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Abstract: Bearing in mind the centuries-old traditional use of chamomile, but also the increasing
demand for its products in modern industry, oriented toward sustainable development, there are in-
creasing efforts for the efficient extraction of high-value compounds of this plant, as well as obtaining
its products with added value. With that goal, conventional and contemporary separation techniques
were applied in this work. Both hydrodistillation processes (HD), conducted in a traditional manner
and coupled with microwave irradiation (MWHD), were used for essential oil isolation. In parallel
with those procedures, chamomile lipophilic extracts were obtained by Soxhlet extraction applying
organic solvents and using supercritical fluid extraction as a greener approach. The obtained extracts
and essential oils were characterized in terms of chemical composition (GC analysis, contents of
total phenolics and flavonoids) and biological potential. GC analysis revealed that oxygenated
sesquiterpenes and non-terpene compounds were the dominant compounds. x-Bisabolol oxide A
(29.71-34.41%) and «-bisabolol oxide B (21.06-25.83%) were the most abundant individual compo-
nents in samples obtained by distillation while in supercritical and Soxhlet extracts, major compounds
were x-bisabolol oxide A and pentacosane. The biological potential of essential oils and extracts was
tested by applying a set of analyzes to estimate the inhibition of biologically important enzymes
(amylase, glucosidase, acetylcholinesterase, butyrylcholinesterase, tyrosinase) and antioxidant capac-
ity (DPPH, ABTS, CUPRAC, FRAP, chelating and total antioxidant capacity). The results suggested
essential oils as better antioxidants, while the extracts were proven to be better inhibitors of the
tested enzymes. Principal Component Analysis was conducted using the experimental results of the
composition of extracts and EOs of chamomile obtained by different separation techniques, showing
clear discrimination between methods applied in correlation with the chemical profile. Molecular
docking was applied for the identification of the main active principles present in the essential oil,
among which a-bisabolol-oxide B (cp3) showed a higher affinity for tyrosinase.

Keywords: chamomile; essential oils; lipophilic compounds; supercritical fluid extraction (SFE);
principal component analysis (PCA); molecular docking
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1. Introduction

Chamomile essential 0il is an aromatic liquid with intensive blue color that comes
from azulenes (chamazulene). It is obtained by hydrodistillation from flower heads of
Matricaria chamomila L. (Asteraceae). Due to its beneficial effects, it is widely used in liquid
or semi-solid formulations or as a bath additive for skin inflammation, in products for
oral hygiene, and make-up or shampoos [1]. Due to the pronounced biological activity
and specific chemical composition of essential oils, there is a constant increase in their
usage in modern pharmacy and medicine. Essential oils are plant products, mixtures
of aromatic and volatile compounds of low molecular weight (usually below 500 Da)
readily soluble in organic solvents and lipids. Their lipophilic nature, as well as theirlow
molecular weight, enable them to facilitate passage through the cell membrane. After their
entrance into cells, where may exhibit different biological effects, such as antimicrobial
activity through the inhibition of cell membrane synthesis and disruption of the structure
of certain enzyme systems or simply by reducing the concentration of enzyme systems
(HMG-Co Reductase) [2]. In addition to antimicrobial activity, essential oils have been used
in the treatment and control of various diseases such as cardiovascular disease, diabetes,
Alzheimer’s disease, or cancer [3]. A pronounced anti-inflammatory activity in some
chamomile essential oils is also reported [4].

The wide range of activities is a consequence of the significant content of various
bioactive compounds in essential oils, with x-bisabolol and its oxides of x-bisabolol A
and B, as well as chamazulene and farnesene, as main constituents [5]. On the other
side, the concentration levels of these compounds depend on various factors. In order to
obtain essential oils with a richer composition, the process of their isolation is extremely
important. The basic method of obtaining essential oil involves steam distillation or
hydrodistillation as the standard technique. In order to speed up the process, reduce
energy consumption, preserve the thermolabile compounds at the same time, and enrich
the composition of the oil, greener extraction techniques have been developed. This
includes combining hydrodistillation with ultrasound or microwaves, but also the use of
alternative solvents such as supercritical carbon dioxide or Natural Deep Eutectic Solvents
(NADES solvents) [6]. A combination of hydrodistillation and microwave irradiation
(MWHD) significantly saves time and has been successfully used to obtain essential oils
from various plant matrices [7,8]. Lucchesi et al. [9] have performed a comparative study
of solvent-free microwave extraction of essential oil from aromatic herbs with conventional
hydrodistillation. The obtained results showed a higher yield of essential oil with higher
amounts of more valuable oxygenated compounds, saving costs, energy, and plant material
at the same time. In the study conducted by Pavli¢ et al. [10], peppermint was extracted by
both conventional HD and MWHD techniques. The latter proved an excellent alternative
to the traditional process, especially in terms of the content of terpenoids and bioactivity.

Besides pure essential oils, plant extracts that contain essential oils also attract a lot
of attention. Such extracts represent lipophilic fractions and often express more diverse
biological activity compared to isolated essential oils [10]. However, the use of volatile
organic solvents is a drawback because of their negative effects on the environment and
human health. Supercritical carbon dioxide is a “green” and safe solvent of the new genera-
tion that enables obtaining lipophilic fractions rich in essential oils. The obtained extracts
are ready-to-use, without traces of solvents. The synergistic action of the components of
essential oils and other bioactive compounds of a lipophilic nature is expected.

