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The race for environmentally-safe pesticides and biocides has been showing

solutions ranging from pest-pathologic microorganisms to safer botanical

extracts that can be incorporated in several formulations. Often linked to

high biological activities, fruit residues can be recovered from food

processing factories to obtain complex extracts enriched with several

bioactive chemicals. Mango (Mangifera indica) fruits are processed into food

products in high volumes across the globe and generate a consistent residue

that contains, among others, the xanthonoid mangiferin and the flavonoid

hyperoside. Both compounds have been linked to several pharmacological

and pesticidal activities, although not yet studied for algicidal applications, a

current concern specially for antifouling and harmful algae blooms control

products. The challenge lies, however, not only on the degree of activity of the

natural compounds, but also on the processes necessary to separate, isolate

and formulate the bioactive compounds in order to obtain an effective final

product. The solvent choice plays an important part regarding the selectivity of

the separation and isolation of the main bioactive compounds from the solid

waste matrix. Ethanolic mixtures in water have been consolidated recently as a

promising extraction medium for flavonoids and xanthonoids, although

hindered by solubility limitations. In this paper, aqueous solutions of ionic

liquids (ILs) were tested, screened and optimized using Box-Behnken design

and Response Surface Methodology to obtain mangiferin and hyperoside-

enriched extracts. Results showed a greater concentration of mangiferin and

hyperoside with 1-octyl-3-methylimidazolium chloride ([C8MIm] Cl), when

compared to choline acetate and ethanolic extracts using optimized

parameters. In terms of sufficiency, solvent selection between ILs and

ethanolic extraction media was discussed considering economic and

environmental factors. Ethanol/water mango waste extracts were then

studied for their activity against Raphidocelis subcapitata microalgae, which

showed a higher growth inhibition in comparison to standard solutions of

mangiferin and hyperoside, either individually and in a 1:1 mixture. A EC50 value

was found in relative low concentrations of mangiferin and hyperoside

(0.015 mg L−1) detected in the extract, showcasing a promising approach to

the direct use of residuary plant extracts in biocidal formulations.
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1 Introduction

Synthetic pesticides used in crops, households and other

applications have their negative impacts to earth systems well

established in the last decades, especially in regards to water and

soil pollution and biodiversity (Stehle and Schulz, 2015; Schulz et al.,

2021). In the search for alternatives, among several novel pest

management practices, the use of natural pesticides, also referred

as biopesticides, stands out as a potentially sustainable approach to

pest control. A potential source of natural biological active

compounds is discarded as waste or used for low-value

applications in agricultural fields and food processing plants

across the globe (Matharu et al., 2016; Naumovski et al., 2017).

The fruits of mango (Mangifera indica) represent an opportunity

for the production of bioactive compounds extracted from their

discarded fractions. Led by India, which represents 44% of the

world’s production, the harvest of mango fruits has reached nearly

55 million tons in 2020, almost exclusively in tropical countries, a

number that has been consistently growing in recent years (FAO,

2022). Themain by-products generated inmango processing are their

peel, kernel and seed, accounting for 25–40% of the fruit’s mass

(Banerjee et al., 2016), here referred to as Mango Processing Waste

(MPW). The main groups of secondary metabolites found in mango

fruits are flavonoids, xanthonoids, anthocyanins and carotenoids,

with the xanthonoid mangiferin and the flavonoid hyperoside often

appearing as the main bioactive components in mango pulps and

peels (Berardini et al., 2005a; 2005b). Both substances have been

studied inmore intensity regarding their therapeutical properties, and

mangiferin has been found to be an anti-cancer drug with low toxicity

to the human body (Morozkina et al., 2021), as well as a powerful

anti-inflammatory, among other activities related to pharmaceutical

and cosmetic uses (Quadri et al., 2019). Hyperoside (quercetin-3-O-

galactoside), commonly found in several plant species, has been tested

for several pharmacological properties and is a potential drug

candidate for different applications (Raza et al., 2017). Beyond

pharmaceutical applications, natural products could be used as

biopesticides representing a green alternative to synthetic pesticides

(Wilson et al., 2013).

Regarding pesticidal or biocidal activity of mangiferin and

hyperoside, fewer studies are found in the literature. Emam and

colaborators tested the larvicidal activity of mango kernel extract

and isolatedmangiferin against the house mosquito Culex pipiens

L. (Emam et al., 2021). An ethanolic extract containing

mangiferin was active against plant-pathogen fungi

Colletotrichum brevisporum (Gómez-Maldonado et al., 2020).

