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Abstract

Key message Liquid chromatography is the main method for assaying bioactive compounds in biomass. Total phe-
nolic content and antioxidant capacity are measured with spectroscopy. Phenolics are the most important bioactive
substances in short rotation coppice. Secondary metabolites of black locust, willow and poplar have many different
activities. The richest source of bioactive compounds are flowers, bark and buds.

Abstract The black locust (Robinia pseudoacacia), willow (Salix spp.) and poplar (Populus spp.) may be the source of the
biomass obtained from natural habitats as well as intentionally established plantations in the system of short rotation coppice.
These species are promising candidates as an alternative source of bioactive compounds in researches for developing new
bioproducts for multidirectional uses, including polymers, lubricants, construction materials, pharmaceuticals, as well as
bioenergy and fuels. Various parts of plants, such as leaves, flowers, seeds, bark, woods, buds, catkins, whole tree material
and bee products (honey, propolis) are a source of bioactive compounds. The characterization of these compounds, especially
phenolic compounds (flavonoids, stilbenes, lignans, phenolic acids, tannins and phenolic glucosides), fatty acids, sterols, etc.
may be determined by a variety of analytical (spectroscopy, chromatography) and extraction methods. This review contains
131 references and systematize all available data on the characterization of the bioactive compounds in the biomass of black
locust, poplar and willow by analytical and extraction methods.

Keywords Antioxidant capacity - Black locust - Chromatography - Nuclear magnetic resonance - Phenolic compounds -
Poplar - Spectroscopy - Willow

Introduction

The biomass is one of the most readily available renewable
sources used in various branches of food, forestry, con-
struction, energy, pharmaceutical and chemical industries.
The fast-growing trees and shrubs include plants belonging
to the genera of Salix, Populus, Robinia as well as Euca-
lyptus (Ceotto et al. 2016; Dillen et al. 2013; Krzyzaniak
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et al. 2015; Manzone et al. 2015; Stolarski et al. 2015a).
Nowadays, fast-growing trees and shrubs are at the center
of interest of many research institutions (universities, insti-
tutes, etc.) and also companies of the world. This is due to
environmental, social and economic benefits of such plants
biomass cultivation and use (El Kasmioui and Ceulemans
2012; San Miguel et al. 2015; Stolarski et al. 2017; Van
Lantz et al. 2014; Volk et al. 2006).

Fast-growing trees and shrubs may be obtained from nat-
ural habitats as well as intentionally established plantations.
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The plants from the plantations may be collected in the
framework of the short rotation coppice (SRC) system,
also known as the short rotation woody crops (SRWC) or
collected in the short rotation forestry (SRF) (Sgori et al.
2015; Stolarski et al. 2015a). These plantations should be
established mainly on poor quality marginal soils, variously
defined in the literature (too dry, too wet, poor terrain or pol-
luted) (Ghezehei et al. 2015). The main point is that there
should be as little competition as possible between plants for
food production and those intended for energy, industrial or
biorefinery purposes (Stolarski et al. 2015a).

Fast-growing tree and shrub biomass may be used in a
multidirectional way. Firstly, it can be a raw material to pro-
duce solid, liquid and gaseous biofuels. Secondly, it may
be used for the production of heat, electricity or cold and
also renewable bioproducts, including biochemicals (Garcia
et al. 2014; Krzyzaniak et al. 2014; Parajuli et al. 2015a, b;
Stolarski et al. 2013, 2015b). However, due to a large generic
and species diversity of fast-growing trees and shrubs, their
suitability for energy, industrial or integrated biorefineries
may be different. For instance, in the multi-criteria assess-
ment of different types of biomass as a substrate for biore-
finery, it was found that willow biomass was more valuable
in a comparison with the biomass of poplar and miscanthus
(Parajuli et al. 2015a). It should be emphasized that each
type of biomass, including those obtained from fast-growing
trees and shrubs, should be used in a sustainable and cascad-
ing way. This means that such biomass should not be used
only for energy purposes without considering the option of
its use for products with higher added value.

In addition, fast-growing tree and shrub biomass is used
to produce a wide range of bioproducts, including polymers,
lubricants, construction materials, pharmaceuticals, as well
as bioenergy and fuels. However, to enable wide and valu-
able use of fast-growing tree and shrub biomass, it is nec-
essary to perform qualitative and quantitative analysis of
bioactive compounds present in the biomass. In connection
with the above, the aim of our work was to systematize all
available data on the characterization of the bioactive com-
pounds in the biomass of black locust, poplar and willow by
analytical and extraction methods.

Phenolic compounds as the main bioactive
compounds

Bioactive compounds from plants are classified according
to different criteria including functional, pharmacological
or toxicological effects. However, Bernhoft (2010) classi-
fied phenolic compounds according to biochemical pathways
and chemical classes. The main groups of bioactive com-
pounds include: (1) phenolic compounds, (2) glucosides,
(3) terpenoids, (4) resins, (5) carotenoids, (6) tocopherols
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and tocotrienols, (7) phytosterols, (8) alkaloids, (9) furocou-
marins and naphthodianthrones, (10) proteins and peptides,
(11) L-ascorbic acid and others (Barba et al. 2014; Bernhoft
2010; Blomhoft 2010).

Tree and shrub biomass, including short rotation woody
crops, contains secondary metabolites with a proven bio-
logical activity (Mahdi 2010; Peng et al. 2017; Sulima et al.
2017; Valette et al. 2017). The phenolic compounds are one
of the most important and most commonly occurring groups
of bioactive substances in woody plant tissues. Phenols are
important in plant physiology with their role in pigmenta-
tion, flavor and resistance to pathogens and pests (Cheynier
et al. 2013; Heiska et al. 2007). Most phenols have antioxi-
dant properties due to hydrogen-donating properties of the
phenolic hydroxyl group and are the most abundant antioxi-
dants in a human diet (Blomhoff 2010).

The five main classes of bioactive phenolic compounds
are phenolic acids, flavonoids, stilbenes, lignans and tan-
nins (Blomhoff 2010; Falcone Ferreyra et al. 2012). So far,
over 8000 thousand flavonoids have been identified. The
group of flavonoids is divided into six sub-groups, such as
flavones, flavonols, flavanols, flavanones, isoflavones and
anthocyanins (Blomhoff 2010; Koirala et al. 2016; Zhang
et al. 2015a).

The raw materials obtained from black locust, especially
from flowers obtained during the growing season are a
promising source of flavonoids (Cilina et al. 2013; Kicel
et al. 2015; Sarikurkcu et al. 2015; Song et al. 1992; Veitch
et al. 2010). In the whole black locust biomass collected in
the summer, a number of flavonoids were detected, including
acacetin, secundiflorol I, mucronulatol, isomucronulatol and
isovestitol (Tian and McLaughlin 2000).

A good source of flavonoids but also extremely valuable
stilbenes (piceatannol and resveratrol) may also be the black
locust wood. This raw material can become an economical
and sustainable source of bioactive phenolic compounds
(Sergent et al. 2014). The whole plant collection can be
mechanized and profitable (Stolarski et al. 2017) and it is
certainly less labor and cost-intensive than manual flower
or leaf collection. Flavonoids were also detected in wil-
low leaves (Paunonen et al. 2009), poplar leaves and buds
(Dimki¢ et al. 2016; Isidorov and Vinogorova 2003; Kus$§
et al. 2018; Rivera et al. 1997; Rubiolo et al. 2013), and
also in willow bark (Heiska et al. 2007; Jiirgenliemk et al.
2007; Paunonen et al. 2009; Pobtocka-Olech 2006) and pop-
lar cortex (Zhang et al. 2006). Stem wood of willow con-
tains flavonoids as well as lignans, which are non-flavonoid
polyphenols with potential antidiabetic and anticarcinogenic
effects (Brereton et al. 2017) (Figs. 1, 2).

Some of the phenolic acids and flavonoids are also
characterized by antimicrobial activity (Joshi et al. 2015;
Rauha et al. 2000). Phenolic glucosides, also known as
salicylic compounds, have different pharmacological
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Fig. 1 The structures of phe-
nolic acids
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effects (Fig. 3). These compounds are found mainly in
trees and shrubs, including short rotation crops from the
Salicaceae family (willow, poplar). Phenolic glucosides
are also detected in plants from other families, such as
medlar (Mespilus germanica L.), Voodoo lily (Sauroma-
tum guttatum Schott) and gumweed (Grindelia spp.) (Gruz
et al. 2011; Khadem and Marles 2010). The most known
compound among salicylic compounds is salicin (salicyl
alcohol glucoside), which was discovered in the nineteenth
century. Moreover, salicylic acid has a protective function
in the plants which synthesize this secondary metabolite as
a phytohormone involved in the plant resistance responses
to environmental stress and pathogen attacks (Babst et al.
2010; Holmboe-Ottesen 2010; Shah 2003).

