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Abstract: To date, many studies have been published, aiming to extract bioactive compounds from
plants. Lately, research focuses on maximizing the extraction yield, using environmentally friendly
techniques and solvents. In this study, the extraction of polyphenolic compounds from Cistus creticus
is discussed. Extraction of the compounds has been carried out with water and ethanol, employing
the most common approach. To further enhance the extraction yield, the usage of four deep eutectic
solvents (DESs) has also been examined. In an effort to further enhance the extraction yield, pulsed
electric fields have also been employed. According to the results, it was evident that the use of
DESs made of glycerol: choline chloride (2:1) increased the extraction yield by 75%, compared to
extraction with water. Moreover, the use of pulsed electric fields enhanced the extraction yield of
the common approach, by up to 70%. When pulsed electric fields and DESs were combined, the
extraction yield increased by 14%, compared to the use of DESs only. Finally, the extract was analyzed
for its content in volatile compounds, and it was found that new compounds could be extracted with
the use of DESs.

Keywords: deep eutectic solvents; pulsed electric field; extraction; polyphenols; Cistus creticus;
volatile compounds

1. Introduction

Cistus is a genus of flowering plants found in the Mediterranean region. Cistus
plants grow in rocky areas, sandy plains, and on mountain peaks. They have distinctive-
looking flowers that are yellow, red, white, or violet in color [1]. They contain many
bioactive compounds and due to these, cistus plants have been used, since ancient times,
to prepare herbal remedies. One major class of bioactive compounds in Cistus plants is
polyphenols [2]. Polyphenols are a class of naturally occurring plant metabolites that have
attracted much attention, due to their wide range of biological activities, which include
antioxidant, anti-inflammatory, and anticarcinogenic effects. The health-promoting effects
of polyphenols have been attributed to their ability to scavenge free radicals and modulate
signaling pathways involved in cell proliferation, cell death, and inflammation [3,4].

Generally, the most popular methods for the extraction of phenolic compounds are
based on the use of organic solvents, such as methanol, ethanol, acetone, and ethyl acetate.
However, the use of these solvents has some drawbacks, such as the high cost and the need
for special disposal methods as they are hazardous and environmentally unfriendly [5,6].
Some methods use water as the extraction solvent, albeit with lower extraction yields [5,6].
To date, there are a few reports focusing on the extraction of polyphenols from Cistus
plants [7–12].

In recent years, deep eutectic solvents (DESs) have emerged as a promising alternative
to organic solvents for the extraction of polyphenols from plants. DESs comprise of a
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hydrogen bond acceptor and a hydrogen bond donor, resulting in a mixture with alternate
properties from that of the individual components [13,14]. They exhibit a series of advan-
tageous properties, such as negligible vapor pressure, low toxicity, and biocompatibility,
while they are non-flammable. Moreover, their physicochemical properties, and as a result,
their extractive potential, can be tuned, either by altering the components, or their ratio [15].
Several studies have shown that DESs can be a more efficient and less expensive extraction
method than organic solvents [16–19].

Another important parameter for the extraction of polyphenols from plants is the
extraction technique employed. The conventional techniques include percolation, decoction,
Soxhlet extraction, etc. [5,6]. However, other, non-conventional techniques (e.g., ultrasound-
assisted extraction, microwave-assisted extraction, etc.) have been developed, with each
technique exhibiting different pros and cons [5,6]. One of the latest techniques that has been
developed and used for polyphenols extraction is pulsed electric fields (PEFs). The PEF
method is a technique that electroporates cell membranes, resulting in the maximization of
the extraction yield [20]. Moreover, PEFs use a minimal amount of energy, rendering the
method environmentally friendly. It is noteworthy that the PEF method is a non-thermal
technique. As such, many polyphenolic compounds that are thermally unstable are kept
intact in the resulting extracts [20]. Due to the multiple favorable characteristics that
PEFs exhibit, the number of reports on the method’s usage for the extraction of bioactive
compounds from plants is increasing [21–25]. Furthermore, it can be comparable in terms
of efficiency with other methods, such as ultrasound treatment [23].

