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ABSTRACT

Hibiscus sabdariffa L. is widely acknowledged as an important source of value-added
compounds as natural pigments and bioactive compounds whose isolation is of great interest
in food industry. Due to the incessant demand of green extraction procedures, NADESs have
emerged in the last years as new green solvents alternative to the conventional organic ones.
The feasibility of NADESs for the extraction of value-added compounds of H. sabdariffa has
been assessed in this work for the first time. An extraction technique based on microwave
assisted extraction (MAE) and the use of NADESs was proposed testing different deep
eutectic solvents based on choline chloride (ChCI). Among them, oxalic acid based NADES
exhibited a great selectivity for anthocyanins in particular as well as higher extraction yields
of bioactive compounds was also observed, even greater than those observed by methanol.
The effect of extraction variables such as liquid-solid ratio, temperature and water percentage
were studied by Box-Behnken design and a response surface methodology. The statistical
program pointed out the liquid-solid ratio of 1:30 mL mg™, temperature of 75 °C and a water
percentage of 55 % as the conditions to maximize extraction within the experimental domain.
Hence, NADES composed by oxalic acid and choline chloride resulted to be an effective
green alternative tailor-made solvent to carry out selective extractions of value-added

compounds from H. sabdariffa.

Keywords: natural deep eutectic solvents (NADES); Hibiscus sabdariffa L.; value-added

compounds; green extraction; microwave-assisted extraction
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1. Introduction

Current consumer demands require food industries to produce delightful, appealing, safer
and healthier foodstuffs. In this sense, the awareness about the artificial colorants and the
desire of promote health and well-being drive to the demand for food products formulated
with natural ingredients as bio-based alternatives (Martins, Roriz, Morales, Barros, &

Ferreira, 2016; Roman, Sanchez-Siles, & Siegrist, 2017; Shahidi, 2009).

The global food natural colouring market has grown rapidly in the last years and it is
expected to continue growing by 10 % to 15 % annually (Carle & Schweiggert, 2016) not
only for being a key food sensory attribute but also for the interest in replacing artificially
colorants by natural counterparts due to the adverse health effects (Ramesh & Muthuraman,
2018). On the other hand, due to the incessant interest of consuming food with health
promoting activities, functional food market is soaring exponentially, so worldwide is

entering the era of functional foods (Daliri, & Lee, 2015).

Edible flowers are a significant source of natural pigments endowed with colouring
properties but also natural source of phytochemicals with bioactive activities to be used for
functional food development (Jabeur, et al., 2017; Takahashi, Gongalves Rezende, Fidelis
Moura, Borges Dominguete, & Sande, 2020). Among them, the edible flower of Hibiscus
sabdariffa L., also known as roselle, is the most widely consumed genome between 300
different Hibiscus sp. species cultivated in tropical and subtropical areas of both hemispheres
(Riaz & Chopra, 2018). Hibiscus flower is used and traded worldwide today as an important
ingredient in teas, beverages, food and cosmetic products due to its exotic distinctive floral,
berry-like flavour and its appealing reddish-purple colour properties (Bechoff et al., 2014; de
Moura et al., 2019; Ismail, Ikram, & Nazri, 2008; Monteiro et al., 2017; Nguyen et al., 2018;

Pinela et al., 2019)
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Constituents of H. sabdariffa calyces responsible for the appealing coloration are
anthocyanins such as delphinidin-3-sambubioside (hibiscin) and cyanidin-3-sambubioside
(geossypicyanin) (Borras-Linares et al., 2015a, 2015b; Galvdo Maciel et al., 2018; Jabeur et
al., 2017; Segura-Carretero et al., 2008; Sindi, Marshall, & Morgan, 2014). On the other hand,
an increasing body of pharmacologic and clinical studies support the health and therapeutic
claims of H. sabdariffa calyces due to the presence of phenolic compounds (Ali, Al Wabel,, &
Blunden, 2005; Da-Costa-Rocha, Bonnlaender, Sievers, Pischel, & Heinrich, 2014; Gomes

Maganha et al., 2010).

In order to extract and recover value-added compounds from H. sabdariffa as natural
pigments or bioactive compounds for their subsequent use as colorants and functional
ingredients for the development of functional foods, it is necessary to conduct an efficient and
sustainable extraction process. Traditionally, the extraction process was carried out by means
of conventional extraction techniques (macerations, Soxhlet device...), which implied some
disadvantages such as the use of organic solvents in large quantities, extended extraction time
and low extraction recoveries among others (Borras-Linares et al., 2015a; Salazar-Gonzélez,
Vergara-Balderas, Ortega-Regules, & Guerrero-Beltran, 2012; Segura-Carretero et al., 2008;
Sindi et al., 2014). To overcome these limitations, alternative green extraction techniques
such as microwave-assisted extraction (MAE) or supercritical fluid extraction (SFE) have
been optimised for isolation of bioactive compounds from H. sabdariffa recently to be
exploited in numerous applications in food industry (Pimentel-Moral et al., 2018; Pimentel-

Moral et al., 2019; Yusoff & Leo, 2017).

In an attempt to find more effective and environmentally friendly extraction procedure in
accordance with the main principles of green analytical chemistry (Gatuszka, Migaszewski, &
Namie$nik, 2013), research interest has been triggered to greener extraction solvents. In this

sense, the use of deep eutectic solvents (DESs) or natural deep eutectic solvents (NADESS), if

4
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they are composed of metabolites naturally present in cells and organisms, has emerged in the
last years (Cui et al., 2017; Dai, Van Spronsen, Witkamp, Verpoorte, & Choi, 2013; Smith,
Abbott & Rydes, 2014). NADESs are simple, non-toxic, inexpensive and biodegradable
solvents with good extraction properties. But, arguably, the most relevant advantage of
NADESs is the endless opportunities of tailor-made solvents in a green media. This fact
makes them an excellent choice to extract value-added compounds, not only increasing yields
and preserving their biological effects and (Choi & Verpoorte, 2019; Murador, de Sousa
Mesquita, Vannuchi, Braga, & de Rosso, 2019; Radosevi¢ et al., 2016; Zainal-Abidin,

Hayyan, Hayyan, & Jayakumar, 2017) what will boost their further use food applications.

Therefore, the main aim of this study was the application of NADESs to the green
extraction of value-added compounds of H. sabdariffa for the first time. For that purpose, a
microwave-assisted extraction procedure was set up and the extraction abilities of eight tailor-
made NADESs were tested in comparison with that provided by a conventional organic
solvent, methanol. Once the best NADESs was selected, the effect of the main variables
involved in the process (liquid-solid ratio, temperature and percentage of water of NADESS)

were further analyzed by means of response surface methodology (RSM) .

2. Materials and methods

2.1. Plant material

Dried calyces of H. sabdariffa were generously provided by Monteloeder Inc. (Elche,
Alicante, Spain). The sample was grounded and homogenized using an Ultra Centrifugal Mill
ZM 200 (Retsch GmbH, Haan, Germany) equipped with 12-tooth rotor and ring sieve until a

particular size of 2 mm. . A homogenized sample was stored at room temperature in darkness.

2.2. Chemical and reagents
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Choline chloride (>99.0%), lactic acid (>98.0%), oxalic acid (>99.0%), ethylene glycol
(>99.8%), 1,2-propanediol (>99.5%), fructose (99.0%), maltose (>99.0%), glucose (>
99.5%), and urea (>99.5%) were purchase from Sigma-Aldrich (St. Louis, MO, USA).
Standard compounds used for quantification process including chlorogenic acid, citric acid,
gallic acid, p-coumaric acid, quercetin, quercetin-3-glucoside, rutin, myricetin and myricitrin
were also purchased from Sigma-Aldrich (St. Louis, MO, USA). Folin Ciocalteu’s phenol
reagent, gallic acid and Na,COg3 were supplied by Merck (Darmstadt, Germany). Additionally,
LC-MS grade acetonitrile and HPLC-grade MeOH were purchased from Fisher Scientific
(Madrid, Spain). Acetic acid (> 99.5%) was sourced from Fluka (Switzerland). Ultra-pure
water (resistivity above 18.2 MQ cm) used in this experiment was obtained from Milli-Q

system (Millipore, Bedford, MA, USA).
2.3. Preparation of NADESSs

Eight different choline chloride based NADES were prepared (Table 1) by previously
described method (Dai et al., 2013) in the proper molar ratios. In brief, choline chloride
(ChClI) as hydrogen bond acceptor and different hydrogen bond donors (acids, polyols, sugars
and urea) were heated at 80°C with constant stirring in a water bath until a clear,

homogeneous liquid was formed. NADESs were store at room temperature.
2.4.Microwave-assisted extraction (MAE) procedure

Bioactive compounds from H. sabdariffa calyces were extracted using a microwave
laboratory extractor (Anton Paar GmbH, Graz, Austria), which was equipped with a digital

control system for the optimization of MAE parameters.