Tannins are very widely distributed in the plant king-
dom. There are two types of these bioactive compounds
known, such as condensed and hydrolyzable tannins. The
first group consists of large flavonoid polymers which
are characterized by the binding properties to microbial
proteins. This property is responsible for the antibacterial
activity of tannins (Bernhoft 2010; Nagesh et al. 2012),
which protect the plant against fungi and insects. These
compounds are detected in all parts of plants, but the
most are found in wood, bark, fruits and galls (Altem-
imi et al. 2017; Shrestha et al. 2014; Zhang et al. 2015a).
Like the other phenolic compounds, tannins have antioxi-
dant effects but they also show antimicrobial, antiproto-
zoal, anti-inflammatory, antidiabetic, anticarcinogenic,
hepatoprotective, cardioprotective and antiallergic prop-
erties (Macakova et al. 2014). Condensed tannins were
detected in poplar leaves (Li et al. 2011; Rubert-Nason
et al. 2013), black locust wood (Fan et al. 2010), willow
wood (Brereton et al. 2017) willow cortex (Heiska et al.
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2007; Juntheikki and Julkunen-Tiitto 2000) and in poplar
bark (Li et al. 2011).

Isolation and analysis of bioactive
compounds in fast-growing trees and shrubs

Black locust

Black locust (Robinia pseudoacacia) is a rich source of
antioxidants. Flowers contain the highest number of flavo-
noids in the range of 0.15 mg/mL to 0.9 mg/mL (Kicel et al.
2015). In the studies conducted by Cilina et al. (2013), the
focus was put to determine two flavonoids, such as rutin
(ruthoside) and hyperoside in methanolic extracts from
flowers, leaves, bark and seeds. Flavonoids were analyzed
by thin-layer chromatography (TLC) coupled with photo-
densitometry. The quantities of the determined substances
differed in the extracts. The flower extract contained more
hyperoside (0.9 mg/mL) than the leaf extract (0.17 mg/mL).
On the other hand, in the case of rutin, the leaves contained
almost six times more rutin than the flowers (0.98 mg/mL vs
0.17 mg/mL). There were no significant amounts of both fla-
vonoids found in the seeds and bark of black locust (Célina
et al. 2013). The TLC method for the separation of black
locust flavonoids was also used by Tian and McLaughlin
(2000). The structures of acacetin, secundiflorol, mucronu-
latol, isomucronulatol and isovestitol were confirmed by
NMR analysis. However, the quantitative analysis of the
compounds was not performed. In the case of studies by
Veitch et al. (2010), the focus was put on the separation
of robinin (kaempferol-3-O-ramnozil-galactosil-7-ram-
nozide), acacetin-7-O-rutinoside, apigenin, diosmetin and
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Fig.2 The structures of flavo-
noids
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luteolin from black locust leaves and flowers with the use
of high-performance liquid chromatography equipped with
UV detection (HPLC-UV) and tandem mass spectrometry
(HPLC-MS/MS).

Sergent et al. (2014) determined phenolic compounds
in the wood of R. pseudoacacia. The total content of
phenolic compounds in the wood from black locust was
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22.47-28.59 g/kg. Among flavonoids, (4)-dihydrorobine-
tin (17.25-21.36 g/kg wood) and robinetin (3.60—4.68 g/kg
wood) were identified with the highest content. Such stil-
benes as piceatannol and resveratrol were identified in the
wood of the black locust for the first time (Fig. 4). Piceatan-
nol occurred in a juvenile and mature wood with an amount
of 0.26 and 0.65 g/kg wood, respectively, whereas resveratrol
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Fig.3 The structures of phe-
nolic glucosides
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was in a lower amount of 0.017-0.271 g/kg wood. Stilbenes
are very valuable bioactive compounds of increasing nutra-
ceutical, cosmetic and pharmacological importance. Moreo-
ver, black locust wood can be an economical and sustainable
source of piceatannol and resveratrol (Sergent et al. 2014).

The studies on flower and leaf extracts obtained by hydr-
odistillation were carried out by Kicel et al. (2015) with
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the use of gas chromatography equipped with both mass
spectrometry and flame ionization detector (GC-FID-MS).
One-third of the composition of the flower extract was
monoterpenes including linalol (20.4%), geraniol (2.0%),
terpinen-4-ol (1.7%) and a-terpineol (1.5%). Another group
of the compounds present in the extract were sesquiterpene
alcohols (13.1%) and hydrocarbons (20.2%). In the first

@ Springer
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Fig.4 The structures of stilbenes identified in black locust wood

group, the main compounds were forms of cis- and trans-
farnesol, nerolidol and B-bisabolol. In the case of the leaf
extract, the main constituents were aliphatic alcohols up
to ca. 65%. The amount of sesquiterpenes, monoterpenes
and diterpenes was 7.7%, 0.6% and 9.1%, respectively. In a
comparison to the flower extract, the content of linalool in
the leaf extract was much lower and amounted to 3.5%. The
differences in the content were also observed for 1-octene-
3-o0l, which amounted to 13.4% for flower extract and 57.9%
for leaf extract, but also 3-methyltetradecane (respectively,
16.5% and 0.4%) and 6,10,14-pentadecanone (hexahydro-
farnesyl acetone) (respectively, 14.9% and 1.2%) (Kicel et al.
2015).

Mészéaros et al. (2007) employed pyrolysis—gas chro-
matography/mass spectrometry (Py-GC/MS) and thermo-
gravimetry/mass spectrometry (TG/MS) to analyze com-
pounds in extracts obtained by the Soxhlet extraction with
different solvents and extraction times. Another method used
for the analysis was thermally assisted hydrolysis and meth-
ylation—gas chromatography/mass spectrometry (THM-GC/
MS). In the extract, such compounds as methyl esters of
fatty acids, aromatic compounds (syringol, eugenol, guai-
acol) and sterols (p-sitosterol) were identified. The pyrolysis
chromatography showed the presence of saturated hydro-
carbons (nonacosane, docosane, pentacosane) and unsatu-
rated hydrocarbons (docosene, tetracosene, hexacosene),
but also sterols (stigmasterol, kaempesterol, p-sitosterol)
and aromatic compounds. The composition of extracts in
dichloromethane, acetone and ethanol was compared. For
instance, the content of phenolic compounds was much
lower in dichloromethane extracts than in those obtained
with ethanol and acetone.

Black locust seeds were sown under specified condi-
tions and then the root exudates were analyzed in terms of
phenolic compounds by high-performance thin-layer chro-
matography with silica gel (HPTLC), HPLC and GC-MS
by Scheidemann and Wetzel (1997). The compounds
identified qualitatively in the root exudates included
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4',7-dihydroxyflavone, apigenin, naringenin, isoliquiriti-
genin and chrysoeriol (Scheidemann and Wetzel 1997).
In other studies, HPLC method was used for the separa-
tion of gallic acid, (+)-catechin, (—)-epicatechin, syringic
acid, vanillic acid, p-coumaric acid, resveratrol, rutin and
quercetin. In the ethanolic extract from leaves, catechin
(0.925 pg/mL), rutin (0.831 pg/mL), resveratrol (0.664 pg/
mL) and quercetin (0.456 pg/mL) were identified, whereas
in the seed extract the amount of catechin, epicatechin and
rutin was 0.127 pg/mL, 0.239 pg/mL and 0.231 pg/mL,
respectively (Marinas et al. 2014).

The identification of bioactive compounds by NMR
method was performed by Hong et al. (2017). For the
first time the authors isolated such phenolic compounds
as norathyriol, catechin lactone A, urolithin C, urolithin
M6 and bis(2-ethylhexyl) phthalate from R. pseudoacacia
dried and milled bark. Catechin lactone A was isolated for
the second time from natural products (Hong et al. 2017).

An important dietary and natural products from black
locust are bee products (honey, propolis, bee pollen, bee
wax and royal jelly). Most of the bioactive compounds
contained in honey and other bee products come from tis-
sues and plant liquid secretions (Ares et al. 2018; Osés
etal. 2016). Honey from R. pseudoacacia is pale and clear,
containing lower concentrations of antioxidants com-
pared to other dark honey, such as honey from buckwheat
(Fagopyrum esculentum Moench) and heather (Calluna
vulgaris (L.) Hull) (Kus$ et al. 2014). Kus$ et al. (2014)
determined total phenol content, antioxidant activity and
color characteristics in six unifloral honey types, as well
as general HPLC fingerprints.

