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PREFACE

Phenolic Compounds: Structure, Uses and Health Benefits opens with
a discussion on phenolic substances such as gallic acid, catechin,
chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid, and quercetin.
The most common analytical methods (based on spectrophotometric,
chromatographic or electrochemical techniques) for determining phenolic
compounds applied to a wide range of sample sources are presented.
Additionally, the authors study the high concentrations of bioactive
substances in fruit berries in order to determine the link between daily fruit
intake and human health. A review of the modern literature on extraction,
filtration, and adsorption that may be combined with advanced oxidation
treatments to minimalize the environmental impact of the remaining wastes
is presented, especially focusing on phenolic compounds recovery from
olive mill liquidwastes. Lastly, the authors provide an overview on the
antiradical and antioxidizing properties of calix[n]arenes and
calix[n]resorcinols as part of a larger discussion on the impact of
“preorganization” of antioxidant fragments attached to calix[n]arene and
calix[n]resorcinol scaffolds and their intramolecular synergy on
antioxidant activity.

Chapter 1 - Phenolic compounds are an important class of substances
for human health due to their antioxidant activity which can present anti-
carcinogenic, anti-inflammatory, and antimicrobial properties. Some
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examples of phenolic substances are gallic acid, catechin, chlorogenic acid,
caffeic acid, p-coumaric acid, ferulic acid, and quercetin. These
compounds can be found in many plant parts such as roots, leaves, and
flower petals, and also in, peels, seeds, and pulps of fruits that are
consumed by humans or used to make pharmaceutical formulations.
Although in our diet, we consume foods that are rich in polyphenols with
antioxidant properties including teas, wines, honey, edible oils, vegetables,
rice, beans and fruits (mango, avocado, guava, apple, tomato, for example),
other phenolic molecules like cresols, phenols, isomers of benzenediol and
eugenol are important environment pollutants due to high toxicity and
persistence in the soils, groundwater, rivers, and seawater. These pollutants
can be formed by natural degradation of humic substances; however,
industrial processes are the main sources of toxic phenol derivatives.
Hence, phenolic compounds are found in many different sampling matrices
from foods used for human consumption to samples of soils and surface
and ground waters. In this chapter the most common analytical methods
developed for determining phenolic compounds applied to a wide range
sample sources will be presented. These methods are based on
spectrophotometric, chromatographic or electrochemical techniques.

Chapter 2 - Numerous studies have pointed out the presence of high
bioactive substance concentration in fruit berries as well as a correlation
between daily intake of fruits and human health. The greatest benefit to
human health has been attributed to phenolic compounds and vitamin C,
due to their antioxidant, anticarcinogenic, antimutagenic, antimicrobial,
antiinflammatory and neuroprotective properties. A significant part of
antioxidant activity in strawberry and blackberry fruits takes place due to
phenolic acids. Apart from phenolic acids, flavonoids also make an
important group of secondary metabolites, among which the most common
in strawberries and blackberries are anthocyanins.

Many factors affect the chemical composition of berries, the most
important of them being the genotype, climatic conditions, agricultural
practices, fruit ripeness degree and others. The main objective of this study
was to investigate the influence of genotype and type of fertilizer
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(strawberry), as well as the system of cultivation and climatic conditions
(blackberry) on the content of vitamin C and phenolic compound.

The application of biofertilizers predominantly expressed a stimulating
influence on most of the phenolic compounds in fruit berries tested. In the
rain-shield cultivation of blackberries, higher values for all parameters of
the fruit phenolic composition were obtained except for vanillic acid
content, in comparison to standard cultivation system.

Changes that have occurred in the nutritional quality of the tested
strawberry cultivars indicate the best performance was exhibited by ‘Joly’,
which can be recommended for further promotion and expansion in
strawberry growing regions. Taking into consideration the stimulating
impact of biofertilizers in strawberries and rain-shield cultivation systems
in blackberries on the phenolic compound in fruits, the use of
biofertilization and rain-shield can be considered justified in terms of
improving the current strawberry and blackberry production technology
and obtaining products with positive effects on human health.

Chapter 3 - Olive oil production is an important industry especially in
the Mediterranean Sea area where almost 97% of the worldwide olive oil is
produced. These industries are generally characterized by small mills
spread over large areas. Moreover, olive oil extraction generates large
amounts of liquid and solid wastes which are characterized by high toxicity
and seasonal character. The most generalized management strategy for
these wastes is dewatering and soil spreading. However, the increasing
concern regarding the impact of this procedure over the soil and aquifers
quality is pushing towards the development of more environmentally
friendly approaches.

One important feature of olive mill wastes is the presence of phenolic
compounds. In fact, olives are rich in those compounds and a high fraction
is lost during the extraction process. Only about 2% of phenolic
compounds are retained in the olive oil. Thus up to 98% are incorporated
in solid and liquid wastes. Phenolic compounds are related with the
bactericide and phytotoxic character of these wastes which difficult their
biological treatment.
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Phenolic compounds present a high variety of biologic activities such
as antioxidant, cardioprotector, anti-inflammatory and chemopreventive.
Thus these substances present a high added-value and olive mill wastes
seem to be an interesting source. In this context, phenolic compounds
recovery will integrate added-value compounds obtained through
renewable sources with waste management.

Several recovery strategies are presented in literature involving
extraction, filtration and adsorption that may be integrated with advanced
oxidation treatments to minimize the environmental impact of the
remaining wastes. In this context, this chapter aims to make a short
overview on the works published regarding phenolic compounds recovery
from olive mill liquid wastes.

Chapter 4 - The literature data on antiradical and antioxidizing
properties of calix[n]arenes and calix[n]resorcinols have been summarized.
The dependence of these properties of the composition and structure of
macrocycles and methods for the modification of calix[n]arenes and
calix[n]resorcinols by hindered phenolic fragments has been considered.
The effect of “preorganization” of antioxidant fragments attached to
calix[n]Jarene and calix[n]resorcinol scaffolds and their intramolecular
synergy on antioxidant activity has been discussed.
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Chapter 1

METHODS OF ANALYSIS
FOR PHENOLIC COMPOUNDS

Julio Cesar Bastos Fernandes, PhD
Institute of Educational Sciences — ICED,
Federal University of Western Para — UFOPA, Santarém, PA, Brazil

ABSTRACT

Phenolic compounds are an important class of substances for human
health due to their antioxidant activity which can present anti-
carcinogenic, anti-inflammatory, and antimicrobial properties. Some
examples of phenolic substances are gallic acid, catechin, chlorogenic
acid, caffeic acid, p-coumaric acid, ferulic acid, and quercetin. These
compounds can be found in many plant parts such as roots, leaves, and
flower petals, and also in, peels, seeds, and pulps of fruits that are
consumed by humans or used to make pharmaceutical formulations.
Although in our diet, we consume foods that are rich in polyphenols with
antioxidant properties including teas, wines, honey, edible oils,
vegetables, rice, beans and fruits (mango, avocado, guava, apple, tomato,
for example), other phenolic molecules like cresols, phenols, isomers of
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benzenediol and eugenol are important environment pollutants due to
high toxicity and persistence in the soils, groundwater, rivers, and
seawater. These pollutants can be formed by natural degradation of humic
substances; however, industrial processes are the main sources of toxic
phenol derivatives. Hence, phenolic compounds are found in many
different sampling matrices from foods used for human consumption to
samples of soils and surface and ground waters. In this chapter the most
common analytical methods developed for determining phenolic
compounds applied to a wide range sample sources will be presented.
These methods are based on spectrophotometric, chromatographic or
electrochemical techniques.

OVERVIEW OF SPECTROSCOPY METHODS

Many spectroscopic methods are based on absorption, emission,
reflectance, and scattering of visible, ultraviolet, and infrared
electromagnetic radiation. However, energetic particles such as ions or
electrons from X-rays, microwaves, and radio waves electromagnetic
radiation sources are also employed in spectroscopy. In each case, the
method is named according to the interaction form of the electromagnetic
radiation or energetic particles with the matter [1].

Spectroscopy analysis started around 1860 with the work of Gustav
Kirchoff and Robert Bunsen [2]. Throughout the modern history of
scientific exploration, spectroscopy techniques have been fundamental for
the discovery of many chemical elements. Advances in these techniques
include Fourier transform infrared spectroscopy that is based on the
interferometer, a device invented by Albert A. Michelson in 1892 [3].
Pieter Zeeman discovered the effect of double lines in the sodium spectrum
when a magnetic field was applied to the flame containing this metal [3].
This effect is used to reduce the chemical interferences in atomic
absorption spectrometry [4]. Bohr’s atomic theory was a milestone for the
development of spectroscopy because it theoretically predicted the
emission lines in the hydrogen spectrum [5]. In 1928, C. V. Raman and K.
S. Krishnan experimentally observed a new type of secondary radiation
with a different wavelength of incident light, which was scattered by the
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molecules in a transparent medium [3, 6]. Another milestone for
spectroscopy was the development of spectrophotometers by Arnold O.
Beckman that allowed meaningful growth of the field of biochemistry
[7,8].

Currently, spectroscopic techniques are powerful tools for chemistry,
space studies, physics, optics and other fields of science. These techniques
are also currently used in the analysis of total phenols in diverse samples
wherein the majority of these techniques are based on light absorption in
the ultraviolet, visible and near-infrared region.

MOLECULAR SPECTROPHOTOMETRY
FOR PHENOLS ANALYSIS

The most widely-used spectrophotometric method for analysis of
phenolic compounds based on light absorption is the Folin-Ciocalteau
method [9]. This method was developed in 1927 in order to overcome
problems with formation of colored compounds with phenols found in
chromophores using phosphotungstic and phosphomolybdic acids [10, 11].
The range of proportionality obtainable for determining different amounts
of tyrosine and tryptophan using phosphotungstic and phosphomolybdic
acids was limited because the reaction between these amino acids and the
phenol reagent was not complete, and the reagents themselves presented a
characteristic blue color [9], and also because the active ingredients in the
phenol reagent are unstable since they are decomposed in basic conditions;
however, the phenol reagent reacts only with tyrosine in alkaline
conditions [9]. Therefore, a large excess of the phenol reagent was
necessary to get the complete reaction with tyrosine or tryptophan to obtain
maximum color intensity. One of the drawbacks in using large quantities of
phenol reagent is that it produces turbidity or precipitates sodium salts [9].
Folin and Ciocalteau proposed to resolve these problems preparing the
phenol reagent under reflux during 10 h in medium containing a higher
concentration of phosphoric and hydrochloric acids plus lithium sulfate to
increase the solubility of the molybdic and tungstic complexes [9, 12].
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Therefore, the principle of Folin-Ciocalteau method is based on the
reduction of both Mo (VI) and W (VI) to Mo (V) and W (V) by reducing
agents (Figure 1) [13-15]. The complex formed absorbs between 750 nm
and 770 nm and depends on the analyte [12, 13, 16, 17]. For complete
color development it is necessary to wait between 30 to 120 minutes;
however, the maximum wavelength absorption is reduced with time [9, 12,
16].

The anion derivatives of phosphotungstic and phosphomolybdic acids
have a-Keggin structure and the blue complex has a big wheel structure of
Mo154-type cluster (Figure 2) [18-21].

Normally, the analysis by the Folin-Ciocalteau method involves the
following steps: phenol reagent is added to samples together with
deionized or distilled water; the mixture is shaken, and then 15% sodium
carbonate is poured into the mixture [16]. The order of reagent addition is
very important in this spectrophotometric method. A white precipitate is
observed when phenol reagent is added to the alkaline medium without
previously diluting the sample. The precipitate is normally attributed to the
sodium salts of molybdenum and tungsten complexes [12, 22].

The Folin-Ciocalteau method has been used extensively for
determining total phenols in many different samples, as can be seen in
Table 1. Although this method is employed in a direct assay or as a
reference method for analysis of phenolic compounds, phenol reagent used
with phosphotungstic and phosphomolybdic acids is limited. The reagent
reacts with any reducing compound such as vitamins (ascorbic and retinoic
acids), thiols (glutathione), amino acids (tyrosine, tryptophan and
cysteine), proteins, nucleotide bases (guanine), unsaturated fatty acids
(arachidonic acid - slight reactivity), carbohydrates (glyceraldehyde and
dihydroxyacetone), inorganic ions (iron Il, manganese Il, iodide, sulfite),
ketones (butanedione) and metal complexes. Copper complexes increase
the reactivity of salicylate derivatives with phenol reagent. Thus, the Folin-
Ciocalteau method should be described as a measurement of the total
antioxidant capacity of a sample. In plants, phenolic compounds are the
main antioxidants, and frequently, the Folin-Ciocalteau method is used to
quantify the total content of phenolic compounds with reasonable accuracy
[17].
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Figure 1. Reaction between phenolic compounds and derivatives of phosphotungstic
and phosphomolyhdic acids in alkaline medium resulting in the formation of a blue
color in the Folin-Ciocalteau method.
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Figure 2. A. a-Keggin’s structure of [PM12040]%, wherein M represents either
molybdenum (Mo) or tungsten (W). B. Big wheel structure of the molybdenum blue

complex [Mo126**M02s"°0u62H14(H20)170] '+~
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Table 1. Analysis of total phenols using the Folin-Ciocalteau method

Gallic acid concentration
Samples . Reference
(mg.kg™)
Acai berry pulp 54-76 [23]
. Peel 2.06-4.73
Malus niedzwetzkyana
Apple Flesh 0.34-1.06 [24]
Malus domestica Peel 1.64-290
Flesh 0.16--.29
35-47 [25]
Avocado seeds 088275 26]
Larges 0.03-0.18
Ales/porters/stouts 0.19-0.41
Beer ) [27]
low calorie 0.03-0.09
Non-alcoholic 0.03-0.07
Biowaste and biowaste additives:
s:;ll\f\ge sludges, animal fertilizer, sawdust, palm 0.07-0.15
Mixture containing organic and mineral matter 0.10-0.80 [28]
sPr:co)\éf:ce cane, leaves, bagasse from sugar cane, 0.48-4.83
Chocolate 2.6-48.5 [29]
Cork in boiling water 1.9-6.0 [30]
7.2-7.8 [31, 32]
70-115 [32,33]
. 16-18 [32, 34]
v Fruit 145-163 [32, 35]
170-345 [32, 36]
1264-2473 [32,37]
Leaves 159-175 [32, 38]
267-483 [32,33]
Rape 0.39-0.69
Sunflower 0.40-0.52
Lime 0.34-0.40
Acacia 0.43-0.58
Heather 1.16-1.51 [39]
Cherry 0.99-1.10
Honey Polifioral 0.72-134
Raspberry 1.86-1.93
Fir 1.68-2.01
Wild flowers 0.43-0.44
Eucalypt 0.38-0.40 [40]
Orange 0.16-0.18
Honeydew 1.34-1.81 [39]
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Mediterranean plant:
Satureja montana subsp. kitaibelii 23-29 [41]
Black 8.6-9.4
Mung bean Green 11.3-11.7 [42]
0.23-0.35 [43]
Olive ail 0.29-2.18 [44]
0.12-0.20 [45]
. 0.66-0.81 [40]
Propolis 0.03-0.33 [46]
. Black 2.53-7.09
Rice Red 2.66-4.94 [47]
26-28 [48]
Black 76-117 [49]
29-83 [50]
78-140 [49]
Green 82-144 [50]
Teas 66-68 [51]
Bamboo leaf 11-15
Lemongrass 13-17
Lotus leaf 20-32 [50]
Mulberry leaf 11-13
Rosemary 30-39
Rooibos 16-39
Peppermint 33-78 [50]
Persimmon leaf 14-47
27-67 [50]
Mate 30-32 [51]
11-80 [52]
Oolong 51-52 [51]
Red Lapacho 4 [49]
Teas White 49-100 [49]
Ficus sycamore 139-141 [53]
Lippia javanica 120-130
. . . 16-39 [50]
Aspalathus linearis (Rooibos) 58.75 [53]
Myrothamnus flabellifolius 44-51 [53]
Fadogia ancylantha 24-34 [53]
Adansonia digitata 5-11 [53]
Centella asiatica 7-14 [54]
Flour 1.74-1.80
Teff Brown 1.86-2.19 [55]
White 1.39-1.44
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Table 1. (Continued)

Gallic acid concentration
Samples 4 Reference
(mg.kg™)
Red 2-3 [56, 57]
0.23-0.37 [58]
Chardonnay 0.018-0.034 [59]
Chenin blanc 0.021-0.022
Sauvignon blanc 0.025-0.026 [59]
Wines Cooking 0.024-0.025
Raspberry 1.42-1.46
Blackberry 2.23-2.33
Blueberry 2.23-2.29 [60]
Black chokeberry 2.33-2.41
Apple 0.58-0.77
Sour cherry 1.90-2.18
Red wine pomace 25-43 [61]
H
/N CH, KJFe (CN), @)
N / * " Akali o
o NH,
ntipyrine d °
4-aminoantipyrine anupyrine dyes
o}
Br Br By
-Hcl
+ — 0 —N OH (3)
pH 9.0-9.6
N OH Br
\CI
2,6-dibromoquinone 2 6-dibromophenolindophenol
chloroimide

Figure 3. Colorimetric reactions for the determination of phenols in the 4-
aminoantipyrine and 2,6-dibromoquinone chloroimide methods [63, 65].
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Other spectrophotometric methods have been developed to overcome
the problems inherent in the Folin-Ciocalteau method. Two colorimetric
reactions have also been described for determining phenolic compounds.
The first reaction uses 4-aminoantipyrine to form a red dye that absorbs at
510 nm. The second one employs 2,6-dibromoquinone chloroimide (Figure
3) to produce a blue compound which exhibits maximum absorption at 610
nm [63, 64].

Both reactions are favorable with phenols containing a free p-position.
If this position in phenol compounds is occupied by alkyl, aryl, ester, nitro,
benzoyl or aldehyde groups, no reaction occurs. Quinonechloroimines also
react with aromatic amines, uric acid and thiouracil derivatives [65, 66].
However, the main disadvantage of these methods is the time required for
color development and the signal intensity which is greatly influenced by
the pH [62-64, 67].

H,S0,
NaNO, —— HONO (4)

Acetate Buffer

+ HONO —— = + H,0 (5)
O=——=N OH
OH
Nitrosophenol
NH,OH
. + N
Alcohol H 6)
O=——=N OH O=N OH

Quinoid salt

Figure 4. Colorimetric reaction for determination of phenols in the nitrosophenol
method [67].
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The nitrosophenol method is another spectrophotometric approach to
measure phenol compounds. This method allows determination of ortho-,
meta- and para-substituted phenolic substances, and is based on the
reaction between nitrous acid and phenol to form a nitrosophenol
compound. This compound is rearranged to generate a colored quinoid salt
in alkaline and alcoholic medium that absorbs at 420 nm, and nitrous acid
is produced in loco using sodium nitrite and sulfuric acid in acetate buffer.
The scheme of this reaction is presented in Figure 4 [67].

The main disadvantage of the nitrosophenol method is the presence of
inorganic salts dissolved in water and phenolic molecules themselves,
which provoke changes in the intensity of the dye color [67].

Although colorimetric methods are very sensitive, in order to detect
levels of phenolic compounds at parts per billion (ppb), ultraviolet
absorption has been employed. Fountaine et al. devised a method based on
two hollow cathode lamps, a platinum lamp to detect ultraviolet lines at
289.4, 289.8 and 293.0 nm, and a chromium lamp to detect visible lines at
357.9, 359.3 and 360.2 nm. When an acid solution of the phenolic
compound changes to alkaline, the ultraviolet radiation is absorbed while
visible radiation does not undergo absorption. Therefore, monitoring the
ultraviolet bathochromic shift was suitable to determine the amount of
phenolic compounds at the ppb level. The advantage of this procedure was
its capability to determine p-blocked phenols, although the instrumental
system was very complex [68].

The emergence of dynamic methods such as flow injection analysis
(FIA) allowed for a reduction in the consumption of reagents and a
decrease in the time required to determine phenolic compounds by
spectrophotometry. Frenzel et al. developed a flow injection procedure
using 3-methyl-2-benzothiazoline hydrazone (MBTH) as a chromophore
reagent. This method was very sensitive for phenol substances, reaching
detection levels between 12 and 30 ppb, and the sampling rate using FIA-
MBTH was about 60 samples per hour. These authors commented that
despite the accuracy of this method to determine p-substituted phenols, the
adequate choice of the maximum wavelength for phenol compounds was a
problem, because the colored products presented low absorption between
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410 and 530 nm [69]. Another flow system for spectrophotometric
determination of phenols was based on the 4-aminoantipyrine method. This
system allowed a sampling rate of 90 samples per hour and reagent
consumption that was 200-fold lower than the conventional procedure. The
method had sensitivity at the ppb level using a flow cell with a 100 cm
optical path that was 80-fold more sensitive than flow cell using an optical
path of 1 cm [70]. Nevertheless, the 4-aminoantipyrine method is limited
to determining phenols containing a free p-position or phenolic compounds
p-substituted by aryl, alkyl, nitro, benzoyl and aldehyde groups [69].

So far, spectrophotometric methods are not very selective for analysis
of phenolic compounds and some cases have the same limitations as
previously described in this chapter. Through univariate measurements,
that is, measurements using only the maximum wavelength, it is
impossible to determine a specific phenolic compound in a complex
sample of organic material such as food used for human consumption. In
the last few decades, advances in computational methods have allowed for
multiple determinations of chemical species with minimum sample
preparation using multivariate calibration or chemometrics methods. These
methods consist of relating many measurement variables to the
guantification of a target variable [71]. Two chemometric methods that are
widely used in chemistry are the classical least square (CLS) and partial
least square (PLS) methods. CLS can be expressed by the following matrix
equation [72]:

X=1la+YA+E 1)

Where

X is the n x k X-block, matrix of absorbance for sample;

Y is the n x m Y-block, matrix of concentration for pure constituents;
1isan x 1 vector of ones;

a=[as ..., 0] isthe 1 x k row vector of offsets;

A = {a;j} is the m x k matrix of absorbance for pure constituents;

E = {ei} is the n x k matrix of random noise terms.
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a, A and the variance of the random noise are unknown parameters to
be estimated from the data.

