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indicated shorter duration (4 min) and less sample consumption than this study, but an ICP-TOF-MS
was required and the separation unit based on a knotted reactor was not as easily prepared as a
minicolumn used here; results of Wang et al. [34] had the shortest duration (2.8 min) amongst all
arrangements, while much more sample was needed and the fast loading rate may risk decreased
retention efficiency and pump tubing aging. Advantages of this work were especially obviously when
compared with thetudy of Willie and Sturgeon [31], in which the same Toyopearl AF Chelate 650M®
absorbent was used, while the sensitivity provided by the ICP-TOF-MS was much lower than the
quadrupole ICP-MS used in our work.

2.7. Applications

The established method was used for the determination of YREEs in seawater collected from the
Jiulong River Estuary and the Taiwan Strait. Results are presented in Supplementary Information
Tables S3 and S4. Post-Archean Australian Shales (PAAS) [42] normalized YREESs distributions patterns
of the Jiulong River Estuary and the Taiwan Strait are plotted in Figure 5.

Figure 5. PAAS normalized YREEs patterns in surface water of Jiulong River Estuary and in station C9
(22°07'13" N, 118°24’41" E) of Taiwan Strait.

Relatively flat YREEs patterns were observed in samples having salinities of 4.4 and 11.9 from the
Jiulong River Estuary, while all YREEs patterns show obviously negative Ce anomaly and positive
Gd anomaly (except salinity 11.9). The latter could be attributed to anthropogenic Gd discharge (e.g.,
MRI contrast reagent). In the seawater of Taiwan Strait, slightly negative Ce anomalies were obtained
from the YREEs patterns (except the surface and bottom water), which are commonly observed in the
world oceans [6]. The geochemistry of YREEs in the Jiulong River Estuary and the Taiwan Strait will
be further studied in future work.
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3. Materials and Methods

3.1. Reagents and Samples

All solutions were prepared with ultrapure water (18.20 MQ) cm, Millipore, Darmstadt, Germany).
Trace metal free nitric acid was obtained by purifying nitric acid (Merck, Darmstadt, Germany)
using a sub-boiling distillation system. Standard stock solutions of YREEs (1000 ppm) were obtained
from the National Institute of Metrology (Beijing, China). Working standards were prepared via
serial dilutions of the stock solution with 0.02 mol L1 purified HNOj (equal to acidified sample
pH ~1.6). Ammonium acetate (NH4Ac) buffer solution was prepared by mixing 30 mL aqueous
ammonia (Sinopharm Chemical Reagent Co., Nanjing, China) and 20 mL glacial acetate acid (HAc,
Sinopharm Chemical Reagent Co., Nanjing, China) and diluting to 1 L using ultrapure water; the pH
was subsequently adjusted to 5.5 + 0.2 with HAc or NH4,OH [31]. The buffer solution was further
purified to remove potential YREEs by passing it through a column packed with Toyopearl AF Chelate
650M® resin. Two Certified Reference Materials (SLEW-3 and CASS-4) were purchased from the
National Research Council Canada (Ottawa, Canada). Estuarine samples (salinity of 2 and 15) collected
from the Jiulong River Estuary and coastal seawater (salinity = 33) collected from the South China
Sea were used to optimize the method, All samples were acidified to pH ~1.6 using purified HNOj3
after filtered using 0.45 pm polycarbonate membranes. Trace metal clean procedures were used for the
water sample collection.

All reagents and samples were stored in fluorinated ethylene propylene, low-density polyethylene
or polypropylene acid washed bottles (Nalgene, Rochester, NY, USA). The cleaning procedure for all
labware is detailed in Wen et al. [43].

3.2. Instrumentation

An Agilent 7700 x ICP-MS (Agilent, Tokyo, Japan) operating in time-resolved-analysis mode was
used for the measurement of YREEs. The ICP-MS was equipped with an octopole reaction/collision
system which was employed to help overcome oxide and polyatomic interferences. The operating
conditions were daily optimized with a 1 pug L~ tuning solution (Co, Y, In, T1, Ce) in the eluting acid
at a flow rate equal to the elution rate. The typical operating parameters are summarized in Table 4.

Table 4. Typical ICP-MS operating conditions.

Rf Power 1500 W
Plasma gas 15.0 L min~!
Auxiliary gas 1.0Lmin~!
Carrier gas 0.85L min~!
Collision gas (He) 41 mL min~!
Integration time 0.1 s per isotope
Sampling depth

89y 139La 140Ce 141pp 143Nd 147Sm 151 Eu ]57Gd

Target isotopes 19T 163Dy 163 166Er 169Tm 174yD 1751y

3.3. FI System and FI-ICP-MS Analysis Procedure

The construction of the FI system used in this study is shown in Figure 6. Apart from the metal
free minicolumn assembly (MC-2CNME, Global FIA, Fox Island, WA, USA) with a tapered inner
chamber (2 cm long with 27 pL internal volume) packed with Toyopearl AF Chelate 650M® (particle
size: 40-90 um; Tosoh Bioscience GmbH, Griesheim, Germany) resin and the T joint (i.d. 0.75 mm,
VICI, Houston, TX, USA), all other parts of the FI system were the same as those used in our previous
study [40,41]. The FI system was controlled using a computer running LabVIEW program (National
Instruments, Austin, TX, USA). The schematic of FI-ICP-MS procedure is given in Figure 6 and the
optimized FI program is summarized in Table 5.
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Table 5. Typical flow injection program and valve position description.

Step Duration/s Pump 1/mLmin~!  Pump 2/mLmin~! 8-Position Valve  6-Way Valve
Conditioning 20 0.5 15 1 A
Loading 180 0.5 2.0 1 A
Rinsing 60 0.5 2.0 1 A
Eluting 50 1.0 0 2 B

Return to conditioning

0.8/mol L 0.1/mol L

6-way valve
= position A
== position B

2.0/mL min" .

Ta
0.5/mL min’{ (@
Pump 2

Ultrapure water NH,Ac
/sample buffer

Figure 6. Schematic of the FI system and the FI-ICP-MS procedure.

A run cycle comprises four steps: step 1, conditioning, buffer solution and ultrapure water
are mixed at the T joint and then passed through the minicolumn; step 2, loading, sample tube is
placed into the sample bottle, sample (pH ~1.6) is online buffered to pH 5.5 £ 0.2 before entering the
minicolumn and YREEs are retained on the column while the matrix salts pass to waste; step 3, rinsing,
sample tube is transferred to the ultrapure water bottle and the mixture of buffer solution and ultrapure
water is passed through the minicolumn to remove residual salts; step 4, 8-position valve is switched
from position 1 to position 2 and 6-way valve is switched from position A to position B, 0.8 mol L1
HNOj3 is pumped through the minicolumn in the reverse direction to elute the sequestered YREEs to
the ICP-MS, and the data acquisition by the ICP-MS is manually activated at the same time. The elution
profiles are recorded and the peak areas are integrated using the Agilent MassHunter workstation
(Agilent, Santa Clara, CA, USA). The integration range was determined based on the comparison of
YREEs signal intensity between the sample and the baseline (0-5 cps). The concentrations of the YREEs
are determined using both standard addition as well as external standard calibration (see details in
Section 2.4. Calibration and effect of salinity).

4. Conclusions

An automated FI system coupled online with ICP-MS to determine YREEs in seawater was
developed. The components of the FI system in this work are all commercially available and the FI
system is easy and cheap to assemble. With low LODs (0.002-0.078 ng kg '), the method only needs 6
mL of sample and achieves accurate and fast sample analysis (11 h~1), making the regular monitoring
of YREEs in seawater affordable. The analytical results of YREEs in CASS-4 and SLEW-3 confirmed
that the proposed method can provide reliable results. The proposed method has been successfully
applied to the determination of YREEs in seawater from the Jiulong River Estuary and Taiwan Strait,
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and the procedure blank can be further reduced to meet the requirement of measurement of open
ocean seawater by the further purification of HNOj and the buffer. The developed FI system can also
be used as a preconcentration manifold for the offline detection (batch method) of not only YREEs but
also other transition metals (Fe, Min, Cu, Zn, etc.), and both the online and offline methods will be used
in future work for trace metal detection in seawater.

Supplementary Materials: The following are available online, Table S1: Percentage of REEs peak area (%) of
different loading rates to peak area of 1.5 mL min!. Table S2: Relative coefficients (R?) between REEs peak areas
and loading times. Table S3: REEs concentrations measured by the presented method from samples collected in
the Jiulong River Estuary (water samples were collected in April 2015). Table S4: REEs concentrations measured
by the presented method from samples collected in Taiwan Strait (seawaters were collected at the station C9,
22°07'13" N, 118°24’41” E, in April 2014).
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Abstract: This study was performed to evaluate the metabolite recovery from different extraction
methods applied to Thymus algeriensis aerial parts. A high-performance liquid chromatographic
method using photodiode array detector with gradient elution has been developed and validated
for the simultaneous estimation of different phenolic compounds in the extracts and in their
corresponding purified fractions. The experimental results show that microwave-assisted aqueous
extraction for 15 min at 100 °C gave the most phenolics-enriched extract, reducing extraction
time without degradation effects on bioactives. Sixteen compounds were identified in this extract,
11 phenolic compounds and five flavonoids, all known for their biological activities. Color analysis
and determination of chlorophylls and carotenoids implemented the knowledge of the chemical
profile of this plant.

Keywords: color analysis; pigments; MAE; HPLC-PDA; SFE; Thymus algeriensis

1. Introduction

The genus Thymus belongs to the Lamiaceae family, which comprises about 400 genera. They are
mainly herbaceous, perennials, small shrubs occurring within the Mediterranean region, which is the
center of the entire genus, and are also characteristic in Asia, Southern Europe and North Africa [1].
Historically, the aerial parts of Thymus species, rich in volatile constituents, have been commonly
used as herbal teas, condiments and spices. In addition, they have shown many ethnomedicinal
properties such as tonic, carminative, digestive, antispasmodic, antimicrobial, antioxidant, antiviral,
and anti-inflammatory activities [2]. Thymus leaves extracts, despite their frequent use as spice
and infusions, are used in traditional medicine as astringent, expectorant, antiseptic, anti-rheumatic,
diuretic, analgesic and cicatrizing agents. Thyme can also be used as a phytotherapy agent in veterinary

Molecules 2018, 23, 463; d0i:10.3390/ molecules23020463 209 www.mdpi.com/journal /molecules
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(antispasmodic, antiseptic and digestive); it is applied as feed additives and for treating diseases of
pets and farm animals [3,4].

Thymus algeriensis Boiss. & Reut. (Thymus hirtus Willd. ssp. algeriensis) is the most widespread
North African species. It is endemic in Libya, Tunisia, Algeria and Morocco. T. algeriensis is largely
used, fresh or dried, mainly as a culinary herb. On the other hand, the species is used in traditional
medicine in respiratory disorders, against illnesses of the digestive tube and as anti-abortive [5-8].
The chemical composition of its essential oil has been previously studied with an exclusive attention to
the volatile components, although results of its biological activity are limited [9-12].

Due to the growing interest in the characterization of endemic plants in pharmaceutical, cosmetic
and food industry and as a part of our continuing investigation seeking new ways to enhance the
recovery of bioactive substances, different extracts from Thymus algeriensis aerial parts were obtained
by classical maceration, microwave-assisted extraction and supercritical fluid extraction, and compared
by means of their phenolic content by a validated quantitative and analytical high performance liquid
chromatography (HPLC-PDA) method. To the best of our knowledge this is the first attempt to
characterize this plant species for the presence of these compounds which are well known to exert
modulatory effects on biological systems.

To approach this issue, we decided to study the ability of three different extraction techniques
on the recovery of the most abundant phenolic secondary metabolites according to an HPLC-PDA
method validated in our laboratory [13]. After each extraction, some parameters were optimized in
order to improve the phenolic pattern profile in terms of recovery and amount of each constituent.
Hydroalcoholic extraction was then performed and compared with supercritical fluid (SFE) and
microwave-assisted (MAE) extractions in terms of yield and recovery. In particular, the application of
microwaves for heating the solvents and plant tissues in extraction process is known to increase the
kinetic of extraction, to reduce extraction time and solvent waste, to promote higher extraction rate
and to save costs compared to classical methods [14].

Moreover, SFE furnishes some operational advantages since it works with supercritical solvents
with different physicochemical properties such as graduable density, relatively high diffusivity and
low viscosity, thereby providing enhanced transport properties and faster extraction rates by means of
an easy diffusion through solid materials [15].

To gain an efficient and adequate metabolite recovery, a crucial control and successive optimization
of each parameter is necessary. Initially, in our experiments (MAE and SFE) we aimed at limiting
thermal degradation phenomena setting the temperature at 40 °C. Then, we modified pressure for SFE,
in order to modify the density of the supercritical fluid, and temperature for MAE, to study the impact
on phenolic recovery.

Successively, in order to improve the chemical composition knowledge of this plant, the aerial
parts were further characterized by color analysis using a device-independent color space
(CIELAB parameters) as defined by the "Commission Internationale de I'Eclairage" and specific
pigments (carotenoids and chlorophylls) pattern. This comprehensive phytochemical profile could be
used to better corroborate the traditional use of this plant.

2. Experimental Section

2.1. Materials

Chemical standards: gallic acid, catechin, caffeic acid, chlorogenic acid, 4-hydroxy-benzoic
acid, vanillic acid, epicatechin, syringic acid, 3-hydroxy-benzoic acid, isovanillin, p-coumaric
acid, rutin, sinapinic acid, t-ferulic acid, naringin, 2,3-dimethoxy-benzoic acid, benzoic acid,
o-coumaric acid, quercetin, f-cinnamic acid, naringenin, carvacrol, harpagoside (all purity >98%)
were purchased by Sigma-Aldrich (Milan, Italy). Methanol, chloroform, ethyl acetate and n-butanol
(HPLC-grade), acetic acid (99%), acetonitrile (HPLC-grade) were obtained from Carlo Erba Reagenti
(Milan, Italy). Double-distilled water was obtained using a Millipore Milli-Q Plus water treatment
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system (Millipore Bedford Corp., Bedford, MA, USA). All extractions were monitored by thin layer
chromatography (TLC) performed on 0.2 mm thick silica gel plates (60 F254 Merck) and the spots were
detected under an ultraviolet (UV) lamp (at 254 and 365 nm). Column chromatography was carried
out using Sigma-Aldrich silica gel (high purity grade, pore size 60 A, 200-425 mesh particle size).

2.2. Plant Material

Samples of full bloom plants were collected from wild population in M’Sila region
(Coordinates: 35°42'N 4°33'E), Algeria, in May 2016 and identified by Professor Mohamed Kaabeche
(Biology Department, University of Setif 1, Algeria). A voucher specimen has been deposited in the
Herbarium of the VARENBIOMOL research unit, University Freres Mentouri Constantine 1. Aerial parts
were manually separated, dried at controlled temperature (40 & 1 °C) in the dark until constant weight.
Then plant material was powdered to a uniform granulometry and stored in the dark at 20 °C, in vacuum
bags, until extractions and further phytochemical analyses.

3. Extraction Procedures

3.1. Hydroalcoholic Extraction and Fractionation

The air-dried aerial parts (leaves and flowers, 2.0 kg) of T. algeriensis were powdered (slight grinding
at controlled temperature, up to 35 °C) and macerated at room temperature with EtOH-H,O 70:30,
(v/v) (15 L) for 24 h, four times with fresh solvent. After a filtration step, the extracts were combined,
concentrated under reduced pressure, diluted in H,O (800 mL) under magnetic stirring and maintained
at 4 °C overnight to precipitate chlorophylls. After a second filtration step, the resulting solution was
extracted with solvents with increasing polarities (chloroform, ethyl acetate and n-butanol). Each extract
was dried with anhydrous Na,SOy, filtered over Chromafil® PET 20/25 (0.2 um pore size, Machery-Nagel
AG, Oensingen, Switzerland) into brown glass vials and concentrated under vacuum (up to 35 °C) to yield
the following extracts: CHCl3 (7.42 g), EtOAc (4.19 g), n-BuOH (33.15 g).

The chloroform extract was further fractionated by column chromatography (on silica gel;
cyclohexane/diethyl ether, step gradients) to yield 31 fractions (F1-F31), combined according to
their TLC profiles. The ethyl acetate extract was also further fractionated by column chromatography
(onsilica gel; CHCl3 /MeOH, step gradients) to yield 23 fractions (F1-F23), combined according to their
TLC profiles. The extracts/subfractions were collected in a vial at room temperature, the extraction
solvent was dried under a gentle N, flow at room temperature and the residue stored at —20 °C until
chromatographic analysis (Figure 1).

Plant material
(2.0Kg)

by ¥ 3
1) Grinding

2) Maceration

3) Filtration

4)  Chlorophyll removal

Hydroalcoholic mixture

CHCly subfractioning
> 742g — F1-F31

EtOAc 419¢ subfractioning F1:F23

ABIOR 53135

Figure 1. Schematic flowchart performed on Thymus algeriensis aerial parts.
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3.2. Supercritical Fluid Extraction (SFE)

The SFE extractor consists of a CO, delivery pump (PU-2080-CO,, Jasco, Tokyo, Japan),
a thermostatic chamber with a 50 mL extraction column, an UV-Vis detector equipped with
high-pressure cell (875-UV, Jasco) and an automatic back pressure regulator (BP-2080 plus, Jasco).
A sample of triturated aerial parts (20 g) was packed in a 50 mL SFE extraction bulk. The plant
material was exposed to a dynamic extraction at 40 °C for 60 min with a CO, flow-rate of 3 mL/min.
Two different pressure values (10 and 30 MPa) were applied in order to modulate supercritical fluid
density as also reported in the literature regarding Thymus-related species [16]. After filtration over
Chromafil® PET 20/25 (0.2 um pore size, Machery-Nagel AG, Oensingen, Switzerland) into brown
glass vials, the extracts (yield 0.73% for 10 MPa and 0.65% for 30 MPa) were collected at room
temperature and stored at —20 °C until chromatographic analysis.

3.3. Microwave-Assisted Extraction (MAE)

MAE was performed using an automatic Biotage Initiator™ 2.0 (Uppsala, Sweden) characterized
by 2.45 GHz high-frequency microwaves and power range 0-300 W. The internal vial temperature was
strictly controlled by an infrared (IR) sensor probe. Ground samples were added with water (20:1 v:w,
liquid-to-solid ratio). Then, the suspension was transferred in a 10 mL sealed vessel suitable for an
automatic single-mode microwave reactor. MAE was carried out heating by microwave irradiation at
40, 60, 80, 100 or 120 °C for 5, 10 or 15 min and then cooling with pressurized air. After filtration over
Chromafil® PET 20/25 (0.2 um pore size, Machery-Nagel AG, Oensingen, Switzerland) into brown
glass vials, the extraction solvent was dried under a gentle N flow at room temperature. The dried
mixtures (yields between 8.3-10.1%) were stored at —20 °C until further chromatographic analysis [17].

3.4. HPLC Analysis

HPLC-PDA phenolic pattern was evaluated by the validated method reported in the literature [18],
using an HPLC Waters liquid chromatography (model 600 solvent pump, 2996 PDA) and a Phenomenex
prodigy ODS(3) 100A 250 mm x 4.6 mm, 5 um as column. Mobile phase was directly on-line degassed
by using a Biotech 4CH DEGASI Compact (Onsala, Sweden). Empower v.2 Software (Waters Spa,
Milford, MA, USA) was used to collect and analyze data. All extracts were weighted, dissolved
in mobile phase and then 20 uL were directly injected into HPLC-PDA system. For over range
samples, 1:10 dilution factor was applied. Data are reported as mean =+ standard deviation of
three independent measurements. The identification of individual compounds was carefully performed
on the basis of their retention time (verified also by UV-Vis spectra) by comparison with those of
pure standard compounds, without difficulties in peak tracking when multiple substances co-elute
(see supplementary Materials, section S1).

4. Color Analysis

CIELAB parameters (L*, a*, b*, C*,, and h,},), as defined by the "Commission Internationale
de 1'Eclairage”, were determined on the powdered aerial parts of T. algeriensis using a colorimeter
X-Rite SP-62 (X-Rite Europe GmbH, Regensdorf, Switzerland), equipped with a D65 illuminant
and an observer angle of 10°. Color description was based on three parameters: L* that defines
the lightness and varies between 0 (absolute black) and 100 (absolute white), a* that measures the
greenness (—a*) or the redness (+a*) and b* that measures the blueness (—b*) and the yellowness
(+b*). C*;p (chroma, saturation) expresses a measure of color intensity and /1, (hue, color angle)
is the attribute of appearance by which a color is identified according to its resemblance to red,
yellow, green, or blue, or a combination of two of these attributes in sequence. Cylindrical coordinates
C*ap and h,y, are calculated from the parameters a* and b* using the equations C*,;, = (a*? + b*z)% and
I = tan~!(b*/a*) [19]. Three different powdered T. algeriensis aerial parts samples were analyzed.
The results are expressed as the mean value + standard deviation (SD).
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5. Carotenoids and Chlorophylls Analysis

The total carotenoids and chlorophylls a and b analysis in Thymus sample was performed
according to Solovchenko with some modifications [20]. The sample was homogenized with mortar
and pestle in 5 mL of chloroform-methanol (2:1, v/v) containing 0.01% butylated hydroxytoluene
(BHT) to inhibit peroxidation process. Moreover, homogenization was carried out with 50 mg of
MgO to prevent chlorophyll pheophytinization. The homogenate was passed through a paper filter
and after, distilled water was added to the amount of 0.2 of the extract volume. Finally, the mixture
was centrifuged in glass tube test for 18 min at 3000 g at 10 °C to complete separation of chloroform
fraction from methanol/aqueous one. The chloroform phase (lower phase) contained the hydrophobic
molecules (chlorophylls, carotenoids, lipids, etc.), while the methanol-water phase (upper phase)
contained the hydrophilic molecules. Absorption spectrum of the chloroform phase was recorded with
a Beckman Coulter DU 800 instrument in the range of 350-800 nm with a spectral resolution of 0.5 nm
at a temperature of 20 °C. Both chlorophylls and the total carotenoid contents were determined using
absorption coefficient according to Wellburn (1994) [21]. Equations to determine the concentrations of
chlorophyll a (C;) and b (Cy), as well as total carotenoid (Ciot) contents are reported below:

Ca=1147 Ages.6 — 2A647.6;

Cp=21.85 Aga7.6 —4.53 Asp5.6;

Chot= (1000 Aygp — 1.33C, —23.93 Cy,) /202.

The data are reported as means of three replications and expressed as ug/mg DW (dry weight) £ SD
(standard deviation).

6. Results and Discussion

6.1. Hydroalcoholic Extracts and Subfractions

The aim of this analysis was to carry out a qualitative and quantitative study of the different
extracts or subfractions of T. algeriensis aerial parts, and also to compare the extractive procedures in
order to develop extraction methods with better yields (Table 1). The use of different solvents with
increasing polarity led to a preliminary but metabolite-oriented purification. Successive subfractioning
of CHCl3 and EtOAc extracts highlighted better the presence of specific secondary metabolites based on
the results obtained by means of our validated high performance liquid chromatography-photodiode
array detector (HPLC-PDA) procedure.

