov et al. [11] and in heated model systems by
Shikov et al. [12]. Recently, Shikov et al. [13-15]
investigated canned and frozen fruits and strawberry
anthocyanins in model solutions depending on the
addition of rose petal polyphenols acting as co-
pigments.

No investigation of the system strawberry
anthocyanin and quercetin was found in the literature
so far. The present study aimed at performing a
spectrophotometric investigation on the system
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pigment:co-pigment to determine its stability at
different temperatures using the equilibrium
constant of the transfer from the co-pigment to the
anthocyanin and other thermodynamic parameters.

EXPERIMENTAL
Chemicals

The co-pigment quercetin dihydrate (97%)was
from GmbH&C0AG Company, Germany. The
reagents used for preparing the Mcllvaine buffer of
pH 3.4 - citric acid monohydrate and disodium
hydrogen phosphate dodecahydrate - were from
Merck (Darmstadt, Germany). The adsorbent resin
Amberlite XAD 16N was purchased from Sigma
Aldrich Co. (St. Louis, MO, USA). All other
reagents and solvents used were of analytical grade.

Extraction, purification and determination of
anthocyanins

Strawberry anthocyanins were extracted and
purified as described by Shikov et al. [12]. Frozen
strawberries  (Fragariaxananassa Duch. cv.
Siabelle, harvest 2014) were thawed and manually
squeezed in a beaker. The homogenized purée was
extracted overnight at 4 °C using methanol acidified
with hydrochloric acid (1%, v/v) at a solvent/solid
ratio of 2.5:1 (v/w). The extraction mixture was
filtered and the organic solvent was evaporated
under vacuum at30 °C. To remove sugars, salts, and
amino acids from the crude extracts, the samples
were purified using a column (465 x 30 mm i.d.)
filled with the adsorption resin Amberlite XAD 16N.
Prior to sample application, the resin was
conditioned and equilibrated by rinsing with 500 ml
of methanol and 1000 ml of water, and acidified with
trifluoroacetic acid (TFA, pH 2). Subsequently,
250 ml of the aqueous strawberry extract were
applied and the column was rinsed with 1000 ml of
acidified water (pH 2). For elution of the pigments,
at least 500 ml of a mixture of methanol and
acidified water (TFA, pH 2) (95:5, v/v) was applied
until the column was colorless. The organic solvent
was evaporated from the eluate under vacuum
(30 °C). To separate anthocyanins from colorless
phenolics, further purification was performed by
extracting the aqueous phase three times with the
same volume of ethyl acetate. After evaporation and
concentration under vacuum (30 °C), the residue was
lyophilized for 72 h.

The total monomeric anthocyanins were assessed
by the pH-differential method, as described by
Shikov et al. [14].The results were expressed as
pelargonidin 3-glucoside equivalents.
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Preparation of model solutions

Stock solutions of strawberry extract, on the basis
of the total anthocyanins, and quercetin dehydrate,
were prepared in Mcllvaine buffer (0.1 M, pH
3.4).Model solutions of strawberry anthocyanins (1
x 104 M)were obtained by mixing equal volumes (5
ml) of the corresponding stock solutions and were
left for equilibration (30 min at 25 °C).

Spectrophotometric measurements

Absorption spectra from 380 to 780 nm were
recorded with a Helios Omega UV-Vis
spectrophotometer equipped with  VISIONIite
software (all from Thermo Fisher Scientific,
Madison, WI, USA) using 1 cm path length cuvettes.

Before measurements, the samples were
thermostated (VEB MLW PRUFGERATE-WERK
Medingen,Sitz Freital, Germany) at 20, 30, 40 or 50
°C, respectively.

Statistical analysis

The results reported in the present study are the
mean values of at least two determinations and the
coefficients of variation were found to be below 2%
in all cases. Linear regression analysis was
performed using the statistical package of Microsoft
Excel.