Inhibition of biologically important enzymes by natural products of chamomile, and
medicinal herbs in general, is a challenging topic. By regulating the excessive activity of
certain enzymes (such as amylase, glucosidase, tyrosinase, and cholinesterase), it is possible
to influence the development of diseases that occur as a result of their excessive activity
(diabetes, skin hyperpigmentation, Alzheimer’s disease, respectively) [10]. However, the
development of medicinal products from essential oils and extracts is not an easy task. It
needs a detailed analysis of the composition, and potential carrier of the given activity
is necessary, as well as the determination of the most favorable orientation of the ligand
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(new chemical entity or drugs) that binds to a particular receptor of interest. This can be
predicted by using computer-based models named Molecular Docking [11].

One of the objectives of this work was to examine the chemical composition and
biological activity of essential oils and chamomile extracts obtained by conventional and
greener extraction techniques. Furthermore, the advantages and disadvantages of tradi-
tional and contemporary approaches for obtaining chamomile essential oil and extracts
were discussed. In order to highlight hidden relationships between chemical composition
and biological activity chemometric approach was applied [12]. By molecular docking, an
additional attempt to identify components that are responsible for the observed activities
was made, as well.

2. Materials and Methods
2.1. Plant Material

Dried chamomile, i.e., dried flower heads of Matricaria chamomilla L. (Asteraceae),
were donated by a local tea factory, Fructus doo (Backa Palanka, Serbia). Plant material
was harvested during flowering in the spring of 2018 on the territory of southern Backa
(Batka Palanka, Serbia). Harvested inflorescences (mean diameter of 2.5 cm) were dried at
the temperature of 40 °C in the solar dryer. The layer thickness of the plant material was
5 cm. The process of drying was completed after the moisture of the plant material was
approximately 12%. Dried plant material was stored in paper bags and was used to obtain
essential oils.

The essential oil was isolated from the plant material by traditional (hydrodistillation)
and non-conventional (microwave-hydrodistillation) processes, while the extracts were
obtained by Soxhlet extraction and by applying supercritical carbon dioxide extraction.

2.2. Distillation of Essential Oil
2.2.1. Conventional Hydrodistillation (HD)

The conventional process of hydrodistillation was performed in Clevenger-type appa-
ratus according to the procedure described in pharmacopeia [13]. In a nutshell, 20 g of dried
chamomile was placed into a round flask and topped with 400 mL of distilled water. The
flask was placed in a heating mantle and connected to the Clevenger system. The power of
heating was controlled and kept at 205 (HD-1) and 410 W (HD-2). The process duration,
from the moment of boiling, is 2 h. The oils were collected in petroleum ether. Drying
with anhydrous sodium sulfate was applied for the removal of moisture in a mixture of
petroleum ether and essential oil, after which the mixture was filtered. The petroleum ether
was removed by evaporation, and the isolated oils were kept in glass vials at 4 °C.

2.2.2. Microwave-Assisted Hydrodistillation (MWHD)

The non-conventional microwave-hydrodistillation process was performed using a
modified microwave oven (Panasonic) with Unger glass apparatus. As in the case of
hydrodistillation, 20 g of dried chamomile was placed into a round flask and filled up to
400 mL with distilled water. The flask was placed in a microwave oven and connected to
the Unger system. The process was carried out at atmospheric pressure while the power of
heating was controlled and kept at 200 W (MWHD-1) and 410 W (MWHD-2). Duration of
each distillation, from the moment of boiling, was 2 h. The oils were collected in petroleum
ether. Drying with anhydrous sodium sulfate was applied for the removal of moisture in
a mixture of petroleum ether and essential oil, after which the mixture was filtered. The
petroleum ether was removed by evaporation, and the isolated oils were kept in glass vials
at4°C.

2.3. Soxhlet Extraction (Sox)

Chamomile (10.0 g) was separately extracted by methylene chloride and n-hexane
(120 mL each) using the Soxhlet apparatus. Extraction was performed with fifteen ex-
changes of extract for approximately 6 h. The solvent was evaporated under a vacuum, and
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the extract was further dried at 40 °C for 24 h. Obtained extracts (Sox-Hex and Sox-MeCl)
were put in glass vials, sealed, and stored at 4 °C prior to analysis.

2.4. Supercritical Fluid Extraction (SFE) by CO,

SFE of chamomile was performed on a laboratory-scale high-pressure extraction plant
(HPEP, NOVA-Swiss, Effretikon, Switzerland). The main properties of the SFE plant were
described by Peki¢ et al. (1995). Briefly, 70.0 & 0.01 g of sample was measured and placed
in an extractor. Extractions were performed at a fixed set temperature (40 °C), solvent flow
rate (0.3 kg/h), and extraction time (3 h), while pressure was varied on 100, 200, 300, and
400 bar (samples SFE-1-SFE-4). The separator conditions were set at 15 bar and 25 °C.
Extracts were collected in glass vials, sealed, and kept at —4 °C prior to analysis.

2.5. Chemical Composition of Essential Oils and Extracts
2.5.1. Analysis by GC-MS

GC-FID/MS analyses were carried out on an Agilent Gas Chromatograph model
6890N with flame ionization detector (FID) and split-splitless injector and coupled fluid
to an Agilent 5975C mass (MS) detector. The sample solutions (2% in hexane) were chro-
matographed over HP-5MS capillary column (30 m x 0.25 mm, stationary phase thickness
0.25 um). The injected volume was 1 pL, in split mode 10:1. The oven temperature was
linearly programmed at the rate of 3 °C/min, starting from 60 °C up to 280 °C, and then
held isothermal for 5 min. The carrier gas was He at the velocity of 1 mL/min. Injector and
FID temperatures were 200 °C and 300 °C, respectively. The transfer line, ion source, and
quadrupole temperatures were 250 °C, 230 °C, and 150 °C, respectively. The ionization was
performed by electron impact (EL 70 eV). The MS spectra were acquired at the mass range
of 35-550 m/z.