In this study, the extraction of polyphenols from Cistus creticus was examined. Four
DESs were prepared and examined for their potential to extract polyphenols and they were
compared to water and a hydroethanolic mixture. Moreover, the effect of the PEF method
on the extraction process was evaluated. Finally, the composition of the extract in volatile
components was also evaluated, so as to gain a better overview of the volatile compounds
that potentiate the extract for additional uses.

2. Materials and Methods
2.1. Chemicals and Reagents

Glycerol anhydrous, trisodium citrate, choline chloride, lactic acid, glycine, sodium bu-
tyrate, and sodium carbonate anhydrous came from Penta (Prague, Czech Republic). The
Folin–Ciocalteu regent, gallic acid monohydrate, and sodium chloride were obtained
from Panreac (Barcelona, Spain). The SPME fiber coated with a layer of divinylben-
zene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) was obtained from Supelco
(Supelco, Bellefonte, PA, USA). All solvents used were at least of analytical grade. Deion-
ized water was used for all experiments. Luteolin-7-O-glucoside, rutin hydrate, myricetin
and quercetin 3-β-D glycoside were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Plant Material

Fresh leaves from Cistus creticus were collected near the Styrfakas (Moschokaryas)
area (according to Google Earth version 7.3.2.5776 Latitude: 38.97 and Longitude: 22.31),
Greece. The leaves, while transferred to the lab, were stored at 4 ◦C. Then, the leaves were
washed thoroughly with tap water and dried with paper towels. Next, the leaves were cut
into smaller pieces (~1 × 1 cm) and used immediately for the extraction of the compounds.
In order to express the results in dry weight (dw), the moisture of the leaves was calculated
to be 74 ± 3%.

2.3. Instrumentation

Full details about the PEF system used are given in our previous studies [23,26]. In
brief, a high-voltage current generator (Leybold, LD Didactic GmbH, Hürth, Germany),
a digital oscilloscope, a function/arbitrary waveform generator, and two stainless steel
plates (10 cm long, 10 cm high) with a 1 cm Teflon layer between them, for insulation
used. The pulse duration used to process the sample was 1000 µs, the pulse frequency was
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1 Hz, the electric field strength was 0.85 kV cm−1, and a square waveform was employed.
Furthermore, the maximum delay was set at 20 ns.

The absorbance measurements were recorded on a Shimadzu spectrophotometer
(UV-1700, Shimadzu Europa GmbH, Duisburg, Germany).

A Finnigan AQA mass spectrometer (San Jose, CA, USA), a P4000 pump, and a
UV6000LP diode array detector were used for the chromatographic separation and detec-
tion of the compounds. The stationary phase was a Phenomenex Luna C18 column (5 µm,
4.6 mm × 250 mm) (Phenomenex Inc., Torrance, CA, USA), which was placed in an oven,
set at 40 ◦C. The mobile phase consisted of (A) water containing 0.5% v/v formic acid and
(B) a mixture of acetonitrile: water (6:4) containing 0.5% v/v formic acid. The following
gradient elution program was employed for the separation of the compounds: 5% B to 40%
B in 40 min, then to 50% B in 10 min, and finally to 70% B in 10 min and kept constant for
10 more min. The flow rate of the mobile phase was 1 mL min−1. The injection volume
was 20 µL, and injections were made using a rheodyne injector. The spectra were recorded
between 220 and 360 nm. The electrospray ionization (ESI), in a positive ion mode, was
used to acquire the mass spectra.

An Agilent Technologies (Santa Clara, CA, USA) gas chromatograph model 7890A,
equipped with a mass detector (5975C), and a capillary column Agilent J&W DB-1
(30 m × 320 µm × 0.25 µm) (Agilent Technologies Inc., Santa Clara, CA, USA) was used
for the analysis of the volatile compounds. Helium (flow rate 1.5 mL min−1) was used as
carrier gas. The injector was set at 240 ◦C. The samples were inserted in the column using
a splitless mode. The temperature program was as follows: 40 ◦C for 5 min, increased to
140 ◦C with a rate of 2 ◦C per min, and, finally, increased to 240 ◦C with a rate of 10 ◦C
per min. The volatile compounds were identified by comparing their mass spectra with
data from the integrated NIST 11 library (National Institute of Standards and Technology,
Gaithersburg, MD, USA). The peaks were assigned when the similarity was above 80%.
The percentages were expressed as mean values from the duplicate analyses.