RESULTS AND DISCUSSION

Since the anthocyanin concentration in the model
solutions was constant, the spectral variations
(Figure 1) caused by the co-pigmentation reaction
depended on the concentration of quercetin. Figure
1a presents the system at 20 °C. At this temperature
some deviation from the results of co-pigmentation
effect at different concentrations appeared. With an
increase inco-pigment  concentrations no
bathochromic effect but only hyperchromic effect
appeared. The results of this investigation are
presented in Table 1. Da Silva et al. [5] studied the
system malvin:ferulic acid (pigment:co-pigment)
and observed similar results. At a ratio between
strawberry anthocyanins and quercetin = 1:6,a large
absorption maximum appeared, while with other
concentrations of co-pigment and at pigment:co-
pigment ratios of1:8 and 1:10, the absorption
maximum decreased. The same effect was observed
in the system at a temperature of 30°C. These results
are probably connected with interactions during the
co-pigmentation process which stabilized the system
at this ratio(1:6). Probably a more stable complex
was obtained that decomposed at a higher
temperature. In Figure 1b the results of the system
strawberry anthocyanins:quercetin at a temperature
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of 40 °C are shown. Co-pigmentation of these
molecules at this temperature shows expected results
- the absorption maximum increases with the
increase inco-pigment concentration. In the studied
solutions, bathochromic and hyperchromic effects
on the main quercetin absorption peak at 40and 50
%Caremanifested. The respective magnitudes of the
bathochromic and hyperchromic shifts at a ratio of
1:10 are observed at a higher temperature.

Table 1. Bathochromic (AAmax) and hyperchromic
(AA%) effects in model solutions of strawberry
anthocyanins and quercetin at different molar ratio
pigment/co-pigment

Molar ratio
pigment/co- Almax AA%
pigment
t=20°C
1:0 - -
1:1 0 10.7
1:2 0 375
1:4 0 58.8
1:6 1 72.3
1:8 0 49.1
1:10 1 58.8
t=30°C
1:0 - -
1:1 1 125
1:2 0 52.3
1:4 0 54.3
1:6 1 87.6
1:8 1 74.2
1:10 1 54.3
t=40°C
1:0 - -
1:1 2 43.4
1:2 2 12.9
1:4 1 34.3
1:6 2 35.2
1:8 2 61.4
1:10 1 107.4
t=50°C
1:0 - -
1:1 1 37.0
1:2 1 16.9
1:4 3 31.1
1:6 3 22.6
1:8 3 38.4
1:10 1 140
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Fig.1. Absorption spectra of purified strawberry
anthocyanins in model solutions with added quercetin at
different pigment:co-pigment molar ratios (1:0, 1:1, 1:2,
1:4, 1:6, 1:8 and 1:10) at 20 °C (a) and 40 °C (b).

The equilibrium constant K and the
thermodynamic parameters: Gibbs free energy,
enthalpy and entropy for the co-pigmentation
reaction, are presented in Table 2. The constant was
calculated using the following equation: In[(A -
A0)/Ao]= In[K] + n x In[C], where A and Ao are the
absorption maximum values of the anthocyanin
solution with and without added co-pigment,
respectively; C is the molar co-pigment
concentration; K is the equilibrium constant and n is
the stoichiometric ratio of the reaction[16]. The
dependence of In[(A - Ao)/Ao] on the co-pigment
concentration, In[(A - Ao)/Ao] = f(In[C]), is a straight
line with a slope and intercept equal to n and In[K],
respectively.

The equilibrium constant exhibited different
values at different temperatures.

The thermodynamic parameters: Gibbs free
energy, enthalpy and entropy were calculated using
the following equations [17]:

AG =—-RT InKp Q)

where R is the universal gas constant (R = 8.314
J Kt mol?), T is the absolute temperature (K), AG is
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Gibbs free energy (kJ mol?), K - equilibrium
constant.

The enthalpy was calculated by the Van’t-Hoff
equation:

dinK -AH
d@/T) R

AH is the enthalpy for the co-pigmentation
reaction (kJ mol™).

Once the Gibbs free energy and the enthalpy were
obtained, the entropy was determined by the
classical thermodynamic equation (3):

AS — (AH —AG)

2)

©)

AS is the entropy for the co-pigmentation
reaction (kJ K'* mol?).

At 30 °C the constant showed the highest value.
At the same temperature the Gibbs energy exhibited
the highest value — 22.105 kJ mol™. This result
shows that the system is most stable at 30 °C. At
temperaturesabove30 °C, the stability decreased and
interactions between pigment and co-pigment
slowed down. At all temperatures negative Gibbs
energies were calculated. These results are
connected with the spontaneous process of co-
pigmentation leading to formation of the products.
On the basis of Gibbs energy changes (Table 2) at
the four temperatures it can be concluded that the
process of co-pigmentation is possible only at
temperatures up to30 °C.