Ethyl acetate extract was the richest of phenolic constituents reaching p-coumaric acid and benzoic
acid the highest concentration in some isolated fractions (40.62 ng/g and 5.71 ug/g, respectively),
and catechin having the highest concentration in a successive isolated one (6.23 ug/g).

Finally, eleven compounds were identified in chloroform extract, among which naringenin and
benzoic acid resulted with the highest concentrations in the fractions F16 and F24 (8.97 png/g and
10.92 ug/g, respectively), and only epicatechin was identified in the fraction F30 with the concentration
of 6.78 ug/g.

Nine compounds were identified in the n-butanol fraction, including three flavonoids among
which epicatechin had the highest concentration (48.03 ug/g), while of the six phenolic acids present
in this fraction, o-coumaric acid resulted in the highest concentration (9.83 ug/g).

Table 1. Phenolic profile of main subfractions of Thymus algeriensis aerial part extracts obtained
by maceration.

Identified Content (ug/g = SD, DW)
Compound F16 (CHCl;) F24 (CHCl;) F30 (CHCl;) F13 (EtOAc) F22 (EtOAc) F27 (EtOAc  n-BuOH
Catechin 112 4 0.01 6.23 + 0.05
4-Hydroxy- 1631+£091 3614030  0.66+0.02
benzoic acid
Vanillic acid 5174011 0234001 022+ 0.01
Epicatechin 6784012 055+001 48.03 +2.98
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Table 1. Cont.

Identified Content (ug/g + SD, DW)
Compound F16 (CHCl;) F24 (CHCl;) F30 (CHCl;) F13 (EtOAc) F22 (EtOAc) F27 (EtOAc) n-BuOH
Syringic acid 1.93 +0.11
p-Coumaric acid 126 +0.81  40.62 4 3.01 1.63 £+ 0.88 1.70 £0.58
Rutin 0.57 £ 0.02 4.52 +0.41
t-Ferulic acid 0.20 £ 0.01 0.23 £0.01 146 +0.13 0.84 +0.01 0.55 £ 0.01
Naringin 0.16 £ 0.01 4.02 £0.39 0.46 £+ 0.01
z3-Dimethoxy- 51, 59 7.51 + 047 352 4020
benzoic acid
Benzoic acid 10.92 +1.21 5.71 4+ 0.47
0-Coumaric acid 1.03 £ 0.09 9.83 + 0.87
Naringenin 8.97 +£0.74 0.90 + 0.03 0.47 +0.01
Carvacrol 0.43 £0.01
Total 2297 +£1.01 1244+1.03 678+0.12 11.544+099 66584270 1334+1.12 7121 £2.40

DW: dry weight.

6.2. Supercritical Fluid Extraction (SFE)

The aim of this experiment was to study the influence of the operating pressure parameter on the
kinetics of the supercritical extraction process, in order to optimize the operative conditions and to
compare the performance with the other extraction methods, using the secondary metabolites profile
as discriminant marker.

We carried out two separate plant sample extractions at a fixed temperature of 40 °C, operating
with different pressure values (10 MPa and 30 MPa) in order to find the leading coordinates towards
the best extraction yield. We found that the increasing pressure did not improve either yield or the
phenolic recovery, with only slight effects on the vanillic acid amount. According to the quality and
the quantity of metabolites, the more interesting results were obtained under the following operating
conditions: 40 °C for the temperature and 30 MPa for the pressure (Table 2). Collectively, this method
afforded low amounts for phenolic compounds from T. algeriensis aerial parts.

Table 2. Phenolic profile of T. algeriensis aerial part extracts obtained by supercritical fluid extraction
obtained at two discrete pressure values.

Content (ug/g = SD, DW)

Identified Compound
40 °C, 10 MPa 40 °C, 30 MPa
Gallic acid 0.10 £ 0.01 0.10 £ 0.01
Catechin 0.05 £+ 0.01 0.05 £ 0.01
Vanillic acid 0.18 £+ 0.02
Epicatechin 0.15 £ 0.02 0.15+0.01
Isovanillin 1.49 £ 0.09 1.48 £ 0.06
p-Coumaric acid 0.17 4+ 0.02 0.14 £+ 0.01
Naringin 0.06 £ 0.01 0.06 £+ 0.01
Harpagoside 0.10 4+ 0.01 0.10 4 0.01
Total 2.12 £0.10 2.26 £0.10

DW: dry weight.

6.3. Microwave-Assisted Extraction (MAE)

Design and optimization of the microwave-assisted extraction of this plant were performed
keeping in mind the impact of different parameters (temperature, time, and solvent volume) on the
recovery of main metabolites profile used as discriminant marker.

The choice of the solvent, to afford the best extraction yield, is one of the most important
steps for the development of an extraction method. In order to obtain good results, a preliminary
microwave-assisted extraction based on water as a polar solvent (solvent volume: 20 mL; plant material:
1 g; extraction time: 10 min) was applied and the best extraction temperature ranging from 40 to 120 °C
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was evaluated by means of the results provided by HPLC method (see supplementary Materials,
section S2). Once selected the best temperature condition (100 °C), to obtain the most diversified
extract in phenolics, we tried extraction times of 5 and 15 min, obtaining the best extraction yield with
an extraction time of 15 min in the same solvent (water). Finally, we have applied these conditions
to select the best extraction solvent. The aqueous extract resulted richer in plant secondary phenolic
metabolites than the EtOH/H,O (70/30, v/v) extract, obtained in the same conditions (Table 3).

The richest phenolic pattern was obtained in the previously selected conditions (temperature:
100 °C, time: 15 min) using water as the solvent. Several compounds were identified in this
extract, whose composition is reported in Table 3, which contained a complex mixture of plant
secondary metabolites belonging to the chemical classes of phenolic acids and flavonoids, both known
for their pharmacological activities.

The phenolic acids were identified as gallic acid, chlorogenic acid, vanillic acid, syringic acid,
3-hydroxybenzoic acid, p-coumaric acid, sinapinic acid, f-ferulic acid, benzoic acid, o-coumaric
acid. Benzoic acid displayed the highest concentration (4145.75 ug/g) followed by epicatechin
(246.752 ug/g), chlorogenic acid (1745.98 ug/g), syringic acid (615.20 pg/g), naringin (376.60 ug/g),
catechin (359.80 ng/g), and o-coumaric acid (341.55 ug/g). Flavonoids and phenolic compounds
are the most important groups of secondary metabolites and bioactive compounds in plants [22,23].
Two important trends could be also extrapolated from the impact of the increasing temperature on the
recovery: first, some compounds (chlorogenic acid, t-ferulic acid, quercetin, isovanillin, epicatechin,
syringic acid, catechin and p-coumaric acid) reached the highest amount until 100 °C and then their
concentrations tended to diminish at higher temperatures. Secondly, other compounds (vanillic acid,
gallic acid, sinapinic acid, naringin, 2,3-dimethoxybenzoic acid, and o-coumaric acid) had their
maximum recovery at lower temperature and extraction time.

Table 3. High performance liquid chromatography-photodiode array detector (HPLC-PDA) analysis
of the phenolic profile of Thymus algeriensis microwave-assisted extracts.

Content (ug/g £ SD, DW)

C[S;“;ﬁe“dd 10°C, 60°C, 80°C, 100 °C, 120 °C, 100 °C, 100 °C, 100 °C, 15 min,
10 min, water 10 min, water 10 min, water 10 min, water 10 min, water 5 min, water 15 min, water EtOH/H,0 50:50
Gallic acid 36514023  7284+036  2457+£021 28054019  20.31+020 9.70 + 0.09 37.97 +£0.25
Catechin 46694033  23891+166 45234018  359.80+ 198
Chlorogenicacid 11834+ 101 120398 +£529 1090.00 + 477 176664 £5.13  930.04+399  1570.40+ 433 174598 + 5.65
4-Hydroxy- 1838 + 0.20 37.38 + 0.66
benzoic acid
Vanillic acid 3756 +071 5017+ 098 9.73 +0.12 176744102 23.92+0.66
Epicatechin 813214229 167551 +395 82140 £302 200624115 246275 £ 2.00 66.11 -+ 0.99
Syringic acid 17864099 52224139 31518 +3.00 747634323 61520 + 4.03
3-Hydroxy- 243314221 57944098  21238+175 7062067 7506+ 0.60 166.73 + 1.02 19.82 + 051
benzoic acid
Isovanillin 22375+197 24812+ 188  271.11+204  5905+077 6821+ 0.67 4042 +0.78 200.37 + 1.09
p-Coumaric acid 15784013 14074029  21.65+028 40004032  2305+027 18824023 10699 +0.77 62.02 +0.19
Rutin 39704023 375424101  37.63+£0.65 8945+ 0.69 16.22 4+ 0.09 196.89 + 1.00 5532 + 0.55
Sinapinic acid 496 +0.13 3158 + 0.60 537 +0.17 553 +0.17 526+ 0.18 29.64 + 0.60 4620 + 0.63 8.48 +0.10
t-Ferulic acid 19894099 14224050  2756+052  21.72+054 1869724201  140.64 + 073
Naringin 89.63+098  38592+212  17946+203  29.64+023 31314024 132374100 37660 +277 1611.91 + 249
2,3-dimethoxy- 52037 £2.02 1212754584 22284 4+195 507.77 + 2.39
benzoic acid
Benzoic acid 1455.82 + 339 489651+ 577 242566 £423 2393.82+ 478 269797 + 500 388974 £477 415775 + 4.67
o-Coumaricacid 22774 +104 34886 +220 37664045 23514029  3027+028 812414200 34155+ 1.17 16321 + 0.99
Quercetin 63.04£020 74714023 59524020 6860028  180.72+0.77
Total 2508.85+ 536 908430 £8.12 5362134499 7009.51+ 854 500941 £4.12 9731144798  11000.12+£9.96  2732.38 + 5.88

DW: dry weight.

The experimental results show that aqueous extraction, assisted by microwave at temperature 100 °C
and for a time of 15 min, produced a phenolic-enriched extract of Thymus algeriensis aerial parts.

6.4. Color Analysis

Dry samples of Thymus algeriensis aerial parts were blended in a mixer and further homogenized
in a mortar. The samples of blended powdered dry leaves of Thymus showed a nonhomogeneous
color in which three different shades could be evidenced, a pale beige, a pale pink and a pale green.
Conversely, the mortar homogenized samples displayed a more homogeneous light brown color
characterized by two only pale nuances, a pale green and an undefined pale shade among beige, pink
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and orange. The tristimulus colorimetry was employed in this study to evaluate the color properties:
the colorimetric data and the mean value, completed by the standard deviation, of three different
samples, are reported in Table 4.

It is not possible to give an interpretation for comparison of this CIELAB colorimetric analyses,
because only few data are available in literature about colorimetric studies on aerial parts in general,
and no data are disposable for this plant in particular. Moreover, as known, the colorimetric parameters
are deeply influenced by several different factors [24,25], among which storage temperature, humidity,
light exposition, besides the standard conditions applied, according to the Commission Internationale
de I'Eclairage (CIE). In this work a D65 illuminant, sunlight simulating, with an observer angle of 10°,
was used. Reflectance curve is reported in Figure 2. Only a weak yellow parameter (light positive b*)
can be shown, in line with the phenolic profile denoted by the HPLC analysis.

Table 4. Color analysis using a device-independent color space (CIELAB parameters), as defined by
the "Commission Internationale de 'Eclairage”, data of Thymus algeriensis aerial parts.

CIELAB Parameters Mean Value SD

L* 51.25 191
a* 1.09 0.36
b* 5.53 0.69
C*p 5.64 0.72
Nap 78.90 3.28
28
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Figure 2. Reflectance analysis of Thymus algeriensis aerial parts.

6.5. Pigments Determination (Total Carotenoids, Chlorophyll a and Chlorophyll b)

T. algeriensis aerial parts plant displayed significant differences in analyzed pigments concentration.
It is possible to notice that chlorophyll a content (0.0529 + 0.0072 pg/mg) is higher compared with the
other pigments (chlorophyll b =0.0452 + 0.0069 nug/mg and carotenoids 0.0165 =+ 0.007 pg/mg) (p < 0.002)
(Figure 3), but chlorophyll b was present in good proportion, as expected in shade plants. Generally,
the concentration of chlorophyll a (Chl a) is two to three times the concentration of chlorophyll b (Chl b)
due to the importance of chlorophyll a as the primary pigment in photosynthesis. However, a greater
proportion of Chl b improved light-collection ability of the leaf in the region of far-red light. In this plant,
the value of the Chl a/b ratio was 1.17, indicating a high chlorophyll a content. Chl a/b ratio can be
a useful indicator of nitrogen partitioning within a leaf and this ratio is predicted to respond to light and
nitrogen availability. In particular, Chl a/b ratio should increase with increasing irradiance at a given
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nitrogen availability [26]. Regarding total carotenoid concentration, our finding showed an amount about
three times lower than chlorophyll a (0.0165 £ 0.007 ug/mg and 0.0529 =+ 0.0072 pg/mg, respectively)
(Figure 3). High carotenoid contents are revealed under high insolation level, because in this case they
act as protectors from photoinhibition [26]. The quali-quantitative evaluation of these ubiquitous bulk
substances is of crucial interest not only due to their role in the protection against oxidative stress [27],
but also for their interference with biological assays generating false positive and negative results [28].

-

Thymus R

0.0000 0.0200 0.0400 0.0600 0.0800
[ Total carotenoids Chlorophyll b

I chiorophyll a

Figure 3. Pigments concentration in T. algeriensis aerial parts (ug/mg 4 SD).

7. Conclusions

The study of endemic plants could support their ethnobotanical use by means of a wide
comprehension of the qualitative and quantitative phytochemical profile. After the evaluation of color
parameters and pigment content of the aerial parts of T. algeriensis, we developed an HPLC method
with diode array detection for the quantitative and qualitative estimation of phenolic compounds
obtained by different extraction methods. Three extraction methods have been carried out in this work
for the purpose of developing extractions under the best conditions. The results of the present study
revealed important data regarding the phenolic composition of Thymus algeriensis aerial parts up to
now; several phenolic compounds known for their pharmacological properties were identified and
quantified in different extracts of this plant. MAE was shown to be the best-performing procedure.
The presence of a significant amount of respective bioactive components in this plant and the variation
of quantity based on the polarity of the solvent used for the extraction process ensured its unequivocal
recommendation for use in the pharmaceutical and nutraceutical sector.

Supplementary Materials: The following are available online, Section S1: Chemical standards resolution
in HPLC-PDA method and gradient elution profile, Section 52: HPLC-PDA chromatograms obtained for
MAE optimization.
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Abstract: The present study aims to highlight the therapeutic potential of Asphodeline lutea (AL),
a wild edible plant of the Mediterranean diet. Roots, aerial parts, and flowers of AL at two different
phenological stages were collected from three locations in Italy. The inhibitory activities of extracts on
strategic enzymes linked to human diseases were assessed. The antioxidant properties were evaluated
in vitro, using six standard bioassays. The phenolic and anthraquinone profiles were also established
using HPLC-PDA. Zinc, cadmium, lead, and copper contents were also determined. All the samples
inhibited acetylcholinesterase (from 1.51 to 2.20 mg GALAEs/g extract), tyrosinase (from 7.50 to
25.3 mg KAEs/g extract), and x-amylase (from 0.37 to 0.51 mmol ACAEs/g extract). Aloe-emodin
and physcion were present in all parts, while rhein was not detected. The phenolic profile and the
heavy metals composition of specimens gathered from three different regions of Italy were different.
It can be argued that samples collected near the street can contain higher concentrations of heavy
metals. The experimental data confirm that the A. [utea species could be considered as a potential
source of bioactive metabolites, and its consumption could play a positive and safe role in human
health maintenance.

Keywords: Asphodeline lutea; HPLC-PDA; heavy metals; tyrosinase; diabetes; neurodegenerative disease

1. Introduction

Asphodeline lutea (AL) Reichenb (synonym: Asphodelus luteus L., family Xanthorrhoeaceae),
also known as King’s Spear or Yellow Asphodel, is a perennial landscaping plant native to
South-eastern Europe, North Africa and Turkey, characterized by a single stem with semi hollow leaves
and yellow-orange flowers [1,2]. The stems and leaves are traditionally consumed in the Mediterranean
region as an edible plant due to their nutritional protein quality of [3,4].

The chemotherapeutic value of Bulgarian and Turkish AL root extracts has been evidenced only in
recent years, revealing the presence of different therapeutically useful compounds. The anti-microbial
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and anti-mutagenic activities of methanol root extracts of AL have been reported [5], while the
hepatoprotective and antioxidant capacity of the ethanol root extracts of AL both in vivo and in vitro
has also been evidenced in an animal model of CCly-injured liver [6]. Moreover, the methanol and
chloroform extracts from AL roots caused a marked inhibition of multidrug resistance in mouse tumour
cells transfected with the human MDR1 gene [7], whereas methanol, acetone and aqueous extracts
of different Asphodeline spp. parts were reported to moderately inhibit elastase, collagenase and
hyaluronidase enzymes at 100 pg/mL [8]. Other studies have reported the use of extracts of A. lutea
among local populations for skin diseases and haemorrhoids [9,10].

The methanol root extracts of AL of Bulgarian origin were found to be rich in caffeic acid,
catechin and epicatechin [11]. Anthraquinones (1,5,8-trihydroxy-3-methylanthraquinone, 1-hydroxy-
8-methoxy-3-methylanthraquinone, chrysophanol, 1,1’,8,8',10-pentahydroxy-3,3'-dimethyl-10,7'-
bianthracene-9,9',10"-trione) [12], naphthalenes and naphthoquinones [13] were also previously
isolated from AL. The antioxidant activity of AL chloroform extracts in lard and sunflower oil was
attributed to 2-acetyl-1-hydroxy-8-methoxy-3-methylnaphthalene [14]. However, little is known about
the chemical variability and the potential therapeutic ability of AL of Italian origin.

Based on these considerations, we aimed to evaluate the antioxidant activities, the enzyme
(acetylcholinesterase, butyrylcholinesterase, tyrosinase, a-amylase, and «-glucosidase) inhibitory
potential of extracts from different anatomical regions of AL, collected in diverse sites in the Italian
Central Apennines, at different phenological stages, as well as the determination of anthraquinones,
phenolics and heavy metal profiles.

2. Results

After extraction, each sample was fully characterized to establish a comprehensive chemical
fingerprint of total phenolic and flavonoid content (Table 1), specific content of phenolics (Table 2),
and anthraquinones (Table 3) and heavy metals bioaccumulation (Table 4). Then, the AL extracts were
tested in order to assess their pharmacological properties such as antioxidant, metal chelating and
enzyme inhibition.

Table 1. Total phenolic and flavonoid content of different parts of A. lutea collected from three different
locations in Italy.

Location Stage/Parts Total Phenolic Content Total Flavonoid Content

(mg GAE/g Extract) * (mg RE/g Extract) *
PF-R 1254022 544072
PF-AP 2474092 19.8 +0.32
Perugia F-R 17.7 £ 042 484012
F-AP 277+ 060 221402b
F-FI 19.44+0.6P 11.4+01Pb
PE-R 1244072 3.7+02b
PF-AP 2384032 148+ 05P
Novele F-R 12.74+02b 46+01%
F-AP 239+ 03¢ 173 +0.1°¢
F-FI 175 +0.7°¢ 11.0+04Pb
PF-R 98+02Pb 29+02¢
PF-AP 2404082 19.3+022
Pescosansonesco F-R 10.7 £0.4°¢ 324+0.1P
F-AP 3824082 28.0 +0.32
F-F1 2474052 135+032

* Values expressed are means + S.D. of three simultaneous measurements. GAEs, gallic acid equivalents; REs, rutin
equivalents. PF: preflowering plant, F: flowering plant, R: roots, AP: aerial parts, Fl: flowers. Data marked with
different letters within the same column indicate statistically significant differences in the same stages/parts for
each location (p < 0.05).
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From the data in Table 1 it is possible to state that both phenolic and flavonoid contents reached the
maximum in the flowering stage with respect to the preflowering one. Aerial parts were the richest in
these metabolites (AP > Fl > R) disregarding the sampling site. For the phenolic content, the following
order was observed: aerial parts of AL collected in Pescosansonesco > Perugia > Novele. A similar
pattern was observed for the flavonoid content. The lowest amount of phenolics was recorded in
the roots of the preflowering plant. The phenolic content in whole plant increases evidently during
blooming, and this aspect is mainly related to the flowers development, while the amount of phenolics
in roots and aerial parts were constant. The contribution of the flavonoid fractions, which represent
more than fifty percent of the floral phenolic content, is particularly evident. The distribution of
phenolics mainly in the aerial parts is consistent with the physiological function of such class of
metabolites, and could support their nutraceutical value when used as edible parts. These data showed
some differences with total phenolic content (13.02 mg GAE/g DW) and total flavonoid content
(7.63 mg RE/g DW) found in the roots of A. lutea from Syrian origin [15].

The detailed phenolic profiles of the tested extracts of AL are summarized in Table 2. The aerial
part of preflowering AL (86.15 ug/mg) collected in Pescosansonesco contained the highest amount of
phenolic compounds, with a high quantity of 2,3-dimethoxybenzoic acid. Benzoic acid and quercetin
were present in the aerial parts of flowering AL collected in all the three locations. Aerial parts
of preflowering AL (0.588 pg/mg) collected in Novele contained the lowest amount of phenolic
compounds (rutin 0.28 £ 0.04 ug/mg and quercetin 0.31 £ 0.05 ug/mg). Chlorogenic acid, vanillic
acid, syringic acid, 3-hydroxy-4-methoxybenzaldehyde, sinapic acid, frans-ferulic acid, o-coumaric
acid, and trans-cinnamic acid were not detected in any sample. Naringenin was found only in
aerial parts and only in two samples (Fl from Perugia and AP from Novele at the preflowering
stage). On the other hand, epicatechin was detected only in roots from plants collected in Perugia
in full bloom. Naringin, naringenin, benzoic acid and its derivatives (2,3-dimethoxybenzoic acid,
3-hydroxybenzoic acid, 4-hydroxybenzoic acid), gallic acid, catechin and epicatechin, p-coumaric acid
and rutin were identified and quantified in this species for the first time. This information could
enhance the knowledge about the nutritional and medical value of this plant.

The quantification of anthraquinones in the extracts of AL collected from different spontaneous
growing sites in Italy is presented in Table 3. Aloe-emodin and physcion were present in all the extracts,
whereas rhein was not detected. Emodin was present only in the roots collected before flowering in the
samples from Pescosansonesco. The roots proved to be the plant part with the highest anthraquinone
content. This quantity was higher in samples of non-flowering plants. The data are consistent with the
general rules indicating the preferred harvest time for hypogeous organs is during the vegetative stage.

Table 4 reports the extrapolated concentrations of Zn(Il), Cd(Il), Pb(Il), and Cu(Il) in all the
extracts. The AL samples collected in Pescosansonesco showed contents of all metals lower than the
limit of detection (LoD) or too low to be detectable by the polarograph (whose LoD is usually on the
order of 10 ppb). The Perugia samples showed the presence of Zn(Il) in almost all parts of the plant,
both before and after flowering, and a low amount of Cd(II) and Cu(Il) in post-flowering parts of the
plant. The samples collected in Novele, instead, showed a significant content of Zn(II), Cd(Il) and
Cu(Il), mostly in post-flowering aerial parts and flowers.