For initial screening of the prepared NADESs, 200 mg of powder sample were placed into
an extractor vessel with 2 mL of each NADES solution (containing 25% water) to give liquid

to solid ratio 1:10 mL g*. The mixture was subsequently microwave irradiated at 65 °C for 20

6
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min to carry out the NADEs screening. All experiments were temperature-monitored and
microwave power and pressure were fixed to 700 W and 18 bar, respectively. In parallel, a
comparative experiment was also performed under the same experimental conditions using as

reference a conventional organic solvent (methanol:water, 80:20, v/v).

After MAE, the extracts obtained were centrifuged (at 13.000 rpm for 15 min at 20 °C)
and supernatants were filtered through a 0.2 um regenerated cellulose (RC) filters. Clear
samples were transferred into glass flask being diluted with ultra-pure water up to 10 mL and

stored at -20°C for future analysis. All extractions were performed in duplicate.

2.5. Characterization of bioactive compounds from H. sabdariffa extract by HPLC-DAD-

ESI-TOF-MS

HPLC analysis were performed using an Agilent 1200 series Rapid Resolution Liquid
Chromatograph (Agilent Technologies, CA, USA) coupled to an orthogonal-accelerated
micrOTOF mass spectrometer (Bruker Datonics, Bremen, Germany) and an electrospray
interface (modelG1607A from Agilent Technologies, Palo Alto, CA, USA). The separation of
bioactive compounds was achieved on a Zorbax Eclipse Plus C;g column (1.8 um, 4.6 x 150
mm). The separation method was based on according to previous work with some
modifications (Borras-Linares, 2015a). Briefly, the mobile phases consisted of
water:acetonitrile (90:10 v/v) with 0.1% formic acid (solvent A) and acetonitrile (solvent B).
The gradient program was as follow: 0 min, 5 % (B), 8 min 22 % (B), 23 min 28 % (B), 27
min 95 % (B), 31 min 5 % (B) and finally a conditioning cycle of 5 min with the initial
condition. Injection volume was set at 10 pL, oven temperature was fixed at 25 °C and the
flow rate was 0.5 mL min . In order to ensure stable ionization conditions, the effluent from
the HPLC was split before being introduced into the mass analyser. Detection was carried out

considering a mass range of 50 — 1000 m/z. The ionization parameters were: capillary voltage,
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4000V; drying gas temperature, 210 °C; drying gas flow, 9.5 L min™; nebulizing gas pressure,
2.5 bar; and end plate offset, =500 V. External mass spectrometer calibration was carried out
with a sodium formate cluster solution (5 mM sodium hydroxide and 0.1 % formic acid in
water/2-propanol (1:1, v/v)) in quadratic plus high-precision calibration (HPC) regression
mode. The calibration solution was injected at the beginning of the run using a 74900-00-05
Cole Palmer syringe pump (Vernon Hills, Illinois, USA) and all the spectra were calibrated
before identification. The data were processed using the software Data Analysis 4.0 (Bruker

Daltonik).

Identification was characterized by the generation of the candidate molecular formula with
a mass accuracy limit of 5 ppm using the Smart Formula TM editor and considering their
retention time (RT), mass spectra, isotopic distribution and the information available in
literature. Quantification was carried out by means of calibration curves of standards
compounds (linearity range (ug mL™), R?): gallic acid (0.75 — 130, 0.9997), chlorogenic acid
(0.60 -120, 0.9999), citric acid (0.55 — 110, 0.9991), p-coumaric acid (0.55 — 110, 0.9999),
quercetin (0.50 — 100, 0.9990), quercetin-3-glucoside (0.50 — 100, 0.9998), rutin (0.75 — 130,
0.9999, myricetin (0.70 — 140, 0.9999), myricitrin (0.30 — 60, 0.999) and cyaniding-3-
sambubioside (0.39 — 100, 0.9954). Concentrations were expressed as milligrams of target

compound per gram of dried plant material.
2.6. Statistical analysis and experimental design

For the selection of the appropriate NADES, statistical data treatment was performed
using SPSS software: IBM SPSS Statistics for Windows, Version 22.0 (Armonk, NY: IBM
Corp., released 2013). A one-way analysis of variance (ANOVA) at a 95% confidence level

and a Student-Newman-Keuls (S-N-K) post-hoc test were applied to determine the differences
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amongst extraction yields of bioactive compounds with the NADESs tested and methanolic

solution.

Once the appropriate NADES was selected, the MAE process was further optimized by
using three-level, three-factor Box-Behnken design (BBD) and response surface methodology
(RSM). The three main independent variables to optimized were temperature (X;: 40 °C, 80
°C and 120 °C), solvent to solid ratio (Xz: 1:10 mL mg™, 1:20 mL mg™ and 1:30 mL mg™)
and water percentage in NADESs (X3: 0 %, 35 % and 70 %). The range of the variables or
factor was chosen based on the preliminary results and literature available (Alafion, Ivanovic,
Gobmez-Caravaca, Arraez-Roman, & Segura-Carretero, 2018; Craveiro et al., 2016; Dai et al.,
2013;Ivanovi¢, Alafion, Arrdez-Roman, & Segura-Carretero, 2018). The total phenolic
content (TPC) and total anthocyanin content (TAC) were the response variables used to
determine the optimum conditions of extracting phenolic compounds from H. sabdariffa
calyces. A total fifteen experiments were carried out including three replications of the central
point. The experimental data were fitted to a second-order polynomial model (equation 1) to

obtain the regression equation:

k k K
Y =5+ Zﬁixi + Zﬁiixiz + Zﬁinin €]
i=1 im1 =

where Y is the response variable, X;and X; are the independent variables and k is the number
of tested variables (k = 3). The effect of each term in the model and its statistical significance
for the response variable were analysed. Regression coefficients were regarded as significant
when the level of significance was lower than 0.05, p < 0.05. Those regression coefficients
not significant were excluded from the model and it was refitted by multiple linear regression.
The new fitted model furnished the optimized conditions maximising the yield. For the

graphical representation of the interactive effects of operational parameters on the extraction
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yields, the three-dimensional (3D) profiles of multiple non-linear regression models were
depicted using the fitted quadratic polynomial equation thus obtained. For the design of
experiment, statistical data analysis and 3D graphs construction Design-expert software

(Design Expert 11) was used.
2.7. Estimation of total phenolic content (TPC)

The analysis of total phenolic compounds was performed using the Folin-Ciocalteu reagent
measuring the absorption at 760 nm (Slinkard, & Singleton, 1977). Briefly, 10 uL of properly
diluted extracts were mixed with 600 pL of deionized water and 50 pL of Folin-Ciocalteu
reagent. After 10 min, 150 puL of Na,COj3 solution 20% (w/v) and 190 pL of deionized water
were added. The samples were allowed to stand for 2 h in a dark place at room temperature.
After incubation, 200 pL of the samples were transferred into a 96-wells microplate and the
absorbance was measured using BioTek spectrophotometer microplate reader (Winooski,
Vermont, EEUU). The TPC were expressed as milligrams of gallic acid equivalents per gram

of dry plant material. Each replicate of extraction were analysed in triplicate (n = 6).
2.8. Estimation of total monomeric anthocyanin content (TAC)

Total monomeric anthocyanin content (TAC) was determined by standard pH differential
method (Lee, Durst, & Wrolstad, 2005). Extracts were diluted with two different buffers
(pH=1 and pH=4.5). The absorbances measurements of the prepared solutions were adquired
at two different wavelengths: 520 nm and 700 nm by a BioTek spectrophotometer microplate
reader. TAC, expressed as mg of cyanidin-3-glucoside equivalents per litre (mg Cya-3-Glu L’
1), was calculated as follows (equation 2):

Ax MW x DF x 103 2)

TAC =
€Ex1

10
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where A = (As2onm — Azoonm) PH 1.0 — (Aszonm — Azoonm) PH 4.5; MW (molecular weight) =

449.2 g mol™ for cyanidin-3-glucoside; DF = dilution factor; 1 = path length in cm; €

26,900 molar absorptivity coefficient, in L mol™*cm™, for cyanidin-3-glucoside and 10°
conversion factor from g to mg. All measurements of each replicate extraction were

performed in triplicate (n = 6).
3. Results and Discussion

3.1. Screening of NADES for the extraction of value-added compounds from calyces of H.

sabdariffa

The analysis of H. sabdariffa extracts by means of HPLC-DAD-ESI-TOF-MS revealed
the presence of 21 compounds which were identified by the interpretation of their MS spectra
and the data from the literature and mass-spectra databases and quantified by calibration
curves of standards. All spectral data as well as quantification aspects are compiled in Table
2. Chemical characterization of H. sabdariffa extracts isolated by NADESs was in good
agreement with those previously reported in bibliography (Borras-Linares et al., 2015a;

2015b; Da-Costa-Rocha et al., 2014; Pimentel-Mora et al., 2018; 2019).