In addition to GC, HPLC and UPLC methods, affinity
chromatography (AC) was also used, which is a type of lig-
uid chromatography based on the use of specific chemical
reactions between chemically reactive ligands bond to the
stationary phase and atypical components of the mobile
phase. It is generally used to separate proteins, e.g., lectins
(Gongalves et al. 2017; Hage et al. 2017; Perret and Bos-
chetti 2018). The lectins were isolated, among others from
R. pseudoacacia seeds with the use of AC with ovomucin
and elution with different buffers (Fleischmann and Rudi-
ger 1986). In the past, high interest was put on lectins in
plant seeds of Leguminoseae family (Papilionaceae, Cae-
salpinoideae, Euphorbeaceae, Solanaceae, Graminaceae)
(Etzler 1985; Tazaki and Yoshida 1992). The physiological
role of lectins present in R. pseudoacacia is protein storage
(Nsimba-Lubaki and Peumanns 1986). The black locust is
referred to as a unique tree because lectins are present not
only in seeds, but also in other parts of the tree, such as tub-
ing and wood, roots, leaves and corms in small quantities
(Gietl et al. 1979; Kauss and Ziegler 1974). Various parts
of black locust differ in terms of lectin activity and specific-
ity in seasonal changes (Gietl and Ziegler 1980) (Table 1).
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Willow

According to Klessing (2016), the willow bark has a simi-
lar medical effect to the one caused by acetylsalicylic acid.
However, it does not cause adverse side effects (Chrubasik
et al. 2001). Moreover, willow extracts and products treat
cold, influenza and angina and are used for rheumatism,
muscular neuralgia and headaches, including migraine
(Bonaterra et al. 2010; Mahdi 2010). The raw materials
obtained from several species of willow are of a pharma-
ceutical importance and have been used for centuries in folk
and modern medicine as a primarily antipyretic agent. These
species include Salix purpurea, S. fragilis and S. daphnoides.
Other species, such as S. acutifolia Willd are known by their
high pharmaceutical properties (Noleto-Dias et al. 2018).
The important healing properties of willow is due to the
fact that it contains phenolic glucosides (synonyms: salicylic
compounds, salicylic glucosides), which are characterized
by antipyretic, anti-inflammatory, analgesic and anti-rheu-
matic effects in humans (Bonaterra et al. 2010; Kim et al.
2015). Moreover, the biomass of different willow species
may be a source of other bioactive compounds, especially
lignans, flavonoids and tannins. They have various biological
activities, especially antioxidant, anticancer and antibacterial
(Brereton et al. 2017; Dimkic et al. 2016; Hage and Morlock
2017; Koirala et al. 2016). The species, clones and varieties
cultivated in short rotation coppice are characterized by a
great potential in this respect. The biomass thus obtained is
not always the richest in bioactive compounds; however, due
to the high stem wood yield, large yields of salicylates, flavo-
noids, lignans and tannins can also be obtained. Therefore,
such biomass can be important as a biorefinery raw material
(Brereton et al. 2017; Paunonen et al. 2009).

Historical outline of research on phenolic compounds

The willow leaves were already used as an antipyretic drug
4000 years BC by Assyrians. In 1828, salicin was isolated
from the willow bark for the first time and 10 years later it
was hydrolyzed to G-glucose and salicylic alcohol. On this
basis, the structure of salicin was defined as salicylic alcohol
glucoside. In the same year, the oxidation of salicylic alcohol
to salicylic acids was also carried out (Mahdi 2010).

The origin of studies on purple willow includes the isola-
tion of salipuroside (naringenin-5-glucoside) and its isomer
from willow bark (Charaux and Rabate 1931, 1933). The
willow leaves contain a variety of flavonoids, the highest
content of which was observed in a form of luteolin-7-glu-
coside and naringenin-7-glucoside, and also eriodictyol-
7-glucoside in small amounts (Jarrett and Williams 1967).
The purple willow leaves have also a very high content of
phenolic compounds, especially leucoanthocyanidins, which
were transformed into anthocyanidins and examined by

paper chromatography. Among salicylates, salicin, salicor-
tin, tremulacin, populin, fragilin and grandidentatin were
identified in different species of willow leaves (Binns et al.
1968). The structures of the salicylic compounds are pre-
sented in Fig. 3. In the 1980s, GC-FID was used to sepa-
rate the mixture of glucoside compounds, including salicin,
fragilin, picein, salidroside, vimalin, triandrin, tremuloidin,
populin and salicortin. Attention was also directed to the
influence of the extraction time on the total polyphenol con-
tent of the leaf extract (Julkunen-Titto 1985).

On the other hand, Pearl and Darling (1971) focused their
attention on the structure of salicortin, the ester of salicin
and tremulacin, which is 2-O-benzoyl ester of salicortin. The
studies were conducted by hydrogenolysis, acid and alkaline
hydrolysis as well as infrared spectroscopy (IR) and NMR.

In further studies, a glucoside—purpurine was isolated
from the fresh bark of the purple willow. The analysis with
the use of mass spectrometry and also alkaline and enzy-
matic hydrolysis confirmed that the structure of purpurine
indicated it as the ester of the p-coumaric acid grandiden-
tatum diastereoisomer (Jiirgenliemk et al. 2007). The pur-
ple willow was also analyzed in terms of anthocyanins. The
main compound was cyanidin-3-glucoside, whereas myrtil-
lin (delphinidin-3-glucoside) was identified in trace amount
(Bridle et al. 1973).

Modern methods of assessing the content of salicylic
compounds in plants

The separation of the mixture of salicylic compounds, such
as salicin, picein, salidroside, populin and tremulacin, was
conducted with the use of HPLC method in different stud-
ies by Pobtocka-Olech (2006), Kenstaviciené et al. (2009),
Schmid et al. (2001) and others. The amount of salicin in
S. purpurea bark extract ranged from 1 mg/g to 25 mg/g,
depending on the clone, while in the bark extract of S.
viminalis it was not detected (Pobtocka-Olech 2006). To
determine the percentage of salicin in different species of
Salix depending on the age of the species and its harvest-
ing period, HPLC-UV method was used by Kenstavi¢iené
et al. (2009). The mobile phase differed from that used by
Pobtocka-Olech (2006). Instead of acetonitrile, tetrahydro-
furan was used with water acidified with 0.5% phosphoric
acid. In the case of 1-year bark of S. purpurea harvested
in autumn, the content of salicin was 7.16%, while in the
2-year-old willow extract, the content was 7.77% and 6.36%,
respectively, for willow harvested in autumn and spring. The
content of salicin derivatives ranged from 2.5 to 10% for
S. purpurea. The highest content of salicin in S. viminalis
was analyzed in the extract of 2-year-old willow (0.42%)
(Kenstaviciené et al. 2009). In the analysis of salicin by
HPLC-DAD, the content of salicin in the bark of S. purpu-
rea was 17.6% (Schmid et al. 2001), which was higher than
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in S. purpurea examined by Kenstaviciené et al. (2009). In
the case of S. viminalis, the presence of triandrin and salicin
in the ethanolic-water extract was identified by the HPLC
method (Minakhmetov et al. 2002). Heiska et al. (2007) and
Paunonen et al. (2009) also used HPLC-DAD method in
the determination of salicylic glucosides (salicin, salicor-
tin, 6-hydroxy-2-cyclohexenone-salicortin (HCH-salicortin),
disalicortin, tremulacin and HCH-tremulacin). The extrac-
tion of bioactive compounds was performed by homogeni-
zation of dark-leaved willow (S. myrsinifolia Salisb.) bark
and leaves with cold methanol. The extract was filtered
(Heiska et al. 2007) or centrifuged (Paunonen et al. 2009)
and then vaporized to dryness in a vacuum. On the basis of
performed analyses, it was found that the content of salicin
in bark was 0.00-8.99 mg/g d.m. (mean 1.74) and salicortin
0.40-44.20 mg/g d.m. (Heiska et al. 2007). In the case of
leaves, salicin was identified with the amount of 1.8—4.7
and salicortin 44—129 mg/g d.m. The sum of salicylates was
about 50-160 mg/g d.m. (Paunonen et al. 2009).

Salicin and its derivatives and other phenolic glucosides
are characterized by poor absorption of UV radiation. For
this reason, Young (2004) applied evaporative light scat-
tering detection (ELSD) in the analysis of white willow
extracts, which resulted in salicin signal gaining on ELSD
detector compared to UV-VIS detection. Poblocka-Olech
et al. (2007) used ELSD in the analysis of bark extracts from
five species of willow. In the analyses of salicin and other
phenolic glucosides, the HPLC method provided satisfac-
tory separation of six compounds, such as salicin, picein,
salidroside, populin, 2-acetysalicortin and tremulacin. The
use of ELSD enhanced the signal of populin and tremulacin.

On the basis of studies performed by Pobtocka-Olech
et al. (2007), it was found that the content of phenolic gluco-
side in bark depends on the species and clones of Salix. Total
salicin content in bark of S. daphnoides (clone 1095), S.
alba (clone 1100), S. purpurea and S. herbacea was 96.43,
36.48, 25.87 and 16.79 mg/g d.m., respectively. The content
of free salicin was 1.5-6.3 times lower than total salicin.
The bark of S. viminalis was characterized by the poorest
salicylate profile. Triandrin was identified as the only com-
pound in the analysis of nine phenolic glucosides. Likewise,
Kammerer et al. (2005) analyzed Salix bark extracts. The
presence of 13 compounds, including salicylic alcohol, sali-
cylic acid, salicin, isosalicin, picein, salidroside, triandrin,
vimalin, tremuloidin, salireposide, salicylic acid and sali-
cin ester, salicortin, isosalireposide, naringein-5-glucoside,
naringenin-7-glucoside and tremulacin, was identified by
HPLC-MS/MS with electrospray ionization. However, the
quantitative analysis was not performed.