This higher concentration of metals in the plants of Novele can be explained by the fact that
their sampling sites were closer to vehicular traffic. Thus, it is conceivable that the AL collected in the
proximity of main roads can contain high amounts of heavy metals due to car traffic and anthropogenic
factors, but it could be important to consider the possibility of potential correlation of pollutants,
as external stressors, that can act as modulator of plant secondary metabolism.

Table 5 summarizes the radical scavenging, reducing, antioxidant, and metal chelating properties
of the plants parts of AL collected in Perugia, Novele, and Pescosansonesco. The following order
was observed for DPPH radical scavenging of samples collected from the three locations: aerial parts
of flowering A. lutea > aerial parts of preflowering A. lutea > flowers of flowering A. lutea > roots of
flowering A. lutea > roots of preflowering A. lutea. Similar promising results were also reported by
other authors regarding A. lutea species from different origin [15,16]. The aerial parts of flowering
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A. lutea collected from Perugia and Pescosansonesco showed potent reducing capacity against FRAP
(84 and 128 mg TEs/g extract, respectively) and CUPRAC (108 and 160 mg TEs/g extract, respectively).
The roots of flowering A. lutea collected in Perugia showed the highest antioxidant activity. Conversely,
aerial parts of A. lutea harvested in Novele showed the most potent metal chelation ability (Table 5).

Table 5. Antioxidant evaluation and metal chelating activity of different parts of A. lutea collected from
three different locations in Italy *.

Phosohomolvbd, helati
Location Stage/Parts Sca\Z:lg)i];I\g - Sca\izgif\g - FRAP ** CUPRAC ** TOSP Assa;t Me::itg;'ily +
PF-R 39.8 +0.52 56.0 +£2.02 370+£10°  575+152 0.91 +0.052 128+£0.72

PF-AP 68.0+1.0° 740 £3.0¢ 64.0 £20° 86.0 £2.0° 0.87 +0.07° 16.0 £2.0°

Perugia F-R 438+0.12 75.0 £ 4.0 5204 4.02 71.0 £ 092 1.03 4 0.072 85+0.12
F-AP 86.5+15° 102 +3° 84.0 £20° 108+1° 0.93 £ 0.09° 180202

F-Fl 520+1.0° 63.0 £2.0° 50.0 £1.0° 65.0+1.0° 0.73 £ 0.04° 152062

PF-R 304 +03° 57.0+4.02 4204202 520+20° 0.71+0.04¢ 73+01b

PF-AP 58.6+05¢ 121+£32 650+10°  820+30° 0.99 £ 0.06 * 19.7 £ 042

Novele F-R 320+10° 56.0 +2.0° 428+09° 60.0 £2.0° 0.92 4 0.04 58+0.1¢

F- AP 755+ 03¢ 97.0 +1.0°¢ 68.0+1.0°¢ 86.7 + 0.6 0.79 + 0.01 ¢ 131+ 15¢

F-Fl 440+10°¢ 54.0 £2.0° 455 +04¢ 59.0 £1.0¢ 0.77 £ 0.05° 129 +03°

PE-R 205+03°¢ 360+1.0° 29.0+1.0°¢ 404 +03°¢ 0.80 +0.04® 6.5+07¢

PF-AP 70.9 £ 0.4° 85.0 +1.0° 750 +£1.0° 9224062 1.00 +£0.102 154+ 15

Pescosansonesco F-R 260 +0.8°¢ 53.6 +0.8¢ 380+10°¢ 460+1.0¢ 0.99 + 0.07° 69+09°
F-AP 90.4 + 042 180 +£12 128 £4° 160 +£12 143 4 0.012 163 +0.1°

F-Fl 64.0+1.0° 89.0+1.0° 620+1.0%  86.0+1.02 0.96 + 0.06 1454072

* Values expressed are means + S.D. of three simultaneous measurements. ** mg TE/g extract (TE = Trolox
equivalents); ¥ mmol TE/g extract; ¥ (mg EDTAE/g extract) (EDTAE = EDTA equivalents). Data marked with
different letters within the same column indicate statistically significant differences in the same stages/parts for
each location (p < 0.05).

Table 6 presents the inhibitory activity of extracts from different parts of the plant (aerial part,
flowers, and roots) of AL collected from three separate accessions from Central Italy. All the studied
samples inhibited AChE, with values ranging from 1.51 to 2.20 mg GALAEs/g extract. Conversely,
other authors found a very low AChE inhibition for both leaves and bulb extracts of A. lutea from
Palestinian flora [16]. Similarly, the studied plant samples inhibited tyrosinase (ranging from 7.50 to
25.30 mg KAEs/g extract) and x-amylase (ranging from 0.37 to 0.51 mmol ACAEs/g extract). The aerial
parts of preflowering AL collected in Perugia and those of flowering AL collected in Pescosansonesco
showed no activity against BChE. The best x-glucosidase inhibitory effects (44.2 mmol ACAEs/g
extract) was observed in the roots of flowering AL collected in Novele.

Table 6. Enzyme inhibitory effects of different parts of A. lutea collected from three different locations

in Italy *.
. AChE BChE Tyrosinase «-Amylase «-Glucosidase
Location StagelParts | Gion s Inhibition™  Inhibition!  Inhibition?  Inhibition f
PF-R 1.74 +0.07 ¢ 203+006%  120+£20°  039-+001° na
PF-AP 1.59 +0.01 ¢ na 75+03°  045+0012  140+01P
Perugia F-R 2204 0.402 190+ 020> 1404022  045+0.03? 21+04P
F-AP 1774009  031+0.06° 70+£20¢  041+004°¢ na
F-Fl 1.65 £ 0.052 0.77 +0.03° 230420  045+0.01° 32.1402P
PF-R 1.88 +0.08° 20240042  120+10% 039+001°  158+03"
PF-AP 1.82 4 0.042 110+ 010> 150420 041+001> 025+002°¢
Novele F-R 1.92 +0.04° 2.05+0.022 21.0+1.0%  039+001° 442 4042
F-AP 1.77 £ 0.06 ® 1.06+0012  21.0+20P 043+001°  201+001°
F-Fl 1.71 4 0.042 13740072  120+£20° 045+001°  427+032
PF-R 1.92 +0.022 183+005°  120+£1.0* 037+001> 193022
PF-AP 1.67 +0.05° 136+ 0.042  200+202 046+0.032  374+092
Pescosansonesco F-R 1.88 +0.02¢ 1.60 £020¢  14.0+20°  038+0.02° na
F-AP 2.10 +0.602 na 253+05% 05140012 3414047
F-FI 1.51 + 0.08° 0.58 £0.07¢  188+08° 04840012 na

* Values expressed are means £ S.D. of three simultaneous measurements. ** mg GALAE/g extract
(GALAE = galantamine equivalents); i mg KAE/g extract (KAE = kojic acid equivalents); ¥ mmol ACAE/ g extract
(ACAE = acarbose equivalents); na: not active. PF: preflowering plant, F: flowering plant, R: roots, AP: aerial parts,
Fl: flowers. Data marked with different letters within the same column indicate statistically significant differences
in the same stages/parts for each location (p < 0.05).
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3. Discussion

Chronic pathologies, such as type II diabetes and neurodegenerative diseases such as Alzheimer’s
disease (AD) are pandemics affecting every segment of the population. Existing therapies alleviate
the trauma caused by these pathologies, but harbour several side effects. The concern of the scientific
community is to find novel therapeutic agents with a minimum of side effects, to manage type II
diabetes and AD. Plants possess a large array of phenolic compounds endowed with numerous
therapeutic properties.

Neurodegenerative disorders encompass more than 600 diseases involving progressive and
irreversible deterioration of the nervous system, subsequently resulting in neuronal cell death [17].
The most prevalent form of neurodegenerative disorder afflicting the global population is AD. AD is
believed to occur because of the accumulation of amyloid-beta protein and the alteration of tau proteins
in the brain, and an apparent oxidative stress [18]. A hypothesis has been suggested that AD is related
to type II diabetes, though the association is complex and not fully understood. Notwithstanding,
conditions are interlinked by inflammatory response, insulin resistance, glycogen synthase kinase
3/ signalling mechanism, insulin growth factor signalling, oxidative stress, neurofibrillary tangle
formation, acetylcholinesterase activity regulation, and amyloid beta formation. Thus, the inhibition
of acetylcholinesterase, butyrylcholinesterase, tyrosinase, c-amylase, and «-glucosidase has been
considered to mitigate the deleterious effects of type II diabetes and AD or as adjunctive treatment
modalities [19]. Additionally, scientific interest is gradually shifting towards enzymes which have
not yet been considered by the pharmaceutical industries. The inhibition of such enzymes, so far
considered as non-pharma target, can be of potential relevance and can proved to be a promising
strategy for the management of these debilitating complications [20].

ACHhE has attracted much attention for the management of this devastating irreversible disorder,
owing to its ability to hydrolyse acetylcholine, a neurotransmitter [21]. The activity of BChE was found
to increase in areas of the brain most affected by AD [22]. Furthermore, in the late stage of Alzheimer’s
disease, the level of AChE was found to drop to 55-67% of normal value, while BChE activity increases
up to 120% [23]. Finding cholinesterase inhibitors having different specificities might help to allay the
trauma associated to the different stages of AD.

In the present study, the aerials parts of flowering AL collected from Pescosansonesco showed
potent inhibition of AChE, but no activity against BChE. Wang and co-workers previously reported
that aloe-emodin was a potent inhibitor of AChE [24]. Interestingly, aerials parts of flowering AL from
Pescosansonesco contained significant amount of aloe-emodin and physcion. A. anatolica, another
species of the genus Asphodeline, was reported to contained physcion and also inhibited AChE [19].
The roots of AL at the preflowering stage collected at Perugia and Novele demonstrated potent BChE
inhibitory activity. These plant samples contained high level of physcion. This anthraquinone was
also previously reported to exert moderate to strong inhibition on tyrosinase [25]. Tyrosinase is
a multifunctional copper-containing metalloenzyme required for the production of melanin pigment in
humans [26]. Melanin plays a vital role by shielding ionizing radiation and absorbing free radicals [27].
Additionally, depletion of neuromelanin, which is structurally related to melanin, present in the
substantia nigra, was associated to Parkinson’s disease [28]. The inhibition of tyrosinase might prevent
the aggravation of neurodegenerative disorders, such as Parkinson’s disease. It was observed that
mostly the aerial parts of AL possessed pronounced tyrosinase inhibitory potential. The aerial parts
contained the highest amount of phenolic compounds. AL was used traditionally for the management
of skin ailments. This virtue might be ascribed to its tyrosinase inhibitory potential, as reported in the
present study.

Chrysophanol was identified in all the investigated samples. This anthraquinone was shown
to inhibit mammalian intestinal x-glucosidase activity [29], thus delaying glucose surge. Most of
the studied plant samples were potent inhibitors of a-glucosidase, showing higher acarbose
equivalent values, compared to x-amylase inhibition. Indeed, mild x-amylase inhibition versus
marked «-glucosidase inhibition was requested, since a pronounced activity of the former enzyme
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advocated the event of gastrointestinal problems [30]. Specifically, the roots of flowering AL collected
in Novele showed high «-glucosidase inhibitory activity and low inhibition against a-amylase.
This sample contained the highest amount of gallic acid, previously reported to possess a-amylase
and «-glucosidase inhibitory activity [31], while p-coumaric acid was shown to be inactive [32].
Among the detected antraquinones, aloe-emodin, crysophanol and physcion can contribute to
a-glucosidase inhibition [29,33]. The antioxidant potential of different parts of AL collected from
different locations was also evaluated. Indeed, oxidative stress has been associated to the onset
and/or worsening of various pathologies, including type II diabetes and AD. FRAP, CUPRAC and
phosphomolybdenum assay are methods suitable to measure the reducing abilities of the samples.
FRAP is based on the reduction of Fe>*~TPTZ (2 4,6-tri(2-pyridyl)-s-triazine) complex, to produce
coloured Fe?*~TPTZ [24], Cu(Il)-Nc (neocuproine) is reduced to coloured Cu(I)-Nc in the CUPRAC
assay, while the phosphomolybdenum assay is based on the reduction of molybdenum (VI) to
molybdenum (V) producing a green phosphomolybdenum (V) complex [34]. Aerial parts of AL
collected in Pescosansonesco at flowering stage showed the highest reducing potential against the
three reducing methods used. Indeed, this sample contained the highest amount of phenolics and
flavonoids, known to possess strong reducing potential.

From the reported results is important to highlight that the activities obtained from
phosphomolybdenum assay for the Italian AL roots (from 0.71 to 1.03 mmol TE/g extract) were
lower than the corresponding Asphodeline spp. from Turkey [35-37] (from 1.18 to 2.94 mmol TE/g
extract). No differences were observed for metal chelating activity assay.

Our CUPRAC and FRAP results are in accordance with the data reported in literature [35-37],
even if is important to highlight that slightly lower values were observed for the Novele PF-R root
samples. On the other hand, ABTS and DPPH assays measure the ability of the plant samples to
scavenge free radicals. DPPH is a protonated free radical, which is reduced to a stable diamagnetic
molecule [38]. The data collected in the present investigation demonstrated that aerial parts of
flowering AL were the most potent scavengers of DPPH radical compared to the other extracts,
irrespective of the sampling site. The herein reported DPPH and ABTS results are in accordance with
the data reported in literature for root samples [35-37], even if the sample Perugia F-R shows on DPPH
test the higher value (43.8 mg TE /g extract) respect to the other Asphodeline spp.

Additional comparisons could be done considering another edible plant, as just reported in
literature [37,39]. Also in this case for Asphodeline root samples very similar biological activities respect
to phosphomolybdenum, CUPRAC, FRAP, DPPH and ABTS assays were observed, and it is further
confirmed that Asphodeline spp. had lower activity compared to Potentilla spp. [39-41].

The increased interest in the use of ABTS radical arises from its ability to act in both organic
and aqueous conditions and its stability in a wide range of pH [42]. The aerial parts of flowering AL
collected in Perugia and Pescosansonesco showed strong ABTS radical quenching abilities compared
to the other plant parts as also reported by Karandeniz et al. [43]. Interestingly, the phenolic and
flavonoid contents were the highest in the same samples. Previous studies have appraised the potent
scavenging capacities of phenolics and flavonoids on ABTS [44].

Transition metals, especially Cu and Fe, act as catalysts in the production of reactive oxygen
species, which react with other molecules resulting in oxidative stress and cell damage/death [45].
In vitro techniques used to assess the ability of phytochemicals to chelate these potentially toxic
transition metals offer the scope for the development of nutraceuticals. In the present study,
the different plants parts of AL showed variable degree of metal chelating potential. The preflowering
aerial parts of AL collected in Novele showed the highest metal chelating ability. This sample contained
rutin and quercetin, previously reported to exert metal chelating properties [46,47]. Comparing the
chemical composition and activities of different parts of the same plant, as well as the parts from
plants in different phenological stages, an evident quantitative and qualitative variability was recorded.
Ecological, climatic, and genetic factors are probably involved in the variation of secondary metabolite
profiles observed from samples of AL of different geographical origin [48,49].
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4. Conclusions

The present study could be considered as the first comparative investigation on chemical
composition (phenolics, anthraquinones and heavy metals) and biological activities of extracts from
different parts of A. lutea collected from three different wild populations in Central Italy. Owing
to the key role of oxidative stress and heavy metals in the onset/progression of large number of
diseases, the antioxidant and chelating potential of the plant was also assessed. The phenolic and
anthraquinone profile of A. lutea extracts evidenced qualitative and quantitative differences that,
at least in part, are coherent with the presence of anthraquinones mainly in roots and phenolics in the
aerial parts. The dynamics of production and accumulation of selected active metabolites during the
floral induction phase are still not clear, apart from the quantity of phenolics in the aerial part that
resulted strongly increased. Similarly, their enzyme inhibitory and antioxidant potential also varied.
However, the potent enzyme inhibitory activity and antioxidant properties observed are worth further
scientific consideration. The experimental data confirm that the A. lutea species could be rationally
considered as a potential source of bioactive metabolites, and its consumption could play a positive
role in human health maintenance.

5. Materials and Methods

5.1. Plant Materials

Plant material was collected from wild populations in three different locations in Central Italy,
Perugia (43°06'39.2''N 12°20'53.6"'E, 350 m a.s.., in the surroundings of a residential building, probably
subspontaneous), Novele (42°45'50.6'N 13°20'35.0"'E, 550 m a.s.l., AP, close to the main road) and
Pescosansonesco (42°14/31.4"'N 13°52/29.8"'E, PE, 530 m a.s.l., on a calcareous cliff). From each site
a representative sampling (at least ten plants) was done, taking care to avoid causing damage to the
wild population. Sampling was performed on March and May 2016, in order to collect plants during
the vegetative phase (PF—pre-flowering stage) and in full bloom (F—flowering). The botanical identity
was confirmed by a senior taxonomist (Prof. F. Tammaro) and voucher specimens are conserved in
the Herbarium of the Department of Pharmacy, “G. d’Annunzio” University of Chieti-Pescara (Italy).
Each plant was manually separated in root (R), aerial parts (AP, consisting in stem and leaves) and
flowers (Fl) and air-dried in an oven at 40 £ 1 °C, until achievement of constant weight. Then plant
material was ground using a mixer grinder to a fine powder, passing through a 40 mesh sieve to
obtain a uniform granulometry and stored in a vacuum box in the dark at 4 °C until use. Methanol
extracts were obtained by maceration with 250 mL of organic solvent at room temperature (25 4= 1 °C)
overnight, as previously reported [50].

5.2. Chemicals

All the phenolic chemical standards (gallic acid, catechin, chlorogenic acid, p-hydroxybenzoic acid,
vanillic acid, epicatechin, syringic acid, 3-hydroxybenzoic acid, 3-hydroxy-4-methoxy-benzaldehyde,
p-coumaric acid, rutin, sinapic acid, trans-ferulic acid, naringin, 2,3-dimethoxy-benzoic acid, benzoic
acid, o-coumaric acid, quercetin, trans-cinnamic acid, naringenin) (purity > 98%) were purchased from
Sigma Aldrich (Milan, Italy). Methanol (HPLC-grade), formic acid (99%), nitric acid (65%, supra-pure
metal grade) and sulfuric acid (98%, ultrapure grade) were obtained from Carlo Erba Reagents (Milan,
Italy). Double-distilled water was obtained using a Millipore Milli-Q Plus water treatment system
(Millipore Bedford Corp., Bedford, MA, USA). Standard metal solutions of Cd(II), Cu(II), Pb(II) and
Zn(II) (1000 mg L™}, suprapure grade), hydrochloric acid (30%) and sodium acetate (anhydrous,
analytical grade) were purchased by Merck (Darmstad, Germany). Anthraquinone chemical standards
(all >99%) were purchased from Extrasynthese (Genay, France).
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5.3. Total Bioactive Components (Phenolics and Flavonoids)

Total phenolic content was determined using the Folin-Ciocalteu colorimetric method [51],
and expressed as gallic acid equivalents (GAEs/g extract). Total flavonoid content was determined by
previously reported method [52] and expressed as rutin equivalents (REs/g extract).

5.4. HPLC Analyses for Phenolics and Anthraquinones

High-performance liquid chromatography with diode array detection (HPLC-PDA) was
employed. Phenolic as well as anthraquinone patterns were evaluated by validated methods reported
in the literature [35,53], using an HPLC Waters liquid chromatography (model 600 solvent pump,
2996 DAD, Waters S.p.A., Milford, MA, USA). Mobile phase was directly degassed on-line using
a Biotech 4CH DEGASI Compact (Onsala, Sweden). Empower v.2 Software (Waters S.p.A., Milford,
MA, USA) was used to collect and analyse data.

For the quantitative analyses on investigated compounds (both anthraquinones and phenolics),
the HPLC-PDA methods were validated using external calibration (for the identification of the
analytes retention times, and UV /Vis spectra) with pure chemical standards at different concentration
levels. Precision and trueness were validated using fortified samples (with pure chemical standard
working solutions) at three different concentration levels and the results fulfil international guideline
references [35,53]. The instrument configurations, using also a column oven for the reproducibility
of the analytes retention times, and the validated methods allow to the correct identification and
quantification of the investigated compounds.

5.5. Heavy Metals Determination

Cd(I), Cu(II), Pb(Il) and Zn(II) were determined by differential pulse adsorptive stripping
voltammetry (DPASV). An AMEL Mod. 433 Multipolarograph (AMEL Instrumentation s.r.l.,
Milan, Italy), equipped with a hanging mercury drop electrode (HDME) as working electrode,
Ag | AgClIKClg,y. as reference electrode and a platinum-wire auxiliary electrode [54], was employed.
The supporting electrolyte was an acetic acid /sodium acetate buffer (1 M, pH = 4.65).

The relevant instrumental parameters were the following. Initial potential: E; = —1.300 V;
deposition potential: E; = —1.300 V; final potential: E; = 0.100 V; electrodeposition time: t; = 120 s;
delay time before the potential sweep: ¢, = 5 s; potential scan rate: dE/dt = 20 mV /s; stirring rate:
r =600 r.p.m.; the potential values were referred to Ag| AgClI KClgyq .

Each sample was previously digested by acid attack [55]: 0.25 g of plant sample was put in
a 100-mL Pyrex digestion tube, and 20 mL of a mixture 1:1 of nitric acid and sulfuric acid was added.
The tube, connected to a Vigreux column condenser, was then heated at 180 °C for 120 min. For the
analytical measures, 15 mL of buffer solution and 300 uL of the digested solution were put into the
voltammetric cell, and then 3 standard additions of 300 uL of a solution containing all the four metals
at 10 mg L~! were carried on. For each addition, two replicates were performed. The blank was
obtained by mixing 15 mL of buffer solution and 300 uL of a digested solution containing only the
mixture 1:1 of nitric acid and sulfuric acid. Finally, for each sample a standard addition line for each
metal was computed, using peak areas as dependent variable and the metal content was extrapolated.
The limit of detection (LoD) was calculated using the three-sigma approach, as in previous works [56].

5.6. Antioxidant Activity

The DPPH (1,1-diphenyl-2-picrylhydrazyl) radical and ABTS (2,2’-azino-bis(3-ethyl- benzothiazoline)-
6-sulphonic acid) radical cation scavenging activities were determined, and the results were expressed
as Trolox equivalents (TEs/g extract). The reducing power of the extracts was measured according to
the reported method, using cupric ion reducing antioxidant power (CUPRAC) and ferric ion reducing
antioxidant power (FRAP), and results were expressed as Trolox equivalents (TEs/g extract). Total
antioxidant capacity was determined using phosphomolybdenum method. Metal chelating activity
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of the extracts against ferrous ions was also determined, and the results were expressed as EDTA
equivalents (EDTAE/g extract). All these antioxidant procedures were performed as previously
documented [57].