The constituents were identified by comparing their mass spectra and linear retention in-
dices (RI exp) to those found in the NIST/NBS and Wiley databases and the literature [14-17].
RI exp values were calculated in relation to a homologous series of n-alkanes (C8-C40) ana-
lyzed under the same operating conditions [18]. The relative percentages of the compounds
were calculated from the FID area percent data using the normalization procedure.

2.5.2. The Total Phenolics and Flavonoids Contents

The total phenolics content was determined by applying reported but slightly modified
methods [19]. The sample solution (0.25 mL) was mixed with diluted Folin-Ciocalteu
reagent (1 mL, 1:9, v/v) and shaken vigorously. After 3 min, NayCOj solution (0.75 mL, 1%)
was added, and the sample absorbance was read at 760 nm after a 2 h incubation at
room temperature. The total phenolic content was expressed as milligrams of gallic acid
equivalents (mg GAE/g extract).

The total flavonoid content was determined using the AICl3 method. Briefly, the
sample solution (1 mL) was mixed with the same volume of aluminum trichloride (2%) in
methanol. Similarly, a blank was prepared by adding sample solution (1 mL) to methanol
(1 mL) without AlICl;. The absorbance of samples and blank was read at 415 nm after 10 min
incubation at room temperature. The absorbance of the blank was subtracted from that of
the sample. The total flavonoid content was expressed in milligrams of rutin equivalents
(mg RE/g extract) as a reference standard [20].

2.6. Biological Activity of Extracts and Essential Oils
2.6.1. Assays for Antioxidant Activity

For testing scavenging ability, 1,1-Diphenyl-2-picrylhydrazyl (DPPH) and 2,2-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radicals were used, and spectrophotomet-
ric analysis was conducted according to the procedures described by Grochowski et al. [21].
The antioxidant capacity of the essential oils and extracts was measured by applying differ-
ent in vitro tests: FRAP, CUPRAC, and Total antioxidant capacity-TAC. The results obtained
for TAC were expressed as mmol TE/g. The results of DPPH, ABTS, FRAP, and CUPRAC
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assays were expressed as trolox equivalents (mg TE/g), while for metal chelating assay,
EDTA was used as a reference standard and results were expressed as EDTA equivalents
(mg EDTAE/g) [22,23].

2.6.2. Neuroprotective Effects

Neuroprotective effects of chamomile extracts and essential oils were tested by their
ability to inhibit Cholinesterase (acetylcholine esterase and butyrylcholine esterase) using
Ellman’s method, described by Aktumsek et al. [24]. As a positive control, galantamine
was used, and obtained results were expressed as galantamine equivalent per g of essential
oil or extract (mg GALAE/g).

2.6.3. Skin-Whitening Ability

Skin-whitening ability of the chamomile essential oils and extracts was examined
by their ability to inhibit tyrosinase. The activity was measured by the dopachrome
method [21]. As a substrate, 10 mM L-DOPA (3,4-Dihydroxy-l-phenylalanine) was used,
while kojic acid was used as the standard compound. The results are expressed as kojic
acid equivalent per g of oil or extract (mg KAE/g).

2.6.4. Antidiabetic Activity

The antidiabetic activity of the extracts and essential oils was estimated accord-
ing to their ability to inhibit x-glucosidase and x-amylase. The Caraway-Somogyi io-
dine/potassium iodide (IKI) method was used for measuring the ability of the oils to
inhibit amylase, while in case of glucosidase method described by Zengin et al. [25] was
used. In the case of both enzymes, the activity was expressed as acarbose equivalents per g
of oil or extract (mmol ACAE/¢g).

2.7. Principal Component Analysis (PCA)

Principal component analysis (PCA), as an unsupervised pattern recognition tech-
nique, was used to reduce the dataset to a small number of independent components for
analyzing relationships among the observed variables [12]. PCA was performed using
Statistica 13.5.0. (StatSoft, Palo Alto, CA, USA).

2.8. Molecular Modelling
2.8.1. Receptors Preparation

The essential o0il of chamomile was subjected to in silico evaluation studies so as to
elucidate the binding mode to the enzymatic pocket of tyrosinase. The crystal structures of
tyrosinase (pdb id: 2Y9X) in complex with tropolone have been downloaded from the PDB
database [26]. The enzymes have been prepared for docking by the PrepWizard tool em-
bedded in Maestro 2015 [27]. This software was utilized to neutralize the macromolecules
at pH 7.4 by PROPKa to convert the seleno-cysteines and seleno-methionines, if present,
to cysteines and methionines and to fix other errors present in the raw structure of the
enzyme [28]. All the missing fragments and other errors present in the crystal structures
were automatically and manually solved, and the hydrogens were added and minimized
following the general method previously stated by our groups [29-31].

2.8.2. Preparation of Ligands

In the analyzed essential oils, the most abundant compounds were identified:
a-bisabolol oxide B, a-bisabolol oxide A, a-bisabolone oxide A, (Z)-spiroether, chamazulene
(CP1-5). These compounds, reported in Figure 1, were prepared by the LigPrep tool [32].
LigPrep returns a low-energy, single, 3D structure with right chirality; also, the ligands are
neutralized at pH 7.4 by Epik [33] and minimized by the OPLS-3 force field [34].
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CP1 (a-Bisabolol oxide A)  CP2 (o-Bisabolone oxide)  CP3 (a-Bisabolol oxide B)

CP4 (Z)-Spiroether CP5 (Chamazulene)
(cis-en-yn-dicycloether)

Figure 1. Chemical structures of the most abundant components of the analyzed essential oils.