With temperature increase the permanent
degradation of the co-pigment does not regenerate
upon cooling. There is no reversibility of the co-
pigmentation in the malvin-quercetin system,
contrary to the malvin-rutin system [9]. In this work
the same results were observed as in themalvin-
quercetin system [9]. The enthalpy and entropy
changes of the process were also negative at all
temperatures. It can be concluded that such a
dependence on temperature is a consequence of the
exothermic co-pigmentation process, AH® < 0. The
negative value of the entropy, AS, indicates that co-
pigment formation establishes greater order in the
system.

Figures 2-4 present the thermodynamic
parameters as depending of different parameters.
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Fig. 2. Temperature dependence of Gibbs free energy
for the co-pigmentation interaction between strawberry
anthocyanins and quercetin.

The graphical view of Gibbs free energy
dependence on the temperature is presented in
Figure 2. The stability of the system is determined
by the decrease in Gibbs energy to a minimal
negative value. On the figure the minimal value is
observed at 30 °C. The second temperature close to
the first one was 20 °C. At the other two
temperatures, 40 and 50 °C, the Gibbs energy
increased to positive values, which is connected to
the break-down of the pigment: co-pigment bond
and destroying of the system.

In Figure 3 a good correlation between Ln of the
equilibrium constant and different temperatures is
observed. The spots exhibit linear dependence with
a deviation at 30 °C due to the increasein the
equilibrium constant at this temperature. According
to Brouillard et al. [18] the temperature has a major
influence on the degradation kinetic plots of Ln(K)
against 1/T (K?%) for each of the Hibiscus
anthocyanins. These experimental results confirm
that with increase of temperature, Gibbs free energy
increases to positive values too. Figure 4 presents the
linear dependence between enthalpy and entropy
change in the strawberry anthocyanins:quercetin
system.

Table 2. Equilibrium constants and thermodynamic parameters for the co-pigmentation interaction between
strawberry anthocyanins and quercetin at different temperatures and stoichiometric ratio n=1.1:1.

T,°C K [M1] AG [kJ mol?] AH [kJ mol?] AS [kJ K1 mol?]
20 4677.351 -20.585 -25.992 -0.0184
30 6456.542 -22.105 -27.232 -0.0169
40 449.883 -15.897 -25.121 -0.0294
50 181.970 -13.974 -24.867 -0.0337
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Fig.3. Plot of Ln(K) for the co-pigmentation
interaction between strawberry anthocyanins and
quercetin as a function of reciprocal temperature.
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Fig.4. Plot of enthalpy-entropy compensation for the
co-pigmentation  interaction  between  strawberry
anthocyanins and quercetin.

Similarly, the looser contact between pigment
molecules and co-pigments, suggests enthalpy-
entropy ~ compensation.  The  compensation
temperature was 30 °C and at this temperature the
maximum value of enthalpy was observed,
connected with deviation of the straight line.

CONCLUSIONS

In this study, the thermal stability of isolated
strawberry anthocyanins was examined in model
solutions in the presence of quercetin as a co-
pigment at four temperatures. The study in the
temperature range 20-50 °C revealed that the system
was most stable at30 °C. This result is connected
with the Gibbs free energy determined which
exhibits the lowest negative value at the same
temperature. Based on the experimental and
calculated results of this work, further studies would
be necessary for finding out appropriate processing
conditions in small temperature intervals. More

efficient utilization of this pigment is topicalfor food
products.

Acknowledgements: We are grateful to Cima 99
Ltd. (Striama, Bulgaria) for providing the frozen
strawberries.

REFERENCES

1.J.B. Harborne, Comperative Biochemistry of the
Flavonoids, Academic Press: London, 1967, Chapter 1.

2.M.N. Clifford, Journal of the Science ofFood and
Agriculture, 80, 1063 (2000).

3.K. Hayashi, N. Ohara, A. Tsukui, Food Science and
Technology International, 2, 30 (1996).