Among the compounds detected (Table 3), anthocyanins are one of the groups of
compounds found in H. sabdariffa, which has roused increasing interest in the last years.
NADESs were able to extract delphinidin-3-sambubioside (hibiscin) and cyanidin-3-
sambubioside (gossypicyanin), which are the dominant anthocyanins present in H. sabdariffa
calyces and leaves (Da-Costa-Rocha et al., 2014). Among NADESs tested, those composed
by organic acids (lactic and oxalic acid) exhibited higher extraction yields of both
anthocyanins suggesting that their acid nature favour their extraction capacity of these target

compounds. This fact was supported by findings reported in bibliography where the choice of

11
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an appropriate NADES for anthocyanins extraction from diverse vegetal matrices (grape
skins, catharanthus roseus, mulberry ...), always lead to an organic acid component such as
citric acid, lactic acid or oxalic acid (Bubalo, Curko, Tomasevic, Ganic, & Redovnikovic,
2106; Dai, Rozema, Verpoorte, & Choi, 2016; Guo et al., 2019; Jeong, et al., 2015). In our
particular case of H. sabdariffa, NADES based on choline chloride and oxalic acid (ChCI-Ox)
attained the highest value of the individual anthocyanins extracted (3.76 + 0.03 mg g™* and
3.60 + 0.03 mg g* for delphinidin-3-sambubioside and cyaniding-3-sambubioside,
respectively). Likewise, the highest value obtained in the TAC assay estimated by standard
spectrophotometric method was 3.64 + 0.01 MQcyan-3-gluc g1 . Oxalic acid is a dicarboxylic
acid which makes it one of the strongest organic acid (pKal: 1.25, pKa2: 4.27), meanwhile
the acidic nature of lactic acid is weaker (pKa: 3.86). The different acidic feature among acids
could explain the better extraction results of oxalic acid for anthocyanins depend on the pH
supported by the fact that anthocyanins are prevalent in the flavylium cation form stable at pH
< 2, while at a pHs > 7 is totally degraded (Pani¢, Gunjevi¢, Cravotto, Radojci¢
Redovnikovi¢, 2019). Furthermore, it should be noted that ChCI-Ox proved to have higher
extraction capabilities for anthocyanins than the use of methanolic solution (3.32 + 0.09 mg g
Y and 1.73 + 0.04 mg g* for delphinidin-3-sambubioside, and cyaniding-3-sambubioside
respectively. For the extraction of H. sabdariffa anthocyanins, different solvents were used
such as water or acidified water (Jabeur et al., 2017; Salazar-Gonzélez, Vergara-Balderas,
Ortega-Regules, & Guerrero-Beltran, 2012;Sindi et al., 2014), ethanol and ethanol/ water
mixtures (Salazar Gonzales et al., 2012; Jabeur et al., 2017) as well as methanol and acidified
methanol (Sindi et al., 2014). Based on data reported by Sindi et al., 2014, acidified water and
especially pure water at the boiling point lead to the highest extraction yields for the hibiscus
anthocyanins (4.11+1.47 mg g™ and 3.81+1.21 mg g* for delphinidin-3-sambubioside and

cyanidin-3-sambubioside, respectively). These values were higher than those attained by

12
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ChCI-Ox. However in other studies, microwave assisted extraction using water as solvent
extracted lower amounts than ChCI-Ox (from 1.20 to 0.59mgg ’ of delphinidin-3-
sambubioside and values ranged between 0.36 and 0.16 mg g * for cyanidin-3-sambubioside)
(Cassol, Rodrigues, & Zapata Norefia, 2019). These discrepancies are due to the different
methodologies used as well as the chemical differences in the H. sabdariffa samples analysed
(different cultivars, different locations of cultivation, different climatic conditions). Therefore,

it is hard to compare the results of the present study with other published works.

Phenolic acids were also detected in H. sabdariffa extracts. Chlorogenic acid whose
concentration range was from 4.64 + 0.10 mg g™ to 5.73 + 0.00 mg g™, was the dominant
phenolic acid found joint with its two isomers, cryptochlorogenic and neochlorogenic acid
(Table 3). The presence of these compounds has already been reported (Borras-Linares et al.,
2015a; 2015b; Pimentel-Moral et al., 2018; 2019). The identification of other phenolic acids
such as coumaroylquinic acid and 5-O-caffeoylshikimic acid was also confirmed. Although
all NADESs tested were able to extract phenolic acids, those composed by sugar as fructose
(ChCI-Fru), maltose (ChCI-Mal) and glucose (ChC-Glu) exhibited the lowest extraction
values for the sum of phenolic acids, ranged from 14.57 + 0.20 to 16.34 + 0.07 mg g™*. The
use of urea and polyols like ethylene glycol and 1,2 propanediol provided higher extraction
yields not finding significant differences with those attained by methanolic solution. This
similar behaviour among NADEs formed by urea and polyols with methanol mixture was also
observed for the extraction of phenolic compounds from olive leaves (Alafion et al., 2018).
Again, lactic acid and especially oxalic acid lead to the highest extraction yields for the total
phenolic acids recovery (19.12 + 0.05 and 19.94 + 0.60 mg g, respectively). Comparing
those results with the previously published data it can be concluded that proposed MAE-
NADES methodology could represent a really promising tool for the quantitative extraction of

phenolic acids from the hibiscus calyces. Cassol et al. reported a maximum contents of the

13



©CO~NOOOTA~AWNPE

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

chlorogenic and neochlorogenic acid in the hibiscus flower of 2.58 mg g* and 1.71 mg g™,
respectively, using exhaustive extraction with acidified methanol: water (80:20 v:v) as the

extraction solvent (Cassol_et al., 2019). Likewise, recently proposed supercritical fluid

extraction (SFE) method, have showed a significantly lower recovery of the phenolic acids
from hibiscus, with the total phenolic acids content of 10 mg g'1 (Pimentel-Moral, et

al..—2019).

In addition, flavonoids and their glycosidic derivatives were also characterized.
Quercetin, as well as its glucoside, rutinoside and sambubioside conjugates were detected in
all extracts. Myricetin and kaempferol and their respective arabinogalactoside and
sambubioside derivatives were other flavonoids identified. Regards to extraction of these
flavonoids from H. sabdariffa, almost all of NADESs tested exhibited lower extraction power
than hydro-methanolic solvent with the exception of oxalic acid (ChCI-Ox). The greatest
amounts of myricetin, quercetin, kaempferol, myricetin-3-arabinogalactoside and kaempferol-
3-O-sambubioside were attained when the extraction was performed by ChCI-Ox. Hence, the
total flavonoid content extracted by the use of oxalic acid reached quantities of 4.57 + 0.12
mg g™, which was significantly higher than those shown by methanolic solution. Comparing
these-result with the other H. sabdariffa extract, the levels of the flavonoids were significantly

higher in the MAE-NADES than in other works (Pimentel-Moral et al., 2019).

Other polar compounds were detected, among them organic acids such as hibiscus
acid and hydroxycitric acid, which comprised the most abundant fraction of H. sabdariffa
extracts. Hibiscus acid was the predominant compound and its bioactive effects against
diabetes and other glucose related diseases like metabolic syndrome have been recently
demonstrated (Seung et al., 2018). In this particular case, none of the screened NADESs
exhibited major extraction yields than methanol, which attained the highest content of

hibiscus acid (31.70 + 1.65 mg g™) and hydroxycitric acid (2.93 + 0.07 mg g*). Among

14



©CO~NOOOTA~AWNPE

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

NADESs, those composed by sugars and urea showed lower efficiencies in the extraction on
these polar compounds such as organics acids. Contrary, NADES made with polyols and

acids exhibited better capabilities to extract organic acids.

Therefore, based on the results, it could be pointed out that for the particular case the
use of choline chloride and oxalic acid enhanced the extraction of bioactive compounds from
H. sabdariffa, since due to its acidic nature favoured, mainly, the isolation of anthocyanins,
phenolic acids and flavonoids reaching even major quantities than conventional solvent as
hydro-methanolic solution. Comparing the results with those reported in bibliography, it can
be concluded that the capacity of NADES to extract phenolic compounds varied significantly
according to the structures and nature of the target compounds as well as the composition of
each NADES. For example, the two secoiridoid derivatives most abundant and with major
biological properties in olive oil were extracted in higher proportions with NADESs
composed by polyols such as xylitol and 1,2-propanediol (Garcia, Rodriguez-Juan,
Rodriguez-Gutiérrez, Rios, & Fernandez-Bolafios, 2016). Meanwhile, best recoveries of
phenolic compounds from olive leaf were achieved with other polyol such as ethylene glycol
(Alaiodn, et al., 2018). Urea-based NADES was reported as an excellent extraction solvent for
the isolation of rutin from Sophora japonica (Zhao et al., 2015) while lactic acid-based
NADES was the best solvent to extract bioactive compounds from Lippia citriodora
(Ivanovi¢ et al., 2018). On the other hand, although the combination of choline chloride with
sugars showed lower extraction efficiency for bioactive compounds of H. sabdariffa in this
work and in L. citriodora (Ivanovi¢ et al., 2018), choline chloride and maltose resulted to be
an excellent deep eutectic solvents for the extraction of polar and weak polar phenolics in
Cajanus cajan leaves (Wei et al., 2015). Therefore, the deep eutectic mixture composed by
oxalic acid and choline chloride was the most proper solvent to carry out the extraction of

bioactive compounds from H. sabdariffa calyces.
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3.2. MAE extraction conditions for value added compounds from calyces of H.

sabdariffa: BBD experimental design.