The chemical composition and content of salicylic gluco-
sides in the bark of different S. purpurea genotypes were also
investigated for their use, especially in the pharmaceutical
industry. The methanolic extract analysis was performed by

@ Springer

liquid chromatography with a diode array detector and elec-
trospray ionisation mass spectrometry (HPLC-DAD-ESI-
MS). All tested genotypes contained, with the following
elution order, salicin, catechin, salicortin, naringenin-5-O-
glucoside, naringenin-7-O-glucoside, isosalipuroside, narin-
genin and tremulacin. The content of salicylic compounds
ranged from 30.4 to 109.6 mg/g, whereas the content of
salicin differed depending on the genotype and ranged from
5.0 to 16.5 mg/g. The salicin in S. purpurea genotypes was
analyzed and the amount was 5.37-7.45 wt%, which was five
times lower in comparison to studies conducted. In the case
of salicortin, the amount ranged from 23.0 to 93.0 mg/g.
In addition, the presence of picein and populin was con-
firmed as 100.0 mg/g of the analyzed genotypes (Sulima
et al. 2017).

In addition to MS, NMR is also used to idenfity bioac-
tive compounds. This technique is particularly useful in the
structure determination of new compounds not yet detected
in particular plant species. Noleto-Dias et al. (2018) ana-
lyzed 86 Salix species in terms of phenolic glucosides
content using UHPLC-MS system. The use of NMR spec-
trometer enabled the discovery of a new natural salicinoid—
salicin-7-sulfate. The content of salicin ranged from 2.85 (in
the shoots of S. maccaliana) to 57.6 mg/g d.m. (S. acutifolia
Willd.). The willow species used in medicine (S. purpurea,
S. fragilis and S. daphnoides) did not contain the highest
amounts of salicin. Their shoots contained salicin in the
following quantities: 29.25, 19.06, 8.40 mg/g d.m., respec-
tively, for S. purpurea, S. fragilis and S. daphnoides. On the
other hand, fast-growing species in SRC (e.g., S. viminalis)
contained salicin with the amount of 5.01-24.70 mg/g d.m.
Salicin-7-sulfate occurred in a number of willow species
(including S. purpurea, S. viminalis, S. daphnoides) only in
trace levels. The highest amounts were observed in S. pellita
and S. koriyanagi; however, no significant correlations were
found between the content of salicin and its sulfated form
(Noleto-Dias et al. 2018). The identification of phenolic glu-
cosides in S. glandulosa by NMR method was performed
by Kim et al. (2015). The salicin derivatives were isolated
and their anti-inflammatory, neuroprotective and antican-
cer properties were evaluated on glioma cells. It was found
that 11 of 16 of the isolated compounds had a strong anti-
neuroinflammatory effect.

Zaugg et al. (1997) introduced another, after HPLC and
TLC, method for the determination of salicin in the willow
bark by capillary electrophoresis (CE), which resulted in
the analysis of salicin in different species of Salix with the
content from 3.1 to 13.9 mg/g. CE is a fast method to evalu-
ate the content of bioactive components in plant matrices,
but less accurate than the HPLC method (Zaugg et al. 1997).
Nevertheless, it is a reproducible method and provides a
good separation of antioxidant phenolic compounds, includ-
ing glucoside derivatives. A new trend is to miniaturize the
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CE technology as was indicated by Hurtado-Fernandez et al.
(2010). The purpose of the nanotechnology is to implement
miniature analytical systems, such as lab-on-a-chip, which
can be used for fast and simple analyses of bioactive com-
pounds, also outside the analytical laboratory.

Willow non-salicylic bioactive compounds

Willow bark is a well-known and valuable source of sali-
cin and phenolic glucosides. However, in addition to sali-
cylic compounds, willow biomass contains a number of
valuable non-salicylic phenolic compounds, such as fla-
vonoids, lignans and tannins. These compounds are most
often determined by separation techniques, especially liquid
chromatography (Brereton et al. 2017). The applications of
analytical methods in the separation of bioactive compounds
in willow extracts are presented in Table 2.

Phenolic acids, such as a-resorcylic acid, caffeic acid,
m-hydroxybenzoic acid, p-coumaric acid, p-hydroxybenzoic
acid, syringic acid, ferulic acid, vanillic acid, veratric acid,
cinnamic acid as well as 4-methoxycinnamic acid in wil-
low bark extracts, were separated by a multiple gradient
development high-performance thin-layer chromatography
(MGD-HPTLC) by Pobtocka-Olech (2006). MGD-HPTLC
technique was also employed in the separation of flavan-
3-ols. Both Salix viminalis and S. purpurea were found to
contain the following compounds: p-hydroxybenzoic acid,
chlorogenic acid, salicylic acid, vanillic acid, ferulic acid,
cinnamic acid, protocatechuic acid, p-coumaric acid, querce-
tin, naringenin, luteolin-7-O-glucoside, naringenin-7-O-
glucoside, naringenin-5-O-glucoside and isosalipuroside.
In S. purpurea bark, apigenin, kaempferol, caffeic acid,
gentisic acid, a-resorcylic acid and quercetin-3-O-gluco-
side were also identified, whereas dihydroxycaffeic acid,
luteolin, myricetin, kaempferol-3-O-glucoside and rutin
were analyzed in S. viminalis bark extract. The high con-
tent of pyrocatechin was found in the ether extract of acidic
hydrolisate of methanolic extract of S. purpurea and trace
amounts in S. viminalis. The contents of catechin were com-
pared in bark extracts of S. purpurea (1.57 mg/g) and S.
viminalis (5.40 mg/g) by solid phase extraction, thin-layer
chromatography (SPE-HPTLC) and liquid chromatography
(SPE-HPLC). The results obtained by the last two meth-
ods were similar (Pobtocka-Olech 2006). In further studies,
quantitative analyses of pyrocatechin were carried out on
S. purpurea growing naturally and S. purpurea provided by
Labofarm Company. In the latter, the amount of pyrocat-
echin was 20 times higher than in the extract of ‘natural’
willow (0.09 mg/g). The analysis was performed by thin-
layer chromatography with the use of diol-coated silica gel
plates (Pobtocka-Olech et al. 2010) (Table 2).

The extraction of dried and powered bark of different
species of Salix was performed. The quantitative analyses

were performed on 10 X 10 cm silica plates by HPTLC. The
content of procyanidine B1 in the analyzed species of Salix
ranged from 0.26 to 2.24 mg/g. The smallest amount of the
compound was observed in S. purpurea extract (Pobtocka-
Olech and Krauze-Baranowska 2008). The HPTLC method
was also used to separate bioactive compounds from S.
alba buds, but also to test their antibacterial and biochemi-
cal activity (Hage and Morlock 2017). Phenolic acids, fla-
vonoids as well as non-salicylic glucosides were analyzed
in methanolic extracts of willow (S. myrsinifolia) leaves
and bark with the use of HPLC-DAD method. The con-
tent of chlorogenic acids, p-OH-cinnamic acid derivatives
and total flavonoid in leaves was 17.0-33.0, 1.5-8.8 and
5.4-12.3 mg/g d.m., respectively (Paunonen et al. 2009).
In turn, the bark contained flavonoids on average 6.5 mg/g
d.m, including catechins, luteolin-7-glucoside and hyperin
with the amount of 2.47-15.37, 0.00-1.65, 0.00-0.42 mg/g
d.m., respectively. In addition to flavonoids, other non-
salicylic glucosides, such as picein and triandin (and tri-
andrin derivative), were also identified with the amount of
1.61-31.08 mg/g d.m. for picein and 1.92-25.34 mg/g d.m.
for triandrin (Heiska et al. 2007).

Brereton et al. (2017) used HPLC to analyze the bioactive
proanthocyanidins (condensed tannins) in the stem wood
of three willow species (S. dasyclados, S. viminalis and S.
miyabeana). Tannins in the methanol extract were deter-
mined according to their degree of polymerization by HPLC
method with a fluorescence detector (FD). The content of
condensed tannins in willow biomass ranged from 0.5 to
7 mg/kg.

As for the separation and identification of other phenolic
compounds in the willow wood, the UPLC-MS system
was used. In the methanolic extract of stem wood, such
compounds were identified as shikimic acid, hydroxycin-
namic acids (including coumaric acid isomers), hydroxy-
benzoic acids (including salicylic acid), flavonoids (includ-
ing quercetin, rutin) and lignans (including pinoresinol,
medioresinol). In stem wood, there was a large variation
in the content of individual phenolic compounds between
the studied willow species. For instance, shikimic acid was
present in smaller amounts (0.05-0.62 mg/kg). The content
of hydroxycinnamic acids and benzoic acid derivatives was
31.3-131.9 and 16.8-42.9 mg/kg, respectively. The flavo-
noids were found in the stem of willow wood in the largest
amounts. However, a large diversity between the place of
harvest and the species was observed. The biomass of S.
dasyclados contained 11-91 mg/kg of flavonoids, whereas
had S. miyabeana 84-380 mg/kg. The largest amount of fla-
vonoids in S. viminalis was over 150 mg/kg. For biorefinery
purposes, there is also a potential to produce lignans. In
willow stem wood, six compounds from this group were
detected (Fig. 5). The lignans content ranged from less than
10 to more than 40 mg/kg (Brereton et al. 2017).
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The identification and quantification of phenolic com-
pounds in resins of willow (S. alba), poplar (Populus nigra
and P. alba) and several other tree species was performed
by Dimki¢ et al. (2016). On the basis of UPLC-MS/MS
analyses, 21 phenolic acids and their derivatives, 30 flavo-
noids as well as 7 esters of phenolic acids and glycerol were
detected in the resins. Among phenolic acids, the caffeic
acid (0.68 mg/L) was identified at the highest level, whereas
among flavonoids, catechin (6.43 mg/L) and naringenin
(0.73 mg/L) were found.