Crude extracts from different plants containing hyperoside were

also tested for their herbicidal (Albouchi et al., 2013; Puig et al.,

2018) and insecticidal activities (García-Bores et al., 2018).

The extraction and isolation of target compounds from complex

matrices such as plants and microorganisms are costly processes,

either economically or environmentally due to solvent and energy

consumption (Chemat et al., 2020). The extraction of mangiferin

and/or hyperoside from mango waste has been previously studied

with ethanolic mixtures using the Homogenizer-Assisted Extraction

(HAE) technique (Zuin et al., 2020), Microwave-Assisted Extraction

(MAE) (Zou et al., 2013; Dorta et al., 2014; Segatto et al., 2021),

Ultrasound-Assisted Extraction (UAE) (Kim et al., 2012; Safdar et al.,

2017) and Matrix Solid-Phase Dispersion (MSPD) (Segatto et al.,

2021). Solvent choice plays an important role for optimizing the

extraction of bioactive compounds, as solubility, viscosity and other

physical-chemical properties directly affect the extraction yield and

are dependent of the chemical/molecular properties of the targets.

Therefore, it is important to assess the effectiveness and sufficiency of

each solvent alternative in terms of efficiency without compromising

its impact in the product’s life cycle, and to find the best balance

between these factors (Milescu et al., 2020; Zuin et al., 2021).

Among the traditionally used organic solvents, alcohols such

as ethanol and methanol are some of the most commonly used

solvents for the extraction of medium-high polarity phenolic

compounds (Chaves et al., 2020). Produced in high scales from

renewable sources and with a low price (Rossi et al., 2021),

ethanol has a low toxicity and low persistency in nature, being

classified as a one of the safest solvents in several solvent guides

(Alder et al., 2016; Prat et al., 2016). Although the numerous

advantages of using ethanol-water mixtures, the extraction of

some secondary metabolites is hindered by the limited solubility

of these mixtures (Liu and Chen, 2008; Ferreira and Pinho, 2012;

Bogdanov, 2014). Alternative solvents for the extraction of plant

constituents have been studied in recent years, featuring natural

or naturally-derived solvents, or bio-solvents (e.g. Cyrene, 2-

MeTHF, ethyl lactate), supercritical fluids, subcritical water,

Deep Eutectic Solvents (DES), and Ionic Liquids (ILs) (Moity

et al., 2014; Cvjetko Bubalo et al., 2018; Milescu et al., 2020).

ILs are solvents formed from a mixture of a pair of solid salts,

organic or inorganic, that when combined have their melting

point below 100°C, and are commonly liquid at room

temperature (Han and Armstrong, 2007). Due to their non-

volatile nature, in contrast to organic solvents, and good

solubility parameters, ionic liquids were discussed primarily as

green solvents for a myriad of applications (Rogers and Seddon,

2003). However, there are concerns on scaling up processes using

ILs due to their environmental fate, including properties such as

persistence and biodegradability, as most of “first generation”

ionic liquids and their degradation products perform very poorly

on toxicity assays and may be a danger to environmental and

human systems if not properly treated (Haiß et al., 2016).

Nevertheless, the customizability of ILs, as anions and cations

can be interchanged to give different solubility and

biodegradation parameters, is another important feature that

helps finding optimum extraction yields for bioactive
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compounds from natural products through greener processes

(Dai et al., 2013). In addition, newer biodegradable ILs have been

discovered in recent years, which could surpass the disadvantages

related to their environmental fate if these solvents are

commercially available in the future at a reasonable price

(Amsel et al., 2022).