After the natural deep eutectic solvent choice, the main parameters of the MAE
microwave assisted extraction procedure were studied in order to achieve maximum
extraction yields within the experimental domain. For this purpose, a Box-Behnken
experimental design (BBD) based on a response surface methodology (RSM) was performed.
The influence of three independent variables as liquid-solid ratio, temperature and water
percentage of NADES was assessed by means of a three level factorial design. A total of 15
experiments, twelve factorial design points and three centre points for experimental error,
were carried out in randomised run order (Table 4). Each experimental run were carried out
by duplicate and the spectrophotometric measurement of TPC and TAC in triplicate (n = 6),

were selected as response variables.

Table 5 summarizes statistical features related to the regression model and the analysis
of variance. The quadratic correlation coefficients (R?) of response variables were 0.994 and
0.985 for TPC and total anthocyanin content TAC respectively, while the lack of fit for both
models was not significant. These parameters pointed out the good approximation of the
statistic models proposed to the experimental conditions. The significance of regression was

evaluated by the F-test. Values of the F,, were calculated taken into account the degrees of

freedom of the model (a) and the degree of freedom of the error (b). Values of Fg, were 91.23

and 36.87 for TPC and TAC respectively being both of them major than F-listed which was

19.385 . These values pointed out that the model is significant and therefore, the mathematical
model is well fitted to the experimental data. Regards to the model proposed by TPC, the total
phenolic content, the extraction seemed to be highly influence by liquid-solid ratio, water
percentage of NADES and the interaction of temperature with water percentage (p < 0.001).

Meanwhile, the quadratic effects for liquid-solid ratio and temperature were not significant (p
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> 0.05), so experimental data can fit to a reduced model according to the following equation

(3):

TPC = 28.34 + 1.784 + 3.96B + 3.81C + 0.394B + 0.055AC — 2.61BC — 7.17C?

For the particularly case of TAC, total anthocyanin content, the most influential
parameters were the temperature, water percentage of NADES as well as its quadratic effect,
and the interaction of temperature with the water percentage (p < 0.001). Solely the
interaction of liquid-solid with the temperature was not significant (p > 0.05). Consequently,

this parameter can be omitted in the proposed model (equation 4):

TAC = 3.28 + 0.264 — 0.41B + 0.47C + 0.36AC — 0.73BC + 0.056A4% — 0.35B2 (@)

—0.69C?

For a visual interpretation of interaction between the independent variables, 3D plot of
response surface were plotted (Figure 1). A higher liquid-solid ratio seemed to lead to greater
extraction of TPC and TAC. The reason was probably that a larger concentration gradient of
target compounds between matrix and solvent was obtained, which improved the extraction of
phenolic compounds and anthocyanins from H. sabdariffa calyces. Increasing temperature
favoured the extraction of TPC and TAC likely as consequence of the viscosity reduction of
oxalic acid-based NADES, decrease in surface tension and enhancement of the target
compounds diffusion. However, according to bibliography, the use of high temperatures with
NADESs has some drawbacks due to their thermal stability (Craveiro et al., 2016; Haz,
Strizincova, Majova, Skulcova, & Jablonsky, 2016). In addition, the increase in the
temperature over 80°C results in the remarkable increase in the rate of degradation of hibiscus
anthocyanins (Galvao Maciel et al., 2018). The water percentage of oxalic acid-based
NADES was a crucial parameter to take into account. In general, the main drawback of

NADESs is the viscosity and mainly in those NADESs based on organic acids whose
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viscosity is still significantly higher such as the ChCI-Ox. The addition of water to ChCI-Ox
seemed to enhance the extraction of target compounds, however, excessive water content
could break the hydrogen bonds between NADES components to the detriment of the eutectic

character of solvent (Dai et al., 2013).

Based on the regression analysis, the three independent variables (liquid-solid ratio,
temperature and water percentage) were maximized using the model equation provide by the
statistical program to maximise the extraction of TPC and TAC of calices from H. sabdariffa.
Results set the maximun extraction conditions within the experimental domain at liquid-solid

ratio of 1:30 mg mL™, 75 °C and 55 % of water. Extractions under these conditions were

performed to carry out a comprehensive characterization of the extract (Table 6). Anthocyanin

concentrations were 4.70 and 5.73 mg g for delphinidin-3-sambubioside and cyaniding-3-

sambubioside. These amounts were higher than those previously reported in bibliography

using water as solvent extraction (1.20 — 0.59 and 0.36 — 0.16 mg g™ for delphinidin- and

cyaniding-3-sambubioside respectively) (Cassol et al., 2019) or even using acidified boiling

water (4.11 mg g* for delphinidin-3-sambubioside and 3.81 mg g* for cyaniding-3-

sambubioside) (Sindi et al., 2014). However, despite the greater amounts detected, these

comparisons should be taken carefully since chemical differences can also be due to intrinsic

variables of the H. sabdariffa samples. Other the other hand, higher content of phenolic acids

and flavonoids were also detected with the methodology proposed by means of MAE-NADES

in comparison with previous works (Cassol et al., 2019; Pimentel-Moral et al., 2019)

Therefore, the use of NADESs for the extraction of value-added compounds from
Hibiscus sabdariffa has shown to be promising for the extraction of natural pigments or

functional ingredient. Furthermore, otherFhe—mainr advantage of the use of NADESs

compared to conventional solvents as water and ethanol seems to beis the increasing bioactive

compounds stability (Benvenutti, Ferreira Zielinski, & Salvador Ferreira, 2019). Indeed, a
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patent based on the use of eutectic solvent for efficient extraction from plant components,
Naturex®, was deposited last year (U. S. Patent N°. 0055904, 2018). On the other hand, new
strategies are being developed for their recycling after the solute separation or solvent

regeneration with the aim to cut off process costs (Benvenutti et al., 2019).

4. Conclusions

Results showed the extraction power of NADESs for the extraction of value-added
compounds from ¢ H. sabdariffa calyces. NADESs exhibited different extraction properties
depending on their chemical components. Among them, oxalic acid-based NADES was the
most promising solvent, especially for anthocyanin extraction, attaining higher extraction
yields of value-added compounds from H. sabdariffa than the use of conventional organic
solvents as methanol. The higher selectivity of oxalic-based NADES by anthocyanins and its
acidic nature make it an excellent option to obtain stable extracts with great potential as
natural pigments. Therefore, the optimise method of MAE using natural deep eutectic solvent
such oxalic acid and choline chloride offers the possibility of design and customize
extractions of bioactive compounds from H. sabdariffa which could be of interest for its
further use in foodc industry. However, further studies addressing some issues such as
stability, recovery yield, back-extraction, solvent regeneration and operational cost should be

conducted to check the viability of the industrial application.

Acknowledgements

Authors are grateful to the Ministry of Science, Innovation and Universities (RT12018-
096724-B-C22) and Junta de Comunidades de Castilla-La Mancha
(SBPLY/17/180501/000509). M. Ivanovi¢ thanks to the Slovenian Ministry of Education,

Science and Sport for the postdoctoral contract: Raziskovalci na zacetku kariere 2.1

19



©CO~NOOOTA~AWNPE

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

(operation OP20.04348) and M.E. Alafion thanks to the University of Granada {Plan-Prepio}

for the grant awarded to researchers from other institutions.