The compounds belonging to the flavan-3-ol group,
including gallocatechin, catechin and epicatechin as well
as procyanidin B1 and B3 were isolated from the ethanol
extracts of the bark of S. purpurea. The separation with
ethyl acetate and water provided fractions enriched with
low molecular weight compounds of flavan-3-ol and also
higher molecular compound, proanthocyanidin. To confirm
the compounds’ structures various spectroscopic techniques
were used, especially nuclear magnetic resonance spectros-
copy (NMR) (Jiirgenliemk et al. 2007).

Poplar

The reversed-phase HPLC-DAD analysis of poplar bark
extracts was performed to separate and identify qualitatively
hydroxycinnamic acids, hydroxybenzoic acids, benzoic acid
and p-hydroxybenzaldehydes (Baiocchi et al. 1994). Zhang
et al. (2006) isolated, identified and evaluated the biologi-
cal activity of ten flavonoids from stem bark of Populus
davidiana Dode. Sakuranetin, rhamnocitrin, 7-O-meth-
ylaromadendrin, naringenin, eriodictyol, aromadendrin,
kaempferol, neosakuranin, sakuranin and sakurenetin-5,4'-
di-B-p-glucopyranoside were isolated and purified from
methanolic bark extract. The NMR, MS and IR spectroscopy
were used to identify isolated compounds. To evaluate the
anti-inflammatory activity of isolated flavonoids, cyclooxy-
genase (COX-1, COX-2) and xanthine oxidase (XO) assays
were used. Kaempferol has been found to exert the strongest
inhibitory effect on COX-2, which may partly explain the
traditional use of poplar bark in ethnomedicine.

Poplar buds and their secretions (resins) are plant materi-
als very rich in phenolic compounds. For this reason, studies
on bioactive compounds of poplars focus on the raw material
of buds. The supercritical fluid extraction has been widely
used in the separation of phenolic compounds from different
plant materials (Kosmala et al. 2017; Michalak et al. 2016;
R§j et al. 2017). This is evidenced by a number of applica-
tions provided by the researchers so far. Kus et al. (2018)
applied supercritical fluid extraction with carbon dioxide
in a supercritical state as well as UPLC-DAD analysis of
dried poplar buds of P. nigra L. The extraction was con-
ducted at different pressure (8.3—33.7 MPa) and temperature
(35.8-64.1 °C). Based on the chromatographic analysis, it

@ Springer

was found that the extraction efficiency of phenolic acids
and flavonoids depends on the process parameters. The larg-
est levels of bioactive phenols in scCO, extracts were 1.52,
47.24, 10.25, 79.56, 1.55 and 2.03 mg/g, respectively, for
p-coumaric acid, pinocembrin, galangin, pinostrobin, pin-
obanksin and chrysin at the temperature of 60 °C and pres-
sure of 30 MPa.

The phenolic profiling of the poplar bud resins was per-
formed by HPTLC and UHPLC-MS/MS (Dimki¢ et al.
2016). The HPTLC method was used for the separation of
bioactive phenolic compounds from resins as well as initial
identification and evaluation of the antibacterial activity of
the separated compounds. In the same studies, Dimkic et al.
(2016) used UHPLC-MS/MS method to accurately identify
and quantify bioactive phenols. Among the identified flavo-
noids in ethanol-water extracts from P. nigra resins, chry-
sin (15.2-28.9 mg/L) and pinocembrin (19.7-23.5 mg/L)
occurred at the highest concentration.

P. alba contained two to four times and three to five times
lower amounts of chrysin and picocembrin compared to P.
nigra resins. The poplar resins also contained about 20 phe-
nolic acids. Caffeic acid and p-coumaric acid in P. nigra
were identified with the largest quantities of 14.2-14.7 and
9.2-32.9 mg/L, respectively. In turn, in P. alba extracts, the
dominating acids were p-coumaric acid and p-hydroxy-
benzoic acid (14.7 and 6.3 mg/L). It was also found that
the poplar resins contained much higher concentrations
of flavonoids and phenolic acids than S. alba resins. Hage
and Morlock (2017) used HPTLC method for bioprofiling
of poplar bud extracts. TLC plate silica gel with separated
phenolic compounds was subjected to antimicrobial, estro-
gen-like activity and esterase assays. The most bioactive
zones on TLC plates were analyzed by HPTLC-MS and
HPTLC-HRMS (HPTLC—high resolution mass spectrom-
etry). It was found that caffeic acid inhibited the growth of
Aliivibrio fischeri, chrysin inhibited butyrylcholinesterase,
whereas luteolin and piperine were the representatives of
potential acetylcholinesterase inhibitors.

The poplar bud extract was also analyzed in terms of
phenolic acids by two chromatographic methods, including
HPLC and GC-MS. The highest content of phenolic acids
according to both methods was obtained for benzoic acid
(2.44 wt%), cis-p-coumaric acid and trans-p-coumaric acid
(3.11 wt%), ferulic acid (1.11 wt%), caffeic acid (0.40 wt%)
and cinnamic acid (0.09 wt%) (Maciejewicz et al. 2002).

In other studies on the chemical composition of black
poplar buds, GC-MS was applied in the analysis of com-
pounds, such as hydrocarbons (heptacosane, pentacosane,
tricosane, nonacosane), bulnesol, guaiol and eugenol. and
also caryophyllene, caryophyllene oxide and eudesmol (-,
-, ¥-) in small amounts (Isidorov and Vinogorova 2003).
The acids analyzed by Maciejewicz et al. (2002) were also
present in the extract. Hexane extracts from black poplar
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flowers contained C21-C31 hydrocarbons (52.1%), ses-
quiterpenes (17.9%), C6—C10 aromatic compounds (5.7%)
and cinnamic acid derivatives (3.7%). In the ether extract
of buds, the highest content derived from cinnamic acid
derivatives (27.1%). The presence of aliphatic acids and
hydroxyacids (6.7%), flavonoids (8.0%) and phenolic acids
(2.8%) were also identified (Isidorov and Vinogorova 2003).
Rubiolo et al. (2013) applied two chromatographic methods
(HPLC, GC-MS) for the quantitative determination of acids,
such as caffeic acid, trans-p-coumaric acid, ferulic acid, ben-
zoic acid, 1,4-methoxycinnamic acid, trans-cinnamic acid,
p-methoxycinnamic acid, 1,1-dimethylallyl ester of caf-
feic acid as well as flavonoids, including chrysin, galangin,
pinocembrin, pinostrobin and tectochrysin. The qualitative
and quantitative analyses of the black poplar flower extract
by HPLC and GC-MS methods were compared. The content
of the analyzed compounds ranged from 0.2 to 5.32%. Pinos-
trobin (3.48% and 5.32%, respectively, according to HPLC
and GC-MS method), pinocembrin (2.79% and 3.64%) and
chrysin (2.78% and 4.15%) were the compounds with the
highest amount (Table 3).

Propolis is a mixture that is produced by bees of vari-
ous kinds of resinous substances and beeswax (Marcucci
1995). In Poland, propolis rich in bioactive substances up to
65%, is extracted from leaf buds of black poplar. The healing
properties of propolis are mainly attributed to flavonoids,
including chrysin, tectochrysin, pinostrobin, pinocembrin
and apigenin, as well as quercetin and kaempferol in small
amounts. In addition to these compounds, phenolic and aro-
matic compounds are present which account for about 77%
of all propolis components. The main aromatic acids pre-
sent in propolis are cinnamic acid, caffeic acid, ferulic acid,
benzoic acid, salicylic acid, p-coumaric acid and also esters
of cinnamic and caffeic acids. Propolis also contains vola-
tile compounds (geraniol, farnesol, caryopyllene, squalene),
fragrances (vanillin), hydrocarbons and water-soluble vita-
mins (B1, B2, B5, B6, C) as well as fat-soluble vitamins,
including vitamin D and p-carotene and tocopherols, which
have antioxidant properties (Bankova et al. 2000, 2007;
Kujumgiev et al. 1999; Lofty 2006).

Rubert-Nason et al. (2013) assessed the usefulness of
NIRS in a rapid determination of poplar leaves second-
ary metabolites (tannins, phenolic glycosides). Populus
tremuloides contained tannin and tremulacin in the range
11.3-33.0% and 0.05-4.23%, respectively.

Total antioxidant capacity (TAC), total
phenolic content (TPC) and total flavonoid
content (TFC)

Among the plants secondary metabolites, many of them
show antioxidant activity. The typical antioxidants include
the previously discussed flavonoids, non-flavonoid pheno-
lics, tocopherols, carotenoids, ascorbic acid and other com-
pounds. They are important substances as ingredients of
food, herbal raw materials as well as medicines and dietary
supplements produced from vegetable raw materials. In gen-
eral, the antioxidant as well as antibacterial and antifungal
properties are assigned to natural antioxidants (Aguirre and
Borneo 2013; Dimki¢ et al. 2016; Hage and Morlock 2017,
Marinas et al. 2014). The spectrophotometric and fluorimet-
ric methods of TAC determination are used to assess the bio-
logical activity of raw materials and plant products. Several
methods are used for this purpose at the same time, because
there is no one universal and validated TAC determination
test. Their common advantage is that they are simple, cheap,
high throughput and quick to execute. They are particularly
useful in the screening of vegetable raw materials (Aguirre
and Borneo 2013; Lopez-Alarcén and Denicola 2013).