2.8.3. Molecular Docking

The docking experiments have been carried out on the selected compounds on ty-
rosinase by the software GOLD 5.5 [35] by performing a ChemScore scoring function
(Development and Validation of a Genetic Algorithm for Flexible Docking) [36], which
was validated for docking on this enzyme previously by our research group [37]. GOLD
5.5 provides the complete range of accuracy vs. speed choice. The grid for docking was
determined automatically by centering the box on the crystallographic inhibitor, extended
in a radius of 12 Angstroms around the ligand center. The best-ranked poses for each
substance complexed with the selected protein are depicted in Figures 2 and 3. The docking
fitness values obtained for the essential oil components and tyrosinase are reported in
Section 3.5.
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of CP1 (A,B), CP2 (C,D) and CP3 (E,F) on tyrosinase.

Figure 2. Best docking pose
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ASN = SER
281
Charged (negative) ) Polar === Distance — Salt bridge
Charged (positive) @ Unspecfied residue -»  H-bond (backbone) Solvent exposure
Glycine Water -»  H-bond (sidechain)
Hydrophobic Hydration site - Metal coordination
Metal X Hydration site (displaced) e-e Pi-Pistacking

Figure 3. Best docking pose of CP4 (A,B) and CP5 (C,D) on tyrosinase.

3. Results and Discussion
3.1. Chemical Composition of Extracts and Essential Oils

Considering the chemistry behind techniques, three techniques and four solvents
were applied to isolate bioactive compounds from chamomile. Namely, the process of
hydrodistillation performed in conventional (HD) and contemporary (MWHD) way were
used to obtain the volatile fraction, i.e., essential oil, while Soxhlet extraction with two
different solvents (methylene chloride (Sox-MeCl) and hexane (Sox-Hex)) together with
supercritical fluid extraction (SFE) was applied to isolate lipophilic chamomile compounds.
Qualitative analysis of the obtained samples was done using GC-FID/MS analysis and
enabled the identification of 68 constituents in total, which constituted 89.3-96.6% of the
investigated chamomile isolates (Table S1). The main class of constituents, as well as the
main compounds in analyzed samples, are presented in Figure 4.

HD-1 HD-2

Sox-Hex SFE-1

Classes of constituents
Oxygenated monoterpenes
Sesquiterpenes
Oxygenated sesquiterpenes
Azulenes

MWHD-1 MWHD-2

9

SFE-2 SFE-3

Sox-MecCl

Other compounds
Not identified

Major constituents
(E)-B-Farnesene
= a-Bisabolol oxide A

SFE-4

“\

= a-Bisabolol oxide B

m a-Bisabolone oxide A
 Sesquiterpene lactones
= Chamazulene

m (2)-Spiroether

= (E)-Spiroether

£,

® Hexadecanoic acid

 Pentacosane
 Heptacosane
# Nonacosane
¥ Untriacontan

Figure 4. The main class of constituents and the main compounds determined by GC analysis.
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Oxygenated sesquiterpenes and non-terpene compounds dominated in all samples.
On the other side, there were two different profiles obtained by (a) hydrodistillation
and microwave-assisted hydrodistillation (samples HD-1, HD-2, MWHD-1and MWHD-2)
that were all blue, and (b) Soxhlet extraction with organic solvents and subcritical fluid
extraction with CO; (samples Sox-MeCl, Sox-Hex, SFE-1, SFE-2, SFE-3, SFE-4). It is known
that the blue color of chamomile essential 0il comes from azulenes, which are formed
by the breakdown of sesquiterpene lactones, i.e., proazulenes, during distillation. E.g.,
lactone matricin, under an acidic environment and elevated temperature during distillation,
transforms into chamazulene through the formation of chamazulene carboxylic acid and its
subsequent decarboxylation [38]. The yellow color of the SFE extracts is proof that the use
of this type of extraction does not cause the thermal degradation of proazulene compounds.

In HD and MWHD samples, oxygenated sesquiterpenes (65.7-68.9%) and non-terpene
compounds (17.1-22.3%) were the most abundant classes of constituents, while total
sesquiterpene hydrocarbons and oxygenated monoterpenes were present in minor amounts.
Within the oxygenated sesquiterpenes, 55.2-55.5% was the sum of bisabolol oxides A
and B, while spiroethers (10.2-12.9%) comprised more than half of the number of com-
pounds of non-terpene character. These samples also contained 4.6-5.2% of chamazulene,
a blue hydrocarbon formed during a distillation process from sesquiterpene lactones as
described above.

In the Sox and SFE samples, non-terpene compounds prevailed (52.1-68.1%), followed
by oxygenated sesquiterpenes (21.2-39.0%) and minor amounts of sesquiterpene hydro-
carbons and oxygenated monoterpenes. Among non-terpene compounds, hydrocarbons
constituted 40.5-52.0% of the extracts, while the concentrations of spiroethers were similar
as in distilled samples (9.2-11.8%), or somewhat higher (18.1% in Sox-MeCl extract). The
sums of bisabolol oxides A and B (i.e., oxygenated sesquiterpenes) were lower than in
HD/MWHD samples, but still, these samples could be regarded as rich in bisabolol oxides
(17.4-30.8%). It is noteworthy that these extracts contained sesquiterpene lactones (leu-
codin, achilin, matricin, matricarin, acetoxyachillin) (2.8-5.3%), which were not detected in
HD and MWHD samples due to their instability and the above-mentioned degradation
and formation of azulenes.