References:

Alanon, M.E., Ivanovi¢, M., Gomez-Caravaca, A.M., Arrdez-Roman, D., Segura-Carretero,
A. (2018). Choline chloride derivative-based deep eutectic liquids as novel green
alternative solvents for extraction of phenolic compounds from olive leaf. Arabian

Journal of Chemistry, https://doi.org/10.1016/j.arabjc.2018.01.003

Ali, B. H., Al Wabel, N., & Blunden, G. (2005). Phytochemical, pharmacological and
toxicological aspects of Hibiscus sabdariffa L.: a review. Phytotherapy Research, 19(5),

369-375. https://doi.org/10.1002/ptr.1628

Bechoff, A., Cissé, M., Fliedel, G., Declemy, A-L., Ayessou, N., Akissoe, N., Touré, C.,
Bennett, B., Pintado, M., Pallet, D., & Tomlins, K. I. (2014). Relationships between
anthocyanins and other compounds and sensory acceptability of Hibiscus drinks. Food

Chemistry, 148, 112-119. https://doi.org/10.1016/j.foodchem.2013.09.132

Benvenutti, L., Ferreira Zielinski, A. A., & Salvador Ferreira, A. R. (2019). Which is the best
food emergin solvent: IL, DES, or NADES?. Trends in Food Science and Technology,

90, 133-146. https://doi.org/10.1016/j.tifs.2019.06.003

Borras-Linares, I., Fernandez-Arroyo, S., Arraez-Roman, D., Palmeros-Suarez, P. A., Del
Val-Diaz, R., Andrade-Gonzales, I., & Segura-Carretero, A. (2015a). Characterization of
phenolic compounds, anthocyanidin, antioxidant and antimicrobial activity of 25
varieties of Mexican Roselle (Hibiscus sabdariffa). Industrial Crops and Products, 69,

385-394. https://doi.org/10.1016/j.indcrop.2015.02.053

20



©CO~NOOOTA~AWNPE

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

Borrés-Linares, |., Herranz-Lopez, M., Barrajon-Catalan, E., Arrdez-Roman, D., Gonzalez-
Alvarez, I., Bermejo, M., Fernandez-Gutiérrez, A., Micol, V., & Segura-Carretero, A.
(2015b). Permeability study of polyphenols derived from a phenolic-enriched Hibiscus
sabdariffa extract by UHPLC-ESI-UHR-QQ-TOF-MS. International Journal of

Molecular Sciences, 16, 18396-18411. https://doi.org/10.3390/ijms160818396

Bubalo, M.C., Curko, N., Tomasevic, M., Ganic, K.K., Redovnikovic, I.R. (2016). Green
extraction of grape skin phenolics by using deep eutectic solvents. Food Chemistry, 200,

159-166. https://doi.org/10.1016/j.foodchem.2016.01.040

Carle, R., & Schweiggert, R. M. (2016). Handbook on natural pigments in food and beverage:

Industrial applications for improving food color (1* ed.). Woodhead Publishing.

Cassol, L., Rodrigues, E., & Zapata Norefia, C.P. (2019). Extracting phenolic compounds
from Hibiscus sabdariffa L. calyx using microwave assisted extractioin. Industrial Crop

and Products, 133, 168-177. https://doi.org/10.1016/j.indcrop.2019.03.023

Craveiro, R., Aroso, I., Flammia, V., Carvalho, T., Viciosa, M.T., Dionisio, M., Barreiros, S.,
Reis, R.L., Duarte, A.R.C., & Paiva, A. (2016). Properties and thermal behaviour of
natural deep eutectic solvents. Journal of Molecular Liquids, 215, 534-540.

https://doi.org/10.1016/j.molliq.2016.01.038

Choi, Y. H., & Verpoorte, R. (2019). Green solvents for the extraction of bioactive
compounds from natural products using ionic liquids and deep eutectic solvents. Current

Opinion in Food Science, 26, 87-93. https://doi.org/10.1016/j.cofs.2019.04.003

Cui, Y., Li, C., Yin, J., Li, S, Jia, Y., & Bao, M. (2017). Design, synthesis and properties of
acidic deep eutectic solvents based on choline chloride. Journal of Molecular Liquids,

236, 338-343. https://doi.org/10.1016/j.mollig.2017.04.052

21



©CO~NOOOTA~AWNPE

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

Da-Costa-Rocha, 1., Bonnlaender, B., Sievers, H., Pischel, 1., & Heinrich, M. (2014). Hibiscus
sabdariffa L. — A phytochemical and pharmacological review. Food Chemistry, 165,

424-443. https://doi.org/10.1016/j.foodchem.2014.05.002

Dai, Y., Rozema, E., Verpoorte, R., & Choi, Y. H. (2016). Application of natural deep
eutectic solvents to the extraction of anthocyanins from Catharanthus roseus with high
extractability and stability replacing conventional organic solvents. Journal of

Chromatography A, 1434, 50-56. https://doi.org/10.1016/j.chroma.2016.01.037

Dai, Y., van Spronsen, J., Witkamp, G.-J., Verpoorte, R., & Choi, Y. H. (2013). Natural deep
eutectic solvents as new potential media for green technology. Analytica Chimica Acta,

766, 61-68. https://doi.org/10.1016/j.aca.2012.12.019

Daliri, E., & Lee, B. (2015). Current trends and future perspectives on functional foods and
nutraceuticals. In beneficial microorganisms in food and nutraceuticals. Editor Min-Tze

Liong. Springer (pp. 221-244). https://doi.org/10.1007/978-3-319-23177-8 10

de Moura, S. C. S. R,, Berling, C. L., Garcia, A. O., Queiroz, M. B., Alvim, I. D., &
Hubinger, M. D. (2019). Release of anthocyanins from the hibiscus extract encapsulated
by ionic gelation and application of microparticles in jelly candy. Food Research

International, 121, 542-552. https://doi.org/10.1016/J.FOODRES.2018.12.010

Gatluszka, A., Migaszewski, Z., & Namiesnik, J. (2013). The 12 principles of green analytical
chemistry and the significance mnemonic of green analytical practices. TrAC Trends in

Analytical Chemistry, 50, 78-84. https://doi.org/10.1016/j.trac.2013.04.010

Galvao Maciel, L., Araujo Vieira do Carmo, M., Azevedo, L., Daguer, H., Molognoni, L.,
Mendes de Almeida, M., Granato, D., & Deliberali Rosso, N. (2018). Hibiscus sabdariffa

anthocyanins-rich extract: Chemical stability, in vitro antioxidant and antiproliferative

22


https://doi.org/10.1007/978-3-319-23177-8_10

©CO~NOOOTA~AWNPE

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

activities. Food and Chemical Toxicology, 113, 187-197.

https://doi.org/10.1016/j.fct.2018.01.053

Garcia, A., Rodriguez-Juan, E., Rodriguez-Gutiérrez, G., Rios, J.J., & Ferndndez-Bolafios, J.
(2016). Extraction of phenolic compound from virgin olive oil by deep eutectic solvents

(DESSs). Food Chemistry, 197, 554-561. htpps://doi.org/10.1016/j.foodchem.2015.10.131

Gomes Maganha, E., da Costa Halmenschlager, R., Moreira Rosa, R., Pegas Henriques, J. A.,
Lia de Paula Ramos, A. L., & Saffi, J. (2010). Pharmacological evidences for the extracts
and secondary metabolites form plants of the genus Hibiscus. Food Chemistry, 118, 1-

10. https://doi.org/10.1016/j.foodchem.2009.04.005

Guo, N., Ping-Kou, Jiang, Y.W., Wang, L.T., Niu, L.J., Liu, Z.M., & Fu, Y.J. (2019). Natural
deep eutectic solvents couple with integrative extraction techniques an effective
approach for mulberry anthocyanin extraction. Food Chemistre, 296, 78-85.

https://doi.org/10.1016/j.foodchem.2019.05.196.

Haz, A., Strizincova, P., Majova, V., Skulcova, A., & Jablonsky, M. (2016). Thermal stability
of selected deep eutectic solvents. International Journal of Recent Scientific Research, 7,

14441-14444.

Ismail, A., Ikram, E. H. K., & Nazri, H. S. M. (2008). Roselle (Hibiscus sabdariffa L.) seeds

nutritional composition protein quality and health benefits, Foods, 2(1), 1-16.

Ivanovi¢, M., Alafion, M.E., Arraez-Roman, D., & Segura-Carretero, A. (2018). Enhanced
and green extraction of bioactive compounds from Lippia citriodora by tailor-made
natural deep eutectic solvents. Food Research International, 111, 67-76.

https://doi.org/10.1016/j.foodres.2018.05.014

Jabeur, 1., Pereira, E., Barros, L., Calhelha, R. C., Sokovi¢, M., Oliveira, M. B. P. P., &

23



©CO~NOOOTA~AWNPE

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

Ferreira, I. C. F. R. (2017). Hibiscus sabdariffa L. as a source of nutrients, bioactive
compounds and colouring agents. Food Research International, 100, 717-723.

https://doi.org/10.1016/j.foodres.2017.07.073

Jeong, K. M., Zhao, J., Jin, Y., Heo, S. R., Han, S. Y., Yoo, D. E., & Lee, J. (2015). Highly
efficient extraction of anthocyanins from grape skin using deep eutectic solvents as green
and tunable media. Archives of Pharmacal Research, 38(12), 2143-2152.

https://doi.org/10.1007/s12272-015-0678-4

Lee, J., Dust, R. W., Wrolstad, R. E. (2005). Determination of total monomeric anthocyanin
pigment content of fruit juices, beverages, natural colorants, and wines by the pH
differential method: collaborative study. Jounral of AOAC International, 88 (5), 1269-

1278.