The methods that have gained widespread acceptance are
Trolox equivalent antioxidant capacity assays (TEAC assay),
which are based on assessing the reduction properties of
antioxidants contained in the raw material evaluated in com-
parison to the standard that is Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid). In these methods,
Trolox is only a standard of antioxidant activity, while
the main reagents causing a change in a colour under the
protective effect of antioxidants are most often 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS—radical
cation decolorization assay), 2,2-diphenyl-1-picrylhydrazyl
(DPPH assay), fluorescein and 2,2'-azo-bis(2-amidino-
propane) dihydrochloride (ORAC assay—oxygen radical
absorbance capacity), FeCl; and 2,4,6-tris(2-pyridyl)-1,3,5-
triazine (TPTZ) or potassium ferricyanide (FRAP assay—
ferric reducing ability of plasma, also ferric ion reducing
antioxidant power). The TAC result is given in mmol, pmol
or mg Trolox equivalent (TE) per unit mass of the plant
material or volume of the extract, e.g., mg TE/g d.m.

Another way to express antioxidative activity is to deter-
mine the concentration of extract required to quench 50% of
free radical activity (inhibition concentration IC), given
in units of pg/mL lub mg mL. It should be emphasized that
the lower the ICs, value, the stronger the antioxidant activ-
ity (Aguirre and Borneo 2013; Re et al. 1999; Sarikurkcu
et al. 2015; Talos-Nebehaj et al. 2017; Zhong and Shahidi
2015). The standards of antioxidant activity may also be,
e.g., ascorbic acid and Fe(II) salts, for instance, FeSO, (Kus
et al. 2018; Sergent et al. 2014; Talos-Nebehaj et al. 2017).

@ Springer



Trees (2019) 33:1235-1263

1250

(L1027) 'Te 30 Suad

(£007) ‘er0I0SOUTA pUE AOIOPIS]

(9100) T8 19 or[uIQ

(9100) T8 19 or[uIq

(L10T) YOO pue d5eH

(8100) Te 10 sy

(9007) ‘Te 10 Sueyz

(L661) T8 19 BIoATY

(6861) ‘Te 10 SBATY Se| ap

PUdN
pudS

(ww g0
X w 0¢) LHS-Ad ‘dS
NOV
/PIOE OIWLIO) % T UMM O°H :dIN
(wn 67 ‘W 17 X W gg)
uwn[oo-8 1) pros 11s1edAY :ds
(A/A/A “T:G:9) IO
JIWLIOJ 4+ YOI + duan[o) :JIN
(wo O X W (7)
ayed DTLdH 195 BoIIIs :dS
(1) O*H+HOS :dIN
(wo O] X Wo (7)
09 193 eo1yis saye[d DTLAH :dS
PIoE OTWI0f %1°0+ NOV
/PR OIULIO) %1°0+O%H ‘dIN
uwnod (wm 9z ‘ww 1°g
X wur OGT) G XRury| :ds
proe on
-00e+QfH +HOIW +2v0id
‘HOPIN + “IOHD *(£) dIN
YLy g1-dd

‘sajerd P52 (9 195 BoI[IS :(€) dS

O‘H+HON :(2) dN
uwnjod
(1A1181£09p©100) SAO :(7) dS
HOSN
‘O°H +HOPN + FIDHD ‘ouoy
-e08 + F[DHD “OVOd +due
-Xoy ‘HOPN + “IOHD (1) dIN
TH1
xopeydag ‘(ysow 00—0ET
PUE ysow 0£Z—0L ‘09 98
~[9sary) [98 BIIIS (1) IS
p1oe o1uLio} + O°H/HOPN :dIN
(wm ¢ ‘wo ' X WO G'ZT)
81-d¥ 00T eyd0Iyory S

ovOd /O'H/HOSN/NDV :dIN

(wr 4 ‘ww g
X ww 00[) 1D YedeaoN :dS

SIN-DD

SIN/SIN-DD

SI/SIN-D1dHN

J'1LdH

SINIH
—O71LdH pue SIN-DTLdH

ava-o1dn

(uoneoynuapt) S A1
“AAN “(€) DTL (@) DTdIN
(1) Aydea3ojeworyd uwnjo)

AN~D71dH

ava-o1dH

HOg:ouazuaq
‘(A/A T:7) OV O 11010 Wno[
-onad “(a/A 1:7) HORW:HOY

Sutums ‘4 ¢ ‘ouexoyq

uonoRNXd druoseN[N
‘ur G “(A/A ‘1) OFH:HOM

UonoRNXd druoSENN
‘urw G “(A/A ‘1) OFH:HOM

UONOBIXI dIUOSEI[N
‘un G “(a/A ‘Ip) O'H:HOM

urar 09

Do I'79-8'S€ “BdIN L'€E
—¢'g ¢0D [eonuIadng

HOSIN

4 ¢ ‘HOYE

9)eqI0dSE
wnIpos ‘Quojode Yim SulfIA

S19159 ‘sopAyopre

‘sou03ay ‘sproe oneydife

POOA\  ‘SOAIIBALIOP pUB SUOQIEO0IPAH
spunodwod
onewore ‘souadioymbsos
‘SuU0QIed0IPAY ‘SpIoe o1]AX0q

sojepnxa png -Ied ‘sproe orjoudyd ‘sprouoae[

SuIsaI png

SuIsaI png

spng

SpIoE J1[AX0qIeD

spng ‘sproe orjouayd ‘SpIouoAB[{

Sredq
soyepnxe png

SPIOUOAR[]

SOABO[ UNS SpIOUdJ0IE))

S0UQIJY

suonipuod uoneredog

poyiouwr [eonATeuy

uonoenXy

jred juerqg spunodwod jo dnoin

rejdod ur spunodwod 9A130€01q JO UONRUILIANRJ € d]qeL

pringer

fH's



1251

Trees (2019) 33:1235-1263

7 Pu® [ S9[qe], 995 ‘suoneue[dx? 12y)0 I0j {Anowonsads ssewr uonnjosar ysiy AydeiSoreworyo

1oKer-ury) souewiopred-y3y SWYH-DTIJH ‘Anewonoads ssew AydeiSoyeworyo roker-ury) souewiofrod-y3g SwW-D)7IdH ‘Adoosonoads oouejosper parerjur-reau §Y7N ‘Adoosonoads pareryur y7

(ET0T) 'Te 10 UoSEN-110qIMY

(0100 'T& 12 15qRg

(+661) Te 19 Iyoooreg

(€107) T8 10 ojo1qny

(€1027) T8 10 ojo1qny

(2002) ‘Te 10 zoImaloroen

(Z00T) 'Te 10 ZoImafaIoR N

uoneredos oN
QUOIR/(¢'¢

Hd) proe ooy Nw O] :dIN
(ww g X W 067])

uwn(oo g[)-gax 2sdig :ds
HOPAY/PIO®R 011008

snoanbe %76 0/NOV :dIN
(wrl ¢ fww 9 X W 067)

ST-dy 210ydsoryory :ds
pIoe o1uiIoy % 1°0+ Q“H/PIoe

o1uLIo) %1°0+HOS {dIN
(wrl 27 ‘ww 94 X W OG)

810 ssa1dxy snuadsy :ds
(wri 6z°0

fww ¢z X W G7) GBSO S
pIoe o1a9e %10+ O°H

/P1o€ 013038 % 1°0 + NIV ‘dIN
(wrl ¢ fwo 470 X

wo 1) 81-d¥y q10s0IYDIT :dS

(Www z'g X W ¢zl I-AO dS

wu 00S7-00% ‘SYIN

SIN-AVA-O1dH

ava-o1dH

ava-o1dH

SIN-AId-DD

avda-O1dH

SIN-DD

ParoeINXa Jou d19Mm spunod
-WOd dAT}OROIq Y], "PILIP
pue pazopmod a1e SaABYT

UONOBIXS OTUOS
-enn ‘U g1 ‘9, ¥ ‘HOSW

Suryeys
“Y0Z Do 0T N 1 HOEN

pu

Quexay ‘amj
-erodwa) wool ‘Y  ‘HOW %0L

Quexay ‘a1
-exodwd) woor ‘Y ¢ ‘HO %0L

SOABYT

SoABO

Jreq

J)njosqe pnq [BIOISWWO))

2)IN[0SQE pNq [BIOISWWO))

soyepnxa png

sajepnxa png

suruue) ‘(UnJIodIes pue
uroI[es) soprsoon[s oroudyq

(unJooryes pue
uroI[es) saprsoon[s oroudyq

opAyaprezuaqAXoIpAy-d
‘proe 010Zuaq ‘Sproe dIoudyq

SpIoe drjouayJ

SOUQIJY

suonIpuod uoneredog

poylouwr [eonATeuy

uonornXyg

jaed juerqg

spunodwod jo dnoin

(ponunuoo) ¢ 3jqey

pringer

a's



1252

Trees (2019) 33:1235-1263

Fig.5 The structures of lignans
present in willow wood
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The ABTS and DPPH methods are also included in the
radical scavenging activity assay. Marinas et al. (2014) used
ABTS assay (TEAC assay) for the TAC determination of
ethanol extracts from black locust (Table 4). The TAC values
were 172.9, 625.2 and 902.2 mmol TE/mL extract, respec-
tively for sheath, seed and leaf extracts. The same method for
the TAC determination of methanol-water extracts from the
black locust and poplar leaves was used by Talos-Nebehaj
et al. (2017) as well as of water extracts from willow bark
by Durak et al. (2015) and Durak and Gawlik-Dziki (2014).
The results of ABTS test of poplar buds and willow bark
were also expressed as the ICs,, value (Zaiter et al. 2016;
Zhang et al. 2015b).