2.4. Preparation of the DESs

Selection of the DESs was based on previous studies [27–30]. For the preparation of the
DESs, appropriate amounts of the hydrogen bond donor and the hydrogen bond acceptor
were transferred to glass bottles. DES-1 was prepared by mixing glycerol: trisodium citrate
(15:1 w/w). DES-2 was prepared by mixing glycerol: choline chloride (2:1 w/w). DES-3
was prepared by mixing lactic acid: glycine (5:1 w/w). DES-4 was prepared by mixing
glycerol: sodium butyrate (6:1 w/w). The mixtures were heated at 70 ◦C using a magnetic
stirrer (400 rpm) until a transparent liquid was formed. The prepared DES was left to cool
naturally to room temperature and stored in the dark. All DESs were stored for seven days,
during which they were inspected daily for their stability (no formation of crystals denoted
a stable DES). Finally, water (20% v/v) was added to the DESs and the resulting mixture
was used for the extraction.

2.5. Conventional and the PEF-Based Extraction of the Polyphenols

For the preparation of the extracts without the PEF pretreatment, 1 g of the plant
material was mixed with 10 mL of the examined solvent and placed in the PEF treatment
chamber, and left intact for 20 min. Next, the mixture was transferred to a screw-capped,
amber glass bottle and stirred with a magnetic stirrer (500 rpm), and heated at 50 ◦C (in an
oil bath) for 3 h. For the extracts prepared with the PEF pretreatment, the abovementioned
process was followed, but while the mixture was initially placed in the treatment chamber,
the PEF method was applied.

2.6. Measurement of the Total Polyphenol Content (TPC)

The Folin–Ciocalteu assay was used, in order to determine the TPC of the extracts [26].
In an Eppendorf tube, 0.1 mL of diluted extract and 0.1 mL Folin–Ciocalteu reagent were
transferred and the solution was left for incubation for 2 min. Next, 0.8 mL of 5% (w/v)
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sodium carbonate solution was added and the new solution was further incubated for
20 min at 40 ◦C. Finally, the absorbance was measured at 740 nm. The results were
expressed as gallic acid equivalents (GAEs) per g of dry weight (dw), using a calibration
curve prepared with gallic acid.

2.7. HPLC-Based Identification and the Quantification of the Polyphenols

For the identification of the polyphenols contained in the extracts, the abovementioned
LC–DAD–MS (ESI+) system was employed. The compounds were identified by matching
the retention time and the absorption spectrum with that of the standard compounds.
The rest of the compounds were tentatively annotated, based on their mass spectra and
previous reports [31]. The quantification was carried out using calibration curves (prepared
using the standard compounds).

2.8. Determination of the Volatile Components

For the determination of the volatile components of the extracts, a solid phase microex-
traction (SPME) procedure was employed. The SPME fiber was initially preconditioned
for 30 min at 270 ◦C. In a glass vial (100 mL volume), 10 mL of the examined extract was
transferred, along with 3 g of sodium chloride. The vial was sealed and the mixture was
heated at 40 ◦C, under continuous stirring. Ten min later, the fiber was placed in the
headspace and the extraction was carried out for 50 min. Next, the fiber was transferred to
the GC–MS injection system.

2.9. Statistical Analysis

All extracts were prepared three times and each analysis was carried out three times
from each extract, resulting in a total of nine measurements per condition. The variability
was expressed with the standard deviation of the nine measurements. The results were
expressed as mean values ± standard deviation. The normality of the distribution of the
results was examined with the Shapiro–Wilk test. The statistically significant differences
between the samples were examined with the Mann–Whitney U test and the Kruskal–Wallis
test. All statistical analyses were carried out using SPSS (version 26) (SPSS Inc., Chicago, IL,
USA) software.