4.J. M. Markovic, N. A. Petranovic, J. M. Baranac, J.
Agric. Food Chem., 48, 5530 (2000).

5.P.F. da Silva, J.C. Lima, A.A. Freitas, K. Shimizu, A.
L. Mactianita, F. H. Quina, J. Phys. Chem. A;109, 7329
(2005).

6.0. Dangles, R. Brouillard,Canadian Journal of
Chemistry,70(8), 2174 (1992).

7.J.M. Baranac, N. A. Petranovic, J. M. Markovic. J.
Agric. Food Chem., 44, 1333 (1996).

8.R. Brouillard, G. Mazza, Z. Saad, A.M. Albrecht-Gary,
A. Cheminatt,J. Am. Chem. Soc., 111(7), 2604 (1989).
9.J.M. Baranac, N.A. Petranovic, J.M. Markovic, J.

Agric. Food Chem., 45(5), 1694 (1997).

10. J. Oszmianski,A. Bakowska, S. Piacente, J. Sci.
Food Agric., 84, 1500 (2004).

11.P.Mollov, K. Mihalev, V. Shikov, N. Yoncheva, V.
Karagyozov. Innovative Food Science and Emerging
Technologies, 8, 318 (2007).

12.V. Shikov, D. R. Kammerer, K. Mihalev, P. Mollov,
R. Carle, Journal of Agricultural and Food
Chemistry,56, 8521 (2008).

13. V. Shikov, D. R. Kammerer, K. Mihalev, P. Mollov,
R. Carle, Food Research International, 46, 552 (2012).

14.114] V. Shikov, K. Mihalev, N.Yoncheva, V.
Karagyozov, P. Mollov, Journal of EcoAgriTourism, 8,
231 (2012).

15. V. Shikov, D. Kammerer, K. Mihalev, P. Mollov, R.
Carle, Scientific Works UFT, LX, 722 (2013).

16.R. Brouillard, Phytochemistry, 22, 1311 (1983).

17.S. K. Maté, K. Szab6, M. P. Nikfardjam, L. Kollar, J.
Biochem. Biophys. Methods, 69, 113 (2006).

18.R. Brouillard, O. Dangles, Food Chemistry, 51, 365
(1994).

119



I. Petrova et al.: Spectrophotometric and thermodynamic study on the co-pigmentation interaction between...

CIIEKTPO®OTOMETPUYHO U TEPMOJAMHAMMNYHO U3CJIEABAHE HA KO-
[MNI'MEHTAIIMOHHU B3AUMOIAENCTBUA MEXIY AHTOLIMAHU OT AI'OAU 1
KBEPLETHH B MOAEJIHN CUCTEMU
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bvneapus

INocrenuna Ha 26 okromBpu 2015 r.; kopurupana Ha 26 cenrtemspu 2016 r.
(Pestome)

W3cnenBaHa e mpoMsiHaTa Ha BUAMMUTE CIICKTPH Ha aHTOIIMAHHM OT SICOJIH C 100aBKa Ha KBEPLETUH, KATO KO-TIUTMEHT.
MscrepaHusTa ca IIPOBEICHH MpH pasiudHu Temmeparypu oT 20 g0 50 °C. B pasTBopa HpUrOTBEH C MOJIAPHO
CHOTHOIIEHHE 1:6 NUIMEHT:KO-MIMEHT Ca M3MEPEHH MakcuMaHu abcopOuuu mpu temnepatypu 20 u 30 °C, a B apyrure
nBa pa3tBopa 1:8 u 1:10 cToitHOCTHTE Ha M3MepeHaTa abcopbuns Hamanssat. [lpu apyrurte ase Temmeparypu 40 u 50
C, u3mepenara abcopOIys ce MOBHUIIABA C IIOBHIIABAHE HA KOHIEHTPALMATA HA PAa3TBOPHMTE, KATO ca HAONIOIABAHH
XHIepxpoMeHn u Oatoxpomen edexru.Excniepumenture ca nposeaenu npu pH=3.4 (0.1 M Bydep na MakinuBaus).
[IpecmeTHaTH ca TepMOMHAMUYHUTE MapaMeTpu Ha cucteMaTta AG, AH u AS kato QyHKIUs Ha TeMIepaTypara.
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