Todaro et al. (2017) determined TAC in terms of radical
scavenging ability using the stable DPPH. The reduction
of the radical by antioxidants was followed by a decrease
in the absorbance. The DPPH solution was also added to
poplar wood extracts. The incubation was carried out in the

@ Springer

O—CHg

secoisolariciresinol

7-hydroxymatairesinol

dark for 30 min and the absorbance at 515 nm was meas-
ured with Trolox as a reference. The TAC values largely
depended on the extraction method and ranged from about
250 to 675 mg TE/g dried extract (d.e.). Amel Zabihi et al.
(2018) extracted willow (S. alba L.) leaves, first-year twigs
and stems with the use of 70% ethanol at the temperature of
4 °C for 72 h. The extract was lyophilized and dry residue
was dissolved in methanol. After 30 min incubation of the
analyzed sample with 0.004% DPPH solution in methanol,
the absorbance was measured at 517 nm. The scavenging
activity of willow extracts was 19.1 pg/mL (ICs). The posi-
tive standards (ascorbic acid and butylated hydroxytoluene)
applied under the same conditions showed scavenging activ-
ity equal to 12.4 and 13.5 pg/mL, respectively. In other stud-
ies using DPPH assay, the results were also provided in ICs
values. TACs of willow and poplar leaves (T4los-Nebehaj
et al. 2017), willow leaves, bark and catkins (Enayat and
Banerjee 2009; Zaiter et al. 2016), as well as poplar buds and
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poplar-type propolis (Zhang et al. 2015b) were evaluated.
The wavelength at which the absorbance was measured was
generally 515 or 517 nm. Only Enayat and Banerjee (2009)
used 490 nm.

Another type of test used to evaluate TAC extracts from
black locust, willow and poplar is FRAP assay, which
involves the use of Fe(IlI) reduction to Fe(II) under the influ-
ence of antioxidants. Most commonly, as the indicator of
Fe(I), TPTZ is used, which forms a colorless complex with
Fe(III) and dark blue with Fe(II) with maximum absorbance
at 593-595 nm. The reduction reaction takes place according
to the equation:

TPTZ-Fe** = TPTZ-Fe**

(clear complex) +e - (deep-blue complex)*

The color intensity is proportional to the antioxidant
concentration of the sample (Ku$ et al. 2018; Sergent
et al. 2014; Talos-Nebehaj et al. 2017; Todaro et al. 2017).
Black locust extracts showed a large antioxidant capacity
of 6.5-8.1 mmol Fe**/kg extract (363-452 mg Fe**/kg
extract). The same method was used by Kus et al. (2018)
to evaluate scCO, extracts from poplar buds. TAC of these
extracts was 0.30-0.48 umol Fe’*/mg extract, corresponding
to 300—480 mmol Fe?*/kg extract and was about 50 times
higher than the black locust evaluated by Sergent et al.
(2014). It should be emphasized, however, that black locust
wood yield is higher than poplar buds yield. The wood and
whole plants are of a great importance as economic raw
materials for biorefineries.

In other studies, Trolox as the FRAP standard (Todaro
et al. 2017) and ascorbic acid (Talos-Nebehaj et al. 2017)
were used as well as TAC was expressed in the effective
concentration values (ECs) as in the case of DPPH (ICs)
(Durak and Gawlik-Dziki 2014). Todaro et al. (2017)
assessed different temperatures of thermo-vacuum treat-
ment (180, 200, 220 °C) and also extraction techniques of
poplar wood (maceration, ultrasound-assisted extraction—
UAE, and accelerated-solvent extraction—ASE). It turned
out that the extracts obtained by UAE (220 °C) showed the
highest TAC, even of 752.3 mg TE/g d.e. The wood not
treated with thermo-vacuum showed approximately eight
times lower TAC value. It is confirmed that fast-growing
shrub wood may be a good raw material for ligonocellulose
biorefineries (Devappa et al. 2015; Krzyzaniak et al. 2014).

Fig.6 The reaction of Fe**
reduction by polyphenols (on
the example of quercetin) and
the formation of Prussian blue
in the FRAP-RP method

quercetin

A variation of FRAP assay is reducing power assay
(FRAP-RP assay), based on the ability of plant polyphenols
to reduce Fe(III) to Fe(II), which was used to determine TAC
of ethanolic extracts of poplar buds and poplar-type propolis
(Zhang et al. 2015b) as well as water extracts of willow bark
(Durak and Gawlik-Dziki 2014). Poplar buds extracts had an
oxidant activity of 1.55, whereas poplar-type propolis had
2.08 mmol TE/g. ICy, value for willow bark was 0.3 mg/
mL (Fig. 6).

In addition to ABTS, DPPH and FRAP, ORAC assay is a
very useful method. This method was used to assess the anti-
oxidant activity of black locust wood (Sergent et al. 2014)
and poplar buds (Zhang et al. 2015b). In both studies, Trolox
was used as a standard. Poplar buds are exceptionally valu-
able and bioactive plant materials (Kus et al. 2018). Buds
TAC was measured with the use of ORAC and was 6.4 mmol
TE/g d.m. (Zhang et al. 2015b). Black locust wood extracts
showed also high TAC values of 8.4-9.9 mmol TE/g extract.
In the case of black locust wood, TAC values were given
for 1 g of extract and for poplar buds for 1 g of plant mate-
rial. Consequently, these values are not directly compared.
Nevertheless, it is concluded that the antioxidant activity of
wood is significant.

For assessment of TAC extracts of fast-growing trees and
shrubs, other methods such as p-carotene bleaching assay
(BCB), inhibition of linoleic acid peroxidation assay (ILAP)
and superoxide anion radical scavenging activity (SRSA) are
used less frequently. BCB assay was used to assess poplar
wood activity (Todaro et al. 2017), ILAP assay for willow
bark (Durak and Gawlik-Dziki 2014), and SRSA to poplar
buds and poplar-type propolis (Zhang et al. 2015b).

TPC is another important parameter of TAC, which is
determined by spectrophotometric method with Folin—Cio-
calteu reagent. As for the standard absorbance, gallic acid
(GA) is often used and catechin (C) and quercetin (Q)
are used less often (Table 5). The results are expressed in
the equivalents of these standards (GAE, CE, QE). The
Folin—Ciocalteu method was used for the determination of
TPC in black locust leaves, seeds, sheaths and woods extracts
(Marinas et al. 2014; Sergent et al. 2014; Talos-Nebeha;j
et al. 2017), poplar buds, leaves and wood extracts (Ku$
et al. 2018; Talos-Nebehaj et al. 2017; Todaro et al. 2017,
Zhang et al. 2015b), as well as willow leaves, bark, catkins,
first-year twigs and stems extracts (Amel Zabihi et al. 2018;

+ 2KFe[Fe(CN)g] + 2H"

Prussian blue

@ Springer
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Table 4 (continued)

&

Zhang et al. (2015b)

References

mmol TE/g

Unit

Standard
Trolox

485 (excitation)
535 (emission),

Analysis conditions Wavelength (nm)”

37 °C, 20 min;

Main reagents
AAPH 360 mM,
unspecified

Extractant®
EtOH 95%

Plant material
Poplar (Popu-

Tests

Springer

fluorescence

lus X canadensis)
buds and poplar-
type propolis

fluorimetry

was measured

fluorescent dye
81.63 nM

every minute for

120 min
RT, 10 min

mmol TE/g Zhang et al. (2015b)

Trolox

560

NBT 150 uM,

EtOH 95%

Poplar (Popu-

SRSA assay

NADH 468 pM,
PMS 60 uM

lus X canadensis)
buds and poplar-

type propolis

4F extractant, S solvent for dried and lyophilized extract

b Absorbance wavelength or in the case of fluorimetric method—excitation and emission wavelength AAE, TE equivalents of ascorbic acid and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-

2-carboxylic acid), respectively, AAPH 2,2'-azo-bis(2-amidinopropane) dihydrochloride, ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), BCB p-carotene bleaching assay, BHT but-

ylated hydroxytoluene (2,6-di-tert-butyl-4-methylphenol), DPPH 2,2-diphenyl-1-picrylhydrazyl, ECs, extract concentration (mg/mL) provided 50% of activity based on a dose-dependent mode

of action, EC;,(Abs) the effective concentration at which the absorbance was 0.5, FRAP ferric ion reducing antioxidant power, /Cs, 50% inhibition concentration (ug/mL), NADH reduced nicoti-
namide adenine dinucleotide phosphate, NBT nitro blue tetrazolium, ORAC oxygen radical absorbance capacity, PMS phenazine methosulfate, RSA radical scavenging activity, RT incubation at

room temperature, SRSA superoxide anion radical scavenging activity, TPTZ 2,4,6-tris(2-pyridyl)-1,3,5-triazine, d.e. dry extract, d.m. dry matter of biomass, for other explanations, see Table (1

Durak and Gawlik-Dziki 2014; Enayat and Banerjee 2009;
Wiesneth et al. 2018; Zaiter et al. 2016). TPC in black locust
wood was 32.0-40.0 mg GAE/g wood (corresponding to
597-603 mg GAE/g extract) (Sergent et al. 2014), in pop-
lar wood (P. nigra L.) 96.7-334.9 mg GAE/g d.e. (Todaro
et al. 2017), and in willow stem 153.8 mg GAE/g d.e. (Amel
Zabihi et al. 2018).