3. Results and Discussion
3.1. Effect of the DESs and the PEF Usage on the TPC of the Extracts

In order to maximize the extraction yield of the polyphenols, the use of DESs was
evaluated. The selection of DESs was based on previous studies [27–30]. The selected DESs
achieved the maximum extraction recoveries, compared to other types of DESs.

The results from the extracts prepared using different solvents are presented in
Figure 1. When water was used as an extraction solvent the TPC was found to be
108.2 ± 0.7 mg GAE/g dw. All four tested DESs resulted in extracts with an increased TPC.
More specifically, DES-4 caused a 52% increase in the TPC, compared to the extract pre-
pared with water, DES-1 and DES-3 caused a ~64% increase, while the maximum increase
was achieved when DES-2 was used (75%). In many published reports, it is mentioned
that hydroethanolic solutions are superior, compared to water, for polyphenol extraction,
with 60% (v/v) ethanol-water mixtures, exhibiting a much better performance [32–34]. To
this end, an extraction with this solvent was carried out, so as to compare the DES-based
extracts with the hydroethanolic extract, in terms of the TPC, serving as a positive control.
As can be seen in Figure 1, the hydroethanolic solution achieved a 47% increase in the TPC,
compared to plain water. DES-4 achieved nearly the same extraction yield (no statistically
significant differences were recorded), whereas DES-1, DES-3, and DES-2 resulted in ex-
tracts with an 11–19% increased TPC, compared to the hydroethanolic solution. It is evident
that DES-4 can be used as an alternative option to extract polyphenols from Cistus creticus,
yielding extracts with a comparable TPC with hydroethanolic extracts, whereas the other
three DESs increase notably the extracted polyphenols. In order for the extraction yield to
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increase, the extraction medium needs to match as closely as possible, the polarity of the
target compounds [35]. Since all tested DESs resulted in extracts with an increased TPC, the
polarities of the tested DESs may be more favorable to extract polyphenols, compared to
water [36]. According to a previous study, the main mechanism that governs the increased
efficiencies of DESs for polyphenol extraction is the formation of an extended network of
hydrogen bonds that not only helps solubilize the increased amounts of polyphenols, but
also stabilize them [37].
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mixture, and the four examined DESs, with and without the PEF pretreatment; Statistically significant
differences between the same solvent used are denoted with one asterisk (*) for p < 0.05 and two
asterisks (**) for p < 0.01. Statistically significant differences (p < 0.05) for samples without the
PEF treatment are denoted with small letters, and differences for samples prepared with the PEF
pretreatment are denoted with capital letters; Ethanol-water mixture was used as a positive control.

In a previous study, it was reported that the TPC of Cistus monspeliensis and
Cistus salviifolius was nearly 55 mg GAE/g dw [38]. Moreover, it was reported that the
TPC from the Syrian and Bulgarian Cistus creticus was 70 and 115 mg GAE/g dw, respec-
tively [7,39]. In the previous cases, the polyphenols were extracted using hydroethanolic
solutions. The slightly increased TPC in our case, when the ethanol-water mixture was
used, can be attributed to the environmental conditions [11]. The increased TPC, when
DESs were employed, was also found in previous studies. For instance, in the study of
Bakirtzi et al. [36], it was described that lactic acid: glycine: water (3:1:3) was the most
efficient DES, compared to other lactic acid-based DESs for the extraction of polyphenols
from dittany, fennel, and sage, while this was not the case for mint (all tested DESs achieved
similar extraction yields). This may be due to the physicochemical characteristics of the
polyphenols that can be extracted from each plant, which can be affected by the properties
of the DESs. The increased extraction yield from the glycine-based DESs was also reported
in previous studies [40,41].