5.7. Enzyme Inhibitory Activities

Enzyme inhibitory activities (acetylcholinesterase (AChE), butyrylcholinesterase (BChE),
tyrosinase, c-amylase and x-glucosidase) of the extracts were determined using the already published
methodology [58]. Results for enzyme inhibitory activities were expressed as standard compound
equivalents (galantamine for AChE and BChE, kojic acid for tyrosinase, acarbose for both x-amylase
and x-glucosidase).

5.8. Statistical Analysis

All the assays were carried out in triplicate. The results are expressed as mean values and standard
deviation (SD). The differences between some stages/parts in each location were calculated using
one-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference post hoc test
with & = 0.05. This treatment was carried out using SPSS v. 14.0 program (SPSS Institute Inc., Cary,
NC, USA).
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Abstract: A novel flavonoid glucoside, ruthenicunoid A (1), together with eight known substances,
were isolated from the fruits of Lycium ruthenicun Murr. Their structures were elucidated by extensive
spectroscopic data and chemical methods. Especially, the absolute configuration of glucose residue in
1 was assigned by acid hydrolysis followed by derivatization and GC analysis. Biological evaluation
towards Sirtuin 1 (SIRT1) found that compounds 1 and 2 exhibit inhibitory activity against SIRT1 in a
concentration-dependent manner, indicating its potential on SIRT1-associated disorders.

Keywords: Lycium ruthenicun; flavonoid; ruthenicunoid A; SIRT1

1. Introduction

Lycium ruthenicun Murr. is found in the northwest regions of China. Its fruit is edible and has been
used as a remedy for the treatment of hypertension, ureteral stones, tinea and furuncle, and gingvial
bleeding [1-3]. The fruits of L. ruthenicun contains a variety of bioactive ingredients, in particular,
polyphenols such as anthocyanins, which have antioxidant effects and are beneficial for the prevention
and treatment of cardiovascular diseases are rich in the fruits [4,5]. A literature search found that
the major research in the past focused on the extraction methods and measurement of the total
anthocyanins [6-8]; no comprehensive study has been conducted to explore the chemical constituents
of L. ruthenicun. This attracted our attention. In the course of continuous study, a new flavonoid
glucoside, ruthenicunoid A, and eight known compounds were isolated and identified. All the
compounds were tested for their biological activity on SIRT1, a nicotinamide adenosine dinucleotide
(NAD)-dependent deacetylase. Our efforts will be described below.
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2. Results and Discussion

2.1. Structure Elucidation of the Compounds

The EtOH extract of L. ruthenicun was suspended in water and partitioned with EtOAc. The EtOAc
soluble part was submitted to a combination of chromatography to afford compounds 1-9 (Figure 1).

OH

3R1=R2=R3=H
4R1=OCH3R2=R3=H
5R1=R2=OCH3R3=H
6R1=OCH3R2=HR3=OH

OH
OH R1
OH
OH o
NON
H R,
7 R1 = R2 =H

8R1=OCH3R2=H
9R1=OCH3 R2=OH

Figure 1. Chemical structures of compounds 1-9.

Compound 1, obtained as a brownish auburn gum, has the molecular formula Cs3H50O25
(19 degrees of unsaturation) based on analysis of its HRESIMS at m1/z 989.2546 [M + Na]* (calcd.
for C43Hs50025Na, 989.2539). The '"H NMR spectrum of 1 (Table 1) shows an AABB coupling system
characteristic of a group of protons at 6y 7.48 (2H, d, | = 8.5 Hz, H-2""""", 6"""") and 6.81 (2H, d,
J =8.5Hz, H-3""""", 5'""""), four aromatic protons at éy 6.42 (1H, d, | = 1.8 Hz, H-3), §y 6.67 (1H, d,
] =1.8 Hz, H-5), 611 7.30 (1H, d, ] = 1.8 Hz, H-2), and 651 7.35 (1H, d, | = 1.8 Hz, H-6'), suggesting the
presence of two 1,2,3,5-tetrasubstituted benzene rings. In addition, one methoxy group at éy; 3.88 (3H,
s, 3'-OCHj3) and two olefinic protons respectively at 6y 7.63 (1H, d, ] = 15.9 Hz, H-7""""") and 6y 6.37
(1H, d, ] = 16.0 Hz, H-8""""") were observed. The *C NMR and DEPT spectra of 1 (Table 1) show 43
carbon signals attributed to two methyl (one oxygenated), three sp> methylene, twenty-five methine
(ten olefinic and fifteen aliphatic), and thirteen quaternary carbons (three carbonyls, ten sp? including
seven oxygenated). Inspection of these NMR data found that the partial signals resemble those of
malvone [9,10], differing in that 5'-OMe in malvone was replaced by 5’-OH in 1. The HMBC correlation
(Figure 2) of OCHj3/C-3’' and ROESY correlation of OCHj;/H-2' (Figure 2), in consideration of the
chemical shifts of C-4’ (6c 141.6), C-5' (6c 146.5), secured the presence of 3-methoxy,4,5-dihydroxyl
substituted pattern. Further HMBC correlations of H-1"/C-8, H-1""/C-6, H-7/C-1, C-2, C-6, in
consideration of chemical shifts of C-2, C-4, and C-6 indicated the position of two glucose residues.
HMBC correlations of H-2/, H-6'/C-7' and the significant upfield shift of C-2 (¢ 152.1) secured an
ester carbonyl attached to C-2 instead of C-4. Apart from the red part, the remaining signals (blue part)
are in accordance with those of 4-p-cumaroyl-a-rhamnosyl-(1 — 6)-3-glucose [11]. The observation of
the above-mentioned AABB coupling system, a transformed double bond (Jyy_y yy.gm = 15.9 Hz),
and two sugar moieties in the middle field supported our conclusion. Additional HMBC cross peaks
of H-1"""/C-6""", H-4""" /C-9"""" further indicated the linkage pattern in the blue part of 1. The red and
blue parts were connected via C-6-O-C-1""" supported by the HMBC correlation of H-1" /C-6 and the
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ROESY correlation of H-5/H-1"". Thus, the planar structure of 1 was deduced. For the configuration
of the sugar moieties, acid hydrolysis of 1 followed by TLC comparison and GC analysis allowed
the assignment of D-glucose and L-rhamnose. In detail, the L-cysteine methyl ester hydrochloride
derivatives of the hydrolysis product of 1, D-, L-glucose and L-rhamnose were prepared and subjected
to GC analysis. The retention time for that of 1 is 17.698 min and 21.290 min, close to that of L-thamnose
(17.847 min) and D-glucose (21.276 min) rather than L-glucose (21.768 min), clarifying the type of
sugar and its configuration. It should be noted that D-thamnose or D,L-rhamnose in this study was
not readily available, so that the derivative of D-rhamnose couldn’t be prepared and analyzed by GC.
However, it is possible to differentiate L- from D-form of rhamnose by comparing the consistency of
retention time between the derivative of L-rhamnose and that of the mixture of L-rhamnose with 1.
In this way, we found that the retention time for L-cysteine methyl ester hydrochloride derivative of
L-rhamnose is identical with that of co-injection of the mixture (16.827 min for the latter) by GC/MS
analysis, securing the type of rhamnose and its configuration accordingly. Taken together, the structure
of 1 was identified and named as ruthenicunoid A.

OH

~ , WOH O (‘ >L(
W) o, 0.
\ o(n 0, o Lo J

HO A ( ‘t—j‘ ') (6)
</HO : OH

-7 ""OH
OH

Figure 2. "H-"H COSY (—) and key HMBC (~) and ROESY (~~) correlations of 1.

Table 1. 'H (600 MHz) and *C NMR (150 MHz) data of 1 (J in ppm, | in Hz, methanol-dy).

1
No. ‘5H 5C No. JH 5C
1 109.2 1" 4.87, brs 103.2
2 152.1 20" 3.51, m 74.8
3 6.42,d,1.8 105.2 3 347, m 77.8
4 159.1 4" 3.32, overlap 71.0
5 6.67,d,1.8 102.4 5 3.32, overlap 77.7
6 158.6 6" 3.96, m 67.9
7 3.73, m 30.4 3.62, m
3.66, m 1" 4.76, brs 102.2
8 172.2 b 3.43, m 78.2
1 120.1 3 3.86, m 70.4
2/ 7.30,d,1.8 106.9 4 5.00, m 75.3
3 149.3 511 3.79, m 67.9
4 141.6 6" 1.04,d,6.2 17.8
5 146.5 1 127.2
6 7.35,d,1.8 112.8 bl 7.48,d,8.5 131.3
7! 166.5 3 6.81,d,85 116.8
1/ 5.45,d,8.2 96.0 4 1612
2! 3.89, m 721 s 6.81,d, 85 116.8
3" 3.30, m 73.8 6" 7.48,d,8.5 131.3
4" 342, m 71.2 7! 7.63,d,15.9 146.9
5 3.50, m 77.7 g 6.37,d,15.9 115.2
6" 3.92, m 62.5 9 169.1
3.74, m -OCHj; 3.88, s 56.9
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By analysis of the NMR spectroscopic data and comparison with the literature, the known
compounds were respectively identified as N',N'0-bis(dihydrocaffeoyl)spermidine (2) [12], N-trans-
coumaroyltyramine (3) [13], N-trans-feruloyltyramine (4) [14], N-trans-feruloyl 3’'-O-methyldopamine
(5) [15], N-trans-feruloyloctopamine (6) [14], N-cis-coumaroyltyramine (7) [16], N-cis-feruloyltyramine
(8) [14], and N-cis-feruloyloctopamine (9) [14].

2.2. Biological Evaluation

SIRT1 is a nicotinamide adenosine dinucleotide (NAD)-dependent deacetylase which regulates
a wide range of cellular functions and is implicated in many diseases such as aging, cancer and so
on [17-20]. So far, several SIRT1 activators and inhibitors such as nicotinamide (ICs value less than
50 uM), salermide (ICs value = 76.2 uM), and cambinol (ICsy value = 56 uM) were documented [21].
With this assay in hand and considering the title species is used for aging, compounds 1-9 were thus
tested for their inhibitory activity against SIRT1. The results showed that compounds 1 and 2 are
active towards SIRT1 (Figure 3) with 2 to be more potent than 1, comparable to that of nicotinamide at
the concentration of 100 uM, whereas compounds 3-9 are not active (data not shown). The finding
of 2 as a SIRT1 inhibitory substance indicated that such type of amide or aliphatic amine might be of
important structure class for antiaging drug design.

% 1204 3 Control

£ Nicotinamide
B 50 uM

S 90 7 * 100 uM

B % E = 200 pM
D0 mnn

i il

£ LA TIETEE L

)

Figure 3. SIRT1 activation of compounds 1 and 2. SIRT1 enzyme activity was measured using the
SIRT1 Fluorometric Drug Discovery Kit. Statistical analysis was performed using one-way analysis of
the variance (ANOVA) followed by Bonferroni’s multiple comparison tests. All error bars are S.E.M.
*p <0.05, ** p < 0.001 versus control (1 = 3).

3. Experimental Section

3.1. General Procedures

Optical rotations were recorded on a Horiba SEPA-300 polarimeter. UV spectrum was recorded
on a Shimadzu UV-2401PC spectrometer (Shimadzu Corporation, Tokyo, Japan). GC analysis was
performed using an Agilent 6890N gas chromatography instrument (Agilent Technologies, Santa Clara,
CA, USA). GC/MS analysis was performed using an Agilent 7890B GC System (Agilent Technologies,
Santa Clara, CA, USA) and a Asilent 5977 MSD inrun (Agilent Technologies, Santa Clara, CA,
USA). NMR spectra were recorded on a Bruker AV-400 (Bruker, Karlsruhe, Germany) or an AV-600
spectrometer (Bruker, Karlsruhe, Germany), with TMS as an internal standard. ESIMS, and HRESIMS
were measured on an Agilent G6230TOF MS spectrometer (Agilent Technologies, Santa Clara, CA,
USA). C-18 silica gel (40-60 um; Daiso Co., Tokyo, Japan), MCI gel CHP 20P (75-150 pm, Mitsubishi
Chemical Industries, Tokyo, Japan) and Sephadex LH-20 (Amersham Pharmacia, Uppsala, Sweden)
were used for column chromatography. Semi-preparative HPLC was carried out using an Agilent
1200 liquid chromatograph with a YMC-Pack ODS-A column (250 mm x 10 mm, i.d., 5 um) and
Thermo Hypersil GOLD-C;g column (250 mm x 21.2 mm, i.d., 5 um).
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3.2. Plant Material

The fruits of L. ruthenicum were collected from the market of herbal medicine in Yunnan province,
People’s Republic of China, in September 2016. The material was identified by Mr. Bin Qiu at
Yunnan Institute of Materia Medica, and a voucher specimen (CHYX-0605) is deposited at the State
Key Laboratory of Phytochemistry and Plant Resources in West China, Kunming Institute of Botany,
Chinese Academy of Sciences, People’s Republic of China.

3.3. Extraction and Isolation

The fruits of L. ruthenicum (5 kg) were powdered and soaked by 80% aqueous EtOH
(83 x25L x 24 h) to give a crude extract, which was suspended in water followed by extraction
with EtOAc to afford an EtOAc soluble extract (85 g). The EtOAc extract was divided into six parts
(Fr.1-Fr.6) by using a MCI gel CHP 20P column eluted with gradient aqueous MeOH (20-100%). Fr.2
(3.5 g) was purified by Sephadex LH-20 (MeOH) followed by semipreparative HPLC (MeOH/H,O,
27:73, containing 0.05% formic acid) to afford compound 2 (78.4 mg, tg = 9.8 min). Fr.4 (10.1 g) was
separated by Sephadex LH-20 (MeOH) to yield six fractions (Fr.4.1-Fr.4.6). Fr.4.3 (2.1 g) was separated
by RP-18 column (MeOH/H,0, 30-100%) to get three fractions (Fr.4.3.1-Fr.4.3.3). Fr.4.3.3 (490 mg)
was separated by Sephadex LH-20 (MeOH) to yield four fractions (Fr.4.3.3.1-Fr.4.3.3.4). Among these,
Fr.4.3.3.4 (48 mg) was purified by semi-preparative HPLC (MeCN/H,0, 28:72) to yield compounds
4 (2.1 mg, tg = 16.1 min) and 5 (2.3 mg, g = 21.3 min). Fr.4.4 (1.0 g) was separated by RP-18 column
(MeOH/H,0, 35-100%) to get five fractions (Fr.4.4.1-Fr.4.4.5). Fr.4.4.2 (180 mg) was separated by
preparative HPLC (MeOH/H;0, 10-100%) to get three fractions (Fr.4.4.2.1-Fr.4.4.2.3). Fr.4.4.2.1 (23 mg)
was purified by semi-preparative HPLC (MeCN/H,0, 21:79) to afford compound 1 (4.9 mg, tg =
15.4 min). Fr.4.4.3 (380 mg) was separated by preparative HPLC (MeOH/H,0, 10-100%) to get nine
fractions (Fr.4.4.3.1-Fr.4.4.3.9). Of which, Fr.4.4.3.3 (56.3 mg) was purified by semipreparative HPLC
(MeCN/H;0, 18:82) to afford compounds 6 (5.4 mg, tg = 27.9 min) and 9 (1.0 mg, fg = 30.3 min).
Fr.4.4.3.7 (23 mg) was purified by semipreparative HPLC (MeCN/H,0O, 27:73) to yield compound 7
(2.3 mg, tg = 22.8 min). Fr.4.4.3.8 (44 mg) was purified by semi-preparative HPLC (MeCN/H,0, 23:77)
to afford compounds 3 (7.1 mg, tg = 27.0 min) and 8 (2.1 mg, fg = 29.6 min).

3.4. Compound Characterization Data

Ruthenicunoid A (1): Brownish auburn gum; [oc]le: —23.5 (¢ 0.49, MeOH). UV (MeOH) Apax
(log ¢): 203 (4.66), 313 (4.47) nm. ESIMS m1/z: 989 [M + Na]*. HRESIMS m/z: 989.2546 [M + Na] " (calcd.
for C43H50025Na, 989.2539); 1H- and 13C-NMR, see Table 1.

3.5. Acid Hydrolysis and Sugar Analysis

A solution of 1 (1.0 mg) in 1 N HCI was stirred at 70 °C for 5 h. After cooling, the mixtures were
extracted with EtOAc. The aqueous layer was neutralized with 1 N NaOH and concentrated in vacuo,
which was subsequently dissolved in anhydrous pyridine (2 mL). To these solutions L-cysteine methyl
ester hydrochloride (2.0 mg) was added, and the mixtures were stirred at 60 °C for 1 h and concentrated
in vacuo at 0 °C. Slow addition of 1-(trimethylsiyl) imidazole to the mixtures was followed by stirring
at 60 °C for 2 h. Aliquots (4 uL) of the supernatants were subjected to chiral GC analysis to determine
that D-glucose and L-rhamnose unitis are present in 1 [22,23].

3.6. SIRT1 Inhibition

For examination of SIRT1 inhibition of the compounds, each well contained 0.5 U
(1 U =1 pmol/min at 37 °C) of SIRT1 enzyme, 1000 uM of NAD* (Enzo Life Sciences, Farmingdale,
NY, USA), 100 uM of SIRT1 peptide substrate (Enzo Life Sciences) and SIRT1 assay buffer (50 mM
Tris-HCI, pH 8.0, 137 mM NacCl, 2.7 mM KCl, 1 mM MgCl,, 1 mg/mL BSA) along with the test
compounds at a concentration of 50, 100 and 200 uM, respectively. Nicotinamide, a known inhibitor of
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SIRT1 enzyme was used as a control at a concentration of 100 uM. The plate was incubated at 37 °C
for 30 min and the reaction was stopped using Fluor de Lys developer II solution (Enzo Life Sciences)
containing 2 mM nicotinamide. The plate was further incubated at 37 °C for another 30 min and the
samples were read by a fluorimeter with an excitation wavelength of 360 nm and emission wavelength
of 460 nm [24].

4. Conclusions

To conclude, this study led to the isolation of a new flavonoid glucoside and eight known amide
derivatives from the edible fruits of L. ruthenicun. Biological evaluation found that both 1 and 2 showed
inhibitory activity against SIRT1, indicating their roles in SIRT1-associated disorders and suggesting 2
to be a potent structure template worth for further optimization as SIRT1 inhibitors.

Supplementary Materials: The following data are available online.
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Abstract: Wuyi Rock tea, well-recognized for rich flavor and long-lasting fragrance, is a premium
subcategory of oolong tea mainly produced in Wuyi Mountain and nearby regions of China.
The quality of tea is mainly determined by the chemical constituents in the tea leaves. However, this
remains underexplored for Wuyi Rock tea cultivars. In this study, we investigated the leaf metabolite
profiles of 14 major Wuyi Rock tea cultivars grown in the same producing region using UPLC-QTOF
MS and UPLC-QqQ MS with data processing via principal component analysis and cluster analysis.
Relative quantitation of 49 major metabolites including flavan-3-ols, proanthocyanidins, flavonol
glycosides, flavone glycosides, flavonone glycosides, phenolic acid derivatives, hydrolysable tannins,
alkaloids and amino acids revealed clear variations between tea cultivars. In particular, catechins,
kaempferol and quercetin derivatives were key metabolites responsible for cultivar discrimination.
Information on the varietal differences in the levels of bioactive/functional metabolites, such as
methylated catechins, flavonol glycosides and theanine, offers valuable insights to further explore
the nutritional values and sensory qualities of Wuyi Rock tea. It also provides potential markers for
tea plant fingerprinting and cultivar identification.

Keywords: Wuyi Rock tea; quality; UPLC-QTOF MS; UPLC-QqQ MS; metabolite profiling;
metabolomics; cluster analysis; cultivars

1. Introduction

Oolong tea is a partially-fermented tea manufactured in southeast China, mainly in Fujian
and Guangdong. In recent years, the production and consumption of oolong tea has increased
greatly worldwide, attributed to its pleasurable aroma and taste favored by consumers [1,2]. As a
functional drink, oolong tea exhibits many health-promoting benefits, such as anti-oxidant, anti-cancer,
anti-obesity, anti-atherosclerosis, anti-diabetes and anti-allergic activities [1].

Wuyi Rock tea is a distinctive and premium subcategory of oolong tea grown in Wuyi Mountain,
which is a UNESCO World Heritage site and considered the birthplace of oolong tea, as well as nearby
regions in the north part of Fujian Province. Recognized as the most prestigious oolong tea in China,
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Wauyi Rock tea boasts a history of over 1500 years and is renowned for its rich flavor and long-lasting
fragrance, so-called ‘rock charm and floral fragrance’ [3]. Consumer demand for Wuyi Rock tea, both
domestic and abroad, is increasing year by year but is often hindered by limited supplies and resulting
high market price. Production of high-quality Wuyi Rock tea involves very complicated procedures,
including leaf-picking, withering, zuoqing (partial fermentation, which includes alternating rotation
and cooling steps), fixation (enzyme inactivation), rolling, roasting, grading and packaging [1] and
usually relies on experienced workers [4]. Apart from manufacturing procedures, like the production
of other types of tea, the quality of Wuyi Rock tea is also determined by the initial metabolite contents
in fresh tea leaves, which depends on both cultivars and environmental factors [5-7]. According to the
conventional classification by local people on the basis of the natural environment where tea plants
have been grown, Wuyi Rock tea is subdivided into authentic rock tea, half rock tea, riverbank tea
and tea grown outside the main production area in descending grade order [3]. This may suggest the
geographic location as a key factor influencing the quality of Wuyi Rock tea.

On the other hand, the choice of cultivars to produce Wuyi Rock tea also matters but remains
underexplored except for a few comparative studies, which have focused only on a small number
of major constituents in processed tea and were not performed under controlled environmental
conditions [8,9]. Contributed by unique climate and soil conditions, Wuyi Mountain is home to
a large collection of tea germplasms. Historically, some tea cultivars have been used to produce
Wuyi Rock tea since ancient times. Primary cultivars are ‘Shuixian” and ‘Rougui’; the former was
registered as a national tea cultivar whereas the latter as a provincial tea cultivar due to their stable
quality and higher yields. Other elite clonal cultivars include ‘Dahongpao’, “Tieluohan’, ‘Baijiguan’,
‘Shuijingui’, ‘Guazijin’ and ‘Jinsuoshi’, which are among the estimated 216 cultivars listed as Wuyi Rock
tea cultivars. Such diverse genetic resources are valuable for producing Wuyi Rock tea. However, for
most of these cultivars, research to examine quality-related traits at the genetic and metabolomic level
is critical yet insufficient. Therefore, it would be helpful to comprehensively survey the metabolomes
of representative tea cultivars, and identify important varietal differences relevant to tea quality.