PLS is a statistical model that is more efficient for chemical analysis of
multiple analytes than CLS, since the use of PLS does not require complete
information about interference [72]. There are many PLS algorithms, and
among them the principal ones are PLS1 and PLS2. In the former, the
regression is done for one dependent variable at a time, while for PLS2 the
complete set of dependent variables is computed simultaneously. PLS2 is
very useful where the instrumental response is related to many different
conditions such as pH, concentration, density and viscosity that can be
associated with an infrared spectrum [73].

A simplified model of PLS may be described by computing the score
of a regression of two matrices chains: X and Y. Scores are the projections
of the sample points on the direction of the main component. PLS is
similar to principal components regression (PCR), but in this last case only
the X block is designed in space [74-76].

PLS can be presented in the form of two equations [77]:

X=TP+E )
Y=TQ+F 3)

Where X represents the experimental measurements and Y the
concentrations; T is the score, being common to both equations; P and Q
are loadings, that is, the cosine of the angle of the direction vector. E and F
are matrices of errors for the X and Y blocks, respectively.

The SIMPLS algorithm is an alternative approach to PLS. In SIMPLS
scores are calculated as a linear combination of the original variables, in
order to maximize a covariance criterion (numerical interrelation between
two random variables). The advantage presented by SIMPLS is a lower
computer memory requirement since there is no need for reducing the
dataset, which results in faster processing [78].
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Chemometrics is very important in food analysis, with use of near
infrared (NIR) quite common in the food industry [78]. Polyphenolic
compounds such as trans-resveratrol, oenin, malvin, catechin, epicatechin,
guercetin and syringic acid were determined in red wines by UV-VIS-NIR
spectroscopy using PLS model. In this case, high performance liquid
chromatography (HPLC) was used as a reference method to measure these
phenolic compounds in the wine [79]. NIR-PLS was also applied to the
guantification of methylxanthines and phenolic compounds in yerba mate
[52, 80]. Methylxanthines have pharmacological properties since they
stimulate the central nervous system and the myocardium, and
methylxanthines, polyphenols and saponins are phytochemical compounds
with great health benefits [80]. HPLC and the Folin-Ciocalteau assay were
employed as reference methods for determining methylxanthines and total
phenols, respectively [52, 80].

In order to verify the quality of organic compost, phenolic compounds
were used as a parameter to manage the changes organic matter changes in
compost used in agriculture. In this work, the researchers used middle and
near infrared to determine total phenolic compounds based on models built
through PLS regression, with the Folin-Ciocalteau method used as a
reference to measure total phenols in the compost samples [28].

Another chemometric method that uses attenuated total reflectance
(ATR)-Fourier transformed-infrared (FT-IR) spectroscopy was employed
to determine antioxidant capacity and total phenols in chocolate samples
containing different amounts of cacao. Antioxidant capacities were
guantified with DPPH (2, 2-diphenyl-1-picrylhydrazyl) and ORAC
(oxygen radical absorbance capacity) assays while procyanidins monomers
and phenolic substances were measured by high-performance liquid
chromatography coupled with photodiode array detector (HPLC-DAD)
and the Folin—Ciocalteu assay, respectively. PLS models were constructed
for determining the linear relationship between FT-IR spectra information
and the reference values, but it was not feasible to establish a good
correlation between cacao content and the factors measured. Nevertheless,
antioxidant capacity and total phenols of chocolate can be predicted by the
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PLS model. Thus, compared to the conventional chemical assays, FT-IR-
PLS reduced the time of analysis from hours to minutes, although it is still
important to develop other robust and precise prediction models [29].

Phenolic compounds were also measured accurately in mung bean
grains through NIR calibration curves using HPLC as a reference method
with the PLSR model in the wavelength range from 1600 to 2500 nm [81].

As described previously, PLS models associated with spectroscopy
methods have been showing promising results to efficiently and relatively
quickly determine phenolic compounds in food samples, but the
construction of the chemometrics model still depends on classical assays
that sometimes are not very accurate.

OVERVIEW OF CHROMATOGRAPHIC METHODS

The history of chromatography is a complex subject, but it is well
established that the term was first mentioned by the botanist Mikhail
Semyonovich Tswett in 1906. In his work, Tswett separated plant pigments
using a chromatographic column containing calcium carbonate and
therefore the invention of this technique has been attributed to him [82].

Chromatography is a physical method of separation wherein the
sample components are distributed into two phases, one stationary and
another mobile. Chromatographic techniques are associated with
spectrophotometry or electroanalytical methods, among others, to register
analytes present in the samples. Many chromatographic methods have been
created for the determination of phenolic compounds in foods. In these
cases, the analyses are considered to be more accurate than those based on
spectrophotometric methods.

The development of chromatography was stimulated by the research of
Martin and Synge who worked at the Wool Industry Research Association
in Leeds, UK [83]. In 1941, they published the first article about liquid-
liquid partition chromatography [84]. In 1952, Martin and James reported
their studies about gaseous chromatography for separation of eleven
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volatile weak acids. In this work, Martin and James employed titration
with sodium hydroxide solution using a phenol red as an indicator [85].

Later, other chromatographic techniques were developed. Klesper et al.
reported on high-pressure gas chromatography, which also became known
as supercritical fluid chromatography because it uses gas above its critical
pressure and temperature, which causes an increase in its density, similar
to that of liquids [86, 87]. In the next decade a rapid advancement occurred
with the development of high-performance liquid chromatography
(HPLC), based on ideas that liquid chromatography could be more
efficient by reducing the packing particle diameter below 150 mm together
with the application of high pressure to increase the speed of the mobile
phase [88].

CHROMATOGRAPHY FOR ANALYSIS
OF PHENOLIC COMPOUNDS

Chromatographic analysis of phenolic compounds in foods frequently
employs liquid chromatography (LC), since phenolic compounds present
polar features and low volatility. Phenolic substances are measured by LC
using both ultraviolet detectors (LC-UV) or coupling a mass spectrometer
(LC-MS). It is also common to use liquid-liquid and solid phase extraction
to obtain aqueous samples for determining phenolic compounds by LC-
UV. In this case, due to the higher detection limit, there is a need to pre-
concentrate aqueous samples [89].

Based on this idea, Lépez-Cobo et al. developed a chromatographic
methodology for the determination of phenolic compounds in avocado
peel, pulp, and seed. A solid-liquid extraction was used to obtain the polar
fraction of the samples. Avocado pulp presented a concentration of
phenolic compounds higher than avocado peel and seed, but the peel and
seed from avocado contained more polar compounds. The avocado
samples were analyzed using HPLC coupled with a diode-array detector
(DAD) and electrospray ionization/quadrupole-time-of-flight high-
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definition mass spectrometry (ESIQTOF-MS). The compounds in the
chromatogram were identified comparing the relative values of retention
time, UV-VIS spectra between 200 and 600 nm and mass spectra obtained
with the information described in the literature. Therefore, the amount of
reagent needed to create the calibration curve was reduced. The mobile
phase consisted of water containing 1% acetic acid as the solvent in the
system A and acetonitrile as solvent in the system B, while in the
stationary phase a Poroshell 120 EC-C18 (4.6 mm x 100 mm, silica
particle size: 2.7 pm) was used [90]. A similar technique (Liquid
chromatography coupled to electrospray ionization and tandem mass
spectrometry - LC-ESI-MS/MS) was employed to analyze phenolic
compounds in honeydew honey. The chromatographic column used was
the VENUSIL C18 (100 mm x 2.1 mm, silica particle diameter: 3 um) and
the mobile phase was composed of 0.1% formic acid in water (system A)
and acetonitrile (system B). Among phenolic substances analyzed, 3,4-
dihydroxybenzoic acid, benzoic acid, and salicylic acid were the
compounds found in higher content in honeydew honey [91].

Wu et al. developed a solid-phase extraction method for phenolic
compounds based on magnetic carboxylated multi-walled carbon
nanotubes (c-MWCNT-MNPs). This extraction method was associated
with liquid chromatography—tandem mass spectrometry (HPLC-MS/MS)
for determining phenolic substances in sesame oil. In the HPLC-MS/MS
system a Cig column (Hypersil Gold, 100 mm x 2.1 mm, particle diameter:
3 um) was used. For separation of the phenolic compounds the researchers
used a gradient elution of binary solvent system, that consisted of 0.01%
v/v acetic acid in methanol (system A) and 0.01% v/v acetic acid in water
(system B). The HPLC analysis of sesame oil showed low amounts of
phenyl alcohols and flavonoids and high contents of lignans and phenyl
acids. Among the main phenyl acids that they identified were ferulic,
vanillic, syringic and gallic acids [92].

Phenolic compounds were also identified in red, brown and white
sorghum whole grain using HPLC-ESI-MS [93]. In this case, the mobile
phase was the same described by Seraglio et al. [91]. A large range of
phenol classes was found in the hydromethanolic extracts such as free
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phenolic acids, flavonoids, phenylpropane glycerides, and phenolamides.
The brown sorghum extract showed higher diversity and amount of
phenolic compounds than red or white sorghum [93].

Another important application of chromatographic analysis in food
science is to determine free and bound phenolic compounds. Generally,
bound phenolic compounds are esters due to the reaction between phenolic
acids and hydroxyl groups from proteins of the cell wall. Esters linked to
cell walls are polymers, consisting mainly of monomers of ferulic acid that
can dimerize to generate bridges of diferulic acid cross-linking
arabinoxylan chains. Free phenolic compounds are commonly
proanthocyanidins or flavonoids [16, 94]. Therefore, a diet rich in fiber
presents high antioxidant activity.

Sumczynski et al. measured the content, free and bound phenols, in
black and red rice by HPLC-DAD. The analytical separation of these
compounds was carried out using a Cig column (150 mm x 4.6 mm,
particle size: 2.6 pm). The samples were eluted through the column using a
mobile phase of two systems (A: 1% aqueous solution of acetic acid and B:
aqueous mixture of acetonitrile and acetic acid in ratio 32:1) [47]. Free
phenols were extracted from rice samples using an aqueous solution of
methanol at 80% in an ultrasonic bath at 35°C for 1 h as described by
Kotaskova et al. [55]. After centrifugation, the pH of the supernatant
containing the free phenols was adjusted to 4.5-5.5, and the precipitate
obtained by centrifugation of the methanolic extract that was previously
used to separate free phenols was washed with water and bound phenols
were extracted with 4 M NaOH for 2 h in an ultrasonic bath. The pH of
this mixture was also adjusted to 4.5-5.5. Subsequently the alkaline extract
was centrifuged and the supernatant then contained the bound phenols. The
phenolic compound found in higher amount bound in both rice samples
was ferulic acid, followed by quercetin in red rice and vanillic acid in black
rice [47]. The same protocol, with small modifications, was employed by
Kotéskova et al. for determining free and bound phenols in teff samples. In
this case, the pH of the extracts was adjusted to 4.0-4.5, and bound
phenolic compounds were extracted with 0.4 M NaOH aqueous solution
[55]. The main free phenolic compound in brown teff was protocatechuic
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acid while in white teff it was rutin. Once again, ferulic acid was the bound
compound present in higher amount in the sample [55].

Another important application of chromatography in food analysis is to
determine variation in phenol concentration with storage time and
temperature conditions. Alvarez-Fernandez et al. studied this behavior in
beverage manufactured from strawberry by fermentation [95]. These
researchers found that ellagic acid hexoside, ellagic acid, p-coumaric acid,
p-coumaroyl hexose, catechin, and procyanidin Bl showed higher
concentrations in the initial samples, but the content of the last three
compounds reduced with storage time. Furthermore, p-coumaric acid
showed an increase during storage time that was not proportional to the
decrease of concentration in p-coumaroyl hexose. This phenomenon is due
to disappearance of coumaroyl anthocyanins during the aging process [95,
96].

Table 2 shows some phenolic substances present in different food
samples. In this table, the concentration value represents the average
between the minimum and maximum value found in the food, independent
of the condition of the molecule being free or bound to the cell wall, type
of food, and in the case of fruits, if the analysis was performed in pulp,
seed or peel.

The phenolic profile in food has been determined mainly by high-
performance liquid chromatography associated with mass spectrometry.
Although there are changes in the stationary and mobile phases, these
changes were made to improve the separation efficiency. Therefore, there
have not been many new discoveries using HPLC for analysis of phenolic
compounds, and most research efforts have been focused on improving the
extraction methods. Supercritical fluid has also been suggested for
improving the extraction of phenols in food. Supercritical CO, was
employed in the extraction of phenolic compounds in acgai (Euterpe
oleracea) berry oil. The phenol content in the samples was determined
before and after the use of carbon dioxide in supercritical conditions and
through this method the phenol extracted increased by 37% (55.2 to 75.7
mg g* of the sample) [23].



Table 2. Phenolic profile of some foods

Foods (g g* matter) [References

Phenolic Avocado Fruit wines Guava | Honeydew | Mung O_I ive |Rice |Teas Teff
compounds [o0] Apple | Blueberry | Black Black- | Sour Raspberry | Strawberry leaves | honeys bean ail (471 |[48] [55]

[60] [60] chokeberry | berry cherry | [60] [95] (32] (o1] (1] [44]

[60] [60] [60]

Gallic acid 26 2.2 96 47 142 0.32 54 1.7 5760 14
p-hydroxy- 24 31 5.4 4.0 16 44 0.016
benzoic acid
Chlorogenic acid | 1745 82 396 396 355 0.3 144 11355
Caffeic acid 2.6 1.6 47 30 31 3.2 2.0 0.3 200 1.2 13 760 25
Syringic acid 0.33 11 25
Rutin 410 33 2.2 0.20 2 5795 105
p-Coumaric acid | 50 14 15 1.6 3.0 1.0 0.39 233 0.6 20 113
Sinapic acid 1.1 0.3 2.6 3.1 2.7 1870
Ferulic acid 15 0.26 314 99 1360 160
Hesperidin 0.10
Benzoic acid 6.2
Salicylic acid 1.4
Luteolin 0.08
Quercetin 1450 11 53 10 45 11 390 0.35 82 20 27
Vanillic acid 73 2.5 6.4 5.6 5.4 11 1.3 23 7.2
Naringenin 0.4 0.9 0.2 0.45 3.2 0.9 1078 0.04
Pinobanksin 0.05
Kaempferol 3.6 0.06 0.17 31
Isorhamnetin 0.10
Catechin 2.5 3.1 2.0 26 35 0.9 7179 20 22 23
Epicatechin 31 35 6.6 45 123 66 3140
Epigallo- 3.6 11040
catechin gallate
Quinic acid 2.6
Octyl gallate 16
Protocatechuic | 0.25 36 45 21 22 0.16 21 41 102
acid
Cinnamic acid 0.9 2.6
Resveratrol 3.7
Ellagic acid 13 9 137 28 1.3 2116
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OVERVIEW OF ELECTROCHEMICAL METHODS

Electrochemical methods are based on measures of electrical
parameters such as voltage, current, resistance, impedance, and charge,
among others. The origin of these electrical signals comes from the
conversion of the chemical signal by a transducer.

Conductivity measurement, which emerged in the 18th century, can be
considered the oldest electroanalytical method, and just when this method
was becoming widely applied, the procedure changed when Friedrich
Kohlrausch incorporated the use of alternating current instead of direct
current in the middle of that century [97]. In 1864, Wolcott Gibbs proposed
electrogravimetry as a quantitative method for determining copper in coins
containing copper and nickel [97, 98]. Coulometry, the measurement of
electrical charges, was developed by Michael Faraday in 1834, wherein he
constructed the first device for this proposed method [97, 99, 100].
Nowadays, conductometry, electrogravimetry, and coulometry are methods
limited to just a few applications.

Currently, research in the electroanalytical area has been directed
towards the development of potentiometric and amperometric sensors.
Potentiometry and amperometry use a system containing, at least one
working and one reference electrode. In amperometry, a third sensor called
an auxiliary electrode was introduced to divert the flow of electrical
current from the reference electrode to the auxiliary electrode in order to
avoid secondary reactions in the latter [101]. The reference electrode is a
device that maintains a constant potential during measurements done with
the working electrode, wherein the chemical phenomenon of interest
occurs at the latter. Nowadays, reference electrodes based on silver/silver
chloride and 3 mol L* of potassium chloride solution are more common,
because old reference electrodes were manufactured with thallium or
mercury, chemicals that have been banned due to their toxicity [102].

Potentiometry appeared in 1889 with Nernst’s work about the
electromotive efficiency of ions [97, 103]. The start of the golden age for
potentiometry occurred in the middle of the decade of the 1960°s with the
development of ion selective electrodes based on a liquid membrane [104-
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105]. After a period with few innovations between 1980 and 1990,
potentiometry re-emerged with the invention of high-sensitivity solid-
contact sensors that allowed for ion detection at sub-nanomolar levels
[106]. Amperometry started with studies about current-voltage curves
made by Ernst Salomon in 1896 [97, 107], and based on these studies the
polarographic method was developed by Jaroslav Heyrovsky who was
awarded the Nobel Prize for chemistry in 1959 [97, 108]. In 1941, Laitinen
and Kolthoff developed voltammetry, which is the part of the science of
electrochemistry that aims to determine and interpret current-voltage
curves [97, 109].

Biosensors are devices that are frequently applied in electroanalytical
methods for the determination of phenolic compounds. These devices
recognize a biological molecular substance through a transducer which is
coupled to a biologically sensitive material that is called bioreceptor.
Bioreceptors can be antigens, antibodies, DNA  molecules,
microorganisms, cells, organelles, tissues, enzymes and biomimetic
materials. Biomimetic substances have the property of being able to imitate
a biological compound, its working mechanisms, and other processes [110-
112].

ELECTROCHEMICAL METHODS FOR PHENOL ANALYSIS

There are many electrochemical methods that have been developed for
determining phenolic compounds, but few of these have been applied to
food analysis. Ortega et al. developed an amperometric biosensor using
tyrosinase covalently immobilized on the surface of an activated graphite
electrode. Thirty phenolic compounds were analyzed using this sensor in a
flow injection system. The detection limit for phenol was 3 x 10° mol L*
with a quantification limit of 1 x 10® mol L. Although this biosensor
associated to flow injection system was not applied to real samples, the
majority of the phenolic substances studied are present in foods [113].
Ortega and co-workers also presented the idea of using the biosensor as a
detector in liquid chromatography for determining phenolic compounds in
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wastewater. The transducer for manufacturing of the biosensor was carbon
paste and wastewater samples obtained from the pulp industry. The results
showed the possibility of obtaining a more selective detection system of
phenolic compounds post-column using the biosensor than with a diode
array detector at 270 nm [114].

Another strategy for the preparation of sensitive amperometric
biosensors for phenolic compounds was to immobilize the enzyme
tyrosinase on a thin silica layer using the sol-gel technique. Carbon paste
was used as a transducer and a homogeneous stock sol-gel solution was
obtained through a mixture of tetramethoxysilane, cetyltrimethyl-
ammonium bromide and methanol using alkaline catalysis. The limit of
detection for catechol was 1.2 x 107 mol L* with this amperometric
biosensor [115].

An amperometric biosensor was proposed by Sotomayor et al. using a
biomimetic material to simulate the dopamine B-monooxygenase enzyme.
The biomimetic substances, copper phtalocyanine and histidine (1:22),
were mixed with graphite and mineral oil to produce a carbon paste. The
biosensor presented a detection limit between 10 and 25 umol L* for
catechol, dopamine, guaiacol and serotonin [116].

The transducer applied to electrochemical measurements of phenolic
compounds was also the subject of study of Kiralp et al. [56]. In this study,
transducers made of conducting polymers instead of carbon paste were
employed to immobilize polyphenol oxidase, and phenolic compounds
were determined in wines through use of the biosensor. Another study used
nanostructured materials (multiwall carbon, nanotube, fullerene and
hydroxylated fullerene) as transducers for immobilization of the enzyme
horseradish peroxidase in the development of amperometric biosensors for
the determination phenolic compounds. These biosensors presented an
operational stability for greater than 200 analyses, and the response range
was between 5 and 200 umol Lt for phenol [117].

Screen-printed carbon sensors modified with graphene were
manufactured to study the electrochemical behavior of gallic and ellagic
acid using differential pulse voltammetry. These sensors have been
employed to estimate the total content of phenolic compounds of low
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oxidation potential in cork boiling water. The data agreed with that found
through Folin-Ciocalteau method, and the detection limit was lower than
0.1 ppm for both phenolic compounds [30].

Cyclic voltammetry was also used to quantify antioxidants in white
and red wines. Carbon and silver/silver chloride electrodes were employed
as working and reference electrodes, respectively. Wine samples presented
a first peak close to an anode potential of 400 mV, and this peak was due
to phenolic compounds containing an o-diphenolic group such as gallic
acid. Kilmartin et al. observed a small peak at 300 mV in red wines due to
the higher amount of myricetin, and quercetin glycosides showed one peak
at 470 mV. Red and white wines differed by the presence of a peak at 640
mV in the red wine samples, and this peak was associated with malvidin
and anthocyanidin molecules [118, 119].

Miniaturization of electrochemical systems has also been developed
for determining phenol substances. Gonzales-Rivera and Osma
manufactured an amperometric biosensor based on laccase for in situ
determination of phenolic compounds by flow-Injection. The flow system
was fabricated in reduced scale with 35mm of length and a width of 25
mm. The enzyme was immobilized on the working sensor by potential step
chronoamperometry. The working electrode (200 pum @), reference
electrode (300 um @) and the counter electrode (ellipse format: 500/1000
pm @) consisted of gold electrodes. These electrodes were fabricated
through photolithography, wherein a thin film of chrome and gold were
deposited on glass slides by physical vapor deposition. The microfluidic
system associated with the amperometric biosensor presented a detection
limit of 1.5 x 10" mol L™ for syringaldazine [120].