Martins, N., Roriz, C. L., Morales, P., Barros, L., & Ferreira, I. C. F. R. (2016). Food
colorants: Challenges, opportunities and Current desires of agro-industries to ensure
consumer expectations and regulatory practices. Trends in Food Science & Technology,

51, 1-15. https://doi.org/10.1016/j.tifs.2016.03.009

Monteiro, M. J. P, Costa, A. I. A., Fliedel, G., Cisse, M., Bechoff, A., Pallet, D., Tomlins, K.,
& Pintado, M. M. E. (2017). Chemical-sensory properties and consumer preferences of
hibiscus beverages produced by improved industrial processes. Food Chemistry, 225,

202-212. https://doi.org/10.1016/j.foodchem.2016.11.127

Murador, D. C., de Sousa Mesquita, L. M., Vannuchi, N., Braga, A. R. C., & de Rosso, V. V.
(2019). Bioavailability and biological effects of bioactive compounds extracted with
natural deep eutectic solvents and ionic liquids: advantaged over conventional organic
solvents. Current Opinion in Food Science, 26, 25-34.

https://doi.org/10.1016/j.cofs.2019.03.002

24


https://doi.org/10.1016/j.tifs.2016.03.009

©CO~NOOOTA~AWNPE

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

Nguyen, T-T., Phan-Thi, H., Pham-Hoang, B-N., Ho P-T, Thuy Tran, T. T., & Waché, Y.
(2018). Encapsulation of Hibiscus sabdariffa L. anthocyanins as natural colours in yeast.
Food Research International, 107, 275-280.

https://doi.org/10.1016/j.foodres.2018.02.044

Pani¢, M., Gunjevi¢, V., Cravotto, G., Radoj¢i¢ Redovnikovi¢, I. (2019). Enabling
technologies for the extraction of grape-pomace anthocyanins using natural deep eutectic
solvents in up-to-half-litre batches extraction of grape-pomace anthocyanins using

NADES. Food Chemistry, 300, 125185. https://doi.org/10.1016/j.foodchem.2019.125185

Pimentel-Mora, S., Borras-Linares, I., Lozano-Sanchez, J., Arraéz-Roman, D., Martinez-
Férez, A., & Segura-Carretero, A. (2018). Microwave-assisted extraction for Hibiscus
sabdariffa bioactive compounds. Journal of Pharmaceutical and Biomedical Analysis,

156, 313-332.

Pimentel-Moral, S., Borras-Linares, I., Lozano-Sanchez, J., Arréez-Romén, D., Martinez-
Férez, A., & Segura-Carretero, A. (2019). Supercritical CO, extraction of bioactive
compounds from Hibiscus sabdariffa. The Journal of Supercritical Fluids, 147, 213-221.

https://doi.org/10.1016/j.supflu.2018.11.005

Pinela, J., Prieto, M. A., Pereira, E., Jabeur, I., Barreiro, M. F., Barros, L., & Ferreira, I. C. F.
R. (2019). Optimization of heat- and ultrasound-assisted extraction of anthocyanins from
Hibiscus sabdariffa calyces for natural food colorants. Food Chemistry, 275, 309-321.

https://doi.org/10.1016/j.foodchem.2018.09.118

Ramesh, M., Muthuraman, A. (2018). Flavoring and coloring agents: Health risks and
potential problems. In A. M. Grumezescu, & A. M. Holban (Eds.) Natural and artificial

flavouring agents and food dyes (pp. 1-28). Academic Press.

25



©CO~NOOOTA~AWNPE

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

Radogevi¢, K., Curko, N., Sréek, V. G., Cvjetko Bubalo, M., Tomasevi¢, M., Kovacevi¢
Gani¢, K., & Radoj¢i¢ Redovnikovi¢, 1. (2016). Natural deep eutectic solvents as
beneficial extractants for enhancement of plant extracts bioactivity. LWT - Food Science

and Technology, 73, 45-51. https://doi.org/10.1016/j.Iwt.2016.05.037

Riaz, G., & Chopra, R. (2018). A review on phytochemistry and therapeutic uses of Hibiscus
sabdariffa L. Biomedicine & Pharmacotherapy, 102, 575-586.

https://doi.org/10.1016/j.biopha.2018.03.023

Roman, S., Sanchez-Siles, L. M., & Siegrist, M. (2017). The importance of food naturalness
for consumers: Results of a systematic review. Trends in Food Science & Technology,

67, 44-57. https://doi.org/10.1016/j.tifs.2017.06.010

Salazar-Gonzélez, C., Vergara-Balderas, F. T., Ortega-Regules, A. E., & Guerrero-Beltran, J.
A. (2012). Antioxidant properties and color of Hibiscus sabdariffa extracts. Ciencia e
Investigacion Agraria, 39(12), 79-90. https://doi.org/10.4067/S0718-

16202012000100006

Segura-Carretero, A., Puertas-Mejia, M. A., Cortacero-Ramirez, S., Beltran, R., Alonso-
Villaverde, C., Joven, J., Dinelli, G., & Ferndndez-Gutiérrez, A. (2008). Selective
extraction, separation, and identification of anthocyanins from Hibiscus sabdariffa L.
using solid phase extraction-capillary electrophoresis-mass spectrometry (time-of-
flight/ion trap). Electrophoresis, 29(13), 2852-2861.

https://doi.org/10.1002/elps.200700819

Seung, T.W., Park, S.K., Kang, J.Y., Kim, J.M., Park, S.H., Kwon, B.S., Lee, C._J., Kang,
J.E., Kim, D.O., Lee, U., & Heo, H.J. (2018). Ethyl acetate fraction from Hibiscus
sabdariffa L. attenuates diabetes-associated cognitive impairment in mice. Food

Research International, 105, 589-598. https://doi.org/10.1016/j.foodres.2017.11.063.

26


https://doi.org/10.1016/j.tifs.2017.06.010

©CO~NOOOTA~AWNPE

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

Shahidi, F. (2009). Nutraceuticals and functional foods: Whole versus processed foods.
Trends in Food Science & Technology, 20, 376-387.

https://doi.org/10.1016/j.tifs.2008.08.004

Sindi, H. A., Marshall, L. J., & Morgan, M. R. A. (2014). Comparative chemical and
biochemical analysis of extracts of Hibiscus sabdariffa. Food Chemistry, 164, 23-29.

https://doi.org/10.1016/j.foodchem.2014.04.097

Slinkard, K., & Singleton, V. L. (1977). Total phenol analysis: Automation and comparison

with manual methods. American Journal of Enology and Viticulture, 28, 49-55.

Smith, E. L., Abbott, A. P., Ryder, K. S. (2014). Deep eutectic solvents (DESs) and their

applications. Chemical Reviews, 114, 11060-11082. https://doi.org/10.1021/cr300162p

Takahashi, J. A., Congalves Rezende, F. A. G., Fidelis Moura, M. A., Borges Dominguete, L.
C., & Sande, D. (2020). Edible flowers: bioactive profile and its potential to be used in
food development. Food Research International, 129, 108868.

https://doi.org/10.1016/j.foodres.2019.108868

Wei, A., Qi, X,, Li, T., Luo, M., Wang, W., Zu, Y., & Fu, Y. (2015). Application of natural
deep eutectic solvents for extraction and determination of phenolics in Cajanus cajan
leaves by ultra performance liquid chromatography. Separation an Purfication

Technology, 149, 237-244. http://doi.org/10.1016/j.seppur.2015.05.015.

Yusoff, N. I., & Leo, C. P. (2017). Microwave assisted extraction of defatted roselle (Hibiscus
sabdariffa L.) seed at subcritical conditions with statistical analysis. Journal of Food

Quality, 5232458, 1-10. https://doi.org/10.1155/2017/5232458

Zainal-Abidin, M. H., Hayyan, M., Hayyan, A., & Jayakumar, N. S. (2017). New horizons in

the extraction of bioactive compounds using deep eutectic solvents: A review. Analtyical

27


https://doi.org/10.1016/j.tifs.2008.08.004
https://doi.org/10.1016/j.foodres.2019.108868

644

645

646

647

=
QOWO~NOUAWNE

648

el el
WN R

14 649
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Chimica Acta, 979, 1-23. https://doi.org/10.1016/j.aca.2017.05.012

Zhao, D., Xu, P., Yang, F., Wu, H., Zong, M., & Lou, W. (2015). Biocompatible deep

eutectic solvents based on choline chloride: characterization and application to the

extraction of rutin from Sophora japonica. ACS Sustainable Chemistry & Engineering,

3, 2746-2755. https:/doi.org/10.1021/acssuschemeng.5b00619

28



Figure

=

—— X

s @

A B C
,—r/’\

-’_, ‘o'/// { \

»- % - R
3 o 3 » .'
&0 aé o B !
& . § »|
£ , E sl
[¥] %]
(= =

P ‘
%0
o Warer (%) §/Lratio mg mL*
Temessanurs (°C) Waree(®) BT Temperatue (°C)
D E F
4 v

‘g E s v

- WY

,3’ ; 25!

i i

3 15|

E g il

[ ¥

2 2 .