Regarding individual compounds, all samples obtained by distillation (HD and
MWHD) contained a-bisabolol oxide A and a-bisabolol oxide B as the most abundant
constituents. a-Bisabolol oxide A was the major compound in all SFE samples and Sox-
MeC(l], followed by pentacosane, whereas pentacosane predominated over it in Sox-Hex
extract (although the difference in percentages was only slight).

Apart from the fact that all samples analyzed in this study had a high content of bis-
abolol oxides, several more remarks regarding the composition could be made. The main
difference between distilled and other samples is that the former contained a significant
amount of chamazulene, whereas the latter contained a comparable amount of sesquiter-
pene lactones. The amount of (Z)-spiroether was significant in all samples (especially
Sox-MeCl), while Sox extracts contained relatively high amounts of its E isomer. All these
major compounds are significant because they have specific biological effects. For example,
the study conducted by Taghizadeh et al. [39] confirmed the pronounced cytotoxic activity
of these compounds, while Yoshinari et al. [40] showed that spiroethers of chamomile
might inhibit the production of aflatoxin G by A. parasiticus and 3-acetyldeoxynivalenol
(3-ADON) production by Fusarium graminearum.

Samples from this study correspond to the variety of chamomile and chamomile
oil characterized by high contents of matricin/chamazulene and bisabolol oxides [41].
Bisabolol oxides-rich essential oil has been recognized for its medicinal purposes [42] and
found its place in European Pharmacopoeia, in addition to the type rich in chamazulene
and a-bisabolol. All HD and MWHD samples analyzed in this study fulfill the requirements
for the Matricaria oil rich in bisabolol oxides [43], i.e., they contained 29-81% of the sum
of bisabolol oxides A and B and >1% of chamazulene. On the other hand, among Sox
and SFE extracts, only samples SFE-2, SFE-3, and SFE-4 contained the required amount of
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bisabolol oxides. It could be noted that the content of a-bisabolol oxides in SFE extracts
was influenced by pressure, i.e., the increase in pressure led to the increase in their content.
Previously, Kotnik et al. [44] noted this causality for a-bisabolol oxide A.

The presence of sesquiterpene lactones matricin and matricarin in chamomile was first
confirmed as early as around the middle of the XX century [45,46]. In this study, matricin
was identified in the Sox, and SFE extracts by mass spectral data library search only. On the
other hand, we confirmed the presence of other sesquiterpene lactones, leucodin, achillin,
matricarin, and acetoxyachillin based on the mass spectral and retention index data, having
in mind that these compounds were previously found in the chamomile infusion [17].
Sesquiterpene lactone matricin was present in significant amounts in previously analyzed
SFE extracts of chamomile as well, but its instability had a strong influence on the final
content of this compound in the extracts [47]. A pressure of 250 bar was selected as the
most optimal for efficient supercritical CO, extraction of matricin, which is in accordance
with literature data [44].

Polyphenol compounds are not included in the composition of essential oils, but they
can be constituents of extracts obtained with non-polar or semi-polar solvents because
of variations in their structure (polarity) [10]. Due to this, polyphenols and flavonoids
were present in the extracts obtained with hexane and methylene chloride, as well as in
supercritical extracts (Table 1). Regarding extraction with organic solvents, hexane, with
its low dielectric constant (about 2), gave extracts with a lower content of phenols and
flavonoids compared to methylene chloride (whose dielectric constant is four times higher,
8.93). The content of total phenols in SFE extracts was in the range of 15.56-32.49 mg
GAE/g, while the content of flavonoids varied from 3.97 to 29.43 mg RE/g. The obtained
results are in accordance with the literature and show a higher selectivity of hexane towards
these compounds compared to methylene chloride and CO,.

Table 1. Polyphenols content and antioxidant activity of chamomile essential oils, Soxhlet, and
supercritical CO, extracts.

Samples TP TF TAC DPPH ABTS CUPRAC FRAP cxf:zlng
(mgGAE/g) (mgRE/g) (mmol TE/g) (mg TE/g) (mg TE/g) (mg TE/g) (mg TE/g) (mg EDTA/g)
HD-1 / / 2895+1.61  30.69+ 059 149.65+1.81 45567 +6.59 711.03+ 648  16.86 + 0.95
HD-2 / / 25.06 = 1.68 32444102 160.61 £2.94 48584950 59528 £503 41.29 +1.01
MWHD-1 / / 27.77 £054 28414045 15609 £3.07 47836 +6.14 651054654  35.60 +3.71
MWHD-2 / / 21354404 26284063 18418 +£077 409.05+242 52031 4+946 21.70 £ 4.9
Sox-MeCl 2265+060 459 +0.11 2.58 & 0.04 3.39 & 0.65 6.53£090  63.07+245 3728+061  28.80 & 1.64
Sox-Hex 19.08 £0.14  4.62+0.13 1.95 +0.11 491+£090  13.04+£292 6017157 32894041 32364 1.51
SFE1 22124055  9.2340.10 2.72 & 0.09 3894059 11534145 7095+276 3625047  44.68 +1.79
SFE2 21924072 1061+033 251 +0.11 5854053  1759+3.69 7145+1.96 3679 £0.61  39.02 &+ 2.90
SFE3 3249 £0.77 29434042  416+£015 10552064 33.85+090 10664284 5876033 5350+ 1.76
SFE4 1556 £ 024  3.97 +0.26 1.91 +£0.17 1.49 + 0.67 510+£042  72944+121  2603+227 6398 +1.17