To date, there are many reports that examine the use of different DESs for the extraction
of polyphenols from plant materials [40,41]. Furthermore, there are a few reports that
examine the combination of DESs with other extraction techniques (such as microwave-
assisted extraction and ultrasound-assisted extraction) [42–45]. Despite the fact that there
are quite a few reports on the use of PEFs for polyphenol extraction [21,46], the combination
of DESs with PEFs is an underdeveloped field with relevant reports being scanty and
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sparse [47]. In an effort to further enhance the TPC of the extracts, we examined whether
the use of PEFs could be beneficial. The results are presented in Figure 1. As regards
the use of PEFs, it is obvious that in all cases, the DES-PEF prepared extracts contained
more polyphenols, compared to the water-PEF extracts, as occurred in the case without
the PEF treatment. When the PEF method was used as a pretreatment step, the TPC of
the extract prepared with water was increased by 16%, compared to the extract prepared
without the PEF treatment. The extracts prepared with DES-1 and DES-2 and the use of
PEFs, exhibited a 12 and 14% increase, respectively, in their TPC, compared to the extracts
prepared without PEFs. Finally, the extracts prepared with DES-3 and DES-4 and the
PEF pretreatment, contained 4–8% more polyphenols, compared to the extracts prepared
without PEFs. According to the results, it can be concluded that the use of PEFs was
beneficial in all cases, and with a short (20 min) treatment step, a notable increase was
achieved. A ~20% increase in the flavonoid content of the extracts prepared from noni-
processing wastes, using DESs and PEFs was also reported by Li et al. [47]. The increase
in the extraction yield can be attributed to the electroporation that takes place, making
it more feasible for the DESs to come in contact with the polyphenols, resulting in an
increase. Moreover, the pH of each DES may further affect the extraction process. The pH
of DES-1, DES-2, DES-3, and DES-4 were 5.2, 4.3, 2.2, and 10.0, respectively. It can therefore
be inferred that the highly acidic and alkaline pH of DES-3 and DES-4 are less suitable
for the extraction of polyphenols, since the compounds may be more unstable at that pH.
Therefore, DES-1 and DES-2, which have moderate acidic pH values, are more suitable.

3.2. HPLC-Based Quantification of the Polyphenols

As can be seen in Table 1, a total of nine compounds were identified in the extracts
prepared using water and DES-2, with or without the PEF treatment. For all detected
compounds, except for the luteolin glucoside derivative, an increase in the concentration
was recorded when DES-2 was used as a solvent. The decrease in the concentration of
luteolin glucoside may be due to its polarity. Since the examined DES is highly polar, it may
be better extracted by water, than DES-2 [48]. Moreover, for both examined solvents, when
the PEF method was employed, a notable increase in the extraction yield was recorded.
Thus, both the selected DESs and the use of the PEF treatment increase the extraction of all
identified polyphenols.

Table 1. Identified polyphenols in the extracts prepared with and without PEFs, using water or
DES-2; Results are expressed as mg of the compounds per g of dw; Values are expressed as the mean
values (±SD) of triplicate determinations and means within each row (polyphenol compound), with
different superscript letters as significantly (p < 0.05) different.

Identified Polyphenol
Without PEFs With PEFs

Water DES-2 Water DES-2

Luteolin glucoside derivative 0.159 ± 0.005 b 0.090 ± 0.003 c 0.182 ± 0.012 a 0.101 ± 0.004 c

Luteolin glucoside p-coumaroyl 0.077 ± 0.002 c 0.767 ± 0.018 b 0.089 ± 0.004 c 0.866 ± 0.026 a

1-Myricetin glucoside 0.321 ± 0.011 d 0.527 ± 0.019 b 0.387 ± 0.016 c 0.602 ± 0.021 a

Myricetin rhamnoside 1.302 ± 0.041 d 1.891 ± 0.069 b 1.512 ± 0.046 c 2.258 ± 0.137 a

1-Quercetin glucoside derivative 0.274 ± 0.009 d 0.425 ± 0.008 b 0.323 ± 0.017 c 0.485 ± 0.028 a

Rutin 0.038 ± 0.001 d 0.057 ± 0.002 b 0.044 ± 0.002 c 0.064 ± 0.002 a

2-Quercetin glucoside derivative 0.158 ± 0.005 d 0.258 ± 0.007 b 0.187 ± 0.019 c 0.296 ± 0.019 a

Quercetin rhamnoside derivative 0.513 ± 0.014 d 0.862 ± 0.022 b 0.599 ± 0.022 c 0.975 ± 0.046 a

2-Myricetin glucoside 0.051 ± 0.002 c 0.122 ± 0.003 b 0.058 ± 0.001 c 0.141 ± 0.012 a

