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a b s t r a c t

The LC–MS/MS was applied for the determination of flavonoids’ stability under four types of solvent
extraction methods (reflux heating, sonication, maceration and microwave) from maize samples. The
11 flavonoids belong to different groups: flavonols (kaempferol, myricetin, rhamnetin, quercetin, rutin),
flavanones (naringenin, naringin, hesperedin), flavones (apigenin, luteolin), isoflavones (genistein) were
eywords:
lavonoids
xtraction
tability
C–MS

studied. The effect of the degradation of flavonoids depended on extraction mode and chemical struc-
ture. The smallest decomposition was observed by heated reflux extraction procedure within 30 min in
water bath and by microwave assisted extraction under 160 W during 1 min. The decomposition for
flavonoids depends on number of substituents in flavonoid molecule. The most unstable compound
(recovery below 50%) in tested condition was myricetin. The higher number of hydroxyl groups promote
degradation of flavonoids, whereas sugar moiety and methoxyl groups protect flavonoids of degradation

traso
aize during microwave and ul

. Introduction

Flavonoids are one of the most important groups of com-
ounds occurring in plants, where they are widely distributed. The
avonoids of dietary significance exhibit a wide range of biologi-
al effects, including antibacterial, anti-inflammatory, anti-allergic
nd antithrombotic actions [1,2]. The epidemiological studies point
ut to their possible role in preventing cardiovascular diseases and
ancer [3–5]. Flavonoids behave as antioxidants by a variety of way
ncluding direct trapping of reactive oxygen species, inhibition of
nzymes responsible for superoxide anion production, chelation
f transition metals involved in processes forming radicals and
revention of the peroxidation process by reducing alkoxyl and
eroxyl radicals [2].

Flavonoids are built upon C6–C3–C6 flavone skeleton in which
he three-carbon bridge between phenyl groups is commonly
yclized with oxygen (Fig. 1). According to the unsaturation and
xidation degrees of the three-carbon segment, several families
f flavonoids could be distinguished such as flavonols, flavanones,
avones, anthocyanidins and isoflavones. The benzene ring B posi-
ion is the basis for the categorization of the flavanoid class
position 2) and the isoflavonoid class (position 3). Additionally,

wide variety of derivatives are present in each family according

o the number and nature of substituent groups attached to the
avonoid nucleus.
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Extraction of compounds from plant materials is one of the most
important steps prior to their determination by HPLC. Generally, it
is a separation process where the distribution of analyte between
two immiscible phases is made in order to appropriate distribution
coefficient. Different solvents such as methanol, ethanol, acetone
or their combination with water [6–12], ethyl acetate [13] and also
through steam distillation [14] have been usually used for classical
extraction. The optimum extraction conditions varied depending
on the active compounds as well as kind of plant. Conventional
extraction is usually performed at reflux temperature of 90 ◦C for
several hours or maceration with solvent for days in room tem-
perature. These methods, which have been used for many decades
are time consuming and require relatively large quantities of sol-
vents. In recent years, some novel extraction methods of flavonoids
have been developed e.g., ultrasonic extraction (USE) [15–24] and
microwave-assisted extraction (MAE) [21–33].

The extraction of bioactive compounds under ultrasound irra-
diation (20–100 kHz) can offer high reproducibility in shorter
times, simplified manipulation, reduced solvent consumption and
temperature and lower energy input [15]. During sonication, the
cavitation process causes the swelling of cells or the breakdown of
cell walls, which allow high diffusion rates across the cell wall in
the first case or a simple washing out of the cell contents in the
second [17]. It has been suggested, that the improvement of USE is
mainly due to the mechanical effects of acoustic cavitation, which

enhances both solvent penetration into the plant material and the
intracellular product release by disrupting the cell walls. Better
recoveries of cell contents can be obtained by optimizing ultra-
sound application factors including frequency, sonication power
and time, as well as ultrasonic wave distribution [18]. The higher
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Fig. 1. Chemical structu

emperature and pressure within a collapsing cavitation bubble
roduced by ultrasonic irradiation causes the formation of free rad-

cals and various other species. The primary chemical effects are
herefore the promotion and acceleration of reactions [20].