Non-targeted metabolomics approach based on UPLC-QTOF MS, GC-TOF MS or NMR is a
powerful technique capable of detecting a high number of endogenous metabolites simultaneously [10].
It has been widely applied in tea research to study impacts of environmental factors on tea
metabolites [11-13], characterize dynamic changes during tea manufacture [14,15] and discover key
compounds for tea type discrimination [16,17]. In this study, by combining UPLC-QTOF MS-based
non-targeted analysis with UPLC-QqQ MS-based targeted quantifications of catechins, rutin, amino
acids and caffeine, we analyzed the metabolite profiles of unprocessed fresh tea leaves of 14 major
Wuyi Rock tea cultivars grown in the same environmental conditions subjected to the same cultivation
practices. Data processing by principal component analysis (PCA), partial least squared discriminant
analysis (PLS-DA) and hierarchical cluster analysis revealed differences as well as commonalities
between the leaf phytochemical compositions among cultivars. It offered a comprehensive view for
leaf metabolomes of Wuyi Rock tea cultivars in general and provided basis for future characterizations
of nutritional values, sensory qualities and biological properties of Wuyi Rock tea.

2. Results and Discussion

2.1. Major Tea Leaf Metabolites Showed both Universal and Cultivar-Dependent Accumulation Patterns

To identify abundant metabolites and assess metabolite differences in 14 Wuyi Rock cultivars,
which included ‘Dahongpao’ (DHP), ‘Tieluohan” (TLH), ‘Baijjiguan’ (BJG), ‘Shuijingui’ (S]G),
‘Bantianyao” (BTY), ‘Shuixian” (SX), ‘Rougui” (RG), ‘Beidou’ (BD), ‘Queshe’ (QS), ‘Xiaoyemaoxie’
(XYMX), ‘Jinfenghuang’ (JFH), ‘Aijiaowulong’ (AJWL), ‘Guazijin’ (GZ]) and ‘Jinsuoshi’ (JSS) (Figure 1),
non-targeted analysis based on UPLC-QTOF MS was performed to profile tea leaves. Forty-nine major
metabolites were tentatively assigned based on their accurate masses, MS/MS fragmentation patterns
and UV absorbance, in comparison to standard compounds and references (Table 1). Catechins, caffeine
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and free amino acids have been shown in a large body of literatures to contribute significantly to the
taste and flavor quality of tea [6,18-20]. Therefore, absolute quantifications of these compounds, along
with rutin, were carried out using UPLC-QqQ MS to enable comparisons with tea cultivars from other
studies. The quantification results were shown in Table 2. Relative differences in the metabolites found
in each sample were depicted in a heat map, which integrated measurements from both non-targeted
and targeted analyses (Figure 2 and Figure S1).

Figure 1. Leaf phenotypes of 14 Wuyi Rock tea cultivars. (A) ‘Dahongpao’ (DHP); (B) ‘Tieluohan” (TLH);
(C) ‘Baijiguan’ (BJG); (D) ‘Shuijingui” (SJG); (E) ‘Bantianyao’ (BTY); (F) ‘Shuixian’ (SX); (G) ‘Rougui’ (RG);
(H) ‘Beidou’ (BD); (I) ‘Queshe’ (QS); (J) Xiaoyemaoxie’ (XYMX); (K) ‘Jinfenghuang’ (JFH);
(L) “Aijiaowulong’ (AJWL); (M) ‘Guazijin’ (GZ]); (N) ‘Jinsuoshi’ (JSS).

Most compounds were detected in all tea cultivars suggesting the presence of common machinery
for secondary metabolism in tea plants (Figure 2). However, sharp variations between cultivars (VIP
> 1 and p < 0.05) were found for many metabolite classes, such as flavan-3-ols, proanthocyanidins,
flavonol glycosides, flavone glycosides, flavonone glycosides, phenolic acid derivatives, hydrolysable
tannins, alkaloids and amino acids (Figure 2).

In PCA score plot (Figure 3A), the first and the second principal components explained 36.0%
and 17.0% of the variation, respectively. Samples were clustered mainly according to their biological
replicates in the PCA score plot, except that cultivars RG and BTY showed close aggregation, indicating
inter-cultivar variations in metabolite profiles of Wuyi Rock tea cultivars. In addition, cultivars JFH
and SJG were clearly separated from other cultivars along PC1 whereas cultivars QS and BD were
separated from others along PC2. As these cultivars were grown in the same geographic region
under the same cultivation condition, influences of varying environmental conditions on the chemical
make-ups of tea leaves could be minimized. As a result, differences in metabolite compositions were
largely attributed to particular genotype traits.

To investigate major differential metabolites, a PCA loading plot was applied (Figure 3B).
The major groups that stood out in the plot corresponded to the MS signals of catechins
(e.g., (—)-epigallocatechingallate (EGCG), (—)-epicatechingallate (ECG), (—)-epigallocatechin (EGC),
(—)-epicatechin (EC), (—)-gallocatechin (GC), and (—)-epigallocatechin 3-(3-O-methylgallate)
(EGCG3”"Me)) and flavonol glycosides (e.g., rutin, quercetin galactosyl rutinoside, quercetin
glucosyl rutinoside, kaempferol rutinoside and kaempferol glucosyl rutinoside). This inferred that
catechins as well as quercetin and kaempferol derivatives were the most critical parameters for
cultivar discrimination.
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Figure 2. Comparisons of metabolite levels in 14 tea cultivars. The analysis is based on the normalized
average signal abundance from three biological replicates for each cultivar. Normalized values are
shown on a color scale proportional to the content of each metabolite and are expressed as log?2 using
the MultiExperiment Viewer software (MeV v4.9.0, J. Craig Venter Institute, La Jolla, CA, USA).
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Figure 3. Principal component analysis (PCA) of methanol extracts of tea leaves. (A) Score plot of
PCA demonstrating differences in metabolite profiles between leaf samples based on 466 filtered single
molecular features detected by UPLC-QTOF MS in ESI™. The principal components 1 and 2 explained
36.0% and 17.0% of total variance, respectively. For each cultivar, three biological replicates were
prepared, where one replicate was a pool of 7-8 tea leaves. R2X, explained variation; (B) Loading plot
of PCA indicating primary differential metabolites.

2.2. Flavan-3-ols Exhibited Variable Levels in Tea Leaves

A total of 10 flavan-3-ols was tentatively identified by UPLC-QTOF MS, including GC, EGC,
(—)-catechin (C), EC, EGCG, 8-C-ascorbylepigallocatechin 3-gallate, EGCG3”Me, ECG, epicatechin
3-(3-O-methylgallate) (ECG3”Me) and epiafzelechin 3-gallate (Table 1). Major flavan-3-ols included
EGCG, EGC, EC and ECG, which occurred at descending levels in all cultivars examined (Table 2).
In general, phenolic contents of tea cultivars applied to black and oolong tea are higher than that of
green tea [7]. EGCG, as the most dominant flavan-3-ol, ranged from 66.93 mg/g in cultivar BJG to
128.08 mg/g in cultivar JEH, whereas GC (1.44-6.75 mg/g) and C (0.37-1.76 mg/g) were only minor
components (Table 2).

EGCG3”Me, an O-methylated catechin, was detected in all tea cultivars, albeit in very low
abundance in cultivars SJG, BD, QS, XYMX and AJWL (Figure 2 and Table 2). Methylated catechins
have attracted much attention because of their stronger anti-allergic activities than catechins, including
EGCG [29,30]. Efforts have been made to screen different tea varieties to identify cultivars enriched in
EGCG3”Me [6,31]. Lv and coworkers identified four out of 71 Chinese tea cultivars with EGCG3”"Me
contents higher than 10 mg/g; interestingly, they are all oolong tea cultivars, implying that oolong
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tea cultivars may be a good source for finding EGCG3”Me-rich tea cultivars [31]. Supporting this
notion, we found that cultivar BTY contained the highest content of EGCG3”Me (12.05 mg/g) (Table 2).
Moreover, the other three cultivars, TLH, BJG and JFH, also produced medium levels of EGCG3”"Me
(>6 mg/g). The distribution of a second O-methylated catechin, ECG3”Me, which also exhibited a
strong anti-inflammatory activity in vitro [29], resembled that of EGCG3”Me, ranging from barely
detectable in cultivars SJG, BD, QS, XYMX and AJWL to being highest in cultivar BTY. Due to the
lack of an authentic standard, the absolute quantification of ECG3”Me was impossible. Nevertheless,
the level of this compound somewhat demonstrated a positive correlation with the EGCG3”Me level
in tea cultivars (Figure 2 and Figure S1). As a result, there is potentially a higher chance of finding tea
cultivars rich in ECG3”Me among cultivars rich in EGCG3”Me.

An ascorbic acid-appended EGCG derivative, namely, 8-C-ascorbylepigallocatechin 3-gallate, was
another interesting flavan-3-ol present as a minor constituent in seven cultivars, TLH, B]JG, SX, BD, QS,
AJWL and JSS (Figure 2). Initially isolated from a commercial oolong tea sample, this compound was
structurally elucidated through NMR spectroscopy by Hashimoto and coworkers [32]. Subsequent
activity tests showed that it demonstrated inhibitory effects against HIV replication in H9 lymphocyte
cells [33] and pancreatic lipase [34]. Information on the distribution of 8-C-ascorbylepigallocatechin
3-gallate among tea cultivars is scarce. Nonetheless, considering where this compound was first
isolated and its high occurrence in the current study, Wuyi Rock tea cultivars may be a promising
source for compound isolation to further explore its therapeutic potential.

2.3. Cultivar [FH Possessed High Contents of Rutin and Kaempferol Rutinoside

Flavonol glycosides (FOGs) are one of most important phenolic compounds in tea besides
catechins. Though less abundant than catechins, they confer velvety and astringent tastes to tea
infusions at much lower thresholds and hence are key tea taste determinants [35]. Unambiguous
FOG assignments are difficult due to the fact that many authentic standards of FOGs in tea are not
commercially available. Moreover, FOGs usually contain several positional isomers. Nevertheless,
galactosyl flavonols were reported to elute earlier than glucosyl flavonols [15]. Taking account of the
differences in chromatographic retention behaviors, in combined with analyses of MS? fragmentation
patterns and UV absorbance (if available), we tentatively identified 18 FOGs in the current study. These
FOGs, most commonly kaempferol and quercetin derivatives, were mainly present in the form of
mono-, di-, tri- and tetraglycosides (Table 1). Many FOGs have been previously detected in processed
tea products or fresh tea leaves [2,36].

Contents of kaempferol and quercetin glycosides varied widely between tea cultivars (Figure 2).
In particular, the rutin (also called quercetin 3-O-rutinoside) content in cultivar JFH (5.40 mg/g) was
found to be significantly higher (p < 0.01) than in other cultivars (between 0.18-0.89 mg/g) (Figure 4A
and Table 2). Apart from rutin, the highest level of kaempferol 3-O-rutinoside was also detected in
cultivar JFH (Figure 4B). In contrast, four flavonol triglycosides, kaempferol 3-O-galactosyl rutinoside,
kaempferol 3-O-glucosyl rutinoside, quercetin 3-O-galactosyl-rutinoside and quercetin 3-O-glucosyl
rutinoside, were barely detectable in this cultivar (Figure 4A,B). Quercetin 3-O-galactosyl rutinoside
and quercetin 3-O-glucosyl rutinoside could be synthesized from rutin by glycosyltransferases.
Kaempferol 3-O-galactosyl rutinoside and kaempferol 3-O-glucosyl rutinoside may derive from
kaempferol 3-O-rutinoside catalyzed by the same type of enzymes. In cultivar JFH, we speculate that
enzyme(s) responsible for glycosylation of flavonol diglycosides are either not functional or expressed
at very low levels, accounting for the high accumulations of rutin and kaempferol 3-O-rutinoside.
Alternatively, genes which are critical for flavonoid metabolism and catabolism in cultivar JFH may be
differentially regulated. Comparing gene expressions in the phenylpropanoid pathway among these
cultivars would further shed light on flavonoid biosynthesis in tea. A number of pharmacological
properties of rutin, such as anti-inflammation, anti-microbial, anti-tumor and anti-asthma, have been
well documented [37]. Therefore, finding tea cultivars with high yields of flavonoids such as rutin
could be useful in diversifying the utilization of functional components in tea resources.
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Figure 4. Mean peak area abundance values (£SD) of (A) some quercetin glycosides and (B) some
kaempferol glycosides in leaves of 14 tea cultivars. Different letters on top of the vertical bars of the
graph indicate significant differences among the samples, which were determined by Tukey’s HSD test
atp <0.05.

2.4. Cultivars BJG, S]G and QS Demonstrated High Levels of Amino Acids in Leaves

Amino acid constituents of tea leaves have a large impact on the taste and aroma properties
of processed tea [18]. There exists a positive correlation between the quality of tea and amino acid
contents [18]. Theanine, glutamate and serine are key components imparting “umami” or “brothy”
taste to tea infusions [19,38]. To compare amino acid profiles between leaves of different cultivars,
hydrophilic interaction liquid chromatography (HILIC) tandem mass spectrometry was applied since
amino acids are typically not well resolved in C18 columns. In total, 18 amino acids in varying
concentrations were detected (Table 2). Theanine, a non-proteinogenic amino acid synthesized from
glutamate and ethylamine by theanine synthetase, has been shown in many studies as the most
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abundant free amino acid in tea plants [20,39-41]. As expected, theanine was found to be the most
predominant free amino acid in 13 out of 14 cultivars examined, accounting for 42.3-72.3% of total
free amino acids in leaves. Other abundant amino acids included glutamate, aspartate and serine
(Table 2). In contrast, cultivar BD contained a higher level (p < 0.01) of glutamate (1.2 mg/g) than
theanine (0.8 mg/g). Moreover, the total amino acid content (3.11 mg/g) in leaves of cultivar BD
was lowest. Cultivars BJG, SJG and QS were characterized by high levels of amino acids (Table 2).
Not only containing markedly higher (p < 0.05) amounts of theanine (14.32, 12.08 and 11.63 mg/g for
cultivars BJG, SJG and QS, respectively), they also demonstrated high accumulations of other amino
acids, suggesting an overall up regulation of amino acid metabolism. For example, glutamate and
aspartate were at high levels in both cultivars. The glutamine level in cultivar QS and the arginine
level in cultivar BJG were significantly higher (p < 0.01) than other cultivars.

Interestingly, cultivar BJG is a light-sensitive albino tea variety (Figure 1C) [42]. A recent study
showed that cultivar BJG exhibited yellow leaf phenotype, and reduced synthesis of chlorophyll
and carotenoid under high light intensity but could turn green when transferred to low intensity
light [42]. Similar scenarios were described for other albino tea cultivars such as “Anji Baicha’, whose
albinism is induced by temperature instead of light [43]. Feng and coworkers reported that theanine
and glutamate levels in some temperature-sensitive albino tea cultivars were higher than in normal
green cultivars [19]. Similar to temperature-sensitive cultivars, cultivar BJG also contained the highest
level of theanine and a relatively higher level of glutamate, second only to cultivar QS (Table 2). One
possible explanation is that suppressed chlorophyll biosynthesis leads to elevated levels of glutamate,
which provides more substrates for theanine synthesis [43].

2.5. Purine Alkaloids Exhibited Variable Levels in Tea Leaves

Purine alkaloids are naturally found in tea. The biosynthesis of purine alkaloids, mainly caffeine
and theobromine, has been extensively investigated in tea plants [41,44,45]. The caffeine is the
most abundant purine alkaloid in tea leaves, ranging between 1.5-5% [36]. Among the 14 cultivars,
the caffeine content in leaves was found to vary between 1.38% (cultivar JFH) and 2.98% (cultivar SJG)
(Table 2), consistent with the previous report [36]. Moreover, cultivar SJG also had markedly a higher
(p < 0.05) content of theobromine than other cultivars, followed by cultivar BTY (Figure 2). Previous
studies suggested that genotypic factors other than environmental factors may have more effects on
the caffeine content [46]. Therefore, differences in the abundances of purine alkaloids in the current
study may be the result of genetic variations.

3. Materials and Methods

3.1. Chemicals

(—)-Epigallocatechingallate, (—)-epigallocatechin, (—)-catechin, (—)-epicatechingallate,
(—)-epicatechin, (—)-gallocatechin, rutin and L-theanine (all with purity>95%) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). (—)-Epigallocatechin3-(3-O-methylgallate) (>95%)
and kaempferol 3-rutinoside (>98%) were purchased from ChemFaces (Wuhan, China). Caffeine
(>98%) was obtained from Yuanye Biotechnology Inc. (Shanghai, China). Theobromine (>99%) and
kaempferol glucoside (>98%) were obtained from BioBioPha Co., Ltd. (Kunming, China). Theogallin
(>95%) was kindly provided by Dr. Qingxie Chen of Fujian Agriculture and Forestry University,
China. Acetonitrile (MS grade), methanol (HPLC grade) and formic acid (98%) were obtained from
Sigma-Aldrich. Deionized water was produced by a Milli-Q water purification system (Millipore,
Billerica, MA, USA).

3.2. Tea Samples and Sample Preparation

All tea plants of Camellia sinensis (five-year-old) used in the current study were grown at the same
tea germplasm garden and under the same cultivation practice, which was managed by the Wuyi
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Star Tea Industry Co., Ltd., Wuyishan City, Fujian, China (latitude: 27.71° N, longitude: 118.00° E).
The fully expanded second leaves were collected from 14 Wuyi Rock tea cultivars on 9 May 2015.
The cultivars included ‘Dahongpao’, ‘Tieluohan’, ‘Baijiguan’, ‘Shuijingui’, ‘Bantianyao’, ‘Shuixian’,
‘Rougui’, ‘Beidou’, ‘Queshe’, "Xiaoyemaoxie’, ‘Jinfenghuang’, ‘Aijiaowulong’, ‘Guazijin” and ‘Jinsuoshi’
(Figure 1). For each cultivar, three biological replicates were collected with each replicate gathered
from 7-8 individual tea plants. The excised leaf samples were immediately frozen in liquid nitrogen,
brought back to lab and stored at —80 °C until analysis.

Extraction of tea leaves were carried out as previously described with some minor
modifications [47]. Briefly, frozen tea leaves were individually ground to fine powders using precooled
mortars and pestles. Following lyophilization, 30 mg (£ 0.5 mg) of ground samples was weighted and
1.2 mL of 70% (v/v) methanol was added for metabolite extraction. Samples were vortexed, sonicated
at 25 °C for 20 min and centrifuged (10 min, 12,000 g). Supernatants were diluted 50-fold with 70%
(v/v) methanol, filtered through a 0.22 pum PVDF filter (Millipore) and stored at —20 °C until analyzed.
Three biological sample replicates were prepared for each cultivar.

3.3. UPLC-QTOF MS-Based Non-Targeted Metabolite Analysis

Aliquots (1 pL) of above extracts were analyzed on a Waters Acquity UPLC system coupled
in tandem to a Waters photodiode array (PDA) detector and a SYNAPT G2-Si HDMS QTOF mass
spectrometer (Waters, Manchester, UK). Chromatographic separation was performed on a Waters
Acquity UPLC HSS T3 column (2.1 x 100 mm, 1.8 um) at 40 °C with water containing 0.1% formic
acid (phase A) and acetonitrile containing 0.1% formic acid (phase B) for chromatographic elution:
0-2 min (99-93% A), 2-13 min (93-60% A), 13-14 min (60-1% A) and 14-17 min (1-1% A). The flow
rate was set at 0.3 mL/min.

Samples were run in both positive and negative ionization modes as separate chromatographic
runs. Following settings were applied during LC-MS runs: capillary voltage, 2.0 kV (ESI*) and
2.5 kV (ESI™); cone voltage, 40 eV; collision energy, 4 eV; source temperature, 120 °C; desolvation
temperature, 500 °C; cone gas flow, 50 L/h; desolvation gas flow, 800 L/h; m/z range, 50-1200 Da.
The collision energy ramp for MS® (continuum mode) was set from 10 to 50 eV. LockSpray (leucine
encephalin) reference ions with 11/z of 556.2771 (for ESI*) or 554.2615 (for ESI™) were infused during
data acquisition for online calibration. Each triplicate tea sample was analyzed once.

Quality control (QC) samples were prepared by mixing 30 mg of one leaf sample to become a
combined sample. QC samples were injected throughout the analytical runs (every five samples) to
check the instrument performance. The MassLynx software (version 4.1, Waters, Milford, MA, USA)
was used to control all instruments and calculate accurate masses.

3.4. UPLC-QqQ MS-Based Targeted Quantification of Catechins, Rutin, Caffeine and Amino Acids

For quantifications of catechins, rutin, caffeine and amino acids, 2 uL of above extracts, with
appropriate dilutions within the range of the calibration curve, were injected on a Waters Acquity
UPLC system coupled in tandem to a Waters photodiode array (PDA) detector and a XEVO TQ-S MS
triple quadrupole mass spectrometer (Waters, Milford, MA, USA).

To detect catechins, rutin and caffeine, chromatographic separation was achieved on a Waters
Acquity UPLC BEH C18 column (2.1 x 100 mm, 1.7 pm) at 40 °C with water containing 0.1% formic
acid (phase A) and acetonitrile containing 0.1% formic acid (phase B) for chromatographic elution:
0-12 min (95-83% A), 12-13 min (83-0% A) and 13-16.5 min (0-0% A). The flow rate was set at
0.3 mL/min. Mass spectrometry was performed in the ESI™ mode for catechins and rutin, and in the
ESI* mode for caffeine with the following settings: capillary voltage: 3.0 kV (ESI*) and 2.0 kV (ESI™);
desolvation temperature: 400 °C; source temperature: 150 °C; cone gas flow: 150 L/h; desolvation gas
flow: 800 L/h. Collision energy and cone voltage were optimized for above compounds with multiple
reaction monitoring (MRM) for quantification. Calibration curves generated by injecting increasing
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concentrations of chemical standards were used to determine the absolute concentrations of catechins,
rutin and caffeine.

Amino acids were measured in the same manner except that the chromatographic separation
was achieved on a Merck SeQuant ZIC-HILIC column (2.1 x 100 mm, 5 um) at 40 °C with water
containing 5 mM ammonium acetate (phase A) and acetonitrile containing 0.1% formic acid (phase B)
for chromatographic elution: 0-13 min (5-41% A), 13-15 min (41-60% A) and 15-20 min (60-5% A).
The flow rate was set at 0.4 mL/min. Mass spectrometry was performed in the ESI* mode using the
same setting for caffeine. In all cases, the MassLynx software (version 4.1, Waters, Milford, MA, USA)
was used for instrument control and data acquisition. Each triplicate tea sample was analyzed once.

3.5. Data Processing and Statistical Analysis

Resulting chromatograms from UPLC-QTOFMS were processed using Progenesis QI software
(version 2.1, Nonlinear Dynamics, New Castle upon Tyne, UK) with default settings for peak picking,
normalization (normalized to all compounds), signal integration and initial peak assignments. Only
chromatograms between elution time 1-14 min were included in the analysis. The final data set
contained 1550 molecular features in the ESI™ mode and 992 molecular features in the ESI* mode. For
comparing the abundances of molecular features, the data matrix consisting of mass features (including
retention time and accurate mass values) and peak area values was exported from Progenesis QI to
Excel. The mean peak area abundance values from three biological replicates of the same cultivar were
calculated and differences in metabolite signal abundances were compared across cultivars.