3.2. Antioxidant Activity

On the basis of numerous beneficial effects of natural products, such as
anti-inflammatory, anticarcinogenic, cardio- or neuroprotective activities, etc., is their
antioxidant activity. In addition, this property is the reason for their increasingly frequent
use not only in the pharmaceutical industry but also in the food industry, where they are
successfully used to protect food from oxidation and premature spoilage. Components
that contribute to the antioxidant power of natural products are mostly polyphenols, but
also components contained in essential oils as well as other lipophilic compounds. All
these components have a different mechanism of action as well as a different capacity, so
the overall antioxidant activity of the product will be affected by different factors, among
others, the technique of their extraction from the plant matrix. In order to determine the
real antioxidant potential of natural products, it is necessary to apply different assays that
rely on different mechanisms. In the frame of this paper, the antioxidant activity of essential
oils and lipophilic extracts was determined by six tests whose parallel application provides
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a comprehensive insight into the power of chamomile. The obtained results are presented
in Table 1.

With the exception of metal chelating ability, samples obtained by distillation processes
provide a stronger antioxidant and antiradical ability than extracts. The difference between
essential oil and extracts was notable, while on the other hand, essential oils did not differ
significantly from each other. This means that microwave radiation does not have a strong
influence on the activity of essential oil. Literature data have shown that polar chamomile
extracts obtained by microwave extraction can be significantly different from extracts ob-
tained by the traditional method [48]. Nevertheless, based on the obtained results, it can
be concluded that in the case of essential oils and the hydrodistillation process, the use of
microwave irradiation is not justified. The superiority of essential oils over extracts can
be explained by low selectivity and co-extraction of interfering components (waxes and
resins) whose presence is not desirable from the aspect of antioxidant activity. In the case of
antiradical capacity, the data from Table 1 show that all analyzed samples had more capacity
to neutralize ABTS (5.10-184.18 mg TE/g) than DPPH (1.49-32.44 mg TE/g) free radicals
which were in accordance with literature data [10]. In the process of formation of reactive
oxygen species, an important role is played by metal ions that have the ability to catalyze
the oxidation process and promote the formation of radicals. For this reason, CUPRAC and
FRAP tests were used, and the reducing potential of essential oils and extracts was defined.
The obtained results showed an extremely high activity of essential oils both in the case
of copper (409.05-485.84 mg TE/g) and ferric ions reduction (520.31-711.03 mg TE/g). A
high reducing potential was shown by the extracts as well, where it was observed that
in the case of the CUPRAC test, the extracts obtained with supercritical carbon dioxide
(70.95-106.64 mg TE/g) showed higher activity than the extracts obtained with non-polar
solvents (60.17-63.07 mg TE/g). It is noteworthy that in the case of supercritical extracts,
a pressure of 350 bar leads to obtaining an extract with significant antioxidant potential,
which was confirmed by all six applied antioxidant tests. In the case of metal ions chela-
tion, a higher activity of extracts (28.80-63.98 mg EDTA /g) compared to the essential oils
(16.86-41.29 mg EDTA /g) was observed, the most probably due to co-extraction of polyphe-
nolic compounds.

3.3. Enzyme-Inhibitory Activity

Due to the importance of enzymes in the development and progression of various
diseases, there is a growing trend of finding effective ways to regulate their activity. Namely,
the progression of many diseases is associated with excessive activity of the responsible
enzymes, so it has been observed that the progression of diabetes, which is becoming an
increasingly frequent problem due to the lifestyle and diet that dominates in the modern
world, can be controlled by regulating the activity of a-amylase and glucosidase [49].
Moreover, the occurrence of melanoma is closely related to tyrosinase activity. Regulation
of these enzymes is possible by using well-known synthetic inhibitors; however, recently,
there has been a growing awareness of the side effects of these inhibitors, especially if they
are used for a long period. Due to this, an increasing number of studies are investigating
natural inhibitors of biologically important enzymes. In this study, the possibility of using
chamomile EOs and their extracts to inhibit cholinesterase, glycosidase, amylase, and
tyrosinase was investigated.

3.3.1. Neuroprotective Activity

Alzheimer’s disease (AD) is a neurodegenerative disease and the most common cause
of non-vascular dementia that affects brain regions involved in the control of thinking,
memory, speech, reasoning, and other cognitive functions. Due to the importance of pre-
vention and treatment of this disease with rapidly increasing prevalence, there is a growing
interest in finding new approaches to treatment and controlling its progress. One of the
possibilities for the control of Alzheimer’s disease is the inhibition of acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE), key enzymes in the hydrolysis of the neurotrans-
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mitter acetylcholine. The property of chamomile essential oils and extracts to inhibit the
activity of these enzymes is presented in Figure 5.
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Figure 5. Inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) by chamomile
extracts obtained by various extraction and distillation techniques.