The basis of microwave assisted extraction is improvement in

he extraction kinetics provided by heating. Additionally, the use
f closed systems reduces the risk of losses, and the fact that
icrowave irradiation reduces overheating problems could also
inimize the degradation of analytes. Extraction using microwaves

an result in a yield increase in shorter time at the same tempera-
the studied flavonoids.

ture using less solvent. The great advantage of microwave heating
is that all of sample fluid is heated, allowing the extraction solu-
tion (solvent and sample) to reach the desired temperature more
rapidly and avoiding a thermal gradient caused by conventional
heating. The experimental results demonstrated that extraction

time is dramatically reduced and the yields of flavonoids are effec-
tively improved [21–24,28–33].

However, extraction techniques may either cause the degra-
dation of the targeted compounds due to high temperature and
long extraction times as in solvent extractions, or unwanted reac-
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Table 1
LC/MS/MS characteristics of studied compounds in negative ion mode.

Compound Retention time,
(min)

Q1 Mass
(amu)

Q3 Mass
(amu)

DP, V CE, V

Rutin 3.55 609 300 −65 −56
Naringin 5.49 579 271 −80 −52
Hesperedin 5.75 609 164 −85 −72
Myricetin 8.23 317 151 −20 −26
Luteolin 14.46 285 133 −60 −44
Quercetin 14.72 301 151 −40 −30
Naringenin 18.71 271 119 −45 −34
Genistein 19.41 269 133 −75 −52
M. Biesaga / J. Chromato

ion during microwave irradiation or sonication. Moreover the
electivity of these methods is low, and significant amounts of
on-phenolic compounds are also extracted, what could cause
egradation processes of the analytes. Thus, before proposing an
xtraction method in the determination of polyphenols, it is neces-
ary to verify that these compounds are stable under the extraction
onditions. The process of degradation can be originated by several
actors such as light, air, time and temperature. The temperature of
xtraction should be high enough in order to minimize the process
uration. The enzymes presented in samples, principally oxidative
nzymes, that are released during non specific extraction can also
romote degradation reaction. Also free radicals can occur during
xtraction and cause the degradation.

The aim of this study was the determination of stability of
elected flavonoids in maize samples in the different extraction
echniques. The conventional liquid-solid extraction techniques
uch as heating reflux (HR), maceration (MR) or more innova-
ive techniques: ultrasonic assisted extraction (USE) or microwave
ssisted extraction (MAE) were compared from the point of view
egradation of flavonoids by matrix effects. In spite of the known
eneficial effects of MAE and UAE (higher efficiency, shorter extrac-
ion time, less solvent usage), some aspects related to the stability
f the extracted compounds have been poorly studied in literature
nd should therefore be considered.

. Materials and methods

.1. Chemicals and reagents

The commercial standards of flavonoids as well as the rest of
he chemicals were purchased from Sigma (Steinheim, Germany).

ethanol and acetonitrile were of HPLC gradient grade from Merck
Darmstadt, Germany). Ultra pure water from Milli-Q system (Mil-
ipore, Bedford, MA, USA) with a electrical resistivity of 18 M�*cm

as used in all experiments. Stock solutions of flavonoids were
repared in methanol. Diluted mix standards were prepared with
ater. All solutions were filtered through 0.45 �m membranes

Millipore) and degassed prior to use. Ears of maize were purchased
n local market. The kernels were collected from ears, dried at 30 ◦C
n dark. Dried samples were ground in an electrical grinder to obtain
ne powder and were stored in dark, closed container until analysis.

.2. LC–MS/MS conditions

Chromatographic analysis was performed with a Shimadzu
C system consisted of binary pumps LC20-AD, degasser DGU-
0A5, column oven CTO-20AC, autosampler SIL-20AC, detector UV
PD 20A connected to 3200 QTRAP Mass spectrometer (Applied
iosystem/MDS SCIEX). A MS system equipped with electrospray

onization source (ESI) operated in negative-ion mode. ESI condi-
ions were following: capillary temperature 450 ◦C, curtain gas at
.3 MPa, auxiliary gas at 0.3 MPa, negative ionisation mode source
oltage −4.5 kV. Nitrogen was used as curtain and auxiliary gas.
or each compound the optimum conditions of multiple reaction
ode (MRM) were determined in infusion mode (Table 1). Standard

olutions were infused into the electrospray source via a 50 �m
.d. PEEK capillary using a Harward Apparatus pump at 10 �L/min.
ontinuous mass spectra were obtained by scanning m/z from 50
o 650.