1-alkyl-3-methylimidazolium cations ([CnMIm]) are one of

the most available ILs found in the market and that they have

been used frequently in studies regarding the extraction of

secondary metabolites from plants (Bogdanov, 2014). The

alkyl length (n) present in these cations, which usually

variates between 2–10 carbons, controls the solvents’ polarity

and therefore the ability to solubilize the desired substances. 1-

butyl-1-methylpyrrolidinium bromide ([C4MPyrr] Br) was also

has common appearances in previous studies and is largely

available for purchase worldwide. Also widely available,

choline acetate, 2-hydroxyethylammonion formate and 1-

ethylpyridinium bromide are commonly linked to an

enhanced biodegradability, although only the former can be

considered readily degradable according to the closed bottle

test (Jordan and Gathergood, 2015). On the other hand, ILs

with imidazolium cations, including [C8MIm] Cl, are linked to

high toxicity (Liu et al., 2015) and medium to low

biodegradability (Romero et al., 2008). Prices are also not

attractive, reaching up to 500 US Dollars for 500 g packages

of [C8MIm] Cl (Alichem, 2022). As it has been often found that

ILs show higher extraction yields in comparison to conventional

solvents, it is important to understand in which degree this

enhancement in performance takes place and if it is sufficient

to overcome their poor biodegradability and high toxicity,

depending on which IL was studied.

Regarding down-stream processing of extracts to purify the

active compounds, the most common isolation (or separation)

methodologies involve the use of a high volume of organic

solvents, as in chromatographic techniques, which increases

the cost and the environmental impact of the process,

escalating accordingly to the desired purity of the isolated

compound (Zhang et al., 2018). The use of crude extracts as

pesticidal agents is desirable, therefore, if sufficient biological

activity can be achieved, considering also other properties that

should be taken into account when formulating a product, such

as stability and selectivity. In fact, synergy is expected when using

crude extracts, as the interaction of different molecules could

combine to a higher level of mortality of the target organism, as

well as other positive effects such as enhanced target absorption

rates, protection against degradation and resistance inhibition

(Gilbert and Alves, 2003; Rasoanaivo et al., 2011). However,

when using an extract for pesticidal applications, the extract

solvent will enter the environment and therefore needs to have a

low ecotoxicity and to be non-persistent.

This study aims at a more holistic approach towards green

and more sustainable extraction of bioactive compounds from

mango processing waste. Therefore, commonly used ILs such as

1-alkyl-3-methyl-imidazolium cations were compared to greener

ILs (e.g., choline acetate and 2-hydroxyethylammonion formate).

HAE has been used as a quick, efficient and inexpensive

extraction technique. In an initial screening approach, the

most promising imidazolium IL and the most promising

greener IL in terms of efficiency and biodegradability were

selected. For these ILs the extraction was optimized using a

Box-Behnken experimental design with the aid of Response

Surface Methodology (RSM). The optimum extraction

recoveries were compared to those obtained with 70% ethanol,

an optimized mixture obtained from a previous study with HAE

(Zuin et al., 2020). Furthermore, the algicidal activity of the

extracts obtained with non-persistent solvents (choline acetate +

ethanol) was investigated. To assess the activity of the extract in

comparison to the single substance, mangiferin, hyperoside and a

1:1 mixture of both substances was tested as well.

2 Materials and methods

2.1 Chemicals and reagents

Mangiferin standard was purchased from Sigma-Aldrich

(assay ≥98.0%) and Hyperoside from the HWI group (prime

reference standard). All ionic liquids were purchased from Iolitec

(Heilbronn, Germany) with 97% or higher purity, as assessed by

the company. Standard stock solutions of 200 mg L−1 of

mangiferin and hyperoside, were prepared by accurately

weighing the proper mass of each and adding them to a 1 M

[C4MIm] Br solution.

2.2 Mango processing waste sample

Organic mango processing waste (Mangifera indica L., var.

Palmer) was obtained from a commercial processing unit in

Itirapina (São Paulo, Brazil) as a mixture of mango peels, puree

and seeds. Samples were refrigerated on site and transported to

the laboratory, where they were stocked in - 20°C until being

properly processed. Frozen samples were dried in a convection

oven until constant mass, homogenized, blended and sieved,

obtaining a powder with particle size <500 μm, which was stored

protected from light and humidity until extraction.

2.3 Liquid chromatography

Liquid chromatography was performed using a HPLC (High-

Performance Liquid Chromatography) system Shimadzu

coupled with UV-vis and Photodiode Array UV (PDA)

detectors, which allowed the detection of the analytes in the

UV-Vis range and the observation of the UV-Vis profile. The

separation was achieved with Nucleodur C8 column (Macherey-
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Nagel, 3 μm; 2 × 125 mm), using water with formic acid (0.1%)

and methanol as mobile phase at 0.3 ml min−1, injection volume

of 2 μL, column temperature of 35°C and the selected wavelength

of 350 nm for both analytes. The gradient started with the

percentage of methanol in 10% and raised through the

chromatographic run as follows: 0 min, 10%; 4 min, 20%;

14 min, 30%; 21 min, 40%; 24 min, 100%; 29 min, 100%;

30 min, 10%; 40 min, 10%.