The raw 1550 molecular features detected in the ESI™ mode were filtered to only include
single features. After filtering, the remaining 466 molecular features were fed into PCA analysis to
observe intrinsic metabolite variance between cultivars; PLS-DA was performed to identify differential
metabolites using Progenesis QI extension EZinfo after Pareto scaling. One-way ANOVA was used
to measure the significance of metabolites in cultivar discrimination using SPSS (version 13.0, SPSS,
Chicago, IL, USA). Significantly different metabolites between samples were selected with variable
importance in the projection (VIP) > 1 and a p value < 0.05. Heat map with hierarchical clustering
(Pearson’s correlation, average linkage) was generated with MultiExperiment Viewer software (version
4.9.0,]. Craig Venter Institute, La Jolla, CA, USA) to visualize accumulation patterns of annotated major
metabolites between sample types. Before analysis, the data were log?2 transformed and normalized to
the median level of individual compounds, combining data from metabolite analyses by UPLC-QTOF
MS and UPLC-QqQ MS. The data matrix used for PCA and PLS-DA analyses was listed in Table S1.

3.6. Metabolite Identification

Annotation obtained from Progenesis QI was used as a starting point for manual peak
identification. Metabolites were identified by comparing accurate masses, MS/MS fragmentation
patterns and isotope patterns with authentic standards, online metabolite databases of Metlin [21],
HMDB [48], MassBank [49], ReSpect [22], KNApSAcK [50] and literature references [2,11,27,28,51].
Each mass spectrum was manually inspected to verify whether software-predicted fragments were
derived from a single metabolite. UV spectra (Waters, Milford, MA, USA) were used for identification
whenever possible.

4. Conclusions

To the best of our knowledge, this is the first exhaustive study of leaf metabolite profiles of
different Wuyi Rock tea cultivars. A combined UPLC-QTOF MS and UPLC-QqQ MS approach
coupled with multivariate data analysis revealed fundamental varietal differences in primary and
secondary metabolism between cultivars. Those differential metabolites mainly include phenolic
compounds (e.g., flavan-3-ols, flavonol glycosides and phenolic acids), alkaloids and amino acids.
Major catechins as well as quercetin and kaempferol glycosides were determined as critical for cultivar
discrimination. The functional compounds found in leaves of Wuyi Rock tea cultivars as well as the
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knowledge on the cultivar-specific differences provides insights for their potential applications as
dietary supplements or nutraceuticals. For instance, cultivar BTY would be an excellent target for
anti-allergic study owing to the production of high levels of methylated catechins. Cultivar JFH may
serve as a stable source for rutin and kaempferol rutinoside. Cultivars BJG, SJG and QS could be
explored as a prominent source for theanine. The metabolites identified in the current study could
potentially be used as chemical markers for tea plant fingerprinting, cultivar identification and tea
authentication. It also provides valuable information to tea breeders in selecting breeding materials
with desirable traits. On the other hand, chemical constituents of processed tea are influenced by
both cultivars and processing techniques. Studies by other research groups have shown that both
volatile and non-volatile compounds undergo substantial changes during the manufacture of oolong
tea [1,4,52]. Therefore, whether and how potential markers uncovered in the current study could be
applied for analyzing processed Wuyi Rock tea samples warrants further investigations.

Supplementary Materials: The Supplementary Materials are available online, Figure S1: Distribution of
metabolites in the methanol extracts of fresh leaves of 14 Wuyi Rock tea cultivars, Table S1: Filtered and normalized
PCA data matrix generated from UPLC-QTOF MS in ESI™.
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Abstract: Indoor air quality problems are usually revealed by occupants’ complaints. In this study,
the odors of two types of hardwood species, namely, Cathy poplar (Populus cathayana Rehd.) and
rubberwood (Hevea brasiliensis) were selected and extracted with ethanol-toluene for removal of
extractives in an attempt to eliminate the odors. The odorous components of neat and extracted woods
were identified by gas chromatography-mass spectrometry /olfactometry (GC-MS/O). The results
showed that about 33 kinds of key volatile compounds (peak area above 0.2%) were detected from
the GC-MS, and about 40 kinds of odorants were identified from GC-O. The components were
concentrated between 15 and 33 min in GC-O, which was different from the concentration time in
GC-MS. Lots of the odors identified from GC-O were unpleasant to humans, and variously described
as stinky, burnt, leather, bug, herb, etc. These odors may originate from the thermos-oxidation
of wood components. After extraction, the amounts and intensities of some odorants decreased,
while some remained. However, the extraction process resulted in a benzene residue and led to
increased benzene odor.

Keywords: wood; odor; volatile organic compounds; gas chromatography-olfactometry

1. Introduction

Odor has a direct effect on human behaviors and can significantly affect the quality of life [1].
It certainly plays an important role in human attractions, memories, and emotions, and can be described
as pleasant, unpleasant, or indifferent [2]. Therefore, odor is one of many important factors for indoor
air quality. Generally, the indoor air quality is strongly affected by volatile compounds emitted from
materials such as furniture, carpet, textile, plant and humans [3-5]. Among these, wood has been
widely used indoors for a long time. Although the odor of wood is often described as pleasant with
positive associations, some people are hypersensitive to certain species like padauk (Pterocarpus indicus
Willd.). Besides, people are concerned with several issues regarding odors, such as the relationship
between unpleasant odors and health problems [6]. The odor of wood originates from the volatile
organic compounds (VOCs) which are highly relevant to the extractives [7].

Wood extractives are rich in volatiles, typically with several hundred different constituent VOCs
in individual species [8-10]. Although many of the VOCs are not odorous in nature, a broad overview
of the volatiles hitherto detected in diverse woods offers insights into prospective main odor-active
candidates that contribute to wood odor [11]. Therefore, numerous studies have been carried out for
identification of the specific class of extractives [12-16]. However, not all VOCs contribute to odor
because it depends on whether the concentration of the VOC is higher than the human threshold
odor concentration [2]. Hitherto, there are few reports on the odor of natural woods. One particular
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study on the odor-active substances of wood was carried out by Culleré et al. [17] who investigated
the odor of acacia, chestnut, cherry, ash and oak chips by gas chromatography-olfactometry (GC-O).
Different odorants were detected, including phenolic compounds, as well as compounds arising from
the degradation of wood carbohydrates and lipids. Similar studies were performed based on GC-O
on toasted and non-toasted oak woods by Diaz-Maroto et al. [18], Poplar, Pine, and Basswood by
Wang et al. [19], and cedar by Schreiner et al. [20].

GC-O consists of gas chromatography-mass spectrometry (GC-MS) coupling with an olfactometric
detection. It is essential to identify compounds with odor because they are usually a minor set of eluting
compounds, which depends on the human nose and shows high sensitivity and reproducibility [21].
It has been widely used in many areas ranging from daily necessities to chemical products [22-27].
Therefore, it can be an optimal instrument for odor testing. With the developing of costumed furniture,
the wood products are heavily used indoors, and the odor annoyance arises due to the woods.
Cathy poplar (Populus cathayana Rehd.) is a kind of fast growing tree and widely used for costumed
furniture in China. Rubberwood (Hevea brasiliensis) is also been used for solid wood flooring and
furniture while it contains lots of gum with strong smells. Both of the woods can affect the indoor
air quality. Therefore, in this study, the two types of woods were selected for odor identification.
Considering the high connection between extractives and odor, the woods were extracted with
ethanol-toluene as an attempt to eliminate odor. The aim of this study was to investigate the odors of
the two kinds of wood and whether the extraction can be a good method to eliminate the odor, which
is important for the controlling of indoor air quality. The odorous components of neat and extracted
woods were identified by GC-MS/O. Besides, the chemical components of the woods are analyzed.

2. Results and Discussion

2.1. Chemical Components

The results of the chemical components of the wood samples are listed in Table 1. According to
the related standards, the deviations in the parentheses should not be larger than 0.04%. The analysis
can be helpful for better understanding the contents of chemical components as well as extractives
in the woods. It can be seen that the extractives of RW were higher than that of CP. The «-cellulose
contents of the two woods were almost the same, while the content of holocelluloses of RW was higher
than that of CP. By calculating the content differences between holocelluloses and «-cellulose, a rough
estimate content value of hemicelluloses can be obtained [28]. The results indicated the RW owned the
higher hemicelluloses content than CP. As for the lignin contents, RW was higher.

Table 1. Chemical components of woods.

Labels Extractives (%) * Holocelluloses (%) a-Cellulose (%) Lignin (%)
CP 2.87 (0.02) 61.33 (0.01) 44.24 (0.01) 23.26 (0.03)
RwW 4.67 (0.03) 67.11 (0.02) 43.78 (0.02) 26.07 (0.01)

* The extractives refer to benzene-ethanol soluble extractives. The values in the parentheses are the deviations of
four replicates.

2.2. Identification of VOCs

As regards the origin of the compounds detected by GC-O, it must be taken into account that
only some of the VOCs extracted from the woods are originally present in this material in significant
amounts. Therefore, it was very important to know the key VOCs extracted from the woods. Figure 1
shows the GC-MS chromatograms of neat and extracted wood samples. The key compounds with
peak area above 0.2% are detected from the chromatograms and the results are listed in Table 2.
In general, these compounds can be classified into alkanes, aldehydes, alcohols, aromatics, ketones,
carboxylic acids, esters, and miscellaneous (silane derivatives). About 33 kinds of key VOCs were
identified in both CP and RW. However, the types and contents of the VOCs were varied like the
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content of 2,4-di-tert-butylphenol (peak 26) was much higher in RW than that in CP. CP and RW had
some common VOCs, such as ethanol (peak 1), benzene (peak 2), acetic acid (peak 3), and so on.
Some are unique for certain wood. For example, hexyltrimethoxysilane (peak 15), 4-oxononanal
(peak 16), and (E)-2-decenal (peak 17) were not identified in RW, while tetradecanal (peak 28),
2-methyl-hetadecane (peak 30), and dibutyl phthalate (peak 34) were not identified in CP. Among these
compounds, the tetradecane (peak 14) showed the largest intensity, but the percentages were not
higher than acetic acid (peak 3). Hexanoic acid (peak 8), tridecane (peak 11), pentadecane (peak 19),
1-dodecanol (peak 23) also had relative high intensities compared with other compounds.

The ethanol-benzene extraction process resulted in significant reduction in the contents of
VOCs. For example, the percentages of acetic acid (peak 3) were 14.8% and 16.3% in neat CP
and RW, respectively. After extraction, the values both decreased to 1%. Besides, the contents
of some compounds in CP like hexanal (peak 4), furfural (peak 5), 1,3-dichlorobenzene (peak 7),
pentanoic acid (peak 6), heptanoic acid (peak 10), octanoic acid (peak 12), hexyltrimethoxysilane
(peak 15), 4-oxononanal (peak 16), (E)-2-decenal (peak 17), n-octyltriethoxysilane (peak 21), and
1,2-benzene-dicarboxylic acid bis(2-methylpropyl) ester (peak 33) significantly decreased to lowest
detecting limits. Therefore, there were only 20 kinds of key compounds identified after extraction.
Similar results were found in RW, suggesting the removal of these compounds. Considering the
classification, the contents of aldehydes, carboxylic acids, and miscellaneous considerably decreased.
This should be explained by their non-polar characters and solubility in ethanol-benzene.

(a) 1 CP (b)
s
N 0
5 1 & 3
P
T Y T
) w [T VM T
extracted CP extracted RW
T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Retention time (min) Retention time (min)

Figure 1. GC-MS chromatograms of neat and extracted wood samples. Peak numbers are listed in
Table 2.

Pelaez-Samaniego et al. [29] had extracted wood fiber with hot water, and also mentioned
the content of acetic acid and aromatics rapidly decreased. The amounts of alkanes, alcohols,
ketones, and esters almost remained, which indicated the extraction method has little effect on the
removal of these compounds. Aromatics of 1,3-dichloro-benzene (peak 7) also showed considerably
reduced contents after extraction. It should be noted that the contents of pentadecane (peak 19),
(E)-6,10-dimethyl-5,9-undecadien-2-one (peak 22), hexadecane (peak 24), 2,6,10-trimethylpentadecane
(peak 25), 2,6,10,14-tetramethyl-pentadecane (peak 27), cedrol (peak 29), (4-octyldodecyl)-cyclopentane
(peak 31), benzoic acid 2-ethylhexyl ester (peak 32) increased in CP after extraction, which might
account for the removal of other compounds while the contents of these components were remained.
Another remarkably increased intensity after extraction is found for benzene (peak 2), which should
be associated with the solvent residue.
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Table 2. Identified key compounds from GC-MS of neat and extracted wood samples.

Peak Retention Compounds Classificati Percentage (%) *

Number Time (min) cr Extracted CP RW Extracted RW
1 2.92 Ethanol Alcohol 23(0.2) 14 1.9(0.1) 1.0
2 423 Benzene Aromatic 5.6(0.6) 32.8(0.5) 59(0.2) 685 (0.9)
3 541 Acetic acid Carboxylic acid 14.8(0.2) 1.0 16.3(0.2) 1.0
4 8.10 Hexanal Aldehyde 6.6 (0.2) - 1.2 0.3
5 11.13 Furfural Aldehyde 1.0 - 1.5(0.1) 0.3
6 14.50 Pentanoic acid Carboxylic acid 18 - 04 03
7 15.06 1,3-Dichlorobenzene Aromatic 1.6 - 2.1(0.2) 0.5
8 18.12 Hexanoic acid Carboxylic acid 10.8 (0.4) 0.8 1.9(0.1) 0.3
9 18.94 Nonanal Aldehyde 22(0.2) 13 28(0.2) 1.0
10 21.32 Heptanoic acid Carboxylic acid 0.9 - 0.4 02
1 22.50 Tridecane Alkane 3.5(0.2) 3.0(0.2) 3.2(0.1) 15
12 24.46 Octanoic acid Carboxylic acid 0.5 - 09 02
13 2526 (2)-2-Decenal Aldehyde 2.8(0.2) 21(0.1) 22(0.1) 1.6 (0.1)
14 25.73 Tetradecane Alkane 9.2(0.5) 9.0 (0.5) 8.3(0.1) 32(0.1)
15 26.21 Hexyltrimethoxysilane Miscellaneous 0.2 - - -
16 26.53 4-Oxononanal Aldehyde 0.2 -
17 26.78 (E)-2-Decenal Aldehyde 0.7 - - -
18 27.51 Nonanoic acid Carboxylic acid 0.9 0.4 2.3(0.2) 0.6
19 28.78 Pentadecane Alkane 3.0(0.2) 4.0(0.3) 3.5(0.2) 1.3
20 29.02 Dodecanal Aldehyde 22(0.1) 1.6 (0.1) 14 06
21 29.27 n-Octyltriethoxysilane Miscellaneous 15 - 12 0.2
22 30.79 (E)-6,10-Dimethyl-5,9-undecadien-2-one Ketone 0.7 12 14 0.7
23 31.35 1-Dodecanol Alcohol 3.6(0.1) 3.1(0.1) 6.8(0.3) 3.0(0.2)
24 31.69 Hexadecane Alkane 13 2.0 19 0.7
25 3298 2,6,10-Trimethyl-pentadecane Alkane 0.5 1.0 1.0 04
26 34.05 2,4-di-tert-Butylphenol Alcohol 1.0 0.7 3.4(0.1) 0.4
27 34.25 2,6,10,14-Tetramethyl-pentadecane Alkane 1.1 23 1.3 0.8
28 34.45 Tetradecanal Aldehyde - - 0.7 0.4
29 34.76 Cedrol Alcohol 0.6 12 1.0 0.6
30 35.40 2-Methyl-hetadecane Alkane - - 05 -
31 35.90 (4-Octyldodecyl)-cyclopentane Alkane 05 09 11 04
32 36.20 Benzoic acid 2-ethylhexyl ester Ester 0.7 12 13 0.6

1,2-Benzenedicarboxylic acid
33 3851 bis(methylpropyl) ester Ester 02 - 0.7 02
34 39.40 Dibutyl phthalate Ester - - 0.6 05

* The percentage was calculated based on the peak area. The values in the parentheses are the deviations of four
replicates. Deviations lower than 0.5% are not listed in the Table.

2.3. Characterization of Odors

The odor images of neat and extracted wood samples tested by GC-O are shown in Figure 2.
About 40 kinds of odors were identified. The time was concentrated from 15 to 36 min, which was
different with the concentration time of VOCs in GC-MS, indicating that some VOCs did not
contribute to the odors. Table 3 lists the odorants and odor descriptors of neat and extracted wood
samples. These odors are described according to judgments of the panelists and then amended
on the basis of the literatures [22-27]. From Table 2, it is clear that most odors are unpleasant.
These odorants can be classified into alkanes, aldehydes, alcohols, aromatics, carboxylic acids, esters,
and miscellaneous (silane derivatives). However, these compounds were not corresponding to the
key VOCs. For example, some high concentration of alkanes like tridecane (peak 11), tetradecane
(peak 14), pentadecane (peak 19), and hexadecane (peak 24) had small smells. Among the alkanes only
2,6,10-trimethylpentadecane (peak 27) offered an odor, which was described as gasoline and bronze-
like. Félix et al. [30] investigated the odor of wood-plastic composites and also found little influence
of alkanes on the odor of the composites. Some compounds lower than 0.2% caused significantly
strong smells for both CP and RW, such as 2-nonenal (peak 15), 1-methoxy-4-(2-propenyl)-benzene
(peak 16"), 5,5,8-trimethyl-3,6,7-nonatrien-2-one (peak 17’), (E,E)-2,4-decadienal (peak 25’) and
8-methyl-1-undecene (peak 32’). Between the retention times of 20 to 36 min, lots of odorants are
emitted. However, these compounds are unpleasant to humans, except for hexadecanoic acid (21’) at
26.3 min in CP and nonanoic acid (peak 24’) at 27.4 min. These unpleasant compounds are usually
described as stinky, burnt, leather, bug, herb, etc. Ezquerro et al. [31] mentioned that the unacceptable
odor in packaging materials, such as the hexanoic acid is related to the thermo-oxidative degradation
of cellulose. Therefore, the extraction method cannot remove it. At the later stage of testing from 37 to
40 min, some perfumed smells existed and the odors are described as milk, fruit, cake, and grass.

For neat CP, 34 kinds of odors were identified, where seven kinds were unique. Hexanal (bitter,
green) was identified in both CP and RW. However, the percentage was only 1.2% in RW, which was 1/5
to that in CP. Therefore, the odor intensity was 0 in RW. Another six unique odors were not identified
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in GC-MS, while they all had strong smells. They were 2-furancarboxaldehyde (special, grain), octanal
(fruit, soap), hexadecanoic acid (fruit, sour), 2-methylpropanoic acid, 3-hydroxy-2,4,4-trimethylpentyl
ester (sour, bitter, herb), 1-tetradecanol (dirt, bronze), and 1-pentadecanol (bronze). The very strong
odors are 12 kinds: octanal (fruit, soap), hexanoic acid (cheese, fishy), heptanoic acid (stinky, leather,
bug), 2-nonenal (stinky, fat, iris), 1-methoxy-4-(2-propenyl)-benzene (bitter, herb, burnt), octanoic acid
(stinky, fat, bug), (Z)-2-decenal (stinky, fat, herb), 4-oxononanal (herb), (E,E)-2,4-decadienal (animal,
burnt), n-octyltriethoxysilane (burnt, bug), 8-methyl-1-undecene (paint, dirt), and 1-tetradecanol
(dirt, bronze). For neat RW, 32 kinds of odors were
identified, where five kinds were unique. These compounds were 5-methyl-2-furancarboxaldehyde
(chocolate, coconut), 2-octenal (bitter), a-methyl-«-2,5,7-octatrienylbenzenemethanol (bitter, nut),
3,7-dimethyl-2,6-octadien-1-o0l, acetate (stinky, bug), and 2-undecenal (citrus, fishy, herb), which
were trace in the amount of VOCs. The very strong odors of RW were heptanoic acid (stinky,
leather, bug), octanoic acid (stinky, fat, bug), (Z)-2-decenal (stinky, fat, herb), (E,E)-2,4-decadienal
(animal, burnt), 3,7-dimethyl-2,6-octadien-1-ol, acetate (stinky, bug), 2-undecenal (citrus, fishy, herb),
n-octyl-triethoxysilane (burnt, bug), 8-methyl-1-undecene (paint, dirt), and 1,2-benzenedicarboxylic

These odors are all unpleasant.

acid, bis(2-methylpropyl) ester (cake, grass), where 8/9 were unpleasant. By comparing the
odors between CP and RW, the dominant odorants (intensity above 4) were 16 kinds: pentanoic
acid (cheese, paint), hexanoic acid (stinky, leather, bug), nonanal (flower, fat), heptanoic acid
(stinky, leather, bug), 2-nonenal (stinky, fat, iris), 1-methoxy-4-(2-propenyl)-benzene (bitter, herb,
burnt), 5,5,8-trimethyl-3,6,7-nonatrien-2-one (stinky, chemical, bug), octanoic acid (stinky, fat,
bug), (Z)-2-decenal (stinky, fat, herb), (E)-2-decenal (kerosene, herb), nonanoic acid (milk),
(E,E)-2,4-decadienal (animal, burnt), dodecanal (mint, pungent), n-octyltriethoxysilane (burnt, bug),
8-methyl-1-undecene (paint, dirt), octadecanal (bronze, grease), and benzoic acid, 2-ethylhexyl ester
(milk, fruit).
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Figure 2. Odor images of neat and extracted wood samples tested by GC-O. Peak numbers are listed in

Table 3.
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After ethanol-benzene extraction, both the amounts and intensities of odors decreased in both CP
and RW, suggesting the extraction process had removed some kinds of odorants, such as hexanoic
acid (cheese, fishy), nonanal (flower, fat), n-octyltriethoxysilane (burnt, bug), decanoic acid (herb),
octadecanal (bronze, grease), and 1,2-benzenedicarboxylic acid, bis(2-methylpropyl) ester (cake, grass)
and so on. However, some kinds odors remained their intensities, such as acetic acid (irritant, sour),
pentanoic acid (cheese, paint), 2-nonenal (stinky, fat, iris), 1-methoxy-4-(2-propenyl)-benzene (bitter,
herb, burnt), (Z)-2-decenal (stinky, fat, herb), (E)-2-decenal (kerosene, herb), (E,E)-2,4-decadienal
(animal, burnt), dodecanal (mint, pungent), 8-methyl-1-undecene (paint, dirt), cedrol (fat, wood),
benzoic acid, 2-ethylhexyl ester (milk, fruit) and so on though the amount percentages was reduced in
GC-MS. In addition, consistent with the results of GC-MS, the residue of benzene caused increase of
odor, which was described as gasoline and solvent.

As mentioned above, the uncomfortable odors originated from the thermos-oxidation. Maybe the
temperature had a tremendous influence on these odorants. Further study can focus on the effects of
temperature on the odor release or try to find another effective odor elimination process.

3. Materials and Methods

3.1. Materials

The two kinds of wood were harvested from forests and then bucked into lumbers. The lumbers
were air dried for at least 3 months to eliminate excessive water. Both the kinds of wood were provided
by at least three providers from a single origin and analyzed to ensure their uniformity. The average
growth ring widths, densities and origins of place are presented in Table 4. The sapwood was chosen
without bark and visible defects such as knots, decay, and so on. Figure 3 shows tangential sections of
the two kinds of wood. The wood samples were ground into fibers of 40-60 mesh consistent with the
particle sizes about 50 pm.