As seen in Figure 5, the extracts were more active than essential oils toward inhibition
of both AChE and BChE. With the exception of MWHD-2, the higher activity for essential
oils was recorded towards AChE, while the extracts expressed higher activity towards
BChE. Although all SFE extracts showed an extremely high level of activity, differences
were observed among them, which were influenced by the pressure that prevailed during
extraction. Namely, with pressure increases, components that affect the inhibitory power of
the extracts were extracted more. On the other hand, with essential oil, the use of higher
heating is not justified, and the essential oil obtained at a lower heating power were more
active. To provide a connection between chemical composition and cholinesterase abilities,
we performed Pearson’s correlation analysis. From Table S1, several compounds, including
achillin, tricosane, tetracosane, pentacosane, and hexacosane, correlated strongly with the
cholinesterase inhibitory effects (R > 0.9). This indicates that hydrocarbons were the main
contributors to the observed cholinesterase inhibitory effects, and SFE extracts contained
more hydrocarbons when compared with other extracts. In this sense, the employment
of SFE could be a useful approach to designing some effective anti-Alzheimer agents by
using chamomile.

3.3.2. Anti-Diabetic Activity

Inhibitors of x-amylase and glucosidase are recognized as useful agents for the re-
duction of the increase in blood glucose levels [50]. The conventional approach involves
the use of inhibitors such as acarbose [51], the effectiveness of which is only partial, while
the side effects might be quite unpleasant (flatulence, diarrhea) or even serious (hepati-
tis) [52,53]. As alternatives, natural plant constituents with the ability to inhibit these
enzymes can be successfully applied, whereby side effects could be avoided [54]. The
ability of chamomile essential oils, as well as lipophilic extracts, to inhibit x-amylase and
glucosidase was investigated, and obtained results are presented in Figure 6. Based on
our results, HD and MWHD samples were active on amylase, but no activity on glucosi-
dase was recorded. Soxhlet and SFE extracts were more active on glucosidase than on
amylase. In the correlation analysis, some volatile compounds, including (E)-B-farnesene,
dehydro-sesquicinole, B-selinene, and nerolidol oxide correlated strongly with anti-amylase
inhibitory effects (R > 0.95). The compounds were not detected in SFE extracts and are
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likely to be more sensitive at high pressure. Consistent with our results, some authors
reported that nerolidol, a compound structurally similar to nerolidol-oxide, was an effective
antidiabetic agent [55,56]. In contrast to amylase inhibitory, SFE extracts exhibited stronger
glucosidase inhibitory effects than those of other extracts. In the correlation assay, unlike
amylase inhibition, different compounds had high correlation values. The compounds
were achillin, tetracosane, pentacosane, and heptacosane. However, the complex nature of
phytochemicals and their synergistic or antagonistic effects between them should not be for-
gotten. Therefore, further studies are needed to understand which compounds contribute
to chamomile’s antidiabetic capabilities.
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Figure 6. Amylase and glucosidase inhibition activity of chamomile extracts and essential oils
obtained by various extraction and distillation techniques.

3.3.3. Skin-Whitening Ability

Tyrosinase is one key enzyme in the synthesis of melanin, and the enzyme can modu-
late the level of melanin. At this point, the enzyme is considered an important checkpoint
for hyperpigmentation disorders. To this end, several enzyme inhibitors have been chemi-
cally produced, but most of them have undesirable side effects. For example, kojic acid is
one of the most common tyrosinase inhibitors, but it could lead to skin hypersensitivity
in long-term use. For this reason, we investigated the anti-tyrosinase inhibitory effects of
chamomile essential oils and lipophilic extracts (Table 2). Based on the results, SFE and
Soxhlet extracts exhibited greater inhibitory effects when compared to other extracts. The
weakest ability was found in MWHD-2 with 62.40 mg KAE/g. From Table S2, like AChE
and BChE inhibitory effects, hydrocarbons showed a good correlation with the observed
tyrosinase inhibitory effects. Taken together, SFE, which is a green extraction, could be
useful for the preparation of cosmeceutical formulations using chamomile. Previously,
several authors noted that chamomile had great potential as a cosmeceutical ingredient,
and our results go in line with this [48,57,58].

Table 2. Inhibition of tyrosinase by chamomile essential oils and extracts obtained by various
distillation and extraction techniques.

HD-1 HD-2 MWHD-1 MWHD-2 Sox-MeCl Sox-Hex SFE-1 SFE-2 SFE-3 SFE-4
(mgKAE/g) (mgKAE/g) (mgKAE/g) (mgKAE/g) (mgKAE/g) (mgKAE/g) (mgKAE/g) (mgKAE/g) (mgKAE/g) (mgKAE/g)
61.26 + 66.59 + 97.96 + 62.40 + 132.13 &+ 133.01 &+ 130.42 &+ 130.96 = 133.49 &+ 132.28 £
0.39 3.56 0.80 2.83 0.94 0.58 0.96 0.84 1.92 0.64
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3.4. Results of Principal Component Analysis (PCA)

PCA is used to reduce the dataset to a small number of independent components for
analyzing relationships among the observed variables in a way to keep the highest percent-
age of explanatory variance. PCA was based on experimental results of the composition of
extracts and EOs of chamomile obtained by different separation techniques. More precisely,
experimental data on the content of target compounds (terpenoids and polyphenols) and
bioactivity (antioxidant and enzyme-inhibitory activity) were subjected to chemometric
evaluation. When PCA was applied to the data matrix, with Eigen analysis as an initial,
two principal components (PCs) were extracted according to the Kaiser criterion, which
explains up to 80.38% of the total variance (69.21 and 11.17%, respectively). Thus, the true
dimensionality of the descriptor space is two. As a result, we obtained a space that can be
described with two factors. Features with high positive or negative loadings essentially
determine the factor.