2.4 Calibration curve

A calibration curve was performed in order to predict the

concentration of the analytes based on their peak areas obtained

through the liquid chromatography methodology. The standard

solution was appropriately diluted to the following

concentrations of mangiferin (in duplicate) and hyperoside (in

quadruplicate): 150, 100, 75, 50, 25, 10, 5 and 1 mg L−1. The

correlation between these concentrations and the means of their

related peak areas resulted in the calibration curves. The slope,

intercept and the correlation coefficient (R2) were calculated

according to the least squared method and are shown in

Table 1. The limits of detection (LOD) and of quantification

(LOQ) can also be seen in the same table, as calculated

accordingly to the ICH guidelines (ICH, 2005).

2.5 HAE extraction process

For the Homogenizer-Assisted Extraction (HAE)—a

technique that demonstrated to be effective considering both

analytical and green and sustainable criteria for the extraction of

bioactive compounds from fruit waste (Zuin and Ramin, 2018; da

Silva Francischini et al., 2020)—samples were accurately weighed

accordingly to the sample/solvent ratio of each run and

transferred to a 15 ml plastic tube containing 5 ml of the

solvent. Extraction was performed at room temperature using

IKA’s T25 Basic ULTRA-TURRAX® at 16,000 rpm. For the

screening and activity tests, the extraction was performed for

10 min with a 10% sample/solvent ratio, while the tests for

optimization of the selected ILs, both time and sample/solvent

ratio vary accordingly to the experimental design. All mixtures

were then centrifuged at 4,000 rpm for 10 min (Hettich Rotanta

460); the supernatants were collected and filtered using a 0.45 µm

PTFE filter (Chromafil® Xtra PES-45/25) and the resulting

extracts were further analysed by liquid chromatography. The

results are expressed as the concentration in mg kg−1 of MPW

(dry weight). For comparison purposes, optimum parameters

obtained previously for ethanol-water mixtures as solvents with

HAE (Zuin et al., 2020) were used to prepare an ethanolic extract,

with 70% ethanol in water as a solvent and the same extraction

conditions used for the screening experiments (10 min and 10%

sample/solvent ratio).

2.6 Screening of ILs

Commercially available ionic liquids were selected according

to their use in past works for the extraction of secondary

metabolites from plant matrices, their biodegradability

according to the literature and their availability to be

purchased. Ethyl (C2), butyl (C4), hexyl (C6), octyl (C8) and

decyl (C10) variants of 1-alkyl-3-methylimidazolium ([CnMIm])

were tested, with bromine as their anion pair, as well as 1-octyl-3-

methylimidazolium chloride, the same C8 variant, but with

chloride as the anion. The other selected ILs were: 1-butyl-1-

methylpyrrolidinium bromide ([C4MPyrr] Br), choline acetate,

2-hydroxyethylammonium formate and 1-ethylpyridinium

bromide. The extractions were performed using aqueous

solutions of 1 M of each ionic liquid in triplicate, following

the abovementioned procedure.

2.7 Optimization of extraction with
selected ILs

2.7.1 Experimental design
A Box-Behnken design with three variables and a triplicate

on the central point, resulting in 15 experiments, was used to

optimize the extraction parameters for the ILs selected from the

screening process according to their extraction performance and

biodegradability. The variables selected were: concentration of

the IL in the aqueous solution (X1), time (X2) and sample-to-

solvent ratio (X3). Their minimum and maximum levels, as well

as central points are expressed in Table 2. The parameter levels of

each experiment that constitute the Box-Behnken design will be

presented in the results section, along with the responses.

2.7.2 Response surface methodology
In order to assess the influences of each variable and find

optimum parameters, a Response Surface Methodology (RSM)

was employed using the responses obtained in the experiments

determined by the Box-Behnken design. A second-order

(quadratic) polynomial model was calculated for each analyte

obtained through each selected IL. Equation 1 shows the

TABLE 1 Calibration curves of mangiferin and hyperoside with
HPLC-PDA.