Table 4. Average growth ring widths, densities, and origins of place of the woods.

S Average Growth Density ..
Label Wood Scientific Name Ring Width (cm) (g/em?) * Origin of Place
cp Cathy poplar Populus cathayana Rehd. 0.6 0.49-0.52 Hebei, China
RW Rubberwood Hevea brasiliensis 0.2 0.64-0.67 Hainan, China

* The density values of six replicates were tested at moisture contents about 12%.

(b)

Figure 3. Images of tangential sections of the two kinds of wood. (a) CP; (b) RW.

3.2. Analyisis of Chemical Components

The wood fiber was extracted in a Soxhlet extractor with a 1:2 mixture of ethanol and toluene
(v/v) for 6 h, followed by a second extraction with ethanol for 4 h to remove extractives. The extracted
wood fiber was dried in an oven at 103 + 2 °C to reach a constant weight. The content of extractives
was calculated. The chemical components of the natural fibers for holocelluloses, x-cellulose, and
lignin contents were performed according to chlorite method, TAPPI 203 cm-09, and TAPPI T 222
om-11, respectively [32].
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3.3. Odor Characterization

The odor characterization experiment was tested by a GC-MS (QP-2010, Shimadzu, Shimane,
Japan) combined with an olfactory port (OP 275, GL Sciences, Shimane, Japan) connected by a flow
splitter to the column exit. Separation was achieved using a DB-WAX column (30 m x 0.25 mm
x 0.25 um, J&W Scientific Inc., Folsom, CA, USA) with a temperature program at 40 °C (3 min) to
230 °C (5 min) at 6 °C/min with helium as carrier gas (1.8 mL/min). The mass spectrometer was
operated in electron impact mode (70 eV) and the masses were scanned over a range of 35-350 11/ z.
The transmission line temperature was 250 °C and the ion source temperature was 200 °C.

About 3 g wood fiber sample was added into a 15 mL headspace bottle and conditioned at
60 °C in a water bath for 40 min and the extraction occurred at the same temperature for 40 min.
Desorption was carried out in the GC injection port.

Sensory assessments were carried out by a panel of four judges (two females and two males,
26 years old on average) from the Laboratory of Brewing Microbiology and Applied Enzymology at
Jiangnan University. The panelists were trained for 3 months in GC-O using at least 30 odor-active
reference compounds in a concentration 10 times above their odor thresholds in air. Sniffing time was
approximately 40 min. During a GC run described above, the nose of a panelist was placed close to the
sniffing port, responded to the aroma intensity of the stimulus, and recorded the aroma descriptor and
intensity value as well as retention time. A six-point scale ranging from 0 to 5 was used for intensity
judgment: 0 = none, 1 = very weak, 2 = weak, 3 = moderate, 4 = strong, and 5 = very strong.

The odorants were identified by comparing the MS spectra to the National Institute of Standards
and Technology (NIST) library (https:/ /www.nist.gov). The primary odor compounds were identified
by mass spectrometry, retention time, and odor characterization.

4. Conclusions

About 40 kinds of odors and their relevant components of woods were identified by GC-O.
These odorants were classified into alkanes, aldehydes, alcohols, aromatics, carboxylic acids, esters,
and miscellaneous (silane derivatives). By comparing the time and intensity of odorants occurring in
GC-O and that of VOCs occurring in GC-MS, no good relationship was found, which means that some
high contents of VOCs did not contribute to the odors. The removal of extractives showed mostly
reduced quantities and intensities of odors. However, some odors were unaffected. An increase of
benzene residue was also observed. Many of the odors identified in woods were unpleasant to humans.
The retention time was concentrated between 25 and 36 min described as stinky, burnt, leather, bug,
herb, etc., which mainly originated from the thermos-oxidation of wood components. This study was
helpful to understand the indoor air quality caused by wood. To mitigate the odor problem, a further
study can focus on the effects of temperature on the odor release or try to find another effective odor
elimination process.
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Abstract: Branched-chain keto acids (BCKAs) are derivatives from the first step in the metabolism
of branched-chain amino acids (BCAAs) and can provide important information on animal health
and disease. Here, a simple, reliable and effective method was developed for the determination
of three BCKAs (x-ketoisocaproate, o-keto-B-methylvalerate and «-ketoisovalerate) in serum and
muscle samples using high performance liquid chromatography-quadrupole time-of-flight mass
spectrometry (HPLC-Q-TOF/MS). The samples were extracted using methanol and separated on
a 1.8 um Eclipse Plus C18 column within 10 min. The mobile phase was 10 mmol L~! ammonium
acetate aqueous solution and acetonitrile. The results showed that recoveries for the three BCKAs
ranged from 78.4% to 114.3% with relative standard deviation (RSD) less than 9.7%. The limit of
quantitation (LOQ) were 0.06~0.23 pmol L~! and 0.09~0.27 nmol g~! for serum and muscle samples,
respectively. The proposed method can be applied to the determination of three BCKAs in animal
serum and muscle samples.

Keywords: branched-chain keto acids; serum; muscle; HPLC-Q-TOF/MS

1. Introduction

The branched-chain amino acids (BCAAs) leucine, isoleucine, and valine are three essential amino
acids that cannot be synthesized by animals and must be obtained from foods [1-3]. As a result of the
stimulatory effect of BCAAs on protein synthesis and direct effects on glucose transport and insulin
secretion, investigations into the metabolism of BCAAs have become a popular research area in recent
years, with particular emphasis on the branched-chain keto acids (BCKAs) [4-10]. The BCKAs are
derived from the initial step in the catabolism of BCAAs via BCAA amino transferase, which transfers
the amino group of BCAAs to a-ketoglutarate to form the BCKAs (including «-ketoisocaproate
(KIC, ketoleucine), «-keto-B-methylvalerate (KMV, ketoisoleucine) and «-ketoisovalerate (KIV,
ketovaline)) in the muscle [11-13]. After BCAAs are catalyzed by amino transferase, BCKAs can
be irreversibly oxidized to isovaleryl-CoA, isobutyryl-CoA and 2-methylbutyryl-CoA via the enzyme
branched-chainketo acid dehydrogenase (BCKDH) [14-16]. The effect of BCKAs on stimulating
protein synthesis has been reported [17,18]. And when the BCKDH complex is mutated and defective,
the BCKAs will accumulate in tissues resulting in development of the maple syrup urine disease
(MSUD) in animals [19]. Since BCKAs have such an important effect on the metabolic and nutritional
state of animals, accurate determination of BCKAs in biological samples is highly valuable.

Several analytical methods have been applied to measure BCKAs in biological fluids such as
plasma and urine. These include gas-liquid chromatography (GC) [20], gas chromatography-mass
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spectrometry (GC-MS) [21] and high performance liquid chromatography (HPLC) with fluoresce
detection [22-24]. However, these techniques are either time consuming or lack sensitivity such that
certain BCKAs are not detectable in tissue. Ultra-fast liquid chromatography-mass spectrometry
(UFLC-MS) methods are quite sensitive with shorter analysis times and have become popular for the
detection of keto acids. Nevertheless, this method relies on the similar derivatization of keto acids
with o-phenylenediamine (OPD), which results in a tedious preparation procedure and detrimental
exposure to toxic reagents [25].

In this study, we developed a simple and accurate method to determine the three BCKAs in
serum and muscle samples using high performance liquid chromatography-quadrupole time-of-flight
mass spectrometry (HPLC-Q-TOF/MS). Samples are extracted by methanol which can remove protein
efficiently and the extracted solution was concentrated to improve the detection sensitivity. The high
resolution mass spectrometry (HRMS) with high selectivity and resolution assured the accuracy of the
results. The wide range of linearity with reproducibility over a broad range of concentrations makes
it a convenient way to determinate BCKAs in serum and muscle samples. Compared with previous
research [25], it could been seen that when multiple samples need to be analyzed, the method we
described can considerably simplify pretreatment procedures.

2. Results and Discussion

2.1. Optimization of HPLC Q-TOF/MS Conditions

Chromatographic conditions such as analytical column, mobile phase composition and injection
volume were optimized to obtain better performance on separating target compounds in standard
solution and sample matrix. For example, the Waters BEH C;g (2.1 x 100 mm, 1.7 pm) column and the
Agilent Eclipse Plus Cyg (2.1 x 100 mm, 1.8 um) column were compared to separate the three BCKAs.
From Figure 1 we can see that, the Agilent Eclipse Plus (2.1 x 100 mm, 1.8 pm) C;g column was more
suitable for separating the KMV and KIC in a 2.5 umol/L standard solution for each compound, with
better overall peak shapes and a better separation displayed by the resolution (>1.5 for KMV-KIC).
Therefore, the Eclipse Plus Cig was chosen as the analytical column. In order to obtain an excellent
separation and ionization effect, different concentrations (5, 10 and 20 mmol/L) of ammonium acetate
were tested. A previous study had showed that the 10 mmol/L aqueous ammonium acetate improved
the separation of the three BCKAs better than the lower concentration [26]. The 10 and 20 mmol/L
ammonium acetate aqueous had similar performance in the separation and peak response of the three
BCKAs. Considering the high concentration of ammonium acetate damaged the chromatographic
column, the 10 mmol/L concentration of ammonium acetate was selected as the final aqueous phase.
At the same time, in order to sufficiently elute the samples, we chose a long elution procedure with
gentle change of gradient for this technique.

The optimization of mass spectrometry parameters included capillary and fragmentor voltages,
nebulizer pressure and collision energy. Among these, fragmentor voltages had a dominant influence
on the sensitivity of the compounds detection. By comparing the intensity of three BCKAs mixed
standard solutions in different fragmentor voltages from 70 to 150 V, we determined that the three
BCKAs had the maximum peak response when the fragmentor voltages were set at 100 V (Figure 2).
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Figure 1. Influence of different columns on the HPLC performance of the branched-chain keto acids
(KIV: o-ketoisovalerate; KMV: «-keto-f3-methylvalerate; KIC: x-ketoisocaproate) mixed standard
solution (2.5 umol/L for each compound): (A) Agilent Eclipse Plus C;g column; (B) Waters BEH

Cyg column.
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Figure 2. Intensity of 3 branched-chain keto acids (KIV: «-ketoisovalerate; KMV: wa-keto-f3-
methylvalerate; KIC: x-ketoisocaproate) mixed standard solution (5 umol/L for each compound)
in different fragmentor (V).

The collision energy was tested at 10, 15, 20, and 25 V, and it showed that 20 V was most
appropriate for the three BCKAs, so the collision energy was set as 20 V. Under these conditions,
the mass spectra of three BCKAs standards in HPLC-Q-TOF/MS were presented in Figure 3,
including full scan mass spectra (Figure 3A-C) and MS/MS spectrums (Figure 3D-F). The retention
time of three BCKAs and the fragment ions m/z were presented in Table 1, which were used for
characteristic determination.
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Figure 3. The mass spectra of the branched-chain keto acids standards using HPLC-Q-TOF/MS.
(A) Full scan mass spectra of x-keto-f-methylvalerate (KMV); (B) Full scan mass spectrum of
a-ketoisovalerate (KIV); (C) Full scan mass spectrum of «-ketoisovalerate (KIC); (D) MS/MS spectrum
of KMV; (E) MS/MS spectrum of KIV; (F) MS/MS spectrum of KIC.

2.2. Optimization of Pretreatment Conditions

To accurately determine the three BCKAs in serum and muscle samples, an efficient extraction
procedure is necessary. In this study, three extraction solvents including methanol, acetonitrile and
methanol-acetonitrile (50:50, v/v) were compared. The results showed that most of the interfering
proteins present in the two matrices were precipitated in the presence of methanol and can be efficiently
removed by the subsequent refrigerated centrifugation procedure [26]. Thus, methanol was chosen as
the extraction solvent. Figure 4 suggests that the recoveries were relatively lower when the samples
were extracted without ultrasonic treatment. As a result, at least a 10-min ultrasonic treatment was
required. In addition, drying of the extracted supernatant fluid and re-dissolution of the residues in a
small amount of ultra-pure water removed organic solvent and concentrate samples, which improved
the detected sensitivity to a large extent.
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Figure 4. The influence of different ultrasonic time on the recoveries of three BCKAs
(KIV: a-ketoisovalerate; KMV: «-keto-B-methylvalerate; KIC: «-ketoisocaproate). 2, b Means the
same compounds different significantly (p < 0.05).

273



Molecules 2018, 23, 147

2.3. Method Validation

The sensitivity, accuracy and precision of an analysis method are usually validated using linearity,
LOQ and recoveries of spiked samples. In this study, the HPLC-Q-TOF/MS-based method for the
detection of three BCKAs showed satisfactory linearity within the concentration range of 0.1 to
100 pmol L™ (R% > 0.998), which covered the range commonly observed in serum and muscle samples.
The LOQ is defined as the concentration at which the signal-to-noise ratio is more than ten. Because the
BCKAs are endogenous compounds, it is difficult to obtain serum and muscle samples free of them.
Hence, the blank samples were surrogated by other artificial matrices. Often, phosphate buffered saline
(PBS) is used for serum analyses because of its pH (7.4) and ionic strength. Bovine serum albumin
(BSA) is frequently added to PBS to take the protein content of biological matrix into account [27].
In this study, the serum and muscle samples were surrogated by 2% BSA in PBS and 1 g/L of BSA,
respectively. Table 2 showed that the LOQ of the three BCKAs ranged from 0.06 to 0.23 pmol L~! and
0.09 to 0.27 nmol g~ ! for serum and muscle samples, respectively.

Six replicates were tested for evaluation of spike recovery and relative standard deviation (RSD).
The actual spiked concentration in the different matrices showed good consistency, and the calculated
recoveries for three BCKAs when different concentrations of spiked solutions were used ranged from
78.4% to 114.3% with the RSD less than 9.7% (Table 2). The representative chromatograms of three
BCKAs in no-spike, low-spike and high-spike serum and muscle samples are presented in Figure 5.
The results showed that the BCKAs concentrations in the samples were all above the LOQ.
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Figure 5. Representative chromatograms of BCKAs in different samples. (A) No-spike serum sample;

(B) Low-spike serum sample; (C) High-spike serum sample; (D) No-spike muscle sample; (E) Low-spike
muscle sample; (F) High-spike muscle sample.
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2.4. The Analysis of Authentic Sample

The proposed method was adopted for the determination of three BCKAs in authentic serum and
muscle samples from pigs. Table 3 shows the concentrations ranges of three BCKAs in different samples,
the reported variability is likely due to inherent variation among individual pigs and different levels of
BCKAs in the diet. Nevertheless, the HPLC-Q-TOF/MS results were in good accordance with literature
values, in which the concentration is about 20 nmol/L of KIV and KMV, 30 nmol/L of KIC [28-30].
Furthermore, we chose samples from pigs fed the 17% crude protein and 17% crude protein + BCAA
diets which had significant differences in free AA concentrations of threonine, methionine, lysine and
BCAA [9] to test the concentrations of three BCKAs in serum (1 = 12). The results show that the addition
of BCAA significantly increased the concentration of three BCKAs in precaval venous blood samples
(Figure 6). The assay was able to detect differences in three BCKAs levels that reflected the differences
in dietary BCAA supply, which demonstrates the availability and validity of the developed method.

Table 3. Concentration of three BCKAs in animal samples (1 = 6).

Compounds Serum (umol/L) Muscle (nmol/g)
«-ketoisocaproate 27.63 £+ 5.39 2.61 4+ 0.89
a-keto-p-methylvalerate 18.80 £+ 4.92 1.4540.48
x-ketoisovalerate 10.20 £ 3.94 1.24 4+ 0.37
W Low protein
m Low proteintBCAA
b
40 + [
X
30 1
b

Concentration
(uM)
S
L

NN

e

K1V KMV C

Figure 6. The influence of the addition of BCAA on the concentration of three BCKAs in
serum of pigs fed different levels of dietary BCAA (KIV: a-ketoisovalerate; KMV: ketoisoleucine;
KIC: a-ketoisocaproate). 2, Means the same compounds different significantly (p < 0.05).

3. Materials and Methods

3.1. Materials and Reagents

The HPLC grade three BCKAs and the corresponding internal standard [*3C]-ketoisocaproate
([13C]-KIC) were purchased from Sigma (St Louis, MO, USA). Ultra-pure water purified using a
Milli-Q system (Millipore, Bedford, MA, USA) was used to prepare all aqueous solutions. HPLC grade
methanol and acetonitrile were obtained from Fisher Scientific International (Hampton, NH, USA).
HPLC grade ammonium acetate was purchased from Dikma Technology (Richmond Hill, ON, Canada).
Nylon membrane filters (0.1 um) were obtained from Whatman (Maidstone, UK).
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3.2. Apparatus and Procedures

The chromatographic separation was developed using an Agilent 1290 Infinity HPLC system
coupled to a 6520 quadrupole-time of flight mass spectrometer (Q-TOF/MS) from Agilent Technologies
(Santa Clara, CA, USA). An ultrasonic cleaner (Kunshan Ultrasonic Instrument Co., Kunshan, China)
was used for promoting the sample dissolution and a vacuum concentrator (Eppendorf, Hamburg,
Germany) was used to dry the supernatants.

3.3. Preparation of Standard Solutions

All standard stock solutions (10 mmol L) were prepared in ultra-pure water and stored at
—20 °C until use. A mixture of three BCKAs standard stock solution was prepared by mixing and
diluting the single stock solutions at 1 mmol L~! and stored at —20 °C until use. Working standard
solutions were freshly prepared daily by diluting the standard stock solution with ultra-pure water to
five different concentrations (from 0.1 to 100 pmol L™1).

3.4. Sample Preparation and Extraction

Serum sample extraction was achieved by adding 800 puL methanol into 200 uL sample, then 4 uL
of internal standard (0.5 mmol L~! [13C]-KIC) was added. Samples were put under vortex movement
for 1 min, deproteined for 2 h at —20 °C, and centrifuged at 13,000 rpm for 10 min at 4 °C. Collection of
500 uL supernatant fluid was evaporated to dryness in a vacuum concentrator. The residues were
resuspended in 100 puL of ultra-pure water, vortexed, and centrifuged again at 13,000 rpm for 10 min at
4 °C. The supernatant passed through 0.1 um syringe filter was transferred to a conical insert in the
sampler vial and then used for HPLC Q-TOF/MS analysis.

Muscle samples were crushed in liquid nitrogen. Sample extraction was achieved by adding
900 pL extraction solution (methanol:water, 8:2, v:v) into 100 mg muscle samples and 4 pL of internal
standard (0.1 mmol L~![13C]-KIC) was also added. Samples were put under vortex movement for
1 min, then placed in an ultrasonic bath for 10 min to achieve full extraction. Then deproteination,
supernatant purification and HPLC Q-TOF/MS analysis followed the same procedure as for the
serum samples.

3.5. HPLC Q-TOF/MS Conditions

Chromatographic separation of three BCKAs was achieved on an Agilent Eclipse Plus Cig column
(2.1 x 100 mm, 1.8 um). The column temperature was set at 30 °C and the flow rate was 0.3 mL/min.
The mobile phase was 10 mmol/L ammonium acetate aqueous (solvent A) and acetonitrile (solvent B).
The compounds were eluted with a linear gradient, consisting of 5-30% B over 0-3 min, to 90% B at
3.5 min, the constant gradient at 90% B for 3 min, and 5% B at 7 min for 3 min (re-equilibration of the
column) before the loading of the next sample, so the total run time was 10 min. The injection volume
was 5 pL.

The separated components from HPLC were subsequently analyzed by Q-TOF/MS, which was
in line with the HPLC and operated in an electrospray ionization negative mode. The settings were
as follows: drying gas temperature at 350 °C, a desolvation flow rate of 12 L/min, and a nebulizer
pressure of 60 psig. The capillary and fragmentor voltages were set at 3500 and 100 V, respectively.
Data were acquired in a full scan mode (11/z 70-300) at the rate of 2 spectra/s. To ensure the mass
accuracy of detected ions, reference molecules (/2 121.050873 and 922.009798) were continuously
introduced into the electrospray ionization source to perform internal calibration. The MS/MS
spectra of the compounds were recorded at a rate of 800 ms/spectra with the collision energy in 20 V.
The characteristic fragment ions were used for confirmation.
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3.6. Validation Procedure

Method validation was performed with serum and muscle samples, including linearity, sensitivity,
as well as recovery and accuracy of the three BCKAs in six replicates. The recoveries were determined
by spiking samples with a mixture of BCKA standards at 10, 20, 50 umol L ! in serum or 1, 2,
5nmol g~! in muscles. The internal standard solution was added in both spiked samples and standard
solution. The concentration of mixed standard solution was gradually diluted and analyzed in order
to measure the limit of quantitation (LOQ, S/N = 10). The m1/z of the 3 precursor ions were presented
in Table 1 which were used for quantitative determination.

3.7. Analysis of Actual Animal Samples

Animals breeding experiments were carried out at Huazhong Agricultural University (Wuhan,
China) as previously described [9]. All piglets used in this study were housed and handled according
to the established guidelines of Huazhong Agricultural University. All procedures performed on
the animals were approved by Huazhong Agricultural University Animal Care and Use Committee
(approval permit number 30700571). After the experiments, blood samples from precaval veins were
collected after fasting 12 h and centrifuged (3000 x g) for 10 min. Then the supernatant was transferred
into new tubes and stored at —20 °C. After blood was collected, pigs were slaughtered and longissimus
dorsi was collected and stored at —20 °C until use.

3.8. Statistical Analysis

Data were analyzed using the analysis of variance (ANOVA) procedure of SAS system (version 9.2;
SAS Institute Inc., Cary, NC, USA). A p value less than 0.05 was considered statistically significant.

4. Conclusions

The objective of this study was to develop a simple method to measure BCKAs in serum and
muscle samples without derivatization. The HRMS offered excellent selectivity under complex matrices
and ensured the collection of high quality data and the accuracy of quantitative data. The wide range of
linearity of the assay exceeded the levels that were commonly observed in serum and muscle samples.
Meanwhile, the LOQ of 0.06~0.23 pmol/L and 0.09~0.27 nmol/g for serum and muscle samples meets
the generally desired quantifiable levels in physiological samples. The recoveries for the three BCKAs
range from 78.4% to 114.3% with RSD less than 9.7%, which demonstrates the accuracy and precision
of this procedure. Furthermore, the developed method has been validated using authentic serum and
muscle samples. Thus the study provides a simple, reliable and effective method for the determination
of three BCKAs in serum and muscle samples using HPLC Q-TOF/MS and the proposed method can
be applied to the determination of three BCKAs in actual serum and muscle samples.
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Abstract: Green sample preparation is one of the most challenging aspects in green analytical
chemistry. In this framework, miniaturized microextraction techniques have been developed and
are widely performed due to their numerous positive features such as simplicity, limited need for
organic solvents, instrumentation of low cost and short time of extraction. Also, ionic liquids (ILs)
have unequivocally a “green” character, which they owe to their unique properties including the
re-usage, the high reaction efficiency and selectivity in room temperature, the ability to dissolve both
organic and inorganic compounds, and thermal stability. In the present review, the recent advances
in the application of ionic liquids in miniaturized liquid and solid phase extraction techniques
as extractants, intermediate solvents, mediators and desorption solvents are discussed, quoting
the advantages and drawbacks of each individual technique. Some of the most important sample
preparation techniques covered include solid-phase microextraction (SPME), dispersive liquid-liquid
microextraction (DLLME), single-drop microextraction (SDME), stir bar sorptive extraction (SBSE),
and stir cake sorptive extraction (SCSE).