Factor scores are derived from the PCs and are specific to individual objects, i.e.,
variables/compounds (Figure 7a) and EOs and extracts (Figure 7b).
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Figure 7. Bi-plot distribution of F1 and F2 by PCA (a) variables/scores and (b) scores of chamomile
extracts and essential oils.
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PCA confirmed clear differentiation of F1 from F2. From Figure 7a, it can be ob-
served the following: 1-2 were polyphenols content determined by spectrophotometric
assays (TP, TF), 3-8 were in vitro antioxidant activity parameters (DPPH, ABTS, CUPRAC,
FRAP, TAC, and MC), 9-13 were enzyme-inhibition activity (AChE, BChE, Tyr, Amy],
Gluc) and rest of the variables were individual compounds determined by GC-FID/MS.
Another visualization presented in Figure 7b shows the following order of samples: HD-1
(S1), HD-2 (52), MWHD-1 (S3), MWHD-2 (54), Sox-MeCl (S5), Sox-Hex (56), SFE-1 (57),
SFE-2 (S8), SFE-3 (S9) and SFE-4 (S10).

Total phenolics and flavonoid content are expressed by the moderate negative load-
ings in PC-1 and moderate positive in PC-2. All antioxidant activity attributes except
metal chelating are expressed by strongly positive loadings in PC-1 (Figure 7a). Similar
phenomena could be observed for all enzyme-inhibition activity parameters except FRAP,
which was positively correlated in PC-1.

The grouping of the samples was strongly associated with the applied separation
technique, which can be observed in Figure 7b. EOs obtained by HD and MWHD were
affected by the strong positive loadings in PC-1 and very weak (positive and negative) in
PC-2, which was similarly observed for the majority of terpenoids. This could be explained
by the particularly high content of target terpenoids observed in the EOs. Chamomile
extracts obtained by solvent extraction were evidently separated into two subgroups
according to to applied solvent. Extracts obtained by Soxhlet extraction were correlated
with the strong negative loadings in PC-1 and PC-2, while samples obtained with methylene
chloride were distinguished from all other samples (Figure 7b). On the other hand, samples
obtained by SFE were expressed by negative loadings in PC-1 and positive in PC-2. These
samples were characterized by particularly high content of total phenols and flavonoids, as
well as potent antioxidant activity.

3.5. Docking Results

Bearing in mind the more complex composition of extracts compared to essential
oils, the docking experiment was performed in order to better indagate the biological
effects of chamomile essential oils. The target enzyme was tyrosinase since essential oils
exhibited the highest degree of inhibition against this enzyme. Docking experiments of
the most abundant compounds (CP1-CP5) found in the essential oils have been carried
out by Gold 5.5 by using the ChemScore scoring function, being able to reproduce the
docking pose of the crystallographic ligand Tropolone present in the 2Y9X enzyme crystal
structure with high precision. The docking fitness values found are reported in Table 3. It
is possible to observe that the best values returned from the best docking pose were found
for CP1 and CP3. Indeed, CP3 was able to establish one hydrogen bond with HIS85 and
one coordinative bond to Copper401 (Figure 2E,F), and CP1 was able to form a hydrogen
bond with HIS85 (Figure 2A,B). The other compounds, being very lipophilic, were only
able to penetrate the tyrosinase binding pocket, but they do not seem to be able to form
any hydrophilic interactions with the enzyme cavity (Figures 2C,D and 3A,F). The results
obtained are in agreement with the paper published by da Silva et al. (2017), in which it
has been demonstrated that essential oil components are able to penetrate the enzymatic
pocket of tyrosinase, and some of them may interact with the copper metals present in
the deep of the cavity. Analogous to these results, we have found that CP3, and to a
lesser extent CP1, are able to interact with the amino acidic environment of the tyrosinase
enzymatic cavity, thus inhibiting the enzymatic activity of the enzyme by competing with
the natural substrates. Even though MWHD-3 demonstrated to have a stronger inhibitory
activity toward tyrosinase than the other three distilled samples, the relative presence of the
tested compounds (CP1-CP5) is not significantly different among them; thus, the inhibitory
activity recorded must be ascribed more to the plethora of volatile components than to the
one specific compound.
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Table 3. Docking score of the components of the essential oil of chamomile expressed as Chem-
Score values.

Compound ChemScore Fitness
CP1 23.76
P2 18.81
CP3 26.71
CP4 20.10
CP5 2141

4. Conclusions

Over the past decade, the development of extraction technology has gained interest in
increasing yield and reducing the consumption of toxic solvents. With this in mind, we
designed the present study to select how the different extraction methods affect the chemical
composition and biological capabilities of Matricaria chamomila. Another goal was to employ
greener and more sustainable approaches in line with the principles of green chemistry,
especially those complemental to green analytical chemistry. Our results indicated that
the extraction techniques affected the chemical profiles and biological capabilities of the
samples tested. In all essential oils, the oxygenated sesquiterpenes were the major group,
and bisabolol oxides A and B were reported as the main constituents. In the antioxidant
assays, in general, the samples obtained by distillation methods provided a stronger
antioxidant and anti-radical ability than extracts. Regarding enzyme inhibition assays, SFE
samples showed a greater effect compared to other samples. In summary, our findings
demonstrated a successful scientific story with a multivariate approach, starting from
natural sources to functional applications, with M. chamomila. However, risk assessment
on one side and testing the bioavailability in the gastrointestinal system on another could
open a new road for other specialists in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations10010018 /s1, Table S1: Composition of chamomile
essential oils and extracts determined by GC-FID/MS analysis; Table S2: Pearson’s correlation values
between compounds and tested enzymes (red color indicates high correlation).
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