Compound Equation R2 LOD LOQ

mg L−1 mg L−1

Mangiferin y = 7970.67x - 4919.90 0.9998 2.47 8.24

Hyperoside y = 15208.46x - 4519.21 0.9998 2.87 9.56
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polynomial model in which the responses were fit, obtaining the

coefficients (β), which allowed us to determine the equation that

rules the responses (y), as affected by the variables (X1-X3).

y � β0 +∑k

j�1βjXj +∑k

j�1βjjX
2
j +∑∑k

i< j�2βijXiXj (1)

The polynomial regression was obtained using GNU Octave

(version 4.2.1). The surface and contour plots were plotted using

the software OriginPro 9.0 and the optimum variables were

calculated using Microsoft Excel (Professional Plus 2016) and

Solver add-in (evolutionary methodology).

2.8 Algicidal activity

Algae growth inhibition was investigated for the choline

acetate and ethanol extract, as well as for mangiferin,

hyperoside and a 1:1 mixture of both substances,

according to the OECD guideline 201 and in subject to its

validation criteria. Raphidocelis subcapitata (Culture

Collection of Algae at Goettingen University, Germany,

SAG 61.81, formerly known as Pseudokirchneriella

subcapitata) was chosen as test organism and cultured in

OECD medium (Supplementary Table S1). The assay was

carried out in 24 well plates (Greiner Bio-One, Germany)

with a start cell density of 10,000 cells mL−1 and a total

volume of 2 ml. Different volumes of test substances

(DMSO stock solution) or extracts were added to obtain

six to nine different concentrations. Additional DMSO or

extraction solvent was added to reach an equal amount of

organic solvent in each well. Growth controls and blanks

were treated with the same volume of solvent. Each treatment

was measured in duplicates. The ethanolic extracts was

sterilized by filtration before application (syringe filter RC

0.2 µm, Machery-Nagel). Algae and test substance or extracts

were incubated for 72 h in an incubator (AlgaeTron AG 130-

ECO, Photo Systems Instruments) at 23 ± 2°C under

continuous illumination (100 μE m2 s−1) and agitation at

160 rpm using a shaker (Unimax 1,010, Heidolph

Instruments). Cell density was measured at 24-h intervals

via chlorophyll a fluorescence (excitation: 450 nm,

bandwidth 40 nm/emission 680 nm, bandwidth 30 nm)

using a plate reader (Synergy HT, BioTek Instruments).

To cover the exponential growth, the fluorescence

calibration ranged from 5 × 103 to 1.5 × 106 cells mL−1

(Supplementary Figure S1). For a higher precision at low

cell densities, these were determined using calibration points

5 000 to 100,000 cells mL−1. Using this range, limits of

detection (2 051 cells mL−1) and quantification (7

712 cells mL−1) were calculated with DINTEST

2000 according to DIN 32645 (result uncertainty 33.3%,

probability of error 5%). Before measurements, plates were

sealed with parafilm in addition to the plate’s lid and inverted

10 times to ensure homogenous suspension of algae cells.

Each assay was repeated once yielding 4 replicates of each

treatment in total. Growth inhibition (%Iµ) based on the

growth rate (µ) was calculated according to Equations 2, 3.

Start cell density was set to 10,000 cells mL−1. Dose-response

curves (%inhibition vs. log of concentration) were plotted

and EC50-values obtained by linear regression of selected

data point. Each replicate was fitted individually and then an

average EC50-values was calculated.

µ � ln cell density72h − ln cell density0
Δt (2)

%Iµ �
µcontrol − µsample

µcontrol
p100 (3)

3 Results and discussion

3.1 Screening of Ionic liquids

As stated before, ten different ILs were selected for the

screening step based on the most used compounds for natural

products extraction and those ILs that are considered less

persistent and show better biodegradability aspects. Figure 1

shows the results for the extraction recoveries of mangiferin

and hyperoside from mango processing waste for this

screening procedure. Imidazolium-based ILs showed

higher extraction recoveries for both analytes, which

peaked at the 1-octyl-imidazolium cation, when compared

TABLE 2 Parameters used in Box-Behnken design for the optimization of MPW extraction.

Symbol Real variables Coded variables

Min (-1) CP (0) Max. (+1)

X1 IL concentration (M) 0.2 1.1 2

X2 Time (min) 5 17.5 30

X3 Sample/Solvent ratio (g ml−1) 0.05 0.1 0.15

CP = central point.
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FIGURE 1
Extraction recoveries of mangiferin and hyperoside for the screening experiments. Error bars are expressed in terms of the standard deviation
from the triplicates for each experiment. The letters represent the statistical differences between the averages according to the Tukey test (p < 0.05)
for mangiferin (lowercase) and hyperoside (uppercase).