In addition to TPC, spectrophotometric methods are also
used in the determination of total contents of individual
groups of phenolic compounds, such as tannins (TTC), total
flavonoid (TFC), flavan-3-ol (TF3L), flavanone and dihy-
droflavonol (FDC) in trees and shrubs (Table 5). The total
content of condensed tannins is determined by acid butanol
assay (Porter et al. 1985). The method was used to deter-
mine condensed tannins, soluble and insoluble in methanol
in S. myrsinifolia Salisb. leaves and bark (Heiska et al. 2007,
Paunonen et al. 2009). The content of soluble condensed tan-
nins in leaves was from 9 to 32, whereas in bark from 97 to
220 mg/g d.m. (approximately 149 mg/g d.m.). The content
of tannins in extracts may also be determined by tannins’
reaction with proteins, resulting in the formation of insoluble
complexes. Todaro et al. (2017) determined the content of
tannins in ethanol-water extracts of poplar wood with the
bovine serum albumin solution in 0.2 M acetic buffer (pH
5.0 with NaCl 170 mM) added to the extract. It was found
that tannins in poplar wood occurred in trace amounts.

Flavonoids are determined primarily by HPLC in the
plant material. The particular compounds are separated and
quantified by this method. However, already in 1960 a sim-
ple spectrophotometric method for determination of total
flavonoid content (TFC) was developed. The method is also
known as aluminum chloride colorimetric (ACC) method
and is based on Al**—flavonoid complexation reaction. Two
modifications of the method are known. The first method
requires addition of AICl; in the concentration from 2 to
10% (m/v) to the analyzed sample. In some cases, acetate,
acid or methanol are also added. The absorbance is meas-
ured at 404—430 nm. In an inert environment, this method
can be used to determine the content of flavonols and luteo-
lin. The second modification involves the complexation of
AI** with flavonoids in the presence of NaNO, in an alkaline
environment and is based on the nitration of any aromatic
ring present in flavonoids structures. After the addition of
AlCl;, a yellow complex forms, which after the further
addition of NaOH turns red. The absorbance is measured at
510 nm. This procedure is specific for catechins, rutin and
luteolin (P¢kal and Pyrzynska 2014).

The first method (with no NaNO, addition) was used for
TFC determination in the extracts of poplar buds (gums),
poplar-type propolis, poplar and black locust leaves (Talos-
Nebehaj et al. 2017; Zhang et al. 2015b). The second
(Al**—flavonoid complexation reaction in the presence of
NaNQO,) was used in determination of TFC in poplar wood,
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willow leaves, bark and catkins (Todaro et al. 2017; Enayat
and Banerjee 2009) (Table 5). TFC of poplar gums and
propolis was 297 mg RE (rutin equivalent)/g (Zhang et al.
2015b), whereas in poplar leaves 8.4—15.1 mg QE/g d.m.,
in black locust leaves 2.6—4.6 mg QE/g d.m. (Talos-Nebehaj
et al. 2017) and poplar wood extracts 8.9-563.4 mg QE/g
d.e. (Todaro et al. 2017).

Enayat and Banerjee (2009) used different solvents for
the extraction of willow leaves and bark. The best results
were obtained for water and ethanol. In the case of water
extracts, TFC in leaves and bark was 280 and 243 mg CE/g
d.m., respectively. The use of ethanol resulted in higher effi-
ciency of the flavonoids extraction from bark, for which TFC
was 479 mg CE/g d.m. In turn, flavonoids from leaves were
extracted with ethanol with slightly better results than with
water as TFC of 165 mg CE/g d.m. was obtained.

Talos-Nebehaj et al. (2017) used p-dimethylaminocinna-
maldehyde (DMACA) assay to determine total flavan-3-ol
content (TF3L) in poplar and black locust leaves. The reac-
tion with 2,4-dinitrophenylhydrazine (DNP method) was
used to determine flavanone and dihydroflavonol (FDC)
content in poplar buds and poplar-type propolis (Zhang et al.
2015b).

TAC and the total content of bioactive components can be
the main parameters for the quality evaluation of bioproducts
or raw material of lignocellulosic plants. This approach was
used in the previously discussed studies by, among others
Sarikurkcu et al. (2015), Talos-Nebehaj et al. (2017) and
Todaro et al. (2017). However, most often these methods
are the complement of the determination of the biologically
active compounds profile using liquid chromatography
methods (including Durak and Gawlik-Dziki 2014; Durak
et al. 2015; Marinas et al. 2014; Sergent et al. 2014; Zaiter
et al. 2016; Zhang et al. 2015b).

Conclusions

The presented review concerns methods for the extraction
and analysis of bioactive compounds in the biomass of fast-
growing trees and shrubs that can be grown in the short
rotation coppice (SRC). The focus was put on the species
used for pharmaceutical purposes and with a high yielding
potential, such as black locust, willow and poplar. The pres-
ence of many bioactive compounds, among them phenolic
compounds (flavonoids, stilbenes, lignans, phenolic acids,
tannins and phenolic glucosides), fatty acids, phenolic acids
and sterols, carotenoids and terpenes, has been confirmed in
the extracts obtained from various parts of plants, including
leaves, flowers, seeds, bark, woods, buds, catkins and whole
tree material.

Solvents of various degrees of polarity were used to
extract bioactive compounds from different parts of the

plants. The most commonly used polar solvents were water,
ethanol, methanol and less often acetone and aqueous NaOH
solutions. Nonpolar solvents such as hexane, ethyl acetate
and scCO, were used to extract hydrophobic compounds.
Soft plant organs, such as flowers and leaves, are more
easily extracted, which is why maceration was generally a
sufficient extraction method. Maceration was also used for
other parts of plants, in fresh, dried and milled state. Some-
times, to increase the efficiency of the extraction process,
the organic solvents were heated to 50-60 °C, and water
to 100 °C. However, due to the possibility of decomposi-
tion of some bioactive compounds at increased temperature,
some authors used chilled methanol. Under these conditions
an increase in the extraction efficiency was obtained using
ultrasonic-assisted extraction. In addition to maceration and
ultrasonic extraction, hydrodistillation, the Soxhlet method
and supercritical fluid extraction were also applied.

Both spectroscopic and chromatographic methods have
been used to determine qualitative and quantitative com-
position of black locust, willow and poplar extracts. The
main chromatographic methods were high-performance
liquid chromatography (HPLC) and ultra-performance
liquid chromatography (UPLC) equipped with UV detec-
tion, diode array detection, fluorescence detection and mass
spectrometry. Attention should also be paid to the detection
using evaporative light scattering detector (ELSD), which
has brought satisfactory effect in determination of phenolic
glucosides. Thin-layer chromatography (TLC) as well as
gas chromatography equipped with flame ionization detec-
tion (GC-FID) and mass spectrometry (GC-MS, GC-MS/
MS) were less commonly used. One study described the
usefulness of rapid salicin determination using the capil-
lary electrophoresis method, which belongs to the separation
techniques as chromatography.

UV-VIS spectroscopy was often used due to low costs
and simplicity of analysis. However, it has limited applica-
tions mainly in the determination of total phenolic content
(TPC) and antioxidant capacity (TAC). TPC was mostly
determined by Folin—Ciocalteu assay, whereas TAC by
ABTS, DPPH and FRAP methods. Different standards were
used, including gallic acid (TPC standard) and Trolox (TAC
standard) which were often used.

In turn, infrared spectroscopy (IR) and nuclear magnetic
resonance spectroscopy (NMR) played an important role in
identifying each compound isolated from plant materials
by multistage extraction, purification and chromatographic
separation. The use of NMR was particularly justified in the
identification of newly discovered compounds in particular
plant species. The near-infrared reflectance spectroscopy
(NIRS) was also used to determine salicin in the leaves of
willow. This method is useful in the qualitative assessment
of a large number of samples of plant material, due to the
lack of the need to perform sample extraction and very fast
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analysis. However, it is less sensitive and more precise than
classical methods.

However, based on the review, it is concluded that black
locust, willow and poplar are the source of important and
valuable bioactive compounds that may have a variety of
uses. In addition, the use of various analytical and extraction
methods in determination of these compounds makes these
species, also grown in the SRC system, promising candidates
as an alternative source of bioactive compounds, in research
for developing new bioproducts for multidirectional use.
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