Compounds were separated on KinetexTM (Phenomenex) C-

8 column (100 mm × 2.1 mm, 2.6 �m) with precolumn at 30 ◦C.
mM formic acid (pH 2.8) as eluent A and acetonitrile as eluent B
ere used. The mobile phase was delivered at 0.2 mL/min in gra-
ient mode: 0–5 min. 20% B, 10–15 min 25% B, 20–25 min 30% B,
0–31 min 90% B, 32 min 20% B. Compounds were identified by
Apigenin 20.62 269 117 −55 −42
Kaempferol 21.82 285 151 −45 −25
Rhamnetin 28.86 315 300 −35 −24

comparing retention time and m/z values obtained by MS and MS2

with the mass spectra from standards tested under the same condi-
tions. Quantification of compounds was done from the calibration
curves obtained in MRM mode [34].

2.3. Extraction procedures

Prior to the extraction, the dried maize corns were blended with
home mixer. The samples were extracted with 60% methanol/water
(v/v) solvent. The concentration of methanol was optimized for
heating reflux extraction and then used for other extraction modes.
For each extraction mode the three parallel samples of maize,
standards and maize with standard addition were analyzed in
three repetitions were analyzed. After extraction step the samples
were filtered through a PTFE membrane filters a 0.45 �m and then
injected to LC-ESI-MS/MS for analysis.

2.3.1. Heated reflux extraction (HR)
The maize corn materials (0.15 g) were weighted, mixed with

5 mL of methanol/water solvent (60/40 v/v) and placed in screwed
glass vial (12 × 2 cm) and placed in boiling water bath (temp 95 ◦C),
for 30 min. In case of standard addition the appropriate amount of
standards in methanol were added instead of methanol solution
[11].

2.3.2. Microwave-assisted extraction (MAE)
Household microwave oven (Whirpool) with power alter-

natively set to160; 350; 500 W was used for extraction. The
microwave oven was equipped with a rotor on which a maximum
of 12 a 100 ml Teflon digestion vessels can be placed. Rotation
of vessels guaranteed the homogenize microwave energy absorp-
tion. The vessels were fitted with a pressure-relief valve and were
sealed in a capping station. The microwave oven allows both
time and energy to be programmed. The maize corn materials
(0.15 g) were weighted, placed in Teflon vessels, mixed with 5 mL
of methanol/water solvent (60/40 v/v), put in rotor and irradiated
with appropriate microwaves and time.

2.3.3. Ultrasonic extraction (USE)
The maize corn materials (0.15 g) were weighted, mixed with

5 mL of methanol/water solvent (60/40 v/v) and placed into
screwed glass vial (12 × 2 cm) and placed in an ultrasonic bath
(Branson, Danbury, USA) for 30 min.

2.3.4. Maceration extraction

The maize corn materials (0.15 g) were weighted, mixed with

5 mL of methanol/water solvent (60/40 v/v) and placed into
screwed glass vial (12 × 2 cm) and placed in a dark place at room
temperature for 24 h.
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Fig. 2. Chromatograms of total ion current of all MRM (TIC) f

.4. Scanning electron microscopy (SEM)

All analyses of dried samples were done using LEO 435VP scan-
ing electron microscope. After evaporation of solvent in room
onditions, the maize samples were fixed on an adhesive carbon
ape and the sputtered with gold-palladium 4-5 nm layer. All sam-
les were examined with SEM under high vacuum conditions at an
ccelerating voltage of 15 kV (20 �m, 2000× magnification).

. Results and discussion

.1. HPLC analysis

The LC–MS method previously used [33] was modified to be
ompatible with new column KinetexTM C-18 instead of Atlantis
-18 (50mm × 2.1 mm, 3 �m). The longer column and smaller shell
ore particles (100mm × 2.1 mm, 2.6 �m) allowed the separation
f all 11 flavonoids (Fig. 1) studied in less than 30 min using gradi-
nt elution of acetonitrile (ACN). The application of Kinetex column
llowed to improve resolution and sensitivity in compare to con-
entional 3 �m particle column. Efficiency calculated as number
f theoretical plates for meter for Kinetex column was at least 2
imes higher than for conventional fully porous C-18 3 �m column
sed previously. The combination of the small particle size, narrow
ize distribution, and significantly shorter diffusion path results
n higher column efficiency. The increased efficiency provided a
enefit on sensitivity (narrower and taller peaks).