TABLE 3 Box-Behnken experimental design and extraction recovery responses for the optimization of HAE with [C8MIm] Cl and choline acetate ionic
liquids.

Variables Responses

IL
concent. (X1)

Time (X2) Sample/
solvent (X3)

[C8MIm] Cl Choline acetate

(M) min g mL−1 mg kg−1 mg kg−1

Exp Cod Real Cod Real Cod Real Mangiferin Hyperoside Mangiferin Hyperoside

1 0 1.1 0 17.5 0 0.10 503.7 737.9 300.5 154.8

2 0 1.1 0 17.5 0 0.10 511.8 734.4 297.8 152.1

3 0 1.1 0 17.5 0 0.10 513.7 737.8 297.6 152.2

4 −1 0.2 −1 5.0 0 0.10 279.2 115.3 174.7 29.2

5 −1 0.2 1 30.0 0 0.10 299.0 132.0 153.7 31.7

6 1 2 −1 5.0 0 0.10 726.9 811.2 414.8 303.6

7 1 2 1 30.0 0 0.10 732.6 882.4 415.8 352.7

8 −1 0.2 0 17.5 -1 0.05 340.0 170.8 189.9 18.4

9 −1 0.2 0 17.5 1 0.15 237.4 86.6 141.6 29.0

10 1 2 0 17.5 −1 0.05 632.1 835.9 378.1 383.8

11 1 2 0 17.5 1 0.15 787.7 915.5 422.9 346.6

12 0 1.1 −1 5.0 −1 0.05 433.1 656.4 371.8 202.3

13 0 1.1 −1 5.0 1 0.15 527.8 696.3 306.3 150.3

14 0 1.1 1 30.0 −1 0.05 524.9 695.3 335.4 164.0

15 0 1.1 1 30.0 1 0.15 527.4 763.8 316.5 159.5
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to the other alkyl chain lengths. Comparison between two

different anions paired to [C8MIm] showed no statistical

difference between the results for mangiferin (497.0 and

520.8 mg kg−1 for chlorine and bromine, respectively) but

a superior yield of hyperoside extraction for the chlorine

anion, 710.2 mg kg−1, against 638.5 mg kg−1 from bromine.

Therefore [C8MIm] Cl was selected for further optimization.

The other ILs showed limited extraction efficiency, with no

higher than 412.2 mg kg−1 of extraction recovery for

mangiferin and 296.7 mg kg−1 for hyperoside ([C4MPyrr]

Br). Although not presenting a similar response to the

other tested ILs, the extraction with choline acetate was

further investigated in the optimization step due to its

biodegradable nature.

3.2 Optimization of extraction parameters
for [C8MIm] Cl and choline acetate

The Box-Behnken experimental design prepared for the

optimization of the extraction recoveries of mangiferin and

hyperoside using aqueous solutions of [C8MIm] Cl and

choline acetate can be seen in Table 3, as well as the

responses obtained in each experiment. An initial

observation of the experiments and responses shows that

variable X1 (concentration of the IL) has a significant

positive effect on the extraction recovery of both analytes,

as maximum responses were obtained when this variable was

in its maximum level (experiments 6, 7, 10 and 11). Little

difference between the pairs of experiments 6/7 and 10/

11 shows that variables X2 (time) and X3 (sample/solvent

ratio) have small effect on the final result when compared to

X1, as it will be further analyzed by RSM. Although higher

values of response were obtained when comparing with the

screening experiments, the extraction recoveries obtained

using choline acetate remained smaller than using

[C8MIm] Cl.

A quadratic polynomial model was calculated for each IL

and analyte. The equation coefficients and the ANOVA table

for each model can be found in the Supplementary Material

(Supplementary Table S2, S3). ANOVA shows that a

statistically significant (p ≤ 0.05) regression model was

obtained for all equations. Except for the model obtained

for mangiferin using [C8MIm] Cl, the lack of fit was

considered significant when compared to the pure error

calculated from the triplicates. Besides that, regression

coefficients (R2) were considered adequate (>0.99 for all

models) and the calculated models were plotted into

response surfaces. At the best experiment’s condition

(experiment 11, Table 3), the differences between the

experimental (787.70 and 915.53 mg kg−1) and the

calculated (798.08 and 923.68 mg kg−1) results are small, at

around 1% difference, showing that a sufficient model has

been achieved for the optimized region (mangiferin and

hyperoside, respectively).