Keywords: ionic liquids; sample preparation; microextraction; solid-phase microextraction; dispersive
liquid-liquid microextraction; single-drop microextraction; stir bar sorptive extraction; stir cake
sorptive extraction

1. Introduction

Nowadays, sample preparation procedures are more than ever linked with the protection of the
environment following the philosophy of Green Analytical Chemistry (GAC). A typical analytical
procedure consists of three main parts: sampling, sample preparation and final analysis. It is generally
known that almost the 75% of its time is spent in the stage of preparation, so it is a critical part of
the analytical procedure. According to GAC, new environmentally friendly instrumentation and
methodologies with the minimum emissions of pollutants and environmental sustainability in terms
of cost and energy of chemical laboratories are the major aims in the field of sample preparation [1-3].

Among the sample preparation methods used to clean up and concentrate analytes, liquid-liquid
extraction (LLE) and solid-phase extraction (SPE) are the most famous and widely used. Despite
their universal application, these methods are accompanied with some drawbacks, such as
time-consumption, high cost, inability to extract polar compounds (mainly for LLE), use and disposal of
great amount of toxic solvents, complication to automate and potential evaporation and dissolution in
a proper solvent prior the analysis, which adds an extra step in the whole procedure. Miniaturization
in sample preparation techniques is the key to overcome these above drawbacks. Furthermore,
the combination of ionic liquids with the miniaturized sample preparation techniques could be the
panacea for the pre-stated limitations [4,5].

Ionic liquids (ILs) are organic molten salts with melting point lower than 100 °C in contrast
with the common molten salts (fused salts), such as sodium chloride which becomes liquid at
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801 °C. “Room temperature ionic liquids” (RTILs) is a term which describes a group of ionic
liquids with melting points at or below room temperature (25 °C). ILs are composed of positive and
negative ions, usually a bulky organic nitrogen-containing cation, such as imidazolium, pyridinium,
pyrrolidinium, phosphonium or ammonium, and a halogen-based organic or inorganic anion,
including trifluoromethylsulfonate [CF3SOs]~, bis[(trifluoromethyl)sulfonyl]imide [(CF350,),N]~
(i.e., NTfy), trifluoroethanoate [CF3CO;]~ or C1~, PFs ™, BF4~, respectively, whereas water and other
organic solvents are composed of molecules [6,7]. The first discovered RTIL is the ethylammonium
nitrate [EtNH3][NO3] with melting point at 12 °C by Walden in 1914 [8]. However, remarkable progress
has been achieved in the field of ionic liquids since 1992, when Wilkes and Zaworotko introduced a
promiscuous generation of ionic liquids, the air and water stable 1-ethyl-3-methylimidazolium-based
ILs, [EtMeim]BF; and [EtMeim]MeCO; [9]. The future of ILs belongs to the deep eutectic solvents
(DESs), an interesting subclass of ILs which are less toxic, they have a stronger ecofriendly profile and
they can be produced easier and cheaper than the ILs. One of their main drawbacks is their solid state
in room temperature and their high viscosity [10].

The structures of the most commonly used ILs are represented in Figure 1. ILs owe the fact that
they remain liquid in temperatures below 100 °C to the large size of the ions that they consist of,
avoiding the packing of ionic lattice, which happens in inorganic salts. Compared with conventional
solvents, ILs have some special physicochemical properties, such as low volatility, high electrical
conductivity, long-term thermal and chemical stability, low flammability, and low vapor pressure.
The negligible vapor pressure is one of the properties that makes ILs “green solvents”, as they
contribute to the reduction of atmospheric pollution and the health risks that are entailed. The chemical
and physical properties of ILs, such as polarity, hydrophobicity, viscosity, depend on the anionic and
cationic constituents giving them the characterization, “designer solvents” [11-15].

Among the approximate 10'® anion-cation combinations that can synthesize ionic liquids, there is
a great majority of combinations that have toxic effects on water, environment, bacteria, plants, fish
and human [16]. In a recent quantitative structure-property/activity relationship study of Zhao et al.,
a database for the toxicity of ILs has been established [17]. The authors conclude that the toxicity
of ILs is related to the number of oxygen atoms that are present in the molecule. Also, the anion
[NTf,]~ influences the level of toxicity of ILs. However, the relationship of the toxicity and the length
of the alkyl side chains is not always proportional. Therefore, it is crucial researchers get advice from
relevant databases before synthesis and use of ILs either for industrial or laboratory use. Furthermore,
there are guides not only for the selection of ionic liquids but for the solvents generally. One of the
most useful tools for solvent selection has been proposed by scientists of Pfizer and it is presented in
Table 1 [18]. ILs are not always “green” solvents. Some of them are made from toxic ions and they
are not biodegradable, despite their promiscuous physicochemical properties. Of course, not all the
organic solvents that are used in the laboratories are toxic and harmful for the environment, but some
of them can be replaced by other types of solvents with lower environmental impact.

This review summarizes the recent advances in application of ionic liquids in miniaturized
liquid and solid phase extraction techniques as extractants, intermediate solvents, mediators,
and desorption solvents. As it is shown in Figure 2, the amount of published studies associated
with ionic liquids has grown rapidly within the last decade. Some of the most important sample
preparation techniques covered include solid-phase microextraction (SPME), dispersive liquid-liquid
microextraction (DLLME), single-drop microextraction (SDME), stir bar sorptive extraction (SBSE), stir
cake sorptive extraction (SCSE).
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Figure 1. Structures of common cations and anions of ionic liquids.

Table 1. Solvent selection guide.

Preferred Usable Undesirable
Water Cyclohexane Pentane
Acetone Ethanol Heptane Hexane(s)
2-Propanol Toluene Di-isopropyl ether
1-Propanol Methylcyclohexane Diethyl ether
Ethyl acetate Methyl t-butyl ether Dichloromethane
Isopropyl acetate Isooctane Dichloroethane
Methanol Acetonitrile Chloroform
Methyl ethyl ketone 2-MethylTHF Dimethyl formamide
1-Butanol Tetrahydrofuran N-Methylpyrrolidinone
t-Butanol Xylenes Pyridine
IIs (nontoxic combinations of ions) Dimethyl sulfoxide Dimethy] acetate
Acetic acid Dioxane
Ethylene glycol Dimethoxyethane
Benzene

Carbon tetrachloride
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Figure 2. Number of published scientific papers worldwide per year (from 2009 to 2018) on the
applications of ionic liquids in sample preparation techniques (based on Scopus and ScienceDirect).

2. Ionic Liquids in Miniaturized Microextraction Techniques

2.1. Solid-Phase Microextraction (SPME)

Solid-phase microextraction (SPME) is a widely known sample preparation technique, combining
sampling and pre-concentration, due to its quickness and cost-effectiveness with absence of organic
solvents. Since its establishment by Pawliszyn and co-workers it has been performed combined with
several types of commercial sorbent coatings, such as polydimethylsiloxane (PDMS), polyacrylate,
carboxen, PDMS-carboxen or divinylbenzene (DVB) depending on the analyte [19,20].

In a recent study of Tang and Duan, a porous polymeric ionic liquid, poly(1-vinyl-3-(4-vinyl-
benzyl)imidazolium chloride), was synthesized and used as a sorbent coating for SPME for the analysis
of polar organic acids [21]. The results showed that the fiber was more sensitive and practical for the
extraction of polar compounds in comparison with the commercial fibers.

Tonic liquids compromise another effective type of sorbent coating that can be coupled with SPME
technique in two different modes, headspace (HS-SPME) and direct immersion (DI-SPME). In the
first mode, the sorbent coating is exposed to the headspace of the sample where the target analyte is
present, while in the second the SPME-fiber is pushed out of the hollow needle and immersed into the
sample directly. Following the sorption of the analyte in both cases, the fiber is drawn into the needle,
the needle is withdrawn from the sample vial and transferred to the injection port of an analytical
instrument, where desorption of the analyte takes place and the analysis is carried out [4,22].

A benzyl-functionalized crosslinked polymeric ionic liquid (PIL) was developed by Merdivan et al.
and successfully used as a sorbent coating in headspace solid-phase microextraction (HS-SPME)
coupled to gas chromatography with flame-ionization detection for the determination of seven volatile
polycyclic aromatic hydrocarbons (PAHs) in environmental water samples [23]. The VBHDIM-NTf,
IL monomer and (DVBIM),C1,-2NTf; IL cross-linker were used for the synthesis of the crosslinked
PIL-based sorbent coating. Figure 3 represents the schematic illustration of HS-SPME procedure using
the benzyl-PIL fiber for the extraction of PAHs. Compared to the commercial PDMS fiber coating
for the PAHs, the crosslinked PIL fiber showed higher log K¢, due to the presence of benzyl moieties
within the IL monomer and IL crosslinker of the PIL sorbent coating indicating its superior affinity,
higher sensitivity with low LODs, ranged from 0.01 to 0.04 ug L~ for the PIL-benzyl fiber and from
0.01 to 0.07 pg L1 for the PDMS fiber. The linearity, the RSD values and the relative recovery values
were more satisfactory for the PIL-benzyl fiber than the PDMS fiber. The presence of benzyl moieties
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in the PIL coating material enhances -7 interactions between the target compounds (PAHs), which
are composed of aromatic rings, and the sorbent coating.

SPME device

/

PlL-herzyl SPME fiber
Headspace

Sample salution

Figure 3. Headspace-solid phase microextraction procedure for the extraction of PAHs in water sample
using a polymeric ionic liquid-based fiber.

In-tube SPME is an improved mode of SPME sample preparation technique introduced by
Pawliszyn in 1997, where the coupling of SPME with HPLC is achieved more conveniently. Sun et al.
developed a fiber-in-tube solid phase microextraction device with copper support modified via
chemical bonding with ionic liquids. Especially, one copper tube was filled with eleven copper
wires functionalized with ionic liquids and it was combined online with a high-performance liquid
chromatography system to strengthen extraction capacity and eliminate dead volume, building
an online in-tube SPME-HPLC system. In this framework, an in-tube SPME-HPLC method for
the determination of estrogens in water samples was developed with high enrichment factors and
satisfactory sensitivity (LODs: 0.02-0.05 g L~1). The presence of ionic liquids in the metal support was
crucial for the effectiveness of the developed method increasing the stability of in-tube SPME device
and improving the sensitivity by increasing sample volume with a high sampling rate [24].

2.2. Dispersive Liquid-Liquid Microextraction (DLLME)

Dispersive liquid-liquid microextraction (DLLME) was first introduced by Rezaee et al. in 2006 as
a novel alternative technique for the extraction and preconcentration of organic compounds in water
samples [25]. The fundamentals of DLLME technique are based on the mixing of an aqueous sample
containing the analytes with a non-miscible with water organic solvent, used as an extractant, together
with a small amount of a dispersive solvent, which is miscible in both water and the extractant solvent.
The mixing of the two solvents should be preceded their injection into the sample by a syringe or a
micropipette. Gentle manual shaking of the mixture disperses the organic extractant as fine droplets to
form a homogenous cloudy solution in which partition of the analytes takes place. Then, the sample
is centrifuged, and the sediment phase is collected and determined with the appropriate analytical
method [26].

Since its introduction, DLLME has been performed as an extraction technique in various fields of
chemistry, such as analytical, environmental, biochemistry, medicinal, pharmaceutical, toxicology and
many others. Its increasing popularity is owed to some significant properties, such as the simplicity,
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the low cost, and the environmentally friendly profile. Furthermore, the dispersive mode improves the
extraction kinetics by increasing the contact surface between the extractant and the sample. The most
critical part of this technique is the choice of the extraction solvent, which should have a density greater
than water’s density and to form a cloudy solution with the dispersive solvent [27,28].

Taking into consideration the properties of ionic liquids as extraction solvents described before,
the combination of ILs in DLLME process could be characterized promiscuous. Zhou et al. and
Baghdadi and Shemirani were the first researchers who performed the first successful applications
of ILs in DLLME process, namely IL-DLLME, for the determination of organophosphorus pesticides
in environmental samples and for the extraction of mercury from water samples, respectively [29].
While, Liu and coworkers introduced the conventional IL-DLLME combined with HPLC-DAD for
the determination of heterocyclic insecticides in water using the IL 1-hexyl-3-methylimidazolium
hexafluorophosphate, ([CeMIM][PF]), as the extractant and methanol as the dispersive solvent [30].

2.3. Stir Bar Sorptive Extraction (SBSE)

Stir bar sorptive extraction (SBSE) was initially introduced in 1999 by Baltussen and
co-workers [31]. It uses a stir bar for the extraction consisting of a magnet covered with glass, which
in turn is coated by a layer (typically 0.5-1 mm) of sorptive material, usually polydimethylsiloxane
(PDMS). The bar is subsequently inserted into a vial, which contains the aqueous sample and it is
stirred until equilibrium of analytes concentration between sorbent and sample matrix is reached.
After the extraction, the bar is removed and transferred to a clean vial, where the target compounds
are analyzed by liquid or gas chromatography by liquid or thermal desorption [32].

Fan and co-workers introduced a novel approach for the extraction and determination of
nonsteroidal anti-inflammatory drugs (NSAIDs) by high-performance liquid chromatography-
ultraviolet detection (HPLC-UV) [33]. The researchers synthesized an ionic liquid, 1-allylimidazolium
tetrafluoroborate ([AIM][BF4]) chemically bonded sol-gel coating for stir bar sorptive extraction
using y-(methacryloxypropyl)trimethoxysilane (KH-570) as a bridging agent, which showed excellent
mechanical strength and chemical/thermal stability compared to the conventional PDMS-based or C18
coating materials. After the optimization of the critical parameters of the technique, such as stirring
rate, extraction time, desorption solvent, pH, salt effect, the developed method showed satisfactory
reproducibility with RSDs lower than 7.6% and high sensitivity (LODs: 0.23-0.31 ug L~1) for the
determination of three NSAIDs. The proposed method is applicable in environmental, food and
biological samples

In the framework of the improvement and development of microextraction techniques, the
combination of two or more techniques could induce significant enhancements to the extraction
procedure reducing the extraction time, the cost, or the sensitivity. Two microextraction techniques
that can be easily conflated is the stir bar sorptive extraction (SBSE) and dispersive liquid-liquid
microextraction (DLLME) introducing the stir bar dispersive liquid microextraction (SBDME). In this
approach, Chisvert et al. used a magnetic ionic liquid (MIL) and a neodymium-core magnetic stir bar
as the extraction phase [34]. At low stirring rates it acts similar to SBSE while the MIL remains in the
stir bar surface. At higher stirring speed the MIL disperses into the solution acting similar to DLLME.
When the extraction is over, the stirring stops and the MIL retrieves onto the stir bar surface due to its
magnetic properties. The desorption of the MIL-coated stir bar contained the preconcentrated analytes
performed thermally in a gas chromatography-mass spectrometry (TD-GC-MS) system. The above
approach was applied for the extraction of lipophilic organic UV filters from aqueous environmental
water samples.

In a recent work by Benedé et al. another successful combination of stir bar sorptive extraction
(SBSE) and dispersive liquid-liquid microextraction (DLLME) has been achieved and the stir bar
dispersive liquid microextraction (SBDLME) was created for the determination of ten polycyclic
aromatic hydrocarbons (PAHs) in natural water samples [35]. A neodymium stir bar magnetically
coated with a magnetic ionic liquid (MIL), the [Pg 14" ][Ni(II)(hfacac); "], was used as extraction
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device. After the stirring, the MIL is magnetically retrieved onto the stir bar and then subjected
to thermal desorption-gas chromatography-mass spectrometry system (TD-GC-MS). In contrast to
other methods for the determination of PAHs, this one requires less time and manipulation for the
sample preparation, solvent evaporation is not a mandatory step and the sensitivity level is more than
satisfactory allowing the determination of PAHs in aqueous sample at the low ng L~ levels.

2.4. Single-Drop Microextraction (SDME)

Single-drop microextraction technique (SDME) was first introduced by Liu and Dasgupta in 1995
as an alternative extraction process eliminating the problems of solvent evaporation, which exists in
LLE and SPE, and the degradation of SPME fiber [36]. The basis of this technique is the distribution
of the target compounds and a microdrop of solvent that is suspended in the tip of a microsyringe
needle. It uses small volumes of organic solvents and simple equipment reducing the total cost of each
individual application. SDME can be performed with direct immersion (DI-SDME) in the aqueous
sample or in the headspace of the sample (HS-SDME). The main limitation of this technique is the fact
that the stability of droplet is highly depended on the used solvent. Thus, solvents with low viscosity,
high vapor pressure and low surface tension decrease the effectiveness of the extraction process. ILs
could be used as an alternative to the common organic solvents used in SDME.

Jiang et al. used the SDME technique for the extraction and concentration of flavor and fragrance
substances in fruit juices [37]. A hydrophilic IL, 1-hexyl-3-methylimidazolium tetrafluroborate, used
successfully as an extraction solvent. The method was validated after the optimization of the main
parameters, such as the volume of solvent microdrop, the extraction time, the enrichment time,
the temperature, the pH of the sample solution, the height of the microdrop above the solution surface.
The method demonstrates satisfactory sensitivity and accuracy with relative standard deviations lower
than 9.1%.

A headspace single-drop microextraction (HS-SDME) method for the determination of
aromatic analytes by HPLC was developed by An et al. using as solvents tetrachloromanganate
(IMnCl42~])-based magnetic ionic liquids [38]. A rod magnet was used to sustain the microdroplet of
MIL during HS-SDME. High stability of the microdroplet under high temperature and long extraction
times was achieved due to the magnetic susceptibility of the MILs. The method showed high sensitivity
and precision for the target compounds, and satisfactory relative recoveries from an application in
real sample.

He and co-workers developed an ionic liquid-based headspace single drop microextraction
combined with high-performance liquid chromatography (HS-SDME-HPLC) method for the
determination of camphor and trans-anethole in licorice tablets [39]. The ionic liquid used as
the extracting medium was 1-bityl-3-methylimidazole hexafluorophosphate. The method showed
satisfactory stability and sensitivity after setting the volume of the IL microdrop to 12 pL. The method
is simple, rapid, selective, precise, accurate and linear for the target compounds. SDME technique
has the advantage that allows the single step separation, purification and enrichment improving
the signal-to-noise ratio and ensuring the accuracy of the method as there was no loss of volatile
components. The method is expected to be widely performed for the preparation of volatile compounds
of drugs with high boiling points.

2.5. Stir-Cake Sorptive Extraction (SCSE)

Stir-cake sorptive extraction technique is an improved version of SBSE introduced in 2011 [40].
The SCSE device consists of a holder made of iron where the stationary phase is placed. The most
common used extractive mediums in SCSE are monolithic cakes designed and prepared properly
according to the extracted analytes. In the literature the most often used extraction phases are
poly(4-vinylbenzoic acid-divinylbenzene) (VBADB) sorbents based on polymeric ionic liquids.

Wang et al. proposed a new SCSE approach using as sorbent a polymeric ionic liquid
monolith obtained by the in situ copolymerization of an ionic liquid, 1-allyl-3-methylimidazolium
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bis[(trifluoro methyl)sulfonyllimide (AMII) and divinylbenzene (DB) in the presence of
N,N-dimethylformamide [41]. By coupling SCSE-AMIIDB with high performance liquid
chromatography/diode array detection (SCSE~FAMIIDB-HPLC/DAD) a simple and effective method
for the determination of trace benzimidazoles (Bas) residues in water, milk and honey samples was
established with low LODs and high levels of recovery. The SCSE-AMIIDB extractive medium can
effectively extract polar BAs through multi-interaction such as hydrophobic, 7t-m, hydrogen-bonding
and dipole-dipole interactions because of the multiple functional groups in the sorbent.

Another preparation of a polymeric ionic liquid-based sorbent for SCSE was developed by
Zhang et al. for the extraction of metal ions for the first time [42]. The SCSE sorbent was prepared in
situ polymerization of 3-(1-ethyl imidazolium-3-yl) propyl-methacrylamido bromide and ethylene
dimethacrylate and was used for the extraction of trace antimony in environmental water samples and
combined with hydride generation atomic fluorescence spectrometry (HG-AFS) for the determination
of trace antimony. The developed method has some advantages such as convenience, sensitivity, good
reproducibility and cost-effectiveness, satisfactory linearity, and high recoveries.

In another study, Chen and Huang prepared a polymeric ionic liquid-based adsorbent as the
extraction medium of stir cake sorptive extraction (SCSE) of three organic acid preservatives, namely,
p-hydroxybenzoic acid, sorbic acid and cinnamic acid [43]. The synthesis of the adsorbent was carried
out by the copolymerization of 1-ally-3-vinylimidazolium chloride (AV) and divinylbenzene (DVB)
in the presence of a porogen solvent containing 1-propanol and 1,4-butanediol. After a long study to
obtain the optimized conditions, the SCSE/AVDVB could extract the preservatives effectively through
multiply interactions. In this framework, a simple and sensitive method by combining SCSE/AVDVB
and HPLC/DAD was developed for the simultaneous analysis of the target preservatives in orange
juices and tea drinks. The proposed method showed high sensitivity, good reproducibility, high
cost-effectiveness and environmental friendliness.

Apart from the application of SPME for the determination of estrogens, SCSE has been used
an alternative for the determination of estrogens in water samples was developed by Chen and
coworkers [44]. In the framework of their study, a new PIL-based, a poly (1-ally-3-vinylimidazolium
chloride-co-ethylene dimethacrylate)-AVED, monolith cake was prepared and used as sorbent of SCSE
to extract trace estrogens with multi-interactions such as hydrophobic, 7-7t, hydrogen-bonding and
dipole-dipole interactions effectively before their injection in HPLC-DAD system. The developed
AVED/SCSE-LD-HPLC/DAD method showed a wide linear range, low LODs, satisfactory
reproducibility and good recoveries for real water samples.

3. Conclusions

Over the last decade, many researchers have been attracted from the versatile character of ILs and
PILs and their potentials. As discussed above, one of the most challenging applications of ILs is their
usage in microextraction techniques as extractants, intermediate solvents, mediators, and desorption
solvents. Table 2 summarizes the superior properties and characteristics of ILs in comparison with the
common sorbent materials that are used in the miniaturized sample preparation techniques described
in the present review [4,17-44]. As the IL-based microextraction techniques are budding gradually,
some limitations should be noted, such as the high cost of their synthesis, their incompatibility with
GC due to their low volatility and their potential toxicity. In general terms, the research in the field of
ionic liquids will not stop evolving as the need for green analytical procedures is the priority of sample
preparation. Taking into consideration their promiscuous properties and advantages, not only will
the microextraction processed be improved, but also separation techniques, such as liquid and gas
chromatography or electrophoresis, will expand their potentials.
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