Total extraction yield 2.893 4.999 3.381 5.788

3.3. Volatile Profile of the Extract

The volatile profiles of the extracts prepared with DES-2 with and without PEFs were
examined. The results are presented in Table 2. As can be seen, a total of 51 compounds were
identified in both extracts. The extract prepared without PEFs contained 38 compounds,
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while when the PEF method was employed, a total of 41 compounds could be identified.
In many cases, the percentage of each volatile compound in the extract prepared with PEFs
was higher, compared to the extract without PEFs. The profile of the volatile compounds
determined is similar to the profiles determined in other plants of the Cistus family by
Morales-Soto et al. [49]. From the results, it can be concluded that the use of PEFs can also
affect the volatile profile of the extract.

Table 2. Volatile compounds identified in the extracts prepared with DES-2 with and without PEFs,
by HS–SPME/GC–MS. Values represent the % area of each compound over the total area of the
identified compounds; nd: not detected; * denote the compounds with the highest concentration.

Compounds DES-2 without PEFs DES-2 with PEFs

Methylene chloride nd 1.65
2-Pentenal 0.57 0.58

1-Chloropentane nd 0.13
2-Penten-1-ol 4.25 4.16
cis-3-Hexenal 0.45 0.29

Caproaldehyde 1.86 1.77
2-Hexenal 1.69 2.14

3-Hexen-1-ol 3.51 3.39
1R-α-Pinene * 21.60 22.23

Camphene nd 1.02
Methylene chloride nd 1.65

2-Bornene 0.84 nd
γ-Terpinene nd 1.15
β-Terpinene 0.20 nd
(-)-β-Pinene 0.12 nd
Limonene 1.02 0.63

trans-β-Terpineol nd 0.65
cis-Sabinene hydrate 1.39 nd

Pelargonaldehyde 0.89 nd
β-Linalool 0.47 0.70

L-Camphor 0.63 0.65
trans-Pinocarveole nd 0.73

Neomenthone nd 2.61
L-Menthone 2.41 nd

α-Pinocarvone 0.73 nd
Camphol 1.17 1.14

Isomenthon 0.28 0.33
L-Borneol * 6.46 5.93

Terpinen-4-ol 2.39 2.20
(-)-Myrtenal 0.27 0.27
α-Terpinol * 8.60 7.24
α-Cubenene * 8.04 7.32

2,5-Dimethylhex-5-en-3-yn-2-ol nd 0.76
α-Copaene nd 0.22
β-Cubebene 3.08 2.83

β-Caryophyllene 1.49 2.00
δ-Cadinene 0.79 0.32
β-Copaene 0.21 nd
β-Selinene nd 0.62

(+)-epi-Bicyclosesquiphellandrene 0.55 0.49
cis-Muurola-3,5-diene 2.27 2.52

L-Calamenene 3.46 3.90
β-Cadinene 3.81 3.47

Cadinadiene-1,4 2.12 2.34
Caryophyllene oxide * 5.73 5.62
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Table 2. Cont.

Compounds DES-2 without PEFs DES-2 with PEFs

Patchoulene 0.84 nd
Globulol nd 1.99

Ledol 2.32 nd
Cadinadiene-1,4 3.20 2.49

3,7(11)-Selinadiene 0.28 0.33
Phthalic acid, isobutyl non-5-yn-3-yl ester nd 1.22

4. Conclusions

In this study, the extraction of polyphenols from Cistus creticus was discussed. In
order to increase the extraction yield, DESs were examined and it was found that glycerol:
choline chloride (2:1) can increase the extraction yield by 75%, compared to extraction with
water. Moreover, the use of the PEF method as a pretreatment step was also examined, and
it was found to benefit the extraction of polyphenols. When the use of DESs was combined
with PEFs, a 14% increase was recorded. Moreover, the use of PEFs was found to affect the
composition of the extract in the volatile compounds. From the above, it can be inferred
that the combination of the alternative solvents, such as DESs, with new pretreatment
techniques, such as PEFs, not only can maximize the extraction yield of the polyphenols
from Cistus creticus, but can further maximize the extraction of other classes of compounds.
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