Figure 2 shows the response surface methodology for the

extraction of both analytes using aqueous solutions of

[C8MIm] Cl. The first two rows of graphs show the clear

influence of the concentration of the IL on the response of

mangiferin and hyperoside, and maximum responses

obtained were in the region of 1.9–2.0 M. The horizontal

format of the model in the time axis (first row) shows that

this variable has a small effect on the response, although

slightly higher concentrations were found at 20–30 min for

hyperoside. In the second row, it is possible to observe that a

higher response can be obtained at the maximum level of the

sample/solvent ratio variable (0.15 g ml−1), for either

mangiferin and hyperoside. The third row shows the

smaller effect of both variables X2 and X3 due to the “flat”

format of the surface. A calculated optimization of the

variables based on the quadratic polynomial equation was

made, obtaining: X1 = 2 M, X2 = 5.0 min, X3 = 0.15 g ml−1 for

mangiferin (811.9 mg kg−1); X1 = 1.9 M, X2 = 28.4 min, X3 =

0.15 g ml−1 for hyperoside (944.79 mg kg−1).

Similar surfaces were obtained for the extraction with

choline acetate (Figure 3). Again, the concentration of the

ionic liquid was crucial for obtaining higher responses, which

had maximum response at 2 M (first two rows). Comparing

the best experimental results (experiments 11 and 10, Table 3)

with the calculated results using the quadratic polynomial

model for the same conditions (416.91 and 376.59 mg kg−1 for

mangiferin and hyperoside, respectively), a difference of less

than 2% was found. This shows a good approximation of the

model at the optimum region of response. Flat surfaces on the

third row of Figure 3 showed once again the smaller effects of

the variations of parameters X2 and X3. Calculated maximum

responses were found for mangiferin at 448.5 mg kg−1 (X1 =

2.0 M, X2 = 30.0 min, X3 = 0.15 g ml−1) and for hyperoside at

379.6 mg kg−1 (X1 = 2.0 M, X2 = 30.0 min, X3 = 0.05 g ml−1). As

minimum effect was observed for the sample/solvent ratio, the

highest tested level (0.15 g ml−1) can be assumed, since less

solvent is used to obtain close to maximum extraction

recoveries. On the other hand, no validation of the

optimum parameters for both choline acetate and [C8MIm]

Cl was performed and further comparison was made using the

best experimental conditions obtained with the Box-Behnken

design.

For comparison purposes, an extraction experiment with

ethanol/water as solvent was carried out using the parameters

obtained in a previous optimization study (Zuin et al., 2020).

In comparison with the best conditions found experimentally

for each IL solvent [C8MIm] Cl achieved the best performance

(Figure 4). A considerably higher (in average, 22%) yield was

obtained for the non-biodegradable imidazolium IL

(experiment 11, Table 3) when compared to the ethanolic

counterpart. The ethanol-water mixture showed better results
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than the optimum biodegradable choline acetate-water

mixture, with an average of 45% higher response (choline

acetate extraction experiments 11 for mangiferin and 10 for

hyperoside, Table 3). It is important to notice that, although

having a lower extraction recovery, the results for the

ethanolic extract are in the same order of magnitude of

[C8MIm] Cl, which could be sufficient for justifying its use

in this process, especially considering economic and

environmental factors. In fact, ethanol is already inserted in

a bioeconomy approach when produced from natural

resources, even more when manufactured with second

generation processes from agro-industrial waste, reducing

the volume of residues generated in agricultural practices

and avoiding the introduction of another land use

competitor with food resources. Besides that, as already

stated, the environmental fate of ethanol/water mixtures is

considerably milder compared to [C8MIm] Cl, and its higher

extraction efficiency makes it preferable than the extraction

with choline acetate.

3.3 Algicidal activity

After extraction optimization, the two extracts obtained

with the biodegradable solvents ethanol and choline acetate

were investigated for their algae growth inhibition activity to

explore their potential as e.g., antifouling agents. Due to the

entry of pesticidal formulation into the environment, non-

biodegradable solvents like [C8MIm] Cl are unsuited for

these applications. However, the investigation of the

extract obtained with choline acetate