The elution sequence of flavonoids is directed by their struc-
ural characteristics. Generally, the retention times followed
he expected reversed-phase pattern: O-glycosides < flavonoid

glycones (Table 1). Among flavonols, hydroxylation decreases
etention owing to increasing polarity (hydrogen bond formation
bility) and the elution pattern is affected by the number of OH-
roups in B ring. Myricetin has three OH-groups at 3′, 4′ and 5′

osition and it is eluted as first followed by quercetin (two OH
ize sample spiked with standards (heated reflux extraction).

groups) and kaemferol (one group) in group of flavonols. Similar sit-
uation was observed for flavons: luteolin (two OH groups) is eluted
before apigenin (one OH group). Methylation in ring A caused
the increase of retention time kaempferol/rhamnetin-flavonols)
and naringin/hesperedin (flavonon O-glycosides). Also position of
B ring 2 in case of apigenin and 3 in case of isoflavon–genistein
had influence on retention time, slightly shorter retention time for
genistein.

The linearity of the detector response was determined by the
square correlation coefficients of the calibration curves generated
by three repeated injections of standard solutions at six concentra-
tion levels (0.005–10 mg L−1). All the compounds showed a good
linearity with regression coefficients ≥0.999. Limits of detection
(LODs) were estimated by decreasing the concentration of the
analyte down to the smallest detectable peaks and then this con-
centration was multiplied by three. LODs were ranged between 0.5
and 10 ng L−1. The reproducibility of method was evaluated by six
consecutive injection of the standard solution. The relative stan-
dard deviations of intra-daily and inter-daily were below 5%.

3.2. Extraction of flavonoids

Samples were extracted under different extraction methods and
the extracts were analyzed by HPLC-ESI-MS/MS method. Fig. 2
shows the example chromatograms obtained for heated reflux
extraction of maize sample spiked with standards. Peak identity
was established by both the retention time and the characteristic
transitions (precursor and product ion pair).

The concentration of some relevant flavonoids found in the
maize after 30 min heated reflux extraction at water bath with dif-

ferent concentration of methanol (MeOH) in the range of 40–80%
are presented in Table 2. It is well known that flavonoids are better
soluble in methanol than in water, but extraction of these com-
pounds by pure solvent was worse than in water-alcoholic solution
[11,23,27,32]. Kaempferol, myricetin, rhamnetin and hesperedin
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Table 2
Contents of flavonoids found in maize samples versus methanol concentration in
solvent by heated reflux extraction. Values are expressed in ng/g.

MeOH % Naringenin Quercetin Apigenin Luteolin Rhamnetin Naringin Rutin

40 7.8 136.0 nd nd nd 5.4 5.5
50 14.5 523.0 1.1 1.9 nd nd 3.8
60 14.5 1500.0 2.4 3.8 nd nd 1.6

n
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70 20.3 1450.2 2.9 5.9 0.9 nd 1.7
80 33.1 1420.1 3.8 4.5 1.2 nd 2.1

d: not detected.

ere not found in maize samples in any methanol concentration.
he extraction yield of quercetin increased with increasing percent-
ge of methanol up to 60%. This was probably due to the relative
olarity, increase in effective swelling of the plant sample by water,
hich helped the increase the surface area for solute–solvent con-

act and higher solubility of flavonoids in methanol than in water.
s one can see from results presented in Table 2 the different
avonoids require different concentration of MeOH in solvent to
btain the maximum of extraction. Because quercetin was the main
avonoid in maize samples the solvent containing 60% of methanol
as chosen for all other extraction methods.

The comparison of standards stability (expressed as recovery
f initial concentration) in methanol solution in tested extrac-
ion conditions is presented in Fig. 3. All flavonoid standards were
table during heating reflux in water bath for 30 min and macera-
ion for 24 h (recovery above 95%). Rhamnetin and myricetin were
lightly decomposed within 5 min microwave irradiation under
00 W (recovery 89 and 88% respectively). Application of sonication
aused degradation of all tested compounds. The highest decom-
osition was observed for myricetin (40%), followed by hesperedin
30%).