S/L ratio mg mL* Water (%)

1

2 Figure 1. 3D response surface representations for interaction of three tested extraction
3 variables on the total phenolic content, TPC (A-C) and total anthocyanin content, TPC
4 (D-F).



Table

1

2

3  Table 1. Composition of natural deep eutectic solvents

4

. NADESs composition .
Solvent abbreviation Component 1 Component 2 Component 3 Molar ratio

ChCl-La Choline chloride Lactic acid 1:2
ChCI-Ox Choline chloride Oxalic acid 1:1
ChCI-Eg Choline chloride Ethylene glycol 1:2
ChClI-1,2 Pro Choline chloride 1,2-Propanediol 1:2
ChClI-Fru Choline chloride Fructose Water 2:1:1
ChClI-Mal Choline chloride Maltose 3:1
ChCI-Glu Choline chloride Glucose Water 2:1:1
ChClI-U Choline chloride Urea 1:2

5

6

7

8

9

10

11



12

13 Table 2. HPLC-ESI-TOF-MS data of the identified compounds in H. sabdariffa calyces extracted by NADESs

RT (min) Proposed compound Molecular formula Measured m/z  Theoretical m/z  Error (ppm)
Anthocyanins
3.9 Delphinidin-3-sambubioside” Ca6H290156 595.1309 595.1305 -0.7
5.0 Cyanidin-3-sambubioside” C26H29015 579.1342 579.1355 2.3
Phenolic acids
4.2 Chlorogenic acid quinone’ C13H1609 315.0687 315.0722 3.5
5.1 Neochlorogenic acid' C16H1809 353.0891 353.0878 -1.3
6.9 Chlorogenic acid" C16H1809 353.0843 353.0878 3.5
7.2 Criptochlorogenic acid' C16H1809 353.0885 353.0878 2.1
10.4 Coumaroylquinic acid’ C16H150s 337.0916 337.0929 3.8
14.5 5-O-Caffeoylshikimic acid C16H1608 335.0783 335.0772 -3.3
Flavonoids
10.4 Myricetin-3-arabinogalactoside” CysH25017 611.1252 611.1254 0.4
14.2 Quercetin-3-sambubioside? Ca6H28016 595.1318 595.1305 -2.3
16.3 Quercetin-3-rutinoside* Ca7H30016 609.1476 609.1461 -2.5
18.0 Kaempferol-3-O-sambubioside* Ca6H28015 579.1347 579.1355 1.5
18.3 Quercetin-3-g|ucoside‘j Cy1H2012 463.0900 463.0882 -3.9
18.1 Methylepigallocatechin’ C16H1607 319.0823 319.0823 0.1
27.7 Myricetin® C15H1008 317.0307 317.0303 -1.1
38.9 Quercetin’ C15H1007 301.0308 301.0354 4.6
42.5 Kaempferol C15H1006 285.0409 285.0405 -1.4
Other polar compounds
2.94 Hydroxycitric acid® CsHgOs 207.0150 207.0146 -1.7
3.1 Hibiscus acid? CeHs07 189.0078 189.0041 -3.7
8.1 Methyl digallate® C15H1209 335.0397 335.0409 3.4
33.3 N-Feruloyltyramine‘l’ C1gH1gNOy 312.1174 312.1241 6.7

14  Different superscripts for the identified compounds indicate the external standard used in the quantification process: cyanidin-3-sambubioside; fchlorogenic

15 acid; “p-coumaric acid; *myricitrin; *rutin; Squercetin-3-glucoside; Jquercetin; *myricetin; ®citric acid; *gallic acid.



16  Table 3. Extraction yield (mg g™) of bioactive compounds from H. Sabdariffa isolated by different NADESs (25 % water w/w) in comparison with MeOH

17 (80:20). Extraction were performed by MAE at 65 °C during 20 min and with a liquid-solid ration of of 10 mL g .

Proposed compound MeOH ChCl-La ChCI-Ox ChCI-Eg ChCI-1,2 Pro ChCI-Fru ChCl-Mal ChCI-Glu ChClI-U
Anthocyanins
Delphinidin-3-sambubioside 3.32+0.09° 3.35+0.07° 3.76+0.03° 2.70+0.05" 3.13+0.11° 2.75+0.11° 2.63+0.07" 2.85+0.11" 1.26+0.06"
Cyanidin-3-sambubioside 1.73+0.04' 2.30+0.03° 3.60+0.03" 1.43+0.01° 1.65+0.01° 1.42+0.02° 1.35+0.04" 1.51+0.02° 0.49+0.02%
Y anthocyanins 5.05+0.13° 5.65+0.04' 7.36+0.06° 4.12+0.04*°  4.79+0.12° 4.17+0.13"° 3.98+0.11" 4.3620.13° 1.74+0.08°
"TAC (spectrophotometry) 3.29+0.16"° 3.10+0.04°°%°  3.44%0.01° 2.94+0.00°°% 3.15+0.12°"° 2.66x0.20""  2.52+0.08"°  1.92+0.30° 2.76£0.11"%°
Phenolic acids
Chlorogenic acid quinone 1.57+0.13%° 1.64+0.04%° 1.45+0.09° 1.84+0.04° 1.67+0.08*°  1.53+0.05% 1.46+0.13° 1.67+0.05%° 1.53+0.06°
Neochlorogenic acid 3.73+0.09° 3.52+0.00° 4.21+0.02° 3.72+0.00° 3.47+0.02° 3.11+0.06" 2.75+0.05% 3.14+0.02° 3.84+0.33°
Chlorogenic acid 6.08+0.33° 5.72+0.00° 5.73+0.03° 5.93+0.06° 5.81+0.12° 5.22+0.13° 4.64+0.10° 5.13+0.06" 5.70+0.08°
Cryptochlorogenic acid 4.03+0.04"° 4.65+0.01° 4.75+1.67° 4.02+0.01°°  3.87+0.02*"° 3.51+0.07%" 3.14+0.01° 3.52+0.00*" 4.14+0.38"°
Coumaroylquinic acid 2.25+0.04° 2.23+0.01° 2.31+0.12° 2.17+0.05° 2.14+0.05° 1.92+0.03" 1.66+0.02° 1.86+0.04" 2.12+0.11°
5-O-Caffeoylshikimic acid 0.74+0.01% 1.35+0.02' 0.94+0.02° 1.10+0.02° 1.14+0.01° 1.01+0.02° 0.92+0.03" 1.02+0.01° 1.20+0.05°
Y phenolic acids 18.40+0.64° 19.12+0.05°°  19.94+0.60°  18.78+0.07°  18.09+0.12°  16.30+0.37° 14.57+0.20°  16.34+0.07° 18.53+0.75°
Flavonoids
Myricetin-3-arabinogalactoside ~ 0.42+0.01° 0.36+0.00% 1.10+0.06° 0.41+0.00% 0.44+0.03% 0.38+0.01% 0.39+0.03% 0.40+0.02° 0.61+0.04"
Quercetin-3-sambubioside 0.72+0.03' 0.51+0.00° 0.27+0.01% 0.61+0.05° 0.61+0.01° 0.51+0.02° 0.46+0.01" 0.50+0.00° 0.65+0.02°
Quercetin-3-rutinoside 0.70+0.00' 0.64+0.00° 0.1620.02% 0.66+0.02°"  0.69+0.00' 0.54+0.02° 0.50+0.01" 0.56+0.04%° 0.58+0.01°
Kaempferol-3-O-sambubioside  0.05+0.00" 0.03+0.00*" 0.11+0.01° 0.04+0.00*°  0.02+0.00% 0.03+0.00% 0.03+0.00° 0.04+0.00*" 0.06+0.00°
Quercetin-3-glucoside 0.47+0.01° 0.47+0.00° 0.26+0.01° 0.47+0.01° 0.45+0.01° 0.40+0.00° 0.38+0.00° 0.42+0.00° 0.41+0.00°
Methylepigallocatechin 0.11+0.01°° 0.11+0.01°¢ 0.08+0.00% 0.11+0.00°  0.13+0.00° 0.11+0.00°¢ 0.10+0.00" 0.10+0.00"° 0.12+0.01°
Myricetin 0.61+0.01°¢ 0.67+0.01° 0.89+0.03' 0.61+0.01%  0.63+0.00° 0.54+0.01° 0.52+0.00° 0.57+0.01° 0.41+0.02%
Quercetin 0.75+0.01° 0.77+0.01° 1.42+0.09° 0.72+0.01°  0.82+0.01° 0.64+0.00"° 0.61+0.01° 0.62+0.01" 0.45+0.04%
Kaempferol 0.11+0.00*" 0.12+0.00° 0.27+0.03° 0.12+0.00*°  0.13+0.01° 0.10+0.00*° 0.10+0.00*°  0.10+0.00*" 0.08+0.00%
S flavonoids 3.93+0.06° 3.69+0.02° 4.57+0.12° 3.74+0.02° 3.91+0.03° 3.25+0.06" 3.09+0.06° 3.32+0.07" 3.37+0.01°
"TPC (spectrophotometry) 20.35+1.19° 28.07+1.02° 28.56+1.55° 27.57+1.83° 24.67+1.33° 18.64+1.17° 11.50+0.72°  14.06+0.96" 17.50+0.68"
Other polar compounds