Besides amperometric sensors, potentiometric sensors are the only
other ones that have been developed to measure phenolic compounds by
electrochemical methods. A potentiometric sensor for dopamine was
produced using a biomimetic material that consisted of copper salt
entrapped in a polymeric membrane of ethylene-co-vinyl acetate. The
working principle of this sensor was based on changing of the charge
density on the sensor surface due to reduction of copper (I1) to copper (1)
by the dopamine. This sensor presented a super-Nernstian response, and
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the detection limit was 9 x 10 mol L™ in conditions of flow analysis
[121].

One potentiometric biosensor for determining adrenaline concentration
was developed using the enzyme polyphenol oxidase extracted from
banana peels and occluded in a carbon paste. This sensor presented a high
sensitivity to adrenaline, about 8 x 10 mol L [122].

The idea of using a natural source for obtaining enzymatic extracts of
tyrosinase was also used for the development of a label-free potentiometric
biosensor for determining phenolic compounds in honey and propolis [40].
This biosensor was manufactured according to a solid contact concept
wherein the transducer has an intermediate layer with redox characteristics
[106]. On this layer a composite of graphite and carboxylated poly(vinyl
chloride) was deposited, with the enzyme tyrosinase being immobilized by
a covalent bond. This potentiometric biosensor presented a low detection
limit of 7.3 x 107 mol L and a large linear range of response to catechol
concentration from 9.3 x 1077 to 8.3 x 102 mol L. The measurements of
the amount of total phenols in honey and propolis using this biosensor
agreed with the Folin-Ciocalteau method [40].

CONCLUSION

Phenolic compounds have high antioxidant activity in vitro and in vivo.
A diet rich in polyphenols has been correlated with a reduced risk of
cancers and attacks by viruses. Perhaps for this reason, in modern,
developed societies over the last few decades there has been an increase in
the consumption of foods containing these substances. The conventional
methods for determining phenolic compounds are still lacking in specific
methodological protocols, are complex, and require a long analysis time.
Hence, there is enormous potential in this field of research to develop new
analytical methods to measure phenolic profiles in food.

Electrochemical biosensors are promising tools for phenol analysis
since they are low-cost, highly sensitive, and enable efficient analysis.
Although a separation method is needed to associate these devices for the
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determination of phenolic profiles in food, information about these
phenolic profiles has increased in the last few years, and has allowed for
the use of multivariate calibration methods with biosensors. Therefore, in
the coming years it is expected that the development of commercial,
disposable biosensors for verifying, for example, the adulteration of food
based on its phenolic profile will become a promising field of research and
development.
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Chapter 2

THE ROLE OF BERRY GROWING
TECHNOLOGY ON BIOACTIVE
COMPOUND IMPROVEMENT

Jelena Tomic¢", Zaklina Karaklaji¢ Stajic

and Marijana PeSakovi¢
Fruit Research Institut, Ca¢ak, Republic of Serbia

ABSTRACT

Numerous studies have pointed out the presence of high bioactive
substance concentration in fruit berries as well as a correlation between
daily intake of fruits and human health. The greatest benefit to human
health has been attributed to phenolic compounds and vitamin C, due to
their antioxidant, anticarcinogenic, antimutagenic, antimicrobial, anti-
inflammatory and neuroprotective properties. A significant part of
antioxidant activity in strawberry and blackberry fruits takes place due to
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phenolic acids. Apart from phenolic acids, flavonoids also make an
important group of secondary metabolites, among which the most
common in strawberries and blackberries are anthocyanins.

Many factors affect the chemical composition of berries, the most
important of them being the genotype, climatic conditions, agricultural
practices, fruit ripeness degree and others. The main objective of this
study was to investigate the influence of genotype and type of fertilizer
(strawberry), as well as the system of cultivation and climatic conditions
(blackberry) on the content of vitamin C and phenolic compound.

The application of biofertilizers predominantly expressed a
stimulating influence on most of the phenolic compounds in fruit berries
tested. In the rain-shield cultivation of blackberries, higher values for all
parameters of the fruit phenolic composition were obtained except for
vanillic acid content, in comparison to standard cultivation system.

Changes that have occurred in the nutritional quality of the tested
strawberry cultivars indicate the best performance was exhibited by
‘Joly’, which can be recommended for further promotion and expansion
in strawberry growing regions. Taking into consideration the stimulating
impact of biofertilizers in strawberries and rain-shield cultivation systems
in blackberries on the phenolic compound in fruits, the use of
biofertilization and rain-shield can be considered justified in terms of
improving the current strawberry and blackberry production technology
and obtaining products with positive effects on human health.

Keywords: strawberry, blackberry, cultivar, biofertilizer, rain shield,
phenols

ANTIOXIDANT ACTIVITY OF BIOACTIVE
COMPOUNDS IN BERRIES

Berry fruits possess an outstanding nutritive potential based on the
high content of antioxidant components (Ding et al., 2006; Tulipani et al.,
2008). Antioxidants include vitamins, phenols, carotenoids, glutathione,
and endogenous metabolites (Larson, 1988).

Numerous quotes that highlight the antioxidant activity of vitamin C
can be found in literature (Omaye & Zhang, 1998; Szajdek & Borowska,
2008), mainly expressed synergetic relation with flavonoids (Isler et al.,
1988; Kahkonen et al., 2001). Ascorbic acid easily releases electrons,
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reducing thus reactive oxygen compounds or free radicals (Klein &
Kurilich, 2000; Prior & Cao, 2000). As a natural antioxidant, ascorbic acid
is added to different foods for preventing or avoiding obscurity,
discolouring, prolonging the storage life accordingly (Castro, 2009). Its
influence is reflected in the prevention of darkening and discoloration of
fruits, as well as increasing their lifetime (Voca et al., 2006), with the
inhibitory effect on physiological processes that diminish the quality of the
fruit during storage (Lattanzio et al., 2001). On the other hand, vitamin C
affects the so-called reduction of oxidative stress in human body, thus
reducing the risk of chronic diseases and cancer (Liu, 2003). According to
Wang et al. (1997), participation of vitamin C in fruit products
antioxidative capacity is approximately 15%.

In addition to vitamin C, berry fruits contain a large amount of
phenolic compounds. Phenolic compounds are secondary metabolites of
plants, present in a large number of plant species. Considering that about
8000 of them are known, they constitute one of the largest compound
group in nature (Spanos & Wrolstad, 1992; Harborne & Baxter, 1999;
Haminiuk et al., 2012). Their basic structure consists of a benzene ring to
which one or more hydroxyl groups can be attached (Bravo, 1998).
According to the number of aromatic nuclei in a molecule, there are:
monophenols, which contain one benzene ring, with one or more hydroxyl
groups attached to it (free phenols, phenolic acids and derivatives) and
polyphenols, which contain a larger number of benzene rings in one
molecule (flavonoids) (Macheix et al., 1990; Shahidi & Naczk, 2003;
Maestri et al., 2006; Pereira et al., 2009; Katalini¢ et al., 2010). Due to the
specific structure of a molecule, phenolic compounds have a strong
potential for interaction with proteins, because of which some enzymes can
be inhibited (lipoxygenase, cyclooxygenase, xanthine oxidase, etc.) and act
as antioxidants (Cos et al., 1988; Parr & Bolwell, 2002).

Sumbul et al. (2011) report that phenols, according to their chemical
composition, are comprised of non-flavonoids and flavonoids (Figure 1).
The non-flavanods group includes hydroxybenzoic, hydroxycinnamic acids
and stibenes. Hydroxybenzoic and hydroxycinnamic acids are different in
the degree of hydroxylation and the methylation of aromatic ring (Macheix
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et al., 1990; Robbins, 2003). The group hydroxybenzene acids include
gallic, p-hydroxybenzoic, vanillic, syringic, protocatehine, salicylic and
ellagic acid (Macheix et al., 1990; Pereira et al., 2009). Hydroxycinnamic
acids are rarely found in their free forms but mostly in conjugated forms,
such as esters of p-coumaric acid, caffeic, ferulic and sinapic acids (Vasco,
2009). In the plant world the most common is caffeic acid (Pereira et al.,
2009; Dai et al., 2010).
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Figure 1. Structural hierarchy of phenolic compounds (Vauzour, 2012).

Flavonoids are the largest group of phenolic compounds (around 6400
identified), represented in a variety of plant species (Harborne & Baxter,
1999; Prochzékova et al., 2011). Flavonoids can be divided into 5 groups:
flavonols, flavonols, isoflavones, anthocyanidins and flavanones.
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Kostanesku in 1895 isolated the parent compound and named it
“flavone” (Latin flavus-yellow), according to which a large group of
chemically similar compounds are named flavonols. Flavonols have a
common molecular structure, consisting of the tricyclic C6-C3-C6 'flavone
skeleton'. They occur in the form of free or glycosidically linked cell
yellow pigments localized in various organs of plants, particularly in fruits,
flowers and leaves, distributed in plants usually as O-glycosides. Robards
et al. (1999) report that there are over 200 flavonol aglycones identified in
plants but only 4 characteristic of the fruit, and those are quercetin,
kaempferol, myricetin and izorahmetin. Caridi et al. (2007) suggest that
flavonols are accumulated in surface tissues of fruit plants, and therefore
their contents, significantly influenced by the light regime and the
conditions during storage and processing.

Anthocyanins are a subgroup of flavonoids, which are widely present
in fruits and vegetables. Zhao (2007) points out that the anthocyanin is
rarely present in nature as a free compound (anthocyanidins) due to its high
volatility, therefore their occurrence in fruits is mostly in conjunction with
different sugars (Robards & Antolovich, 1997). Anthycyanin glycosylation
usually occurs at position 3 with glucose, arabinose or galactose.
Anthocyanins and their derivatives are responsible for the colouring of
fruits of all kind whereas identified in leaf, seed and tiller (Wrolstad et al.,
1990; Strack & Wray, 1993; Latti et al., 2009; Liu et al., 2013). According
to Borowski et al. (2008) and Veberic et al. (2015), anthocyanins are
located in the vacuoles of the granular form mainly in the outer tissue (the
epidermis), whilesporadically present in the flesh. Nikkhah et al. (2010)
suggest that there are 22 different anthocyanins known and that the six of
them are most commonly present with food intake. The most common
anthocyanins (Figure 2) are: cyanidin, peonidin, delphinidin, petunidin,
malvidin and pelargonidin (Wrolstad, 1976; Nikkhah et al., 2010).
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Figure 2. Chemical structure of the most common anthocyanins (Ananga et al., 2013).

HEALTH EFFECTS OF BIOACTIVE COMPOUNDS
IN BERRIES

In normal biological conditions, the oxygen molecule with non-
enzymatic oxidation occasionally takes electrons from other molecules,
which causes the formation of free radicals. Free radicals are permanent
products of cellular metabolism (Benavente-Garcia et al., 1997) with
increased concentration in stress conditions (Nieman et al., 2002). Free
radicals are formed as a result of air pollution, radiation, excessive
exposure to the sun, stress, or because of excessive intake of industrial
foods and foods rich in saturated fats. They lead to lipid peroxidation,
damage of plasma membrane proteins and DNA (Berlett & Stadtman,
1997). Modern scientific studies indicate that oxidative stress is a major
cause of various diseases, such as atherosclerosis, diabetes, malignant
diseases, cardiovascular diseases and other chronic diseases. Therefore, the
determination of antioxidant activity of berry fruits is significant in terms
of assessment of the positive impact on human health (Sariburun et al.,
2010). The largest share of biological effects of polyphenols can be
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attributed to their antioxidant activity. Narayana et al. (2001) and Liu
(2003) define antioxidant activity as an ability to reduce free radicals and
remove reactive oxygen species (ROS—Reactive Oxygen Species).

Due to the positive effect of fruit derived polyphenols on human
health, there has been a steadily increasing interest in the consumption of
fruit and fruit products. Berry varieties in comparison with other fruits and
vegetables are characterized by the greatest antioxidant capacity (Lachman
et al., 2000a, 2000b), which directly affects the removal of reactive oxygen
species, inhibition of oxidation, and the development of the pathogenic
bacteria (K&hkonen et al., 2001; Puupponen-Pimia et al., 2001). Phenolic
compounds are characterized by anti-inflammatory, anti-viral, anti-
microbial and anti-oxidative action, thus positively affecting human health
(Reyes-Carmona et al., 2005). A large number of epidemiological studies
indicate that eating fruits and vegetables helps to reduce the risk of some
types of human cancers and cardiovascular diseases (Bazzano et al., 2002).
Fruit consumptionalso has a positive impact on reduction in blood
pressure, strengthening the immune system, detoxification of the body and
reduction of inflammation (Sack & Kass, 1988; Ascherio et al. 1992).

Scalzo et al. (2005) suggest that antioxidant status is a more recent and
significant parameter of the fruit quality. In the group of commercially
important berry fruits, blackberry is characterized by the greatest
antioxidant capacity of fruits due to the high content of phenols, or
phenolic acids, anthocyanins, and other compounds of flavonoids
(Pellegrini et al., 2003). Therefore, it should be more used in human diet
(Sellappan et al., 2002; Zheng & Wang, 2003). Fruits of strawberry and
blackberry have a high antioxidant activity in vitro, which is in a positive
correlation to the polyphenolic compounds, such as anthocyanins. The
antioxidant activity of anthocyanins is one of their most important
biological properties relevant to human health (Heinonen et al., 1998;
Wang & Jiao, 2000; Wang & Lin, 2000). Anthocyanins are potent
antioxidants with the property of neutralizing free radicals, which can be
attributed to the phenolic hydroxyl groups, located in their ring structure
(Yoshiki et al., 1995; Wang et al., 1996; Rice-Evans et al., 1997; Wang et
al., 1997).
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QUANTITY OF BIOACTIVE COMPOUNDS IN BERRIES

Berry fruits contain high concentrations of antioxidants, among which
ascorbic acid (vitamin C) takes an important place. Nile & Park (2014),
highlight that the content of vitamin C in berries depends upon a number of
factors, such as the cultivar, growing technique, environmental conditions,
fruit maturity, growth regions, storage time and conditions.

Pineli et al. (2011) found significantly lower content of vitamin C in
fruits of strawberry cultivar ‘Osogrande’ compared to the results obtained
by the Cordenunsi et al. (2002) and Pinto et al. (2007) in the same cultivar.
According to Tulipani et al. (2011a, b) and Kafkas et al. (2006) the
concentration of ascorbic acid is increased during fruit ripening. On the
other hand, Ferreyra et al. (2007) have found a constant high content of
vitamin C of the stage where the fruit is a white to increment the full
maturity of the fruit (130 mg/100 g fw). Montero et al. (1996) have
established that the highest level of vitamin C in fruits of strawberry was
35 days after fruit set, and it amounted to 100 mg/100 g fw. Cordenunsi et
al. (2002), who state that the content, in full maturity stage, ranged from 40
to 85 mg per 100 g fw, have determined slightly lower values of vitamin C
in fruits of strawberry. Olsson et al. (2004) reported a significant variation
of the content of vitamin C in fruits of the strawberry cultivar ‘Senga
Sengana’ depending on the site of cultivation. According to Moore et al.
(2004), varying values in terms of the content of vitamin C in the fruit
strawberry cultivar ‘Bounty’ have been influenced by years of research, a
way of covering soil in the plantation and fertilizers applied. The same
authors point out that the covering land with PE (polyethylene) foil had a
positive effect on the concentration of vitamin C in fruits of strawberry, in
contrast with straw mulching lands. On the other hand, Pantelidis et al.
(2007) reported that the average content of vitamin C in berries ranges
from 14.0 to 18.4 mg/100 g fw, while Benvenuti et al. (2004), and
Romero-Rodriguez et al. (1992) shows a variation in the range 6.0 to 13.1
mg/100 g fw.

According to the research by Stanisavljevi¢ (1999), the content of
vitamin C in the fruit of blackberries ‘Caganska bestrna’ amounted to 17.2
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mg/100 g fw, while Veberi¢ et al. (2014) found a lower value (8.63 mg/100
g fw) for the same parameter. Variations in the content of vitamin C in
strawberries and blackberries can be affected by the aforementioned
factors, whereas the methods of extraction and analysis (applied to the fruit
samples) may exert a significant effect.

Flavonoids and phenolic acids are two large and heterogeneous groups
of biologically active non-nutritional phenolic compounds (Shahidi &
Naczk, 1995). Phenolic acids (hydroxybensoic and hydroxycinnamic acid)
are present in fruits in the form of esters, glycosides and amides. The most
common phenolic acids from the group of the hydroxycinnamic acids,
occurring in the fruits of berries are p-coumaric, caffeic and ferulic acid,
and from hydroxybenzoic acids: p-hydroxybenzoic, gallic, ellagic, 3-4-
dihydroxybenzoic and vanillic acid (Robards & Antolovich, 1997;
Clifford, 1999; Tomas-Barberan & Clifford, 2000; Manach et al., 2004).

Ellagic acid seems to be very beneficial for human health (Losso et al.,
2004; Bakkalbasi et al., 2009), but slightly present in a free form, usually
after the acid hydrolysis reaction, as a decomposition product of
ellagitannins (Beattie et al., 2005). Ellagitannins and derivatives thereof
have been identified in certain small fruits only (raspberry, blackberry,
arctic raspberry, strawberry) and some nuts (walnut, hazel) (Koponen et
al., 2007). The concentration of ellagic acid in the berries is typically high,
ranging from 16 to 207 mg/g dm (Williner et al., 2003). Mass et al. (1991)
have found a significant amount of ellagic acid in the pulp of the green
berries rather than in the pulp of red fruits. The highest content of the
mentioned acid in blackberries has been found in the seed of the stone
fruits (Siriwoharn & Wrolstad, 2004). By examining the structure of
phenolic acids in the fruit of two blackberry cultivars (‘Choctaw’ and
‘Kiowa’), Sellappan et al. (2002) identified gallic (6.42 and 4.12 mg/100 g
fw in the order of sorts), caffeic (1.38 and 3 64 mg/100 g fw), p-coumaric
(2.08 and 0.40 mg 100/g fw), ferulic (3.51 and 2.99 mg/100 g fw), and
ellagic acid (33.81 and 30.01 mg/100 fw). The stated results confirm the
findings of Siriwoharn & Wrolstad (2004) that the ellagic acid is a
dominant phenolic acid in the fruits of blackberry.
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By studying the changes in the content of phenolic compounds in fruits
of six blackberry cultivars (‘Black satin’, ‘Chester Thornless’, ‘Ca¢anska
bestrna’, ‘Thornless Evergreen’, ‘Loch Ness’ and ‘Thornfree’) during the
freezing process, Veberi¢ et al. (2014) found that the fruits of cultivar
‘Cacanska bestrna’ distinguished by a significantly lower content of ellagic
acid (14.30 mg/kg fw), compared to other varieties studied (except in
relation to the cultivar ‘Chester Thornless’). Jakobek et al. (2007) have
come up to similar conclusions. Namely, they state that the dominant
phenolic acids present in the berries are ellagic (41 mg/kg fw) and p-
coumaric (17 mg/kg fw). What is more, the results obtained by Hakkinen
& Torrénen (2000) after studying the phenolic acid in 6 strawberry
cultivars, indicate that ellagic acid accounted for the largest part of the total
phenolic contents. Ellagic acid content ranged from 39.6 to 52.2 mg/100 g
fw, while the content of p-coumaric acid ranged from 0.9 to 4,1 mg/100 g
fw. The research results of these authors indicate that the largest variation
between cultivars either in terms of the content of p-coumaric acid. On the
other hand, Stohr & Herrmann (1975) observed a significantly lower
variation of the expressed under the influence of the genotype with respect
to the content of p-coumaric acid (1-1.5 mg/100 g fw).

Red, blue and violet berry fruits represent the most important source of
anthocyanins in relation to all edible plant species (K&hkonen et al., 2003).
The structure and content of anthocyanins present in the fruits is caused by
a number of factors, from the genetic variability to the factors of
environment, such as light intensity, humidity, temperature, but also the
application of fertilizers and pesticides, as well as infections with different
pathogens (Kalt et al., 2001; K&hkonen et al., 2003; Hosseinian et al.,
2007).

Crespo et al. (2009) stated that the profile of anthocyanins in
strawberries is genetically determined trait rather than characteristic,
influenced by environmental factors. The study of the stated authors
suggest that cultivar ‘Clery’ has shown consistently high anthocyanin
content reflecting the high stability of chemical composition of the fruit
regardless of the area of cultivation. The content of total anthocyanins in
the cultivar ‘Clery’ in this study ranged from 27.97 to 34.60 mg/100 g fw,
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which was 1.7 times more than the cultivar ‘Anthony’, which showed the
lowest content of total anthocyanins in the fruit. Truax et al. (1994) suggest
that the reason for a higher content of anthocyanins in strawberry fruit
grown on polyethylene foil in relation to the strawberry, with straw as a
mulching material, for about 10°C higher temperature under the foil than
under the straw. Wang & Camp (2000) emphasize that the fruit of
strawberries in peaks of day and night temperature (30/22°C) had the most
intensely coloured skin and flesh. Schouten et al. (2003) suggest that the
fruits of strawberries, which are more susceptible to damage, produce more
anthocyanins. According to Rana (2001), the combined application of
mineral nitrogen and biofertilizers have led to the increase of red coloured
pigments in strawberry cultivars ‘Chandler’, in accordance with studies by
Umar et al. (2009), which found an increase of anthocyanin content in the
same cultivar using mineral nitrogen and Azotobacter.

Lopes da Silva et al. (2007) found 25 different anthocyanins in the
fruits of five strawberry cultivars (‘Eris’, ‘Oso Grande’, ‘Carisma’,
‘Tudnew’ and ‘Camaros’). Most anthocyanins were pelargonidin-aglycone,
whereas the presence of some derivatives of cyaniding was found too.
Glucose was the most common sugar, but rutinose, arabinose and
rhamnose were found as well. In all five of the studied strawberry
cultivars, pelargonidine-3-glucoside is the dominant anthocyanin followed
by pelargonidine-3-rutinosid and cyanidine-3-glucoside. These three
anthocyanins accounted for more than 95% of total anthocyanins in
strawberries. In some earlier studies, cyanidine-3-glucoside was stated to
be most abundant in fruits, as well as in other plant organs (Ishikura &
Sugahara, 1979). The antioxidant efficacy in the prevention of oxidation of
human low-density lipoprotein among the anthocyanins is the following:
delphinidin > cyaniding > malvidin > pelargonidin (Satue-Garcia et al.,
1997). Wang & Lin (2000) by examining the ORAC (Oxygen Radical
Absorbance Capacity) at different stages of development of strawberry
fruits, found a positive correlation between this parameter and the content
of anthocyanins in the mature berries.

Different structure and a high content of anthocyanins present in the
cells of blackberry fruits provide an intense, almost black colour of the
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fruit (Howard et al., 2012). Koca & Karadeniz (2009) by examining the
structure of anthocyanin in the fruit of wild and seven cultivated varieties
of blackberry, found the presence of 12 anthocyanins, of which 5 peaks
were identified, and particularly for: cyanidin-3-glucoside (cyn-3-glu),
cyanidin-3,5-diglucoside (cyn-3,5-di glu), peonidin-3-glucoside (peo-3-
glu), pelargonidin-3-glucoside (plg-3-glu) and cyanidin-3-rutinoside (cyn-
3-rut). The same authors emphasize that the content of cyaniding-3-
glucoside in the fruit-berries ranged from 77.47 to 90.42%. Cho et al.
(2004) obtained similar values of cyaniding-3-glucoside content in the
fruits of ‘Navajo’ blackberry cultivar, while the value of the same
parameter in the cultivar ‘Arapaho’ wasslightly lower. Fan-Chiang &
Wrolstad (2005) identified in blackberry fruits cyanidin-3-glucoside,
cyanidin-3-rutinoside, cyanidin-3-xyloside, cyanidin-3-glucoside, with
apple acid and an acylated derivative of cyanidin-3-glucoside. According
to Szajdek & Borowski (2008), the content of total anthocyanins in fruits
of blackberry ranges from 134.6 to 152.2 mg/100 g fw. Similar values of
total anthocyanins in the fruit of the two blackberry cultivars (‘Choctaw’,
‘Kiowa’) were obtained by Sellappan et al. (2002), while somewhat higher
values were reported in three cultivars (‘Chester Thornless’, ‘Hull
Thornless’ and ‘Triple Crown’) by Wang & Lin (2000).

According to the research by Staj¢i¢ et al. (2012), the content of
anthocyanins in the fruits of black berry ‘Caanska bestrna’ was 50.95
mg/100 g fw, while Veberi¢ et al. (2014) found a slightly lower value
(48.13 mg/100 g fw) for the same parameter in ecological conditions of the
central Slovenia. By studying the antioxidant activity of fruits in conditions
of various ultrasonic extraction treatments, Ivanovi¢ et al. (2014) have
established that the total content of anthocyanin in the fruits of ‘Cacanska
bestrna’ ranged from 1.15 to 1.30 mg/100 g dry matter.

Flavonols form one of the sub-group of flavonoids. Jakobek et al.
(2007) outline that flavonol are present in lower concentrations in
strawberry fruits compared to the phenolic acids. According to their
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presence in strawberry, kaempferol is in the first place (8 mg/kg fw),
followed by quercetin (6 mg/kg fw). In addition, by measuring the content
of flavonols Hakkinen et al. (1999) have found that the most abundant
flavonol in strawberry fruits is kaempferol, and its concentration ranged
from 0.2 to 0.9 mg/100 g fw, depending on the genotype. However, later
research, carried out by Hakkinen et al. (1999) with the same strawberry
cultivars indicated a significantly lower content of flavonols, and
especially kaempferol, in fruits. The authors believe that this is due to a
long period of the fruit storage in a frozen state prior to analysis. PeSakovi¢
& Milivojevic (2014) have reported a positive impact on biofertilizers on
kaempferol content in the fruits of strawberry compared to mineral
fertilizer. In the same study, there were no statistically significant
differences in the contents of kaempferol among tested cultivars.

By examining the contents of flavonols in the fruits of four cultivars
(‘Smoothstem’, ‘Satin White’, ‘Dirksen Thornless’ and ‘Hull Thornless’)
and seven selections of thornless blackberry (C-33, C-55, C-60, C-57, C-
62, C-58 and C-52), Bilyk & Sapers (1986) have found that the contents of
kaempferol ranged from 0.6 to 2.6 mg/kg fw and the quercetin content of
5.2 to 35.4 mg/kg fw, with no myricetin detected in the samples of the
studied cultivars and selections of blackberry. On the other hand,
Milivojevi¢ et al. (2011) haven’t identified the quercetin in the fruits of
wild and two commercial cultivars of blackberry (‘Thornfree’ and
‘Cadanska bestrna’), which is consistent with the allegations of Henning
(1981), Bilyk & Sapers (1986) and Siriwoharn & Wrolstad (2004) on the
absence of derivatives of quercetin in blackberry fruits. Based on the study
of changes in the contents of anthocyanins and other compounds while
freezing blackberries, Veberic et al. (2014) found that the content of
flavonols in the fruits of ‘Cacanska bestrna® was 12.62 mg/kg of fresh fruit
mass. Milivojevi¢ et al. (2011) identified a lower content of kaempferol
(1.55 mg/g fw), and myricetin (0.31 mg/g fw) in the fruits of ‘Ca¢anska
bestrna’ compared to wild blackberries.
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INFLUENCE OF STRAWBERRY GROWING TECHNOLOGY
ON BioAcTIVE COMPOUND IMPROVEMENT

Fertilization is one of the most important cultural practices used in
modern strawberry production, including the use of organic and mineral
fertilizers. An extensive body of research shows that the continuous use of
mineral fertilizers leads to environmental contamination, with more than
50% of applied mineral fertilizers remaining unabsorbed, resulting in the
loss of minerals, thus posing a serious threat to the environment. Therefore,
the proper use and partial or complete substitution of mineral fertilizers
with microbial inoculants i.e., biofertilizers can help overcome
environmental problems caused by the overuse of mineral fertilizers.

Since strawberries are characterized by a high nutritional quality,
reflecting in the contents of the fruit flavour, as well as in strong
antioxidant capacity based on the presence of phenolic compounds and
vitamin C, an important objective of this study is the examination of the
influence of complex mineral fertilizers of various formulations and two
biofertilizers (microbial biofertilizer based on a combination of bacteria of
genera Azotobacter, Azospirillum, Bacillus and Pseudomonas and
microbial biofertilizer based on bacteria of the genus Klebsiella) on
variation in the content of said compounds. It will indicate the potential
validity of this fertilizer application that have expressed the most positive
impact.

In numerous studies, very different data for the content of vitamin C in
the fruits of strawberries have been found. These variations can be the
result of a variety of factors, including the cultivar, growing technique,
environmental conditions, maturity, growth regions, and the length of the
storage conditions (Nile & Park, 2014). Ferreyra et al. (2007) and Montero
et al. (1996) noted considerably greater values of the vitamin C content in
strawberries in relation to the values obtained in this chapter (Table 1).
Based on the data presented in Table 1 we can see among analyzed
strawberry cultivars that the significance of difference in respect of the
vitamin C content has not been established. The results obtained in this
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chapter correspond to previously conducted researches by Cordenunsi et al.
(2002), who stated that the content of vitamin C during strawberry ripening
ranged from 40 to 85 mg per 100 g fw. Application of biofertilizer 2 had
positive effect on the content of vitamin C in strawberries. These results
are in line with the results by Moor et al. (2004), which concluded that the
variation in the content of vitamin C in strawberries of the cultivar
‘Bounty’ was influenced by year of research, method of covering soil in
the plantation and fertilizers applied.

Table 1. Effect of the cultivar and fertiliser type on the content vitamin
C, total anthocyanin, total phenols and antioxidant capacity in
strawberries

. Total . Total phenols
Vitamin C anthocyanins
Factor (mg GAeq /100
(mg/100 g fw) | (mg eq cyn-3- o/fw)
glu/100 g fw)
Cultivar (A) | ‘Clery’ | 56.2+3.6a 31.6+1.0a 288.0+22.2a
‘Joly’ 60.3+34a 245+0.8b 293.6+169a
‘Dely” | 53.0+1.6a 329+0.8a 305.3+18.7a
Fertiliser MF 55.6+3.1b 309+1.6a 243.7+10.2c
(B) B1 583+3.7b 287+13a 302.1+26.0b
B2 649+28a 29.6+1.7a 3343+19.5a
C 471+19c 294+19a 3025+19.9b
ANOVA
A ns * ns
B * ns *
A X B * * *

MF — mineral fertilizer; B1 — biofertilzer 1; B2 — biofertilizer 2; C — control. The
different lower-case letters in the columns indicate statistically significant
differences among the mean values relative to cultivars and different fertiliser
treatments at P < 0.05 level (LSD test). Asterisks in columns indicate significant
differences for P < 0,05 (*) using F test. ns: not significant.

Interaction of cultivar and fertilizer type has shown a significant
impact on the content of vitamin C in strawberries (Figure 3). In this
regard, a significantly higher level of vitamin C in all fertlizer treatments
including the control was found in the cultivar ‘Joly’ compared to cultivars
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‘Clery’ and ‘Dely’. Based on these data it can be concluded that the
content of vitamin C is varietal-dependant characteristics (Tomi¢, 2016).
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Figure 3. Interaction effect of the cultivar and fertiliser type on the content of vitamin
C in strawberries (MF — mineral fertiliser; B1 — biofertilizer 1; B2 — biofrtilizer 2; C —
control); the different letters indicate statistically significant differences at P <0.05
level (LSD test).

Synthesis and distribution of phenolic compounds is conditioned by
complex action from the outside (light, temperature and humidity), internal
(genetic factors and hormonal status) (Strack, 1997), agro-ecological
factors (Veberi¢ et al., 2012), but also the growth condition and stage of
fruit maturation (Murillo et al., 2012). In this regard, fertilizer treatments
and the interaction combinations of cultivars and fertlizers conditioned
significant variation regarding the total phenol content in strawberry (Table
1). Considerably lower total phenol content is registered in the treatment
with the mineral fertilizer (243.7 mg gallic acid equivalent (GA eq)/100 g
fw) in comparison to all other examined treatments. Significantly higher
and also the highest total phenolic content is recorded in the treatment with
biofertilizer 2 (334.3 mg GA eqg/100 g fw). According to Kivijarvi (1999),
synthesis of phenolic compounds might be accelerated in organic berry
production where herbicides, pesticides, insecticides and fertilizers haven’t
been used. Similar to that PeSakovi¢ et al. (2016) explain the increase of
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total phenols and total anthocyanins in their study as a result of the
biofertilizer applied.

Interaction effect of the cultivar and fertlizer on the total phenol
content in strawberries is shown in Figure 4. Based on the data presented a
significantly higher contents of total phenols in the fruit cultivars ‘Joly’
and ‘Dely’ can be seen in all examined fertilizer treatments compared to
the control treatment, while in the cultivar ‘Clery’ no significant
differences in total phenol content between the examined treatments were
recorded.

m ‘Clery’
400 - a a “Toly’
350 - u Dely’
300 b b
250 b}
200
150 -
100 -

Total phenols
(mg GA eq/100 g fw)

MF Bl B2 C

Figure 4. Interaction effect of the cultivar and fertiliser type on total phenols content in
strawberries (MF — mineral fertiliser; B1 — biofertilizer 1; B2 — biofertilizer 2; C —
control); the different letters indicate statistically significant differences at P<0.05
level (LSD test).

Flavonoids are a special class of phenolic compounds of the basic
skeleton C6-C3-C6, present in all plant organs (Mili¢ et al., 2000). They
are divided into twelve sub-class, comprising flavones, isoflavones,
flavanones, flavonols, flavanols, flavenes, catechins, anthocyanidins,
leucoanthocyanidin, chalcones, dihydrochalcone and aurons. Anthocyanins
(anthos-flowers, kyanos-blue) are a subclass of these compounds with
double significance, firstly, technological, due to the influence on the
sensory characteristics of fruit products, and other biological activity, due
to the effects on sensory characteristics of fruits and secondly, biological,
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due to the health effects among which the most important one is
cardioprotective effect (De Pascual & Sanchez-Ballesta, 2008). These
compounds contribute most to the total phenol content in berry fruits.

Kéhkdnen et al. (2003) and Hosseinian et al. (2007) highlight that the
content and composition of anthocyanin in berry fruits, apart from a
genotype (cultivar), is conditioned by light intensity, temperature, soil
type, humidity, method of fertilizer and pesticide use and other stress
factors. The proof of these are the results obtained in this study of Tomi¢
(2016). The highest content of total anthocyanins is recorded in the
cultivars ‘Clery’ and ‘Dely’ (31.6 and 32.9 mg equivalent cyanidin-3-
glucoside (eq cyn-3-glu)/100 g fw, respectively), and somewhat lower
value of the examined parameter in the cultivar ‘Joly’ (24.5 mg eq cyn-3-
glu/100 g fw). The results obtained in this study correspond to previously
conducted researches by Tomi¢ et al. (2015), who stated that significantly
higher values of vitamin C, total anthocyanins, total phenols, and
antioxidative capacity were registered in ‘Joly’ compared to the other two
examined cultivars.

The interaction effect of a cultivar and fertilizer on the content of total
anthocyanin in strawberries is shown in Figure 5. A significantly higher
content of total anthocyanins in the cultivar ‘Clery’ is registered in
treatments with mineral fertilizer (36.7 mg eq cyn-3-glu/100 g fw)
compared to all other treatments, while in the cultivar ‘Joly’ a significantly
lower amount is recorded in the control treatment (22.8 mg eq cyn-3-
glu/100 g fw), in response to the treatment with mineral fertilizer only
(27.0 mg eq cyn-3-glu/100 g fw). Conversely, the cultivar ‘Dely’ had a
significant increase in total anthocyanins in treatments with biofertilizer 2
and the control (31.7 and 35.6 mg eq cyn-3-glu/100 g fw, respectively) in
comparison with other two treatments.

According to Veberic¢ et al. (2015), the most common anthocyanidins
in the fruits of garden strawberries are cyanidin and pelargonidin, though
predominantly present in the form of glucoside, galactoside and glucoside.
Lopes da Silva et al. (2007) have identified 25 different anthocyanins in
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the fruits of 5 strawberry cultivars and found that in all studied strawberry
cultivars pelargonidin-3-glucoside is a predominant anthocyanin, followed
by pelargonidin-3-rutinoside and cyanidin-3-glucoside. These three
anthocyanins accounted for more than 95% of the total content of
anthocyanins in strawberries. Our research also indicates the dominant
presence of pelargonidin-3-glucoside compared to cyanidin-3-glucoside in
the fruits of strawberries (Table 2).
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Figure 5. Interaction effect of the cultivar and fertilizer type on total anthocyanins
content in strawberries (MF — mineral fertiliser; B1 — biofertilizer 1; B2 — biofrtilizer 2;
C — control); the different letters indicate statistically significant differences at P < 0.05
level (LSD test).

The content of pelargonidin-3-glucoside was significantly higher in the
fruit cultivars ‘Clery’ and ‘Joly’ (11.34 and 11.19 mg/100 g fw,
respectively) in comparison with the cultivar ‘Dely’ (8.02 mg/100 g fw).
After the treatment of plants using biofertilizer 1 and 2 a larger quantity of
pelargonidin-3-glucoside was found in fruits (11.74 and 11.14 mg/100 ¢
fw, respectively) compared to the plants treated with the mineral fertilizer
and the control plants (8.76 and 9.10 mg/100 g fw, respectively).
Interaction effects cultivar/fertilizer on the content of pelargonidin-3-
glucoside in strawberries shown in Figure 6.
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Figure 6. Interaction effect of the cultivar and fertiliser type on pelargonidine-3-
glucoside content in strawberries (MF — mineral fertiliser; B1 — biofertilizer 1; B2 —
biofrtilizer 2; C — control); the different letters indicate statistically significant

differences at P <0.05 level (LSD test).

Table 2. Effect of the cultivar and fertilizer type on the content of
flavanoids in strawberries

Flavanoids
(mg/100 g fw)
Factor Flavonols Anthocyanins
- nidin-3- Pelargonidin-
Kaempferol Myricetin Cglicgsi de3 S-ZIggosic:je
Cultivar ‘Clery’ | 0.71+£0.02 a 0.93+0.05a 343+0.21b 11.34+2.80a
(A) ‘Joly’ | 0.68+0.0la | 095+0.11a 429+032a 11.19+1.86a
‘Dely’ 0.72+0.04 a 0.94+0.10a 258+0.46¢C 8.02+2.24h
Fertilizer MF 0.79+£0.05 ab 0.88+0.13b 398+0.25a 8.76 £1.78 b
(B) B1 1.02+0.02a | 097+0.02a 447+027a 11.74+1.72a
B2 0.93+0.02a 0.91+0.07 ab 322+0.11 ab 11.14+146a
C 0.66 +0.03 b 0.86 £0.06 b 297+0.18b 9.10+1.07b
ANOVA
A ns ns * *
B * * * *
AxB ns ns ns *

MF — mineral fertilizer; B1 — biofertilzer 1; B2 — biofertilizer 2; C — control. The
different lower-case letters in the columns indicate statistically significant differences
among the mean values relative to cultivars and different fertiliser treatments at P <
0.05 level (LSD test). Asterisks in columns indicate significant differences for P < 0,05
(*) using F test. ns: not significant.
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By analysing the presented data, it can be concluded that biofertilizer
application caused a significant increase of the content of pelargonidin-3-
glucoside in the cultivar ‘Clery’ (biofertilizer 1 — 13.77 mg/100 g fw and
biofertilizer 2 — 12.98 mg/100 g fw) in comparison with treatments with
mineral fertilizers and control treatment. The cultivars ‘Joly’ and ‘Dely’
did not differ significantly between treatment and the control treatment.

Significant differences in the content of cyanidin-3-glucoside are
registered among all three studied cultivars. A significantly higher content
of the compound was observed in the cultivar ‘Joly’ (4.29 mg/100 g fw)
compared to other two studied cultivars. Treatments with mineral
fertilizers and biofertilizer 1 caused a significant increase in the content of
cyanidin-3-glucoside (3.98 and 4.47 mg/100 g fw, respectively) compared
to the control (2.97 mg/100 g fw). The value obtained by using biofertilizer
2 was between stated values (3.22 mg/100 g fw). Interaction effect of
cultivar and fertilizer on the content of cyanidin-3-glucoside in
strawberries was not significant.

Flavonols are widespread in plants, primarily in the form of O-
glycosides, among which most common are quercetin, myricetin,
kaempferol and izorahmetin (Robards & Antolovich, 1997). The results
obtained in this chapter confirm the claims of Jakobek et al. (2007), who
state that flavonols are present in lower concentrations in strawberries
compared to phenolic acids. In this study no influence of cultivar on the
content of kaempferol was observed in strawberries. Strawberries treated
with biofertlizers (1.02 and 0.93 mg/100 g fw, respectively) had a higher
content of kaempferol compared to the control treatment fruits only. The
results have substantial confirmations in the research by PeSakovi¢ &
Milivojevic (2014) who have found a positive impact of biofertilizers on
kaempferol content in strawberries compared to mineral fertilizer. In the
same research, there were no statistically significant differences in the
content of kaempferol among examined cultivars. The results obtained in
study of Tomi¢ (2016) are in compliance with previous Hékkinen &
Torronen (2000), who state that the contents of kaempferol in strawberries
ranged from 0.2 to 0.9 mg/100 g fw depending on the genotype.
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Larger contents of myricetin was in biofertilizer treatments (0.97 and
0.91 mg/100g of fw, respectively). Results obtained by Milivojevi¢ et al.
(2011) indicate two to four times lower content of myricetin in fruits of
two cultivars of garden and wild strawberry compared with the contents of
kaempferol. One explanation for the low concentration of the mentioned
flavonols is that a small number of compounds occur as free flavonoids-
aglycones, while a number of them occur as flavonoids-glycosides, as a
consequence of the basic compound to various monosaccharides or
complex sugars (Mili¢ et al., 2000).

Fenolic acids consist of phenolic nucleus and the side chain containing
one (benzoic acid derivatives) or three (cinnamic acid derivatives) carbon
atoms and include hydroxy and other functional derivatives of benzoic and
cinnamic acids. The most abundant hydroxycinnamic acids, which occur in
berries, are p-coumaric, caffeic and ferulic acid, hydroxybenzoic acid are:
p-hydroxybenzoic acid, gallic, ellagic, 3-4-dihydroxybenzoic and vanillic
acid (Robards & Antolovich, 1997; Clifford, 1999; Tomas-Barberan &
Clifford, 2000; Manach et al., 2004). Milivojevi¢ (2008) highlights that
ellagic acid represents a dimeric condensation product of gallic acid so its
presence is usually in the form of ellagitannins. Free form of ellagic acid is
rarely present in strawberries (da Silva Pinto et al., 2008). Pinto et al.
(2007) state that the potential health effect of ellagitannins originate from
strawberries, connected to the antiproliferative and in vitro inhibition of a-
amylase, a-glucosidase inhibitors and ACE (angiotensin I-converting
enzyme). The results of previous studies show that the content of free
ellagic and gallic acid strawberries was dominant compared to ferulic and
p-coumaric acid (Table 3). In the cultivar ‘Dely’ content of ellagic and
gallic acid in the strawberries was significantly higher than the content of
these acids in two other cultivars studied. Results of previous studies
indicate the great variability value in the content ellagic acid in
strawberries. Jakobek et al. (2007) state that the amount of ellagic acid in
strawberries was 41 mg/kg fw, which is significantly lower in comparison
to the values, set in this study. In contrast, by studying phenolic acid in the
fruits of 6 strawberry cultivars Hakkinen & Torrdnen (2000) have found
that the largest part of the total phenolic contents was ellagic acid, the
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amount of which in fruits ranged from 39.6 to 52.2 mg/100 g fw, which is

significantly higher than the values reported in this chapter.

Table 3. Effect of the cultivar and fertiliser type on content the
phenolic acids in strawberries

Hydroxybenzoic acid Hydroxycinnamic acids
Factor (mg/100 g fw) (mg/100 g fw) .
Ellagic acid Gallicacid | Ferulicacid | PO mare
Cultivar ‘Clery’ 9.15+0.84b 199+056b | 0.23+0.01a 123+0.15a
(A “Joly’ 8.99+1.10b 2.01+085b | 0.16+0.03b | 1.09+0.12a
‘Dely’ 1222+0.74a | 323+0.64a | 0.20+0.01b 121+0.14a
Fertilizer MF 7.48+0.67c 229+1.03a | 0.21£0.02a 1.19+0.15a
(B) B1 11.30£0.57a | 245+0.87a | 022+0.02a | 122+0.17a
B2 9.85+0.46b 234+0.63a | 020+0.03ab | 125+0.19a
C 7.45+048c¢ 223+098a | 0.14+0.01lb 1.18+0.14 a
ANOVA
A * * * ns
B * ns * ns
AXxB ns ns * ns

MF — mineral fertilizer; B1 — biofertilzer 1; B2 — biofertilizer 2; C — control. The
different lower-case letters in the columns indicate statistically significant differences
among the mean values relative to cultivars and different fertiliser treatments at P<
0.05 level (LSD test). Asterisks in columns indicate significant differences for P < 0.05
(*) using F test. ns: not significant.

Gallic acid has a significant antioxidant activity (Nile & Park, 2014),
as well as its derivatives which are also powerful antioxidants with free
hydroxyle with the property of neutralizing free radicals (Rice-Evans et al.,
1997). Optimization of cultural practices, primarily fertilization may be
one of the most effective ways to increase the phenolic content in
strawberries (Anttonen et al., 2006). The same authors have shown that
high levels of mineral fertilizers decreased content of ellagic acid and
flavonols in strawberries. The results obtained correspond with the results
of Tomi¢ (2016), where the use of different biofertilizers caused increased
content of phenolic acids, flavonols and anthocyanins in strawberries in
relation to the use of mineral fertilizers. Namely, in this study, the
application of biofertilizers 1 showed a stimulating effect on the content of
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ellagic acid in strawberries (11.30 mg/100 g fw). The obtained results were
in accordance with the research by Kivijarvi (1999) who observed an
increase in the content of phenolic component in the strawberries grown in
organic farming system, without pesticides and fertilizer application.
Similar to the above, in this chapter, a significantly higher content of gallic
acid was registered in the control treatment without fertilization. No
regularity in the content of gallic acid in the interaction cultivar/fertilizer
was observed.

The influence of cultivar was significant in terms variability in the
content of ferulic acid in the fruit. A significantly higher content of these
acids was recorded in the cultivar ‘Clery’ (0.23 mg/100 g fw). On the other
hand, positive effect of mineral fertilizers and biofertilizer 1 on the content
of ferulic acid in strawberries has been noted. Interaction effect
cultivar/fertilizer had a significant impact on the change of content of
ferulic acid in strawberries, whereas the higher the content of the acid was
recorded in the cultivar ‘Clery’ using a mineral fertilizer in relation to the
other tested interaction effects tested (Figure 7). The high content of ferulic
acid was recorded in the interaction cultivar ‘Clery’/fertilizer but also in
the interaction of the same cultivar with biofertilizers 1 and 2, among
which no significant difference was observed.

No significant variation in the content of of p-coumaric acid under the
influence of tested factors (cultivar and fertilizer), as well as under the
influence of their interaction was observed. The content of p-coumaric acid
ranged of from 1.09 to 1.25 mg/100 g fw. The amount of p-coumaric acid
in the strrawberry quoted by Jakobek et al. (2007) was slightly higher (17
mg/kg fw) compared to the results recorded in this chapter. According to
Hékkinen & Tdérronen (2000), the average content of p-coumaric acid in
strawberries ranges from 0.9 to 4.1 mg/100 g fw, which is in accordance
with the values obtained in this study. Research results of the content of
various phenolic acids in strawberries by the aforementioned authors
suggest that the greatest variation among cultivars were regarding the
content of p-coumaric acid. This was in contrast with the results obtained
in this chapter, since the content did not change p-coumaric acid under the
influence of the cultivar. On the other hand, Stéhr & Herrmann (1975)
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observed significantly less variation under the influence of genotype
regarding the content of p-coumaric acid in strawberries (1-1.5 mg/100 g
fw).
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Figure 7. Interaction effect of the cultivar and fertiliser type on ferulic acid content in
strawberries (MF — mineral fertiliser; B1 — biofertilizer 1; B2 — biofrtilizer 2; C —
control); the different letters indicate statistically significant differences at P < 0.05
level (LSD test).

According to the quotes by Seeram et al. (2006) and Aaby et al.(2007),
the fruits of strawberry contain, apart from vitamin C, large quantities of
phenolic compounds, which exibited positive effect against free radicals in
vitro examinations. Tulipani et al. (2008) emphasize that vitamin C
account for 30-35% of antioxidant capacity of fruits in certain strawberry
cultivars, whereas other specific compounds like pelargonidine-3-
glucoside account for up to 25% antioxidant capacity of strawberries.
Predominant phenolic compounds in strawberries in this chapter were
pelargonidine-3-glucoside and ellagic acid, significantly contributing
(along with vitamine C) to antioxidant capacity of the examined strawberry
cultivar. Namely, significantly higher antioxidant capacity were found in
‘Clery’ and ‘Joly’ (1.14 and 1.03 mmol TE-Trolox equivalent/100 g fw,
respectively) compared to ‘Dely’ (Table 4). Influence of fertlizer on
strawberry antioxidant capacity was not recorded.
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Table 4. Effect of the cultivar and fertiliser type on antioxidant
capacity in strawberries

Factor Antioxidant capacity
(mmol TE-100 g/fw)
Cultivar (A) ‘Clery’ 1.14+0.06 a
‘Joly’ 1.03+£0.05a
‘Dely’ 0.75+0.05b
Fertiliser (B) MF 0.97+0.07 a
B1 1.00+£0.09 a
B2 0.90+0.11a
C 1.02+0.07 a
ANOVA
A *
B ns
AxB *

MF — mineral fertilizer; B1 — biofertilzer 1; B2 — biofertilizer 2; C — control. The
different lower-case letters in the columns indicate statistically significant
differences among the mean values relative to cultivars and different fertiliser
treatments at P < 0.05 level (LSD test). Asterisks in columns indicate significant
differences for P < 0,05 (*) using F test. ns: not significant.

By interaction effect analysis cultivar/fertilizer, significantly higher
value of antioxidant capacity can be observed in ‘Clery’ applying
biofertilier 1 compared to control (Figure 8).
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Figure 8. Interaction effect of the cultivar and fertiliser type on the antioxidative
capacity in strawberries (MF — mineral fertiliser; B1 — biofertilizer 1; B2 — biofrtilizer
2; C — control); the different letters indicate statistically significant differences at P<
0.05 level (LSD test).
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Biofertilizer application had a positive effect on the contents of most
phenolic compounds analyzed in the fruit. Therefore, the use of
microbiological fertilizers as supplements to mineral fertilizers or even
their substitutes can be considered an appropriate practice to ensure safe
strawberry fruit production, which has an indirect positive effect on the
production characteristics of the tested strawberry cultivars.

INFLUENCE OF BLACKBERRY GROWING TECHNOLOGY ON
BioAcTIVE COMPOUND IMPROVEMENT

The quality of blackberries as fruit species is fully accomplished only
if the production is realized under conditions of properly selected
localities, exposure time, altitude, an adequate type of soil, the cultivation
techniques and proper, that is, timely execution of all agro-technical
measures in accordance with biological requirements of the grown cultivar.
Introduction of intensive blueberry cultivation systems, semi-enclosed, i.e.,
in rain-shield, prevents the harmful effects of abiotic factors and provides a
continuous harvest, regardless of the outside conditions. Therefore, the
main objective of this study was to determine the effect of rain-shield on
the content of natural antioxidant compounds (vitamin C and phenolic
compounds) in the blackberry cultivar ‘Ca¢anska bestrna’, having in mind
their nutritional diet and medicinal value. Vitamin C is one of the
antioxidants (Szajdek & Borowska, 2008) expressing its antioxidant
activity mainly in synergism with flavonoids (Isler et al., 1988; Kahkdnen
et al., 2001). Karaklaji¢ Staji¢ (2016) found significant differences in the
content of vitamin C in blackberries using different cultivation techniques.
Conversely, examined years showed no significant effect on the content of
vitamin C. (Table 5).



64 Jelena Tomié, Zaklina Karaklaji¢ Staji¢ and Marijana Pe$akovi¢

Table 5. Effect of cultivation techniques and year on the
content of vitamin C in blackberries
‘Cacanska bestrna’

Vitamin C
Treatment (Mg/100 g fw)
Cultivation techniques (A)
Rain-shield 1437+ 024 a
Standard 1255+0.41b
Year (B)
2011. 13.16+0.25a
2012. 13.90+0.69a
2013. 13.33+0.42a
Cultivation techniques x Year (A x B)
Rain-shield 2011. 13.42+0.31ab
2012. 15.05+0.42a
2013. 1465+0.14a
Standard 2011. 1290+0.39b
2012. 12.75+1.19b
2013. 12.01+0.26 b
ANOVA
A *
B ns
AxB *

The different lower-case letters in the columns indicate statistically
significant differences among the mean values relative to cultivation
techniques and year at P < 0.05 level (LSD test). Asterisks in
columns indicate significant differences for P <0.05 (*) using F test.
ns: not significant.

Namely, a higher content of vitamin C in blackberries was recorded in
rain-shield system in accordance with the quotes by Pantelidis et al. (2007)
and Hégg et al. (1995), who emphasized that the content of vitamin C in
strawberries was conditioned by numerous factors including the applied
growing technology. In addition, a variability in the content of vitamin C
with standard cultivation techniques by experimental years was observed,
which could be interpreted only in the context of significant influence of
interaction effect of cultivation techniques and year (Figure 9). Pantelidis
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et al. (2007) found by studying antioxidant capacity, the content of
phenols, anthocyanins and vitamin C in raspberries, blackberries, red
currant and gooseberry determined the average content of vitamin C in
blackberries 16.2 mg/100 g fw.
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Figure 9. Interaction effect of the cultivation techniques and year on the content of
vitamin C in blackberries; the different letters indicate statistically significant
differences at P <0.05 level (LSD test).

Similar research, related to the genera Rubus, Ribes and Aronia
engaged in work by Benvenuti et al. (2004) indicated that the average
content of the mentioned parameter in fruits of seven blackberry cultivars
(‘Black Diamond’, ‘Smoothstem’, ‘Thornless Boy Sembes’, ‘Darrow’,
‘Chester Thornless’, ‘Hull Thornless’ and ‘Black Satin’) was 12.9 mg/100
g fw. Average values of vitamin C in this chapter per all treatments ranged
from 12.01 t015.05% and were higher than the values stated by Veberic et
al. (2014), for the cultivar ‘Caganska bestrna’ in central Slovenia (8.63
mg/100 g fw), but also somewhat lower values for Cacak reached by
Stanisavljevi¢ (1999) (17.2 mg/100 g fw).

The content of total phenols in the cultivar ‘Caganska bestrna’, was
considerably higher in rain-shield system related to the blackberry grown
in open field, without rain-shield (Table 6). Observed by experimental
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years, higher values of total phenols were registered in 2011 and 2013 with
the significance of differences in relation to 2012. Studying chemical
properties of wild and commercial blackberries, Milivojevi¢ et al. (2010)
found that the content of total phenols in ‘Ca¢anska bestrna’ were 1.74 mg
eq GA/g fw which was lower than the results obtained in this work and
comparable to the results reached by Staj¢i¢ et al. (2012) for the same
parameter in the same cultivar (235.09 mg eq GA/100 g fw).

Table 6. Effect of cultivation techniques and year
on the total phenols content in blackberries
‘Cacanska bestrna’

Total phenols Total anthocyanins
Factor (mg eq GA/100 g (mg eq cyn-3-glu/100 g

fw) fw)
Cultivation techniques (A)
Rain-shield 438.71 +15.02a 7098+1.84a
Standard 407.94 +11.49 b 70.40 +2.64 a
Year (B)
2011. 451.24+10.19a 63.87+1.80b
2012. 362.65 + 15.57 b 69.78 +2.36 b
2013. 456.09 £ 6.65a 7841+237a
ANOVA
A * ns
B * *
AxB * *

The different lower-case letters in the columns indicate statistically
significant differences among the mean values relative to cultivation
techniques and year at P < 0.05 level (LSD test). Asterisks in columns
indicate significant differences for P < 0.05 (*) using F test. ns: not
significant.

Among phenolic compounds, predominant ones in blackberries are
anthocyanidins, ellagic acid, flavonols and flavan-3-ols (Mosel &
Herrmann, 1974; Schuster and Herrmann, 1985; Wald et al., 1986;
Sellappan et al., 2002; Shahidi & Naczk, 2003). Values of total
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anthocyanins obtained in this chapter were approximately equal in both
blackberry cultivation techniques confirming quotes by Milivojevi¢ (2008)
that light is one of the most thoroughly studied factors of environment
affecting metabolics of phenolic compounds, that is, stimulating the
synthesis of flavonoids, especially anthocyanins and to a lesser degree
flavonol glycosides. On the other hand, Karaklaji¢-Staji¢ et al. (2017)
highlight that drastic chemical changes occur in the fruits during their
ripening and the contribution of soluble solids content to stability of total
anthocyanins was generally dependent on their levels in blackberries.
Values of total anthocyanidins obtained in this study were higher in
relation to the results reached by Stajc¢i¢ et al. (2012), Ivanovic et al. (2014)
and Veberic et al. (2014) for the same blackberry cultivar. The results of
Karaklaji¢ Staji¢ (2016) show that the ripeness stage significantly increase
soluble solids content whereas total anthocyanins content has been noted in
over ripe berries compared to fully ripe fruit resulting in lower rates of
pigment degradation.

In the studied blackberry cultivar, quercetin, belonging to the group of
flavonols and cyanidin-3-glucoside belonging to anthocyanins (Table 7)
were registered. The obtained value of quercetin was higher in rain-shield,
related to the standard cultivation techniques, although with no
significance in differences. What is more, the content of the
aforementioned compound did not vary significantly by experimental years
neither, whereas the obtained values ranged from 0.25 to 0.33 mg/100 g
fw. Values of quercetin content in fruits, obtained in this chapter were
lower related to the values reached by Bilyk and Sapers (1986), by
studying the contents of flavonols in the fruits of four cultivars and seven
selections of thornless blackberry. On the other hand, Milivojevi¢ et al.
(2011) point out that quercetin was not identified in blackberries ‘Caéanska
bestrna’, which is, according to earlier studies by Henning (1981), Bilyk &
Sapers (1986), Siriwoharn & Wrolstad (2004) the consequence of its
presence in the form of glucoside.
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Table 7. Effect of cultivation techniques and year on the flavonoids
content in blackberries ‘Cacanska bestrna’

Flavonoids
(mg/100 g fw)
Factor Flavonols Anthocyanins
. Cyanidin-3-
Quercetin glucoside
Cultivation techniques (A)
Rain-shield 0.31+0.01a 1247+125a
Standard 0.29+0.03a 1196+1.12a
Year (B)
2011. 0.33+0.02a 6.28+0.16 ¢
2012. 0.25+0.01la 12.51+0.57b
2013. 0.32+0.04a 17.86+0.36 a
Flavonoids
(mg/100 g fw)
Factor Flavonols Anthocyanins
. Cyanidin-3-
Quercetin glucoside
Cultivation techniques x Year (A x B)
Rain-shield 20111 035+001a | 651+031a
2012 0.28+0.01a 12.14+092a
2013 0.30+0.01a 18.78+0.16 a
Standard 20111 930+003a | 6.06+0.04a
20121 02040024 | 1283+0.73a
2013 0.35+0.09a 16.94+0.44 a
ANOVA
A ns ns
B ns s
AxB ns ns

The different lower-case letters in the columns indicate statistically significant
differences among the mean values relative to cultivation techniques and year at
P <0.05 level (LSD test). Asterisks in columns indicate significant differences for P
<0.05 (*) using F test. ns: not significant.
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Identification and classification of cyanidin-3-glucoside in the tested
blackberry cultivar confirmed the quotes by Fan-Chiang & Worolstad
(2005), Jakobek et al. (2007) and Koca & Karadeniz (2009) that
conjugated forms are predominant in the structure of blackberry
anthocyanins, that is, glucoside and acylglucoside forms of cyanidine.
Applied blackberry cultivation techniques did not cause significant
difference in the content of cyanidin-3-glucoside in fruits, making the
obtained values approximate, though somewhat higher in rain-shield
system. During a three-year period, the values of cyanidin-3-glucoside
content in fruits during the three-year period continually increased, so that
the highest content of cyaniding-3-glucoside was in the third year, and a
significant difference recorded between the years of testing. The incidence
was probably a result of more favorable conditions for the synthesis of
cyaniding-3-glucoside, considering that the structure and the content of
anthocyanins in fruits caused by various factors, such as genetic variation,
environmental factors, use of fertilizers and pesticides and pathogen
infection (Kalt et al., 2001; Kéhkonen et al., 2003; Cho, 2004; Hosseinian
et al., 2007). According to the earlier investigation (Dugo et al., 2001; Fan-
Chiang &Wrolstad, 2005; Stintzing et al., 2002, Veberic et al., 2014), in
the structure of identified anthocyanins in blackberries, cyanidin-3-
glucoside is predominant, which, according to Koca and Karadeniz (2009)
acoounts for 83.95%, and according to Elisia et al. (2007) with 90.10%.
Studying 14 different anthocyanins, Wang et al. (1997) found that
cyanidin-3-glucoside had a highest antioxidant activity. Other
anthocyanins, such as cyanidin-3-rutinoside, cyanidine-3-xyloside,
malvidin-3-glucoside, an acylated derivative of cyanidine-3-glucoside
were present in blackberries in lesser concentrations (Dugo et al., 2001).

In compliance with previous investigations (Dixon & Paiva, 1995;
Deighton et al., 2000; Moyer et al., 2002; Mé&atta-Riihinen et al., 2004;
Scalzo et al., 2005; Rutz et al., 2012), the results obtained in this chapter
confirmed the influence of cultivation conditions, that is, abiotic factors
and cultivation technique on changes in the content of phenolic acids and
flavonoids in berry fruits. Blackberries in rain-shield system had a higher
content of all identified hydroxybenzoic acids, except vanillic, and the
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significance of difference was registered in the content of ellagic and galic
acid (Table 8). The highest content of 4-hydroxybenzoic, ellagic and gallic
acids in fruits was found in 2013, with no significance in difference for the
content of 4-hydroxybenzoic acid, by testing years. On the other hand, the
highest content of protocatehic acid was found in 2012 whereas vanillic in
2011, with difference significance between testing years in the content of
aforementioned acids. In all treatments, of 5 identified hydroxybenzoic
acids, the highest content in fruits was registered in ellagic (6.77-16.17
mg/100 g fw), than gallic acid (3.44-8.00 mg/100 g fw), which is in
accordance with the quotes by Siriwoharn & Wrolstad (2004) that ellagic
acid is dominant fenolic acid in blackberries. Beattie et al. (2005) also
emphasize that, in free form, ellagic acid is most commonly present with
gallic acid, as a decomposition product of ellagitannins. Average values of
the content of ellagic acid obtained in all treatments were higher than the
values reached by Milivojevi¢ et al. (2011), studying chemical and
antioxidant properties of cultivars and wild species of the genera Fragaria
and Rubus, as well as the values quoted by Veberic et al. (2014) for the
same cultivar.

P-coumaric, caffeic and ferulic acid from the goup of hydroxycinnamic
acids were identified in this paper (Table 9). In rain-shield system grown
blackberries, a higher content of the mentioned acids was obtained, with
difference significance in the content p-coumaric acid only. The highest
content of p-coumaric and caffeic acid was registered in 2013, ferulic acid
in 2012, and difference in the content, between testing years were
significant in all mentioned acids. An explanation of such incidence may
be found in the fact that, apart from the genotype (Minoggio et al., 2002;
Howard et al., 2003), the content of phenolic compound in fruits was also
determined by temperature conditions during vegetation (Perez-Tello et al.,
2001; Wang i Zheng, 2001), fruit maturation degree and abiotic factors
(Reverberi et al., 2001; Kirakosyan et al., 2004).



Table 8. Effect of cultivation techniques and year on the hydroxybenzoic acids content in blackberries
‘Cacanska bestrna’

Hydroxybenzoic acids (mg/100 g fw)
Factor Protocatehic 4-hydroxybenzoic Vanillic acid Ellagic acid Gallic acid
acid acid
Cultivation techniques (A)
Rain-shield 2.38+0.09a 0.60+0.05a 0.76 £ 0.08 a 11.36+0.88 a 587+042a
Standard 214+0.13a 0.55+0.04a 0.89+0.13a 851+0.46b 425+022b
Year (B)
2011. 1.91+0.09 ¢ 0.57£0.07 a 1.35+0.13a 8.93+0.37b 411+0.32b
2012. 2.66+0.16 a 0.56 £0.02 a 0.64+£0.04b 7.31+037¢c 446+0.14b
2013. 2.21+0.03b 0.59 +0.06 a 050+0.01b 13.52+0.82a 6.60+0.49a
Cultivation techniquesx Year (A x B)
Rain-shield 2011. 2.09+0.09a 0.71+0.11a 1.08+0.17a 9.97+0.39¢c 4.79 £0.50 ab
2012. 277+0.15a 0.55+0.04 ab 0.70+0.06 b 7.93+0.49d 4.81+0.09 ab
2013. 229+0.02a 0.54 +0.08 ab 0.52+0.01b 16.17+0.29 a 8.00+042a
Standard 2011. 1.73+0.13a 0.44+0.04b 1.62+0.11a 7.89+0.17d 344+0.16b
2012. 256+0.28a 0.57 £0.03 ab 059+0.04b 6.77+0.49 e 412+0.16b
2013. 2.14+0.03a 0.65 +0.09 ab 0.49+0.22b 10.87+0.22b 5.20+0.33 ab
ANOVA
A ns ns ns * *
B * ns * * *
AxB ns * * * *

The different lower-case letters in the columns indicate statistically significant differences among the mean values relative to
cultivation techniques and year at P < 0.05 level (LSD test). Asterisks in columns indicate significant differences for P < 0.05 (*)
using F test. ns: not significant.
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Table 9. Effect of cultivation techniques and year on the
hydroxycinnamic acids content in blackberries ‘Ca¢anska bestrna’

Hydroxycinamic acids (mg/100 g fw)
Factor p-coumaric Caffeic acid Ferulic acid
acid
Cultivation techniques (A)
Rain-shield 2.28+0.48a 0.49+0.02a 0.42+0.02a
Standard 1.92+045b 0.47+0.02a 0.39+0.01a
Year (B)
2011. 0.90+0.04 b 0.41+0.01c 0.36 £0.02 b
2012. 0.64 +£0.09 ¢ 0.50+0.02b 0.47 £0.03 a
2013. 477+0.12a 0.55+0.02a 0.38+0.01b
Cultivation techniques x Year (A x B)
Rain-shield 2011. | 0.90+0.06b 0.42+0.02¢ 0.37£0.04 a
2012. | 0.91+0.07b 0.48+0.02b 0.49£0.05a
2013. | 5.05+0.08a 0.58 £0.01a 0.39+0.01a
Standard 2011. | 0.89+0.06b 0.39+0.01c 0.34+0.01a
2012. | 0.37+£0.03¢ 0.51+0.02 ab 0.45+0.03 a
2013. | 449+0.15a 0.52+0.03 ab 0.37+0.01a
ANOVA
A * ns ns
B * * *
AxB * * ns

The different lower-case letters in the columns indicate statistically significant
differences among the mean values relative to cultivation techniques and year at
P <0.05 level (LSD test). Asterisks in columns indicate significant differences for P <
0.05 (*) using F test. ns: not significant.

In respect of identified hydroxycinnamic acids in the fruits of the
tested blackberry cultivars, we can observe the domination of p-coumaric
acid, which is contrary to the quotes by Han et al. (2007), Pereira et al.
(2009) and Dai et al. (2010) that in plant cells from the group of
hydroxycinnamic acids, the most common is caffeic acid. Analyzing the
group of berries Pantelidis et al. (2007) have found that the fruits of
blackberry are characterized by the greatest antioxidant capacity resulting
from the high content of phenolic compounds.
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The values of blackberry antioxidant capacity obtained in study of
Karaklaji¢ Staji¢ (2016) were higher in rain-shield system, which was
expected, considering the values of the total phenols and anthocyanins
were higher as well in the mentioned system (Table 10). The relationship
between antioxidant capacity and the content of total phenols and
anthocyanins in the fruits of berries has been confirmed by numerous
studies (Wang & 38; Lin, 2000; Sellappan et al., 2002; Reyes-Carmona et
al., 2005; Milivojevi¢ et al., 2011) indicating the fact that the parameter
‘total phenols’ can serve as an indicator of antioxidant capacity
(Milivojevi¢ et al., 2010). Regression-correlation analysis in our study
didn’t show a correlation between the content of total phenols and
anthocyanins and the antioxidant capacity of the blackberry fruit cultivated
under rain-shield system, contrary to the standard system where a positive
linear relationship between the parameters mentioned above in a three-year
period was observed (Table 11). Namely, a positive linear correlation was
medium strong with approximately equal values of Pierson correlation
coefficient between total phenols and anthocyanins and antioxidant
capacity. Boyer & Liu (2004) have established that the fruits of apple
exposed to sunlight were characterized by the higher content of
anthocyanins and quercetin glycosides in relation to the fruits grown in
overshadowing conditions. Contrary to the results presented in this chapter,
higher values of correlation coefficient were found by Wang & Lin (2000)
in cultivars ‘Chester Thornless’, ‘Hulll Thornless’ and ‘Triple Crown’,
Sellapan et al. (2002) in cultivars ‘Choctaw’ and ‘Kiowa’ and Reyes-
Carmona et al. (2005) in cultivars ‘Brazos’, ‘Tupi’, ‘Comanche Wild’,
‘Evergreen’, ‘Marion’ and ‘Siskiyou’. In addition to that, the values of
correlation coefficient between the content of total phenols and the fruit
antioxidant capacity presented in Table 11 were lower, compared to the
results found by Milivojevi¢ et al. (2010) and Milivojevi¢ et al. (2011) for
the same cultivar.
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Table 10. Effect of cultivation techniques and year on the antioxidant
capacity in blackberries ‘Cacanska bestrna’

Antioxidant capacit
Factor (mn?ol ('jI'aEll((:J%pg :wgl
Cultivation techniques (A)
Rain-shield 3.28+0.08a
Standard 272+0.11b
Year (B)
2011. 2.90+0.07b
2012. 2.69+0.15¢
2013. 340+0.11a
ANOVA
A *
B *
AXxXB *

The different lower-case letters in the columns indicate
statistically significant differences among the mean values
relative to cultivation techniques and year at P < 0.05 level (LSD
test). Asterisks in columns indicate significant differences for P
<0.05 (*) using F test.

Table 11. Values of Pierson linear correlation coefficient between the
content of total anthocyianin, total phenols and antioxidant capacity of
the blackberries ‘Cac¢anska bestrna’

Rain-shield system

Parameter AC* TA Parameter AC TP
AC / AC /
TA 0.43 / TP 0.34 /
Standard system

Parameter AC TA Parametar AK TP
AC / AC /
TA 0.55* / TP 0.51* /

AC* — antioxidant capacity;

TA - total anthocyanins;

TP — total phenols;

Indicated values of correlation coefficient are statistically significant for P <0,01.

The rain-shield system resulted in higher values for all parameters of
the phenolic compounds and vitamin C, except the content of vanillic acid.
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The results confirmed the presence of the flavonol quercetin and dominant
presence of anthocyanin cyaniding-3-glucoside. Among phenolic
compaunds detected in fruit of the tested cultivar, gallic and ellagic acid
were found in high concentrations. The rain-shield cultivation system
induced a significantly higher content of total phenols and, accordingly,
significantly higher total antioxidant capacity (3.28 mmol TE/100 g fw) of
the fruit.
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ABSTRACT

Olive oil production is an important industry especially in the
Mediterranean Sea area where almost 97% of the worldwide olive oil is
produced. These industries are generally characterized by small mills
spread over large areas. Moreover, olive oil extraction generates large
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amounts of liquid and solid wastes which are characterized by high
toxicity and seasonal character. The most generalized management
strategy for these wastes is dewatering and soil spreading. However, the
increasing concern regarding the impact of this procedure over the soil
and aquifers quality is pushing towards the development of more
environmentally friendly approaches. One important feature of olive mill
wastes is the presence of phenolic compounds. In fact, olives are rich in
those compounds and a high fraction is lost during the extraction process.
Only about 2% of phenolic compounds are retained in the olive oil. Thus
up to 98% are incorporated in solid and liquid wastes. Phenolic
compounds are related with the bactericide and phytotoxic character of
these wastes which difficult their biological treatment.

Phenolic compounds present a high variety of biologic activities such
as antioxidant, cardioprotector, anti-inflammatory and chemopreventive.
Thus these substances present a high added-value and olive mill wastes
seem to be an interesting source. In this context, phenolic compounds
recovery will integrate added-value compounds obtained through
renewable sources with waste management. Several recovery strategies
are presented in literature involving extraction, filtration and adsorption
that may be integrated with advanced oxidation treatments to minimize
the environmental impact of the remaining wastes. In this context, this
chapter aims to make a short overview on the works published regarding
phenolic compounds recovery from olive mill liquid wastes.

Keywords: environment, olive mill wastes, phenolic compounds, recovery

1. INTRODUCTION

The increasing demands of population are leading to the lowering of
the quantity and quality of fresh water. Moreover, the discharge of
untreated or poorly treated wastewaters, namely those coming from olive
mills, is leading to the contamination of the natural water sources. This is
an important threat for both ecosystems and human health. The increasing
social concern regarding environmental issues is imposing political
commitment for developing more restrictive laws for wastewater discharge
regulation.

A particular problematic case of industrial pollution is related with
olive oil production. Especially during the extraction processes large
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amounts of olive mill wastewaters (OMW) are generated. Those streams
are characterized by high organic charge, seasonality and low
biodegradability. Moreover, are known by their bactericide and phytotoxic
nature. Those characteristics are related with their high load in phenolic
compounds that are hardly removed by biological processes. This means
that those traditional wastewater treatments are not suitable for the
management of OMW. Thus, in the last decades efforts were putted in
action for the development of suitable OMW treatments (Martins et al.,
2010; Lucas and Peres, 2009).

On the other hand, phenolic compounds, especially those of low
molecular weight, at the right doses have health benefits. In fact, they
present interesting characteristics such as: antioxidant, anti-inflammatory
and cardio protector capacities. Thus, those substances may be used in
several industrial sectors such as food, cosmetics and pharmaceutical
(Victor-Ortega et al., 2016). Thus, phenolic substances (namely for
example, hydroxytyrosol), are considered as compounds of high added
value with high market prices. Considering the high concentration on those
substances in OMW, attention is starting to focus on the possibility of
recovering such compounds from OMW. This way raw materials would be
available at low costs; besides, there would be environmental benefits due
to the removal of those refractory pollutants from the wastewater.

Bearing this in mind, this chapter aims to give an overview on the
methodologies based on membranes and adsorption processes applied for
the recovery of phenolic compounds from OMW.

2. OLIVE OIL PRODUCTION

Almost 97% of olive oil production is concentrated in the
Mediterranean region. Nowadays, most of olive oil is produced through
one of three systems: traditional press, three phases centrifugal decantation
and two phases centrifugal decantation.

The traditional press system is based on olive oil removal from the
olive through pressure followed by solid-liquid and liquid-liquid
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separations. This process produces up to 0.6 m®* of OMW per 1000 kg of
olives (Azbar et al., 2004).

In the three phases decantation system, horizontal centrifuges are used
for liquid-solid separation. The separation is aided by the addition of water.
Thus three phases are produced: oil, water and solids. The high
disadvantage of this system is the high amount of water used which will
lead to high loads of OMW. Thus per 1000 kg of olives processed, 1.0 to
1.2 m® of OMW are generated. More recently, this process evolved to a
low water consuming system denominated by two-phases decantation. In
this technology, lower amounts of water are used leading to lower loads of
OMW (0.12 m?® per 1000 kg of olive). Nevertheless, in this case, pollutants
are mainly transferred to a moisture solid waste.

OMW composition is variable and depends on the edaphoclimatic
conditions of olive production, characteristics and duration of olives
storage and, mostly, from the technology applied for olive oil extraction
(Zbakh and El Abbassi, 2012; Cabrera et al., 1996). Generally, OMW s
acidic, with high conductivity, brown coloration and with several dissolved
and suspended compounds. Typical composition (wt.) is 83% to 94% in
water, 4 — 16% in organic compounds (fats, sugars, nitrogenous
substances, organic acids, polyalcohols, pectins, tannins and phenolic
compounds) and 0.4 - 2.5% of minerals. Thus, these streams are
characterized by high contaminant features with high values of chemical
and biochemical oxygen demand (Vlyssides et al., 1998; De Marco et al.,
2007; Davies et al., 2004).

The presence of phenolic compounds (more than 50 were already
identified) gives to OMW the brown color as well as the bactericide and
phytotoxic character (Cabrera et al., 1996; Zbakh and El Abbassi, 2012).

3. OMW VALORIZATION

There are several studies aiming to give an environmental solution to
OMW by increasing its commercial potential. According to Ramos-
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Cormenzana et al. (1995), there are several valorization strategies that may
be applied to OMW:

1) Biogas production;

2) Natural antioxidants (phenolic compounds) valorization for food,
pharmaceutical and cosmetic industry application;

3) Protein production for animals’ food production;

4) Substrate for algae growth, polysaccharide production or ethanol
production.

Olives are known by their high load in phenolic compounds. Only 2%
are incorporated in the olive oil. Thus up to 98% are disposed in the OMW
(Galanakis et al., 2010). In this context, OMW are rich in a high diversity
of phenolic compounds. Among them hydroxytyrosol, oleurepein, tyrosol,
caffeic acid, vannilic acid and p-coumaric acid can be referred. All these
compounds present high biologic activity and antioxidant capacity. Thus,
due to their high added value, their recovery is an interesting strategy for
OMW management.

3.1. Membrane Processes

Membrane separation processes are well stablished technologies with
applications in food and beverages production as well as wastewater
treatment (Galanakis et al., 2010). These systems may be applied for the
recovery and concentration of phenolic compounds in OMW and may
involve microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) or
reverse osmosis (RO). Table 1 summarizes works dealing with the
application of membrane based processes for phenolic compounds
recovery from OMW.

Generally speaking before the application of UF, NF or RO, a pre-
treatment is used for the removal of suspended solids that may lead to
membrane fouling.



Table 1. Overview of publications dealing with the application of membrane based processes for phenolic

compounds recovery from OMW

Technology | Operating Conditions Concluding Remarks Reference
UF OMW from 3 phases extraction. Phenolic compounds recovered in permeate Cassano et
Pre-treatment: (up to 48.3%). The pre-treatment reduced al., 2011
MF (0.2 um, T = 25°C and AP = 0.5 bar); fouling.
UF: regenerated cellulose membranes
(4,5,and 10 kDa), T = 25°C
and AP =2 or 5 bar.
UF and NF | OMW from 3 phases extraction. I. Used to remove suspended solids. 26% of Cassano et
Pre-treatment: MF; phenolic compounds rejected; Il. Recovery of al., 2013
I. UF (0.02 pm, T = 18°C and AP = 0.43 bar); up to 31.8% of phenols; I1l. Leads to a
I1. UF (1000 Da, T = 30°C and AP =9 bar); permeate rich in phenolic compounds (93%).
I11. NF (90 Da, T =29°C and AP =5 e 9 bar).
UF, NF and | Pilot-scale cross flow batch filtration: I. UF: 62% of the phenolic compounds are in Zagklis
RO I.UF (100 nm and AP = 1 bar); the concentrate; and
I1. NF (95% of MgSOu4 rejection, AP = 20 bar); | Il. NF: Removes up to 90% of the compounds Paraskeva,
I11. RO (99% of NaCl rejection, AP = 40 bar). with molecular weight (MW) > 468 g/mol. 2014

Permeate of each step is used as feed in the
following one.

28% of phenols remain in the concentrate;
I11. RO: 9% of phenols remain in the
concentrate (MW < 500 g/mol).




Technology | Operating Conditions Concluding Remarks Reference
UF, NF and | Pilot-scale cross flow batch filtration: I. UF: the increase on the transmembrane Paraskeva
RO I.UF (100 nm, T=15-50°C and AP =1 -2.5 | pressure increases phenols removal, et al., 2007
bar); I1. NF: pressure increase diminishes the
I1. NF (200 Da, AP =10 - 30 bar); phenolic content in the permeate;
I1l. RO (100 Da, AP =20 - 40 bar). I11. RO: similar behavior to NF.
Permeate of each step is used as
feed in the following one.
MF, NF I. MF (200 nm, AP = 0.72 bar) I. MF: recovers 78% of phenolic compounds in | Garcia-
Il. NF (578 Da, AP = 8 bar) the permeate; Hydroxytyrosol was the main Castello et
phenolic compound (54%); al., 2010
I1. 5% of phenolic compounds rejection;
Hydroxytyrosol was the main phenolic
compound (56%).
UF 10 kDa, pH 3,5and 9, AP = 0.5 - 2 bar Pressure does not significantly influences Martins et
phenolic compounds removal (50%). pH rules | al., 2015

both pollutants and membrane charge. At pH 9
phenolic compounds show the highest rejection
(60%).




Table 2. Overview of publications dealing with the application of ionic exchange processes for phenolic

compounds recovery from water

Resins Operating Conditions Concluding Remarks Reference
Amberlyst A26 (anionic strong); | Simulated phenol solution; Equilibrium in 1h; Adsorption capacity | Victor-Ortega et
Amberlite IRA-67 (anionic [Phenol] =5 - 100 mg/L; increase with phenol concentration; pH | al., 2016
weak) [Resin] = 3.5 g/L; increase favors phenolate production
T =25°C increasing adsorption. Maximum

adsorption capacity was 148.6 mg/L for

A26 and 76.3 mg/L for 76.3 mg/L.

Desorption using NaOH (4%) lead to

almost total phenol recovery.
Amberlite XAD7 (polar weak), | OMW from a three phases ENV+ lead to the best adsorption Bertin et al.,
XAD16 (no-polar), IRA 96 extraction method; results (84% of phenolic compounds). 2011

(polar). Isolute ENV+ (no-polar)

T =25°C, 180 rpm, 1 h

Desorption: acidified ethanol recovered
96% and 82% of phenolic compounds
in XAD16 and ENV+, respectively.

Amberlite XAD7 (polar weak),
XAD16 (no-polar), IRA 96
(polar). Isolute ENV+ (no-polar)

Simulated solution of 10
phenolic compounds;
T =25°C, 180 rpm, 1 h

IRA96 and ENV+ lead to 89% and
64.6% of adsorption, respectively.
Desorption: acidified ethanol lead to
the best results.

Ferrietal., 2011




Resins

Operating Conditions

Concluding Remarks

Reference

Amberlite XAD-4 (no-polar).
Amberlite XAD-4-1 and XAD-
4-11 (obtained by chemical
modification of XAD-4)

Simulated phenolic solution;
Batch tests: T =298, 308
and 318 K; t = 8h; 220 rpm.

Chemical modification of the resin
increased up to 50% of surface area and
pore volume. Adsorption increased up
to 20%.

Lietal., 2013

Amberlite IRA-420 (anionic
strong)

Phenol solution.
Batch tests:
T=298Kandt=48h.

Adsorption mechanism highly
influenced by pH: high pH ion
exchange prevails while for low pH
adsorption is the key step.

Carmona et al.,
2006

Macronet MN200; Dowex XZ
(anionic strong); Aurix 100
(anionic weak)

Phenol solution.
Batch tests:
T=21°C;pH3-11

MN200 with best results and higher
affinity for molecular phenol. Dowex
XZ and Auris 100 with better results
for alkaline conditions due to phenol
dissociation into phenolate ion.
Desorption: MN200 90% of phenol
recovered using a methanol/water
solution.

Caetano et al.,
2009

Amberlite XAD4 (no-polar).
Amberlite XAD16N. Amberlite
XADTHP

OMW concentrate from RO.
Batch tests with different
solid/liquid (S/L) ratios.
Desorption using several
solvents (water, ethanol and
acetone).

XAD4 with the highest phenols
removal (up to 80% for S/L 120).
Desorption with highest efficiency
using acetone (80% of phenolic
compounds recovery leading to a
product with 378 gpnenolic compounds/L.

Zagklis et al.,
2015




Table 2. (Continued)

Resins Operating Conditions Concluding Remarks Reference
Amberlite: XAD4, XAD7HP, Simulated effluent Luteolin was highly adsorbed by all Kaleh and
XAD761, XAD16, FPX66. (hydroxytyrosol, tyrosol, resins. GeiBen, 2016

Lewatit: AF5, AF6, AF7.
Monoplus M800, K6387,
VPOC1600, VPOC1064,
MDPH. Monoplus SP112.

Activated carbon: GAC, CAL-1

oleuropein, luteolin, caffeic
acid). Real OMW pre-
treated by UF.

Oleuropein: highly adsorbed by XAD4,
XAD16, FPX66 and VPOC1064.

AF5 shows higher selectivity for
hydroxytyrosol and tyrosol (almost
100%).

pH of OMW is a key factor for the
process.
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Afterwards, OMW is subjected to UF to clarify permeate without the
removal of a significant fraction of phenolic compounds. That removal is
function of the membrane nature, its cut-off as well as of the characteristics
of OMW (Paraskeva et al., 2007). Polymeric membranes are the most
usually applied; however, fouling is a problem. Fouling in ceramic
membranes seems to be less problematic.

NF is usually able to concentrate phenolic compounds leading to
permeate with low organic matter (di Lecce et al., 2014). RO is the most
efficient process obtaining a cleaner permeate. However, the pressure
required may be economically not viable for industrial applications.

3.2. Adsorption/lonic Exchange

The use of non-ionic resins for the removal of hydrocarbons from
water is widely spread. Nevertheless, the application of anionic resins
seems more efficient for phenolic compounds recovery from water. Table
2 shows some works dealing with the application of ion exchange resins
for phenolic substances removal from water.

lon-exchange resins seem to be more selective since the process
encompasses not only adsorption mechanism but also ion exchange. lon
exchange efficiency is generally improved for alkaline conditions due to
the phenolic compounds ionization into phenolates (Carmona et al., 2006).
Strong ionic resins lead to better removal efficiencies especially (up to
94%) at high pH (Victor-Ortega et al., 2016). However, most of the data
available is for simulated solutions and further studies are required for
actual OMW.

CONCLUSION

OMW constitute a serious environmental threat. Their characteristics
do not allow the application of the traditional biological treatments for
wastewater management. This is especially due to the presence of phenolic
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compounds that are known by their bactericide and phytotoxic features.
However, these substances may be applied in food, pharmaceutical and
cosmetic industry with high added value. This way, their recovery from
OMW s interesting both economically and environmentally. The use of
membrane separation technologies coupled with adsorption/ion exchange
seems to be an interesting option. Although the promising results obtained
with synthetic solutions, further studies are required using actual OMW.
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ABSTRACT

The literature data on antiradical and antioxidizing properties of
calix[n]arenes and calix[n]resorcinols have been summarized. The
dependence of these properties of the composition and structure of
macrocycles and methods for the modification of calix[n]arenes and
calix[n]resorcinols by hindered phenolic fragments has been considered.
The effect of “preorganization” of antioxidant fragments attached to
calix[n]arene and calix[n]resorcinol scaffolds and their intramolecular
synergy on antioxidant activity has been discussed.
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INTRODUCTION

In the recent two decades, 3D structures, in particular, calix[n]arenes
and calix[n]resorcinol macrocycles, which represent unique ‘“building
blocks” for the synthesis of supramolecular systems, are thoroughly
investigated in organic chemistry. On the other hand, these compounds are
platforms for the location of functional groups possessing various types of
activity.

Due to “preorganization” effect, functional groups on calix|n]arene
matrix are capable of cooperative effect, which would result in the
manifold increase in the effectiveness of a particular valuable effect. As an
example, it is known that groups, which exhibit or not wear complexing
properties, may form an effective complexing system in calix[4]arene due
to spatial preorganization [1, 2]. There are examples of a drastic increase in
biological activity of compounds due to the formation of calix[4]arene
macrocycle. For example, calix[4]arene 1 exhibits high antibacterial
activity at the level of hexamidine with respect to Escherichia coli,
Staphylococcus aureus, Enterococcus faecalis, Pseudomonas aeruginosa,
and others. In this case, compound 2, which can be considered monomeric
equivalent of calix[4]arene 1, does not display activity with respect to
mentioned causative pathogens [3].

OH OH
4
HN_ _NH HN_ _NH
Y CFyCOOH N CFyCOOH
NH, NH,
1 2

One of the promising directions of the practical application of
calix[nJarenes and calix[n]resorcinols is their employment as
polyfunctional  stabilizers-antioxidants.  Recently,  thermal  and
photostabilizing action of calix[n]arenes, calix[n]resorcinols, and some of
their derivative in organic materials are known. They manifested
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themselves as effective autoxidation inhibitors towards polyolefins and
plastics, radioprotectors, and modifiers for thermosetting resins [4-9].

An interest in calix[n]arene and calix[n]resorcinol scaffolds as a
molecular basis for the development of new effective inhibitors of radical-
chain oxidation is caused by the following factors:

e Calix[n]arenes and calix[n]resorcinols as polyphenolic compounds
possess antioxidant properties.

e These platforms open broad opportunities for their
functionalization and, consequently, for the design of various
“hybrid” structures. They provide the compounds with various
combinations of polar and nonpolar properties (different
hydrophilic-lipophilic balance), which are soluble in and
compatible with the media of different polarity and polymers. This
fact is significant both for stabilization of polymers and the design
of drug preparations.

e Structural preorganization of calix[n]arene and calix[n]resorcinol
platforms offers an opportunity for the cooperative effect of the
attached additional antioxidant fragments, which in fact may
provide their higher antioxidizing action.

The present review is devoted to the systematization of the literature
data on antioxidant properties of calix[n]arenes and calix[n]resorcinols,
consideration of the dependence of these properties on the composition and
structure of macrocycles, and methods of modification of calix[n]arenes
and calix[n]resorcinols by hindered phenols.

1. POLYMER STABILIZERS BASED ON CALIX[N]JARENES

An early work regarding calix[n]arenes as antioxidants for polymers is
represented by the patent of L.P.J. Burton [4], where phenol-phosphite
adducts prepared by the reaction of phosphorus trichloride with calixarenes
3 and 4 in the presence of lithium hydride are described.
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OH

Bu
3 (n=4), 4 (n=6)

The structure of the products is not specified by the author and the
composition was characterized only by elemental analysis data. It was
shown that phenol-phosphates adducts both individually and in the mixture
with dilauryl thiodipropionate provides an effective protection of
polypropylene under thermal-oxidative ageing.

Seiffarth and Goermar et al. [7] showed that para-n-butylcalix[4]arene
3 provides a significantly larger induction period during initiated oxidation
of tetralin as compared to 2,6-di-tert-butyl-4-methylphenol (BHT).

The authors from [10, 11] suggested the mechanism of stabilizing
action of calix[n]arenes, which involves the cleavage of kinetic oxidation
chains, which is intrinsic for phenolic antioxidants:

OH OH o
ROO'
—_—
oo [T O
n
n
Bu-t Bu-t Bu-t
OH '0 OH o
O =0
Y " ~oo0r
Bu-t Bu-t Bu-

t Bu-t

High antioxidation activity of calix[n]arenes can be presumably
rationalized by relative stability of formed phenoxyl radicals, which is
caused by the possibility of additional delocalization of unpaired electron
along macrocyclic system:

OH o OH

OH o OH
Bu-t Bu-t

t-Bu t-Bu t-Bu t-Bu
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This effect may be confirmed by the fact that phenolic compounds
bearing hydrogen atoms at a-carbon atom of ortho-substituent possess
increased antioxidizing activity, which is caused by regeneration of phenol
from phenoxy radical [12-15]:

o) OH
CH— C—
-
%’_/ \ﬂ_/

Delocalization of unpaired electron of phenoxyl radical along
macrocyclic system may also be assisted by the presence of cyclic
hydrogen bond between hydroxyl groups of calix[n]arenes [16].

In authors’ opinion from [17], another factor, which is favorable for
the application of calix[n]arenes as antioxidants of organic polymers, is
their high thermal stability. In this case, it should be noted that there is no
direct relationship between thermal stability of calix[n]arenes and their
antioxidant activity. For example, the authors from [18] compared the
kinetics of thermal destruction of calix[6] and calix[8]arenes 6 and 7 with
their antioxidant activity with respect to polypropylene.

OH

6 (n=6), 7 (n=8)

EPR, *C NMR, and chromatomass spectrometry methods showed that
the thermal destruction of these calix[n]arenes proceeds with the cleavage
of macrocycle and the formation of open-chain polyphenolic radicals.
According to the data obtained by authors, calix[8]arene 7 possesses lower
thermal stability (lower activation energy of destruction) and higher
antioxidant activity during thermal destruction of polypropylene as
compared to calix[6]arene 6.
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A tendency to the increase in stabilizing activity of calix[n]arenes with
an increase in the number of phenolic fragments in molecules is also
observed during thermal oxidation of high-density polyethylene (HDPE)
[10]. The values of induction periods of oxidation of stabilized HDPE
specimens, which were determined by chemiluminescent method,
demonstrate higher effectiveness of para-tert-butylcalix[6]arene 4 as
compared to para-tert-butylcalix[4]arene 3.

3 (n=4), 4 (n=6), 8 (n=8)

In contrast, there is an opposite result under the conditions of thermal
oxidizing ageing of low-density polyethylene (LDPE); calix[4]arene 3
containing four phenolic fragments in molecule was more effective. An
identical series of protector activity of calix[n]arenes, namely,
calix[4]arene 3 > calix[6]arene 4 > calix[8]arene 8, was observed during
thermal oxidizing ageing of LDPE [11].

Higher effectiveness of calix[n]arenes in LDPE than HDPE was
associated by the authors with structural features of these polymers, more
specifically, crystallinity and branching. Calix[n]arenes accept more
mobile polymer peroxide radicals of linear structure, which is intrinsic for
LDPE, presumably more effectively.

Antioxidizing stabilization of organic compounds and polymers by
calix[n]arenes was also mentioned in the patents from [5, 19, 20].

An important area of practical application of hindered phenols is the
protection of polymers against radioactive degradation. Polypropylene is
the most frequently employed polymer in the fabrication of single-use
medicinal products. Its radiation and post-radiation degradation can be
minimized by the introduction of appropriate hindered phenols [21].

In [22], the protective action of para-tert-butylcalix[4]arene 3 during
oxidative radiolysis of polypropylene is reported presumably for the first
time. The authors from [9, 23] compared the protective effect of para-tert-
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butylcalix[n]arenes 3, 4, 8 during y-radiation of polypropylene. The
protective effect was determined according to the data of mechanical tests
of irradiated polypropylene by tensiometry. It was determined that the
protector activity of calixarene grows in the following order:
calix[8]arene 8 < calix[6]arene 4 = 2,6-di-tert-butyl-4-methylphenol (BHT)
< calix[4]arene 3.

Later, the authors from [24] investigated the effect of para-tert-
butylcalix[n]arenes 3, 4 on the main kinetic parameters of oxidation of
isotactic polypropylene at accelerated thermal and radiation ageing. It was
determined that calix[4]arene 3 provides the larger induction period of
thermal oxidation of polypropylene (=260 min) as compared to
calix[6]arene 4 and high-performance industrial antioxidant represented by
2,6-di-tert-butyl-4-octadecylpropionylphenol (lrganox 1076) (=150 and
210 min, respectively). However, during radiation ageing calix[4]arene,
calix[6]arene, as well as Irganox 1076 did not show high stabilizing
activity according to parameters mentioned above, which in authors’
opinion is caused by their low intrinsic y-radiation stability. Stabilizing
effect of para-tert-butylcalix[n]arenes during thermal degradation of
polyproline was also studied in [25].

In [6], acylated calix[n]arenes of general formula 9 as inhibitors of
thermal oxidation destruction of polyolefins; polystyrene; ABS plastics;
butadiene, isoprene, and natural rubbers; polyesters; and lubricants were
patented.

OH

n
(A)CO,R
9
A is a direct bond or is alkylene of 1 to 2 carbon atoms; R, when A is a
direct bond, is alkyl of 4 to 30 carbon atoms, cycloalkyl of 5 to 6 carbon
atoms, phenyl or phenyl substituted by alkyl of 1 to 18 carbon atoms; R,
when A is alkylene, is alkyl of 1 to 30 carbon atoms, cycloalkyl of 5 to
6 carbon atoms, phenyl or phenyl substituted by alkyl of 1 to 18 carbon
atoms; nis 1-7.
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Calix[n]arenes 9 exhibit a remarkable stabilizing action under thermal
oxidation ageing of polypropylene and ABS plastics, while their
effectiveness exhibits a superadditive growth in the presence of typical
radical-free hydroperoxide degradative agents represented by dilauryl
thiodipropionate and distearyl thiodipropionate. In [26], calixarenes of
formula 10, which were prepared by the reaction of calix[n]arene glycidyl
esters with amines, alcohols, and carboxylic acids, were suggested for the
protection of polymers, oils, and low-molecular organic compounds from
ageing under the action of heat, oxygen, and light.

7Ry (l)m

|
OCH,-CH-CH, OR,
X Y-
a b
Ry

Ry
10

X=Y= -(CRsRe)c; Rs=Rs= hydrogen, alkyl, cycloalkyl, aryl, arylalkyl; ¢
= 1-3; X=Y= -CH,0OCH,-, -CO-; Z= -0-, -S-, -NR7; Rs= hydrogen,
alkyl, cycloalkyl, aryl, arylalkyl or Rs-CO- group; Ri=R.=hydrogen,
substituted or unsubstituted aryl, W-(CRsRes)g; W=R5-O-CO-, RsRsN-
CO-, R5-CO-, halogen, RsRsN-, aryl, cycloalkyl; d = 1-30;

OH Ro Ry,
—X
R, = —CO{CHRSR%——QQ , N-R,,
f RgRoR R R
Rg 7

where Rg,R9,R10,R11= hydrogen, alkyl, cycloalkyl, aryl, arylalkyl, OH
group, f=0-30; R1o= hydrogen, alkyl, cycloalkyl, aryl, hydroxyl, Rs-CO-
, Rs-0-; R3=9-20 C alkyl; Rs= hydrogen, alkyl, cycloalkyl, Rs-CO-;
a=1-12; b=0-11; a+b=n=2-12

OR, n=2-12; Y= -C(R3R4)-, -C(R3R4)-O-C(R3R4)-,
\ﬁi?/\ﬂ\ -C=0; R1,R2,R3= H, alkyl, cycloalkyl, arylalkyl, aryl.

R,

11

In order to stabilize various polymers (polyolefins, ABS plastics,
polyamides, polyesters, and polyurethanes), low-molecular organic
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compounds, and oils, molecular complexes, which consist of the mixture
of cyclic polynuclear methylenephenolic compounds of general formula 11
are suggested [8].

With the aim to create synergetic effects, the authors recommend to
use their combinations with other known additives possessing various
functionalities, such as hindered phenols, 2-hydroxybenzophenone and
benzothiazole derivatives, organic phosphites, alkyldithiopropionates, and
amines.

As an effective thermal stabilizing additive for polyolefins,
polystyrene, poly(vinyl acetate), poly(vinyl chloride), poly(methyl
methacrylate), ABS plastics, and polyurethanes, the compositions
containing heat stabilizers such as metal salts of fatty acids (zinc, calcium,
and barium stearates), polyols (pentaerythritol, sorbitol, 1,3-butanediol,
and  others), epoxy compounds (epoxy soya bean oil,
dioctylepoxyhexahydrophthalate), as well as calix[n]arenes of general
formula 12 are suggested [27].

MR-z
o OR, OH
CH, CH, cHy
Ry R; N Ry R; Rj R;
RZ RZ m R2 1
12

where R1,R2,Rs — hydrogen atom, saturated or unsaturated alkyl group,
aryl group, alkoxyl group, halogen atom, nitro group, acyl group,
carboxyl group, sulfonic acid group, amino group; Rs — saturated or
unsaturated alkyl group, aryl group, acyl group; n=m=0-10,n+ m + |
= 4-10; M** — metal ion, NH4* ion, organic cation, +k — the valence
number of the ion, k = 1-6; Z' — anion, -i — the valence number of the
anion, i = 1-6; x = 0-10; y = 0-10.

To avoid thermal oxidation of poly(vinyl chloride), para-
isopropenylcalix[8]arene 13 and its octaacetate 14 are also suggested [28].
DTA method showed that the introduction of compounds 13 and 14 to
PVC compositions leads to the increase in the temperature corresponding
to the maximum rate of dehydrochlorination and temperatures
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corresponding to 5-50% weight loss of polymer. The period before the
onset of dehydrochlorination of PVC specimens 4 times as large as the
analogous value in the case of PVC, which does not contain calix[8]arenes.

OR

R = H (13), CH;C(0) (14)

Thermal characteristics of the specimens of PVC compositions
stabilized by compounds 13 and 14, are almost identical to the
characteristics of the specimen stabilized by industrial Naftomix DWX
200A lead-containing additive.

In [29], hydroxycinnamic acid derivatives on calix[4]arene platform 15
and 16, which are of significant interest as antioxidants and antiradical
agents, were described.

OH OH HO
' | RCR R_R' R'
O
o \ / 17

HN NH CH;0
s -
HO \ HN 0
F
O O
o_ 9 CH;0 ¢}
Z Z 18
R=0OH, R'=H (15)
R=R'=0CHj (16)

Compounds 15 and 16 are intrinsic for high rate constants of the
interaction with 2,2-diphenyl-1-picrylhydrazyl radical (k1 > 1.5¢104) and
stoichiometric coefficients n (7.7 and 2.7 for compounds 15 and 16,
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respectively). They exceed remarkably analogous values for compounds 17
and 18, which are considered model units of conjugates 15 and 16.

It was also demonstrated that the antioxidant activity of calix[4]arenes
15 and 16, which was determined during 2,2"-azobisisobutyronitrile-
initiated oxidation of linoleic acid, exceeds that of para-phenetidine
derivatives 17 and 18. These results indicate an important role of
preorganization of phenolic groups on calixarene platform to exhibit their
cooperative effect, which leads to the increase in antioxidant activity of
stabilizer.

Phenolic groups of various types are also present in calix[4]arene 19,
which was described in [30]:

OH NH, OH OH
4 + M\
HO;S SO;H 4 4
N
OH N’
HO3SSO3H
19

Compound 19 exhibited high antioxidant properties in the “B-carotene
— linoleic acid” model system and high antiradical activity in the reaction
with 1,1-diphenyl-2-picrylhydrazyl.

Several groups of researchers discovered independently the
photostabilizing activity of calix[n]arenes in polyolefins. In [7, 31], it was
determined that the activity of calix[n]arenes as photostabilizers depends
on the size of macrocycle and types of substituents at para-position of
phenolic rings. The authors rationalize this dependence by the effect of
mentioned parameters on the melting point and compatibility of
calix[n]arenes with polyolefins. The introduction of tertiary carbon atom to
para-position of phenolic ring provides an increase in photostabilizing
activity of calix[n]arene, while primary and secondary carbon atoms
increase antioxidant activity. Calix[n]arenes possessing high melting are
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distributed weakly in polyolefins and possess low photostabilizing action.
Calix[n]arenes, which are highly compatible with polyolefins, possess the
same photostabilizing action as industrial photostabilizers based on 2-
hydroxybenzophenone. The authors associate this fact with the oxidation
of calix[n]arenes under UV radiation and alkylhydroperoxides, which are
formed during polyolefin processing.

OH OH O
[O]

R R

The products of oxidation of calix[n]arenes contain carboxylic groups
in bridging fragments, which provides their photostabilizing activity at the
degree of 2-hydroxybenzophenone.

High-performance heat stabilizers of polymers possessing
photostabilizing action are represented by tert-butylcalix[4]arene 20, one
of the methods for preparation of which was described in [32]:

OH
t-Bu ZnO, CH;OH

OH| 4
Bu-t

20

2. POLYMER STABILIZERS BASED ON
CALIX[N]RESORCINOLS

Calix[4]resorcinols also possess antioxidant properties. The
investigations carried out by Ehrhardt D. et al. [33-36] showed that
tetramethylcalix[4]resorcinol 21 may be used as antioxidant in colored and
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carbon black reinforced rubbers based on natural, butadiene-nitrile,
butadiene-styrene, and chloroprene rubbers.

HO. OH

CH,J 4
21

According to the effectiveness of protective action in thermal oxidation
processes, calix[4]resorcinol 21 exceeds hindered alkylated mono- and
bisphenols. Compound 21 to some extent may replace amine stabilizers in
rubber mix, such as phenyl-B-naphthylamine (Neozon D) and polymerized
2,2,4-trimethyl-1,2-dihydroquinoline (Antioxidant TMQ).
Calix[4]resorcinol 21 provides anti-fatigue protection of rubbers based on
the mixture of natural and butadiene-styrene rubbers increasing their
fatigue cracking resistance by a factor of 1.5-2.5. The effectiveness of
calix[4]resorcinol is higher than that of 2,2'-methylene-bis-(4-methyl-6-
tert-butylphenol) by 10 — 40%.

Tetramethylcalix[4]resorcinol 21 combined with amine stabilizers also
provide antiozonant action, which results in the possible decrease in the
content of amine stabilizers in rubber compounds. Results of investigation
of atmosphere stability of resin based on natural and butadiene-styrene
rubbers showed that the combination of calix[4]resorcinol 21 with N-
isopropyl-N'-phenyl-p-phenylenediamine (Antioxidant 4010 NA) is more
effective than the composition of Antioxidant 4010 NA with Neozon D.

In [37], the synthesis of calix[4]resorcinol 22 was carried out:

HO OH HO OH
U + MeOOCHO Q

22 OMe

4
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In the model reaction with 1,1-diphenyl-2-picrylhydrazyl, this
compound showed moderate antiradical activity.

In the patent from [38], high-performance photostabilizers of organic
materials based on substituted calix[n]arenes 23 and calix[n]resorcinols 24
were suggested:

R4R
AAENS) R;R, R;R,

ot Fog)

n = 1-8; R, — H, C1-Css alkyl, C3-Cqo cycloalkyl, C1-C4 aIkyI,
trifluoromethyl, C1-C4 alkoxy, halogen, cyan, carboxy, nitro, amino, C;-
C4 alkylamino, C1-C4 dialkylamino, acyl, acyloxy; Rz — C1-Cis alkyl; R3
= -CH2C(0)-, -C(0)-, -C(0)-C(0)-, -CH2CHRy, -(CH2CH;0)x-, x=1-8,
R4 — fragment, containing hindered amine, for example:

o~ HN™
Me Me Me Me
M¢ I|\I Me Md N Me
H o’

Tetranitroxides 26a-c [39], which were prepared by aminomethylation
of calix[4]resorcinols 21, 25a,b with 4-amino-2,2,6,6-
tetramethylpiperidinyloxy radical (4-amino-TEMPQO) and formaldehyde,
exhibit high antioxidant and antiradical activity.

In the model reaction with 1,1-diphenyl-2-picrylhydrazyl radical,
compounds 21, 26a-c¢ exhibit similar reactivity. However, the values of
relative antioxidizing effectiveness prove that tetranitroxides of
calix[4]resorcinols 26a-c are 10 times more effective in the inhibition of
2,2'-azobis(2-amidopropane)dihydrochloride-initiated oxidation of linoleic
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acid than calix[4]resorcinol 21. On the whole, calix[4]resorcinols 21, 25a,b
u 26a-c are ~100 times more effective as radical traps than 4-amino-
TEMPO and resorcinol. This can be related to the possible synergetic
effect of two types of radical peroxide traps in compounds 26a-c, as well
as delocalization of spin, which is formed upon the cleavage of hydrogen
atom from calix[4]resorcinols 21, 25a,b, along the resorcinol macrocycle.

R=CHj (21), C,H; (25a), C;H, 5 (25b)

Me

R, = N—O" R=CHj; (26a), C,H; (26b), C;H,5 (26¢)

High stoichiometric inhibition coefficients of tetranitroxide
calix[4]resorcinols 26a-c are associated by the authors with the possibility
of multiple regeneration of TEMPO-fragments in the transformation cycle
of nitroxyl radicals in the reactions with alkyl and peroxide.

Thus, the investigation of antioxidant activity of calix[n]arenes and
calix[n]resorcinols showed the possibility of the design of high-
performance polymer stabilizers on their basis. Modification of these
macrocycles with hindered phenolic fragments is a promising method for
the increase in their antioxidant activity. Such modification provides the
synthesis of the compounds containing phenolic groups, which differ in
reactivity, which may be important in the reactions of inhibited oxidation.
The macrocycles modified by this route may exhibit the effect of
intramolecular synergy according to the mechanism of regeneration of
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more active peroxide radical trap represented by phenol or resorcinol
hydroxyl with the formation of more stable hindered phenolic radical:

OH Bu-t OH Bu-t
f%—CHZQ—OH — jcm@o'
o} Bu-t OH Bu-t

3. CALIX[N]JARENES MODIFIED BY HINDERED
PHENOLIC FRAGMENTS

The first hindered phenolic derivatives of calix[4]arene were
presumably described in [40]:

Bu-t

(0]
OH
(CHy) OH
OH t-Bu. Bu-t 0] an

Bu-t

4 OY(CHZ)H 4

Bu-t Bu-t
Cl

3 n=0(a),?2 (b) 27ab

Based on H NMR spectroscopy data, the authors determined that
calix[4]arene 27a exists in partial cone conformation. Compounds 27a and
27b displayed higher antioxidant activity during initiated oxidation of
tetralin and autoxidation of LDPE than initial para-tert-butylcalix[4]arene
3. Modified calix[4]arene 27b exhibited the highest antioxidant activity,
which exceeds analogous values of both initial calix[4]arene and phenolic
stabilizers 28 and 29. This fact also indicates a significant influence of the
preorganization of phenolic fragments described above on antioxidant
activity.
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t-Bu

t-Bu
O
HO@—{ HO ¢
OOBu-t
t-Bu t-Bu O_C18H37
28

29

Synthesis of phosphorylated calix[4]arenes 30a,b,c containing
hindered phenolic fragments on the lower rim of macrocycle is described
in [41]:

0
OH t-Bu Bu-t
\W\ . CF,SO;H
RO |
4 %o

R = Me (a), C,Ho (b), Ph (c)

30a,b,c

Thiacalix[n]arenes containing phenolic hydroxyl groups and sulfide
bridges represent a particular interest for the synthesis of polyfunctional
antioxidants. These compounds may simultaneously act as peroxide radical
traps and radical-free destruction agents of hydroperoxides and exhibit the
effect of intramolecular synergy of antioxidant activity. In [42], antioxidant
activity of para-tert-butylcalix[4]arene and para-tert-butylthiacalix[4]arene
during azobisisobutyronitrile-initiated oxidation of methyl oleate were
compared. The discovered lower antioxidant activity of thiacalix[4]arene is
associated by the authors with the ability of sulfides to form thienyl
radicals, which may participate in the oxidation chain propagation step. It
should be noted that experimental conditions used in [42], more
specifically, initiated oxidation, do not allow the evaluation of the
contribution of radical-free destruction of hydroperoxides to the
antioxidant activity of this compound. The total antioxidant activity of
para-tert-butylthiacalix[4]arene, which is caused both by its ability to form
kinetic chains of oxidation in the reactions with peroxide radicals and
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destruct hydroperoxides without radical, can be evaluated during
autoxidation conditions of experiments.

Additional functionalization of thiacalix[n]arenes by hydrazone groups
extends remarkably their antioxidant opportunities. It is known that
hydrazones possess thermal and photostabilizing features and may act as
peroxide radical traps [43, 44] The complexation ability towards transition
metal ions also enhances antioxidant properties of these compounds.

In [45], condensation of thiacalix[4]arene hydrazides in 1,3-alternate
3la,b and cone stereoisomeric forms 32a,b with 3,5-di-tert-butyl-4-
hydroxybenzaldehyde 33 was investigated. The result of these reactions
depends on the spatial structure and conformational mobility of initial
hydrazides. Condensation of tetrahydrazides 3la,b with 1,3-alternate
stereoisomeric form of calix[4]arene platform give only tetrasubstituted
hydrazones 34a,b.

OH Bu-t

Bu-t

Bu-t
OH
NH V/
Ly M WQ
H u-t
R

Z—
Jes)
7

i

R O 0o R R O o

D! on ?

/ o Bu-t Bu--  DMF, EtOH % /Q

BcS voa 80°C S s

WE LT
o}o 33 }o O
NA N

Bu-t }\I

31a,b /@J '
Bu-t
OH
Bu- OH
Bu-

R =H (a), Bu-t (b) 34a,b

2o,

&

z

The result of the reaction of cone-shaped tetrahydrazides 32a,b is
determined by the presence of tert-butyl groups on the upper rim of
tetrathiacalix[4]arene. When there are no tert-butyl groups, only
tetrahydrazone 35 is formed, while in their presence bishydrazone 36 with
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intramolecular N,N'-diacetylhydrazine bridge is formed. In the latter case,
tetrahydrazone product was not detected in the reaction mixture.

\\m/
U é ﬁ;;

-4 H,0

R\\ m / ﬁ?gut -

NH, NH,
32ab
R=H (a), t-Bu (b)

Analogous proceeding is observed during the reaction of hydrazide
32b with benzaldehyde and 4-nitrobenzaldehyde [46]. The main reason of
this unusual reaction for tetrahydrazide derivative of 4-tert-
butyltetrathiacalix[4]arene 32b in cone stereoisomeric form is presumably
the mutual repulsion of bulky tert-butyl groups of the upper rim. For this
reason, endo-oriented hydrazide groups of the lower rim approach each
other, which facilitates their disproportionation and the formation of N,N'-
diacetylhydrazine bridge.

Investigation of the complexation ability of compounds 35 and 34b by
liquid extraction showed that they are selective extractants of silver and
mercury ions [47].

In [48], the synthesis of calix[n]arenes 37ab modified by
unsymmetrical hindered phenolic fragments on the upper rim of
macrocycle was described.
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OH
HCHO AlCl,
NaOH

Bu-t

n BF;(C,H5),0
. o

37ab  Bu-t
n=4(a), 5(b)

Compound 37a was isolated in cone conformation. The authors from
[49] investigated the mechanism of the formation of the triplet state and
calix[4]aryloxy radical of compound 37a by time-resolve laser flash

photolysis.

4. CALIX[N]RESORCINOLS MODIFIED BY HINDERED
PHENOLIC FRAGMENTS

In [50-53], the reaction of tetra-alkylcalix[4]resorinols 21, 25a,b and

38a-e with 3,5-di-tert-butyl-4-hydroxybenzylacetate 39 was studied.

rog g,

21; 25a,b; 38a-e

39




Phenolic Antioxidants on Calixarene and Calixresorcinol Scaffolds 127

R=Me(21,41h), Et (25a,41a), Pr (38a, 41¢), CsH,, (38b, 41d),
C,H,5 (25b, 41b), CgH,, (38c, 41¢), CoH o (38d, 41f), C,,H,; (38e,41g);

t-Bu t-Bu

RI—RZ—R3—R4——CH2QOH (40, 41a,¢,d,h); R'=R? (R'=R%) ——CHZQ—OH
Bu-t t-Bu Bu-t
R3=R* (R?>=R*)=H (41b.e,f); Rl——CHZQ—OH;Rz—R3—R4—H (41g)
Bu-t

Benzylation of calix[4]resorcinol 21 in formic acid occurs with the
formation of the reaction mixture containing 80% of tetrabenzyl derivative
41h and 20% of 2,4,6-tris(3,5-di-tert-butyl-4-hydroxybenzyl)resorcinol 40.
IR spectroscopy investigations of compound 41h showed that hydroxylic
groups of calix[4]resorcinol scaffold participate in “pseudocooperative”
intramolecular hydrogen bonds (IHBs) of the upper rim and form
additional IHBs of their protons with m-electrons near proximal benzene
rings. The formation of the latter IHBs indicates the implementation of the
predominant cone conformation [52]. The data of one- and two-
dimensional NMR spectroscopy confirm this suggestion [51].

The formation of compound 40 in the reaction of calix[4]resorcinol 21
with benzyl acetate 39 is the first example of the decomposition of
calix[4]resorcinol ring by electrophilic reagent under mild conditions.
Because macrocycle does not destruct in the “calix[4]resorcinol 41h — acid
catalyst” binary system, the authors suggest that the formation of
compound 40 is the result of decomposition of calix[4]resorcinols 21
and/or 41h as the result of ipso-substitution by in situ generated 3,5-di-tert-
butyl-4-hydroxybenzyl carbocation.

The reaction of tetraethyl, tetrapropyl, and tetrapentylcalix[4]-
resorcinols 25a,c,d and 38a,b with benzyl acetate 39 in the presence of
formic acid gives tetrabenzylated calix[4]resorcinols 4la,c,d and low
amounts of tris-benzylated resorcinol 40 [52]. Further increase in the size
of alkyl substituents restricts benzylation reaction. The reaction of
calix[4]resorcinols 25b and 38c,d containing heptyl, octyl, and nonyl
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fragments on the lower rim of molecule with benzyl acetate 39 affords
compounds 41b,e,f possessing only two 3,5-di-tert-butyl-4-hydroxybenzyl
fragments [53]. Because there is a double increase in the number of signal
of aromatic protons in *H NMR spectra of compounds 41b,e,f, the authors
consider that these compounds represent the mixture of two regioisomers.

With the transition to calix[4]resorcinol 38e containing undecyl
fragment on the lower rim of molecule monobenzylated calixresorcinol
41g is formed as the only product in the reaction with benzyl acetate 39. It
should be noted that the products of macrocycle opening were not detected
in the case of the formation of debenzylated and monobenzylated
calix[4]resorcinols.

The synthetic results are presumably caused by the ability of
calix[4]resorcinols to form organized structures [54]. With an increase in
the length of alkyl radical, the ability of self-association increases and
calix[4]resorcinols exist in denser packing in this case, which does not
destruct even at high dilution. For this reason, the attack of bulky
electrophilic particle represented by 3,5-di-tert-butyl-4-hydroxybenzyl
carbocation is restricted, which influences the degree of benzylation of
calixarene matrix.

The method of self-organization of calixarenes in solution depends on
their structure, concentration, and nature of solvent. Among mentioned
factors, the structure of calixarenes plays a decisive role. In the review
from [56], the formation of polycapsules, nanotubes, and polycylinders
with the participation of calixarene matrix was shown. The self-
organization of amphiphilic calixarenes and calixresorcinols was studied in
most detail [55-57]. Depending on the cavity size and conformation, these
compounds may form aggregates with lamellar packing of molecules,
conventional micelles, or monomolecular micelles.

In [53], self-organization of benzylated calix[4]resorcinols 41b,d,f,g,h
was studied by dielkometry and dynamic light scattering. Although, the
mechanism of self-organization of the compounds under study is unclear,
one can suggest with a sufficient reliability a significant role of
geometrical factor during the formation of organized structures along with
the energy component. So-called supramolecular polymers, that is,
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nanochains composed of several calixresorcinol fragments are presumably
formed in the systems under study.

Tetrabenzylated calix[4]resorcinols 4l1a,c,d,h were investigated in
phosphorylation, silylation, and acetylation [52]. Phosphorylation of
compounds 4la,c,d,h with dichloromethylphosphonate gives rise to
cavitands 42a-d:

Ry
HO. OH
8 Et;N
+ 4 MeP(O)Cl,
4 -8 Et;N " HCI
R
41a,c,d,h Bu-t
R'=—CH, OH
Bu-t

R = Me (41h, 42a), Et (41a, 42b), Pr (41, 42¢), CsH,, (41d, 42d).

Phosphorylated hindered phenolic derivatives of
tetraalkylcalix[4]resorcinols 44a-d were prepared in one step in the
reaction of corresponding calix[4]resorcinols with phosphorylated
methylene quinones 43a,b. The reaction does not stop at the benzylation
step of calix[4]resorcinol and is accompanied by dealkoxy(phenoxy)lation
to give heterocycles [41]:

o]
HO OH t-Bu t-Bu
+ 4 CF;SO;H
R J4 , L0
) R,07 TOR,
5a,b; 38b 3ab

44a-d
R=FEt (25a, 44a, 44d), CsH,| (38b, 44b), C;H, s (25b, 44c); R ;=Me (43a, 44a-c), Ph (43b, 44d)
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During the reaction of calix[4]resorcinols 4la,c,d,h with
dimethylchlorosilane in toluene in the presence of triethylamine (24 h,
100°C) organosilicon cavitands 45a-d are formed.

R,
HO OH )
4 Me,SiCl,, 8 EiN
100°C, 24 h
R J4
41a,c,d,h
R = Me (41h, 45a), Et (41a, 45b), Pr (41¢, 45¢), CsH,, (41d, 45d); R, =—CH, OH

Bu-t

As a result of silylation of calix[4]resorcinols 4la,d,h with
hexamethyldisilazane, octasilyl derivatives 46a-c were produced.

41a,d,h 46a-c
R = Me (41h 46a), Et (41a, 46b), CsH,, (41d, 46¢)

The reaction of calix[4]resorcinols 41a,c,d,h with acetic anhydride in
the presence of catalytic amounts of pyridine gives the products of partial
or full acylation depending on reaction conditions:
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Bu-t
] OH
Bu-t
AcO. OAc
8 Ac,O O
—————

24h, 70°C
R4
47a-d
Bu-t
l OAc
Bu-t
41a,c,d,h AcO. OAc
12 Ac,O O
R = Me (41h 47a, 48a), Et (41a, 47b, 48b), L >
Pr (41c¢, 47¢), CsH,, (41d, 47d, 48c); 48h 100°C
r (41c, 47¢), CsHy; (41d, 47d, 48c); R4
48a-c

In [58], the effect of tetrabenzylated calix[4]resorcinol 41h on thermal
oxidation stability of low-density polyethylene (LDPE) and rubber
compounds based on nitrile rubbers SNK-26 and SNK-18 was investigated.
Under the conditions of processing and accelerated ageing of LDPE,
calix[4]resorcinol 41h is superior to benzylated resorcinol 40 and similar to
high-performance industrial antioxidant Irganox 1010 according to
antioxidant action.

In the rubber compound based on rubber SKN-18 with high filler
content, benzylated calixarene 41h is slightly superior to unmodified
calixresorcinol 21 and amine stabilizer 4010NA by the retention of tensile
strength and gives way to them according to the retention of elongation at
break. In the rubber compound based on rubber SKN-26 with low filler
content possessing higher physicomechanical parameters, calixresorcinol
41h is more effective inhibitor of thermal oxidation destruction as
compared to calixresorcinol 21 and comparable to amine stabilizer
4010NA. Thus, the modification of calixresorcinol 21 with 3,5-di-tert-
butyl-4-hydroxybenzyl fragments is an approach to increase the
antioxidant activity of this macrocyclic stabilizer.
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In  [59], the interaction of dialkylaminomethyltetraalkyl-
calix[4]resorcinols 49a-f with 3,5-di-tert-butyl-4-phenylmercaptan 50 was
studied. Deamination of calix[4]resorcinols 49a-f occurs under the action
of mercaptan 50 with the formation of novel calix[4]resorcinols 51a,c,e,f
in cone stereoisomeric form modified by sulfur-containing hindered
phenolic fragments in 63—72% yields.

R, OH
Ne
Ry OH S Bu-t
HO. OH Bu-t Bu-t o-xylene HO. OH
125°C, 14h
+ 4
-4 (R)),NH
R. 4 4
49af 2 SH R,
"cone" 50 51 a,c,e,f

"cone™
R;=R, =CHj (a); R;=C,H; R,=CHj (b); R;=CHj3 R,=C,H; (c);
R;=Ry=C,H; (d); R;=CHj3 Ry=C;H,5 (€); Rj=CH; R,=CoH o (f)

It should be noted that, in contrast with the described reactions of
tetraalkylcalix[4]resorcinols with benzyl acetate 39, tetrasubstituted
derivatives containing four hindered phenolic fragments in molecule were
isolated in all cases.

An interesting feature of the synthesis of calix[4]resorcinol 51a from
the corresponding dimethylaminomethyl derivative 49a involves that this
compound is formed only when wusing freshly synthesized
dialkylaminomethylated calix[4]resorcinol 49a. It is known [60] that
calix[4]resorcinol molecules 49a form dimers in the crystal after removal
of solvent, where dimethylaminomethyl groups of neighboring molecules
are included in macrocycle cavities of each other and, consequently, are
sterically inaccessible for nucleophilic attack.

Therefore, calix[4]resorcinol 49a loses its reactivity in the reaction
with 3,5-di-tert-butyl-4-phenylmercaptan 50 upon storage (that is, with the
evaporation of solvent molecules scavenged by the calixarene matrix).
When using calixarene 49a stored for 3 months, the mixture of the
products of incomplete substitution of dimethylamino groups is formed in
the reaction mixture according to *H NMR spectroscopy data even after
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more than 60-h reflux. Washing of calix[4]resorcinol 49a, which was
stored for a long time, with dimethylsulfoxide and, then, water restore its
activity. That is, the introduction of solvent molecules destructs the dimeric
structure of compound 49a.

The use of diethylaminomethylcalix[4]resorcinol 49b in the reaction
with 3,5-di-tert-butyl-4-phenylmercaptan 50 is not related to the mentioned
effect, because the molecules of calixresorcinol 49b do not form
mentioned dimers in the crystal; rather they possess another
supramolecular organization [60], where dimethylaminomethyl groups are
available for nucleophilic attack.

Antioxidant activity of calix[4]resorcinols 51a,e,f was studied in the
model reaction of initiated oxidation of styrene. It was determined that
compound 51a inhibits styrene oxidation to the higher extent than
compounds 51e,f and industrial sulfur-containing stabilizer represented by
bis-(3,5-di-tert-butyl-4-hydroxybenzyl)sulfide.

Antioxidant activity of calix[4]resorcinols 51a,c,e,f decreases with an
increase in the length of hydrocarbon radical on the lower rim. This may
presumably be caused by self-association of molecules 51a,c,e,f, which are
similar to those described above in a series of 3,5-di-tert-butyl-4-
hydroxybenzylated calix[4]resorcinols. These processes may lead to the
spatial shielding of antioxidant phenolic fragments. It should be noted that
even in the presence of such unfavorable effect, calix[4]resorcinols 51e,f
are superior to industrial sulfur-containing hindered phenolic antioxidant
bis-(3,5-di-tert-butyl-4-hydroxybenzyl)sulfide according to antioxidant
activity, which proves the perspective of the employment of
calix[4]resorcinol platform for the synthesis of effective polyfunctional
antioxidants.

Another approach to the synthesis of hindered phenolic derivatives of
calix[4]resorcinols, which is alternative to the modification of the
calixresorcinol matrix, is the introduction of hindered phenolic fragments
during the synthesis of macrocycle. Condensation of resorcinol and its
derivatives 52a-d with hydroxybenzaldehydes 53a,b catalyzed by
concentrated hydrochloric acid in ethanol affords calix[4]resorcinols 54a-h



134 Sergey Bukharov, Gulnara Nugumanova and Alexander Burilov

bearing four hindered phenolic fragments on the lower rim of macrocycle
in 36-50% yields [61].

R,
52 a-d C(O)H O
53ab )

R =RooH (a): tBu Bu-t
Ry=H, Ry=CH3 (b);  R,=OH, R,=H (a); "
R;=CH3; Ry=H (¢);  R;=H, R,=OH (b) Stah
R,=OH, R,=H (d) R;=R,=H, R,=R;=OH (a);

R,=Ry=H, R,=R,~OH (b);
R,=R,=H, R,=OCH; R;=OH (c);
R,=R;=H, R,~OCH; R,~OH (d);
R,=CH; Ry=R;=OH, R,=H (e);
R,=CH; R;=R;~OH, Ry=H (f);
R=R;=OH, R,=R,=H (g);
R,=R,=OH, R,=R,=H (h)

Catalysis of this reaction by trifluoromethanesulfonic acid in nonpolar
1,4-dioxane solvent provides an increase in the yield of compound 56a up
to 80%. According to X-ray analysis, compounds 56a,b,c exist in chair
stereoisomeric form in the crystal (rctt, Ca-Symmetry). Doubling of
signals of the protons of resorcinol rings in *H NMR spectra proves the
retention of this space form in solution.

CONCLUSION

In review, the results of synthesis and properties of antioxidants based
on calixarenes and calixresorcinols have been summarized.

The authors have synthesized for the first time tetraalkylcalix[4]-
resorcinols containing 3,5-di-tert-butyl-4-hydroxybenzyl and 3,5-di-tert-
butyl-4-hydroxythiobenzyl fragments on the upper rim of macrocycle. The
effect of supramolecular organization of calix[4]-resorcinols on their
reactivity has been shown. Using condensation of resorcinol and its
derivatives with hydroxybenzaldehydes, vinyl phosphonates, aminoacetals,
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the synthesis of calix[4]resorcinols with hindered phenolic fragments on
the lower rim of macrocycle has been carried out for the first time.

First representative of thiacalix[4]arenes in cone and 1,3-alternate
stereoisomeric forms containing acylhydrazone fragments of hindered
hydroxybenzaldehydes have been synthesized. It has been determined that
these calixarenes are selective extractants of silver and mercury ions. High
antioxidizing activity of the synthesized compounds has been demonstrated
by the example of thermal oxidation of polyethylene and nujol oil, model
reaction of initiated oxidation of styrene, and thermal ageing of butadiene-
nitrile rubbers.
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