Fig. 4 presents the recovery of standards addition obtained in
ifferent extraction modes in maize samples. The lowest degrada-
ion below 20% was observed for heated reflux extraction for all
tandards except myricetin (40%).

The smallest recoveries (the highest degradation) were
bserved for ultrasound assisted extraction. Application of USE

ithin the same time (30 min) as in HR caused the significant degra-
ation of all compounds. The lowest recoveries were obtained in
rder myricetin, quercetin, kaempferol and rhamnetin, which can
e compared with number of hydroxyl groups in flavonoid moiety.

Fig. 3. Stability of standards with different extraction modes.
Fig. 4. Recovery of flavonoids from spiked maize samples for different extraction
modes: maceration for 24 h, heated reflux in water bath for 30 min., USE for 30 min,
MAE for 5 min under 500 W.

The comparison of degradation of kaempferol and luteolin showed
that presence of hydroxylic group in 3 position enables degradation.
The decomposition of genistein and apigenin was similar; it can
suggest that position of B ring have no influence on degradation. The
slight degradation was observed for rutin, naringin and hesperedin.
These three compounds possess sugar moiety, which can protect
molecules against degradation. Degradation of rutin by USE was
previously described by Paniwnyk et al. [21]. The authors explained
this phenomena by the reaction with high reactive hydroxyl rad-
icals formed during sonication in solvent containing water, but
under tested condition glycosides were stable. Comparison of USE
and MAE for luteolin and apigenin described by Liu et al. [19] in
pigeon pea leaves showed significantly better results for USE than
for microwave extraction due to the effect of temperature. Dur-
ing sonication the temperature was lower than during MAE, which
was advantageous for the prevention of degradation and oxidation
of tested flavonoids. The results presented in Fig. 4 do not confirm
their observation about stability, however, for some compounds
the differences in stability between USE and MAE are small.

Maceration of maize samples within 24 h gave significant lower
recoveries for myricetin, kaempferol, rhamnetin, quercetin and
luteolin. During such long time some unknown e.g. enzymatic
reactions, especially oxidation can occur causing decomposition
of these compounds. The degradation order was compatible with
the number of substituents in analyte moiety, especially hydroxylic
groups. The disorder observed for kaempferol might be explained
with fact that this compound was just degraded in standard solu-
tion (Fig. 3) during standing for 24 h in room temperature. No
decomposition was observed for glycosides (rutin, naringin, hes-
peredin).

The recovery of standard addition was determined under dif-
ferent microwave power 160, 350 and 500 W and duration 1, 3,
5, and 10 min, respectively. The results presented in Figs. 5 and
6 indicate the influence of power and time microwave irradia-
tion on flavonoids stability. Increasing of microwave power and
time caused higher degradation of these compounds. The influ-
ence of time of irradiation was shown for 500 W in Fig. 6. The

smallest degradation was observed for rutin and naringin. The sig-
nificant decomposition was observed for myricetin, kaempferol,
rhamnetin, and quercetin. Fig. 5 shows the results obtained for
recovery of these unstable compounds at different power. The
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Fig. 5. The influence of microwave power on recoveries of myricetin, kaempferol,
quercetin, rhamnetin (a) 1 min irradiation, (b) 10 min irradiation.

Fig. 6. The influence of duration of microwave irradiation under 500 W on recover-
ies of all tested flavonoids for spiked maize samples.
218 (2011) 2505–2512

highest decomposition was observed for higher irradiation power.
Fig. 6 presents the influence of time on the decomposition of all
tested flavonoids in maize samples under 500 W. Longer extraction
time and microwave power in closed vessels caused the extrac-
tion process to be performed at higher pressure and acceleration
increasing the temperature. The evaluated temperature would
result in improvement of extraction efficiency but also in degra-
dation of termolabile compounds. Increasing time with the same
microwave power significant decreased the recovery of myricetin,
kaempferol, quercetin and rhamnetin. Presented results are in
good correlation with data presented by Trusheva et al. [25] for
total flavonoids amount in propolis samples. Unfortunately, they
determined the sum of flavonoids by spectrophotometric method,
so there was no information about decomposition of individual
flavonoids.