Hydroxycitric acid 2.93+0.07' 1.94+0.00° 2.21+0.06° 0.62+0.07° 0.24+0.03% 1.10+0.15° 0.51+0.09" 0.74+0.09" 0.58+0.02"
Hibiscus acid 31.70+1.65° 27.48+2.04° 23.44+0.48*° 25.70+0.47°° 28.87+0.36°  22.33+0.93*"  19.87+0.60°  22.29+0.50*"  23.38+2.00*°
Methyl digallate 8.82+0.05°¢ 8.31+0.46°¢ 13.94+1.25°  7.3620.04°°  9.19+0.16° 8.77+0.17°¢ 7.78+0.18°%  6.42+0.47° 1.99+0.11%
N-Feruloyltyramine 0.87+0.00° 0.83+0.02° 0.92+0.02° 0.83+0.01° 0.82+0.02° 0.68+0.02° 0.60+0.04% 0.67+0.00" 0.82+0.03°
S other polar compounds 44.32+1.77° 38.56+2.52° 40.51+0.73°  34.52+0.37° 39.11+0.57" 32.88+1.27°°  28.76x0.72®° 30.12+0.88*°  26.76x2.06°
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Different superscripts for each compound in the same row denoted significant differences among solvents tested according to the Student—-Newman—Keuls test
at the 95 % confidence level (p < 0.05).

“Estimation of total anthocyanin content determined by standard spectrophotometric method expressed as mg equivalents of cyanindin-3-glucoside per gram of

dried H. Sabdariffa calyces (MmQcyan-3-giuc g'l)

fEstimation of total phenolic content determined by standard spectrophotometric method expressed ad mg equivalents of gallic acid per gram of dried H.

Sabdariffa calyces (mgg. g™)

ChCl-La (choline chloride:lactic acid; 1:2); ChCI-Ox (choline chloride:oxalic acid; 1:1); ChCI-Eg (choline chloride:ethylene glycol; 1:2); ChCI-1,2 Pro (choline
chloride:1,2 propanediol; 1:2); ChCI-Fru (choline chloride:fructose: water; 2:1:1); ChCl-Mal (choline chloride:maltose; 3:1); ChCI-Glu (choline
chloride:glucose: water; 2:1:1); ChCI-U (choline chloride:urea; 1:2)



29

30 Table 4. Box-Behnken design with coded and uncoded independent variables and experimental and
31  predicted data for the response variables
Experimental variables Responses
A B C TPC* TACT
Run Liquid-solid ratio ~ temperature  water in NADES ] )
1 Experimental  Predicted Experimental  Predicted
(mL mg™) (°C) (%)

1 1:30 (+1) 90 (+1) 45 (0) 37.25+0.05 37.55 3.27 £ 0.02 3.26
2 1:30 (+1) 40 (-1) 45 (0) 28.46 +2.10 28.84 3.39+0.02 3.24
3 1:20 (0) 40 (-1) 80 (+1) 25.30 £ 0.21 24.88 3.85+0.04 3.85
4 1:20 (0) 90 (+1) 80 (+1) 27.92 +0.81 27.58 1.70 £ 0.01 1.56
5 1:10 (-1) 65 (0) 10 (-1) 17.50 +2.79 17.46 2.43+0.08 2.28
6 1:30 (+1) 65 (0) 80 (+1) 28.58 £ 0.72 28.63 3.57+0.02 3.72
7 1:20 (0) 65 (0) 45 (0) 28.57+ 0.85 28.34 3.33+0.02 3.28
8 1:20 (0) 40 (-1) 10 (-1) 11.71+0.28 12.05 1.32 £0.01 1.46
9 1:20 (0) 90 (+1) 10 (-1) 24,77 +1.25 25.19 2.09+0.19 2.09
10 1:20 (0) 65 (0) 45 (0) 27.52 £ 0.39 28.34 3.23+0.08 3.28
11 1:20 (0) 65 (0) 45 (0) 28.92+0.72 28.34 3.28 + 0.04 3.28
12 1:10 (-1) 40 (-1) 45 (0) 26.36+0.73 26.07 3.56 + 0.09 3.57
13 1:30 (+1) 65 (0) 10 (-1) 21.62 +2.58 20.91 2.06 +0.20 2.08
14 1:10 (-1) 90 (+1) 45 (0) 33.58 £+ 0.51 33.20 1.74 +0.14 1.89
15 1:10 (-1) 65 (0) 80 (+1) 24.25 + 0.96 24.96 2.51+0.01 2.50

32 Total phenolic content expressed as mg of gallic acid per gram (mgg, ™)

33 'Total anthocyanin content expressed as mg of cyanindin-3-glucoside per gram (MYeyan-3-glu gh)
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Table 5. Regression model and analysis of variance (ANOVA)

Regression Data

TPC TAC

SS DF F-value P-value SS DF F-value P-value
A 25.29 1 40.30 <0.001*** 0.53 1 19.02 0.007**
B 125.58 1 200.10 0.001** 1.38 1 49.88 <0.001***
C 115.91 1 184.69 <0.001*** 1.74 1 62.95 <0.001***
AA 0.62 1 0.98 0.366 ns 0.72 1 26.15 0.003**
BB 0.01 1 0.02 0.896 ns 0.51 1 18.51 0.008**
CcC 27.23 1 43.39 0.001** 2.13 1 77.16 <0.001***
AB 12.20 1 19.44 0.007* 0.01 1 0.42 0.544 ns
AC 5.80 1 9.24 0.029* 0.44 1 16.02 0.010*
BC 189.81 1 302.44 <0.001*** 1.78 1 64.33 <0.001***
Lack of fit 2.06 3 1.28 0.4673 ns 0.13 3 17.75 0.0538 ns
Pure error 1.08 2 0.005 2

Analysis of variance (ANOVA)

TPC TAC
R* 0.994 0.985
Adj. R 0.983 0.958
Pred. R? 0.932 0.770

A: liquid-solid ratio (mL mg™); B: temperature (°C); C: water in NADES (%)

SS: sum of squares; DF: degree of freedom; R%* Quadratic correlation coefficient; Adj. R*: Adjusted

quadratic correlation coefficient; Pred. R?: Predicted quadratic correlation coefficient.

Level of significance: *p < 0.05; **p < 0.01 and ***; p < 0.001; ns: not significant
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Table 6. Extraction yield (mg g™) of bioactive compounds from H. Sabdariffa isolated under experimental

conditions provided by the statistical program as optimal conditions within the experimental domain.

Proposed compound Yield

Delphinidin-3-sambubioside 4.70 £ 0.40
Cyanidin-3-sambubioside 5.73+0.50
> anthocyanins 10.43 £0.92
Chlorogenic acid quinone 1.74 £ 0.15
Neochlorogenic acid 5.15+0.35
Chlorogenic acid 6.96 + 0.62
Cryptochlorogenic acid 5.77 £ 0.03
Coumaroylquinic acid 3.43+£0.06
5-O-Caffeoylshikimic acid 1.35+0.07
> phenolic acids 24.41 +0.32
Myricetin-3-arabinogalactoside 1.21+0.12
Quercetin-3-sambubioside 0.87 £ 0.03
Quercetin-3-rutinoside 0.21+£0.01
Kaempferol-3-O-sambubioside 0.15+0.01
Quercetin-3-glucoside 0.55+0.00
Methylepigallocatechin 0.25+0.01
Myricetin 0.91+0.01
Quercetin 1.45 £ 0.07
Kaempferol 0.33+0.01
> flavonoids 6.00 + 0.09
Hydroxycitric acid 242 £0.04
Hibiscus acid 24.84 +1.18
Methyl digallate 16.00 £ 0.31
N-Feruloyltyramine 0.98 +0.16
> other polar compounds 44.25 +1.29
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