The observed degradation of flavonoids during MAE occurred
in order glycosides (rutin, naringin, hesperedin), flavanone (narin-
genin), isoflavone (genistein), flavones (apigenin, luteolin) and
flavonols (quercetin, kaempferol, rhamnetin and myricetin). Sta-
bility of myricetin and kaempferol using MAE from grape skin and
seeds was described by Liazid et al. [28]. Authors observed the
decomposition of these two compounds under microwave irra-
diation. They suggested that the greater degree of substitution
(hydroxylic groups) translated into reduced stability of these com-
pounds. In addition, when two compounds have an equal number
of substituents in the ring, the hydroxylates will be more eas-
ily degradable. In presented study the degradation comparison
between quercetin (5 OH groups) and rhamnetin (4 OH groups
1 methoxylic group) confirmed their hypothesis. Similar obser-
vation obtained for naringin (3 substituents) and hesperedin (4
substituents) also confirmed their suggestion about influence of
number of substituent on degradation of compounds.

The comparison of stability between kaempferol and lute-
olin (both compounds have the same number of OH groups)
shows that the position of hydroxylic group can be important
in stability of flavonoids. The presence of hydroxyl group in 3
position–kaempferol (flavonols) caused higher degradation than in
case of luteolin (flavonons), which has OH groups in ring A and B.
The recovery comparison of apigenin and genistein showed no sig-
nificant influence of position B ring on stability of these compounds.

Stabilization of flavonoids by sugar moiety was also observed
for pairs naringin-naringenin, rutin-quercetin. Hesperedin has 4
substituents (sugar molecule, 2 hydroxilic groups, one methoxylic
group) like kaempferol and luteolin but is more stable dur-
ing microwave extraction than these aglycones. Hydrolysis of
glycosides to aglycones (rutin-quercetin, naringin-naringenin,
hesperedin-hesperetin) was not observed in tested conditions.

3.3. SEM observation

In order to study the structural alteration during the different
extraction techniques and to understand the extraction mechanism
the maize samples were examined by SEM. Different extraction
methods produced distinguishable physical changes. Fig. 7 shows
the images of raw material (a), HR (b), USE (c) and MAE (d) under
500 W within 5 min.

In heated reflux the solvent transfers into the samples and
extracts the compounds by permeation and solubilisation under
higher temperature. Hence little destruction of microstructure of
sample occurs and a few slight ruptures took place on the surface
of sample. In this extraction process the surface of maize was not

considerably different than in raw material.

After USE, the mechanical effects of ultrasound provided a
greater penetration of solvent into cellular materials, via cavitation
effects, and improved the release of chemical substances into the
solvent. The ultrasounds induced a subsequent changes in the sur-
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Fig. 7. SEM images of maize samples for raw material (a) and

ace, number of pits appeared on the plant surface. These changes
ould cause the plant to crumble and rupture more readily. The
urface of the sample after USE was obviously destroyed.

After MAE the surface is much more destroyed than during
eated reflux extraction process but less than after USE. MAE affects
he structure of samples through the sudden temperature rise
nd the internal pressure increase. During the USE and MAE pro-
ess, all chemical substances within the cell are rapidly released
nto surrounding solvents, what could enhance the degradation of
avonoids.

. Conclusions

In presented study the stability of eleven flavonoids were tested
nder four extraction modes. Microwave-assisted extraction and
ltrasonic assisted extraction have been considered as a potential
lternative to traditional heated reflux and maceration solid–liquid
xtraction for the isolation of flavonoids from maize samples.
he significant decomposition of myricetin, kaempferol, rhamnetin
nd quercetin was observed by USE, MAE and maceration. The
ompounds can be affected by elevated temperatures created by
icrowaves in closed vessels and they were partially decomposed,

n order to number of substituents (hydroxylic and methoxylic
roups). Regarding the relationship between the chemical struc-
ure and the degradation process, it has been found that number
nd type of substituents as well position of hydroxyl group influ-
nce on stability. Smaller number of substituents affected higher

tability of flavonoids. Also sugar moiety stabilized the flavonoids
uring extraction process. Other chemical reaction, which can pos-
ibly occur such as hydrolysis (e.g. rutin to its aglycone quercetin)
as not observed, but decomposition of myricetin by unknown
atrix effects was very significant during maceration extraction.

[
[
[

[

R (b) (30 min 95 ◦C), USE (c) (30 min), MAE (d) (500 W 5 min).

The best stabilities of tested flavonoids were obtained for tradi-
tional heated reflux in water bath and for MAE within 1 min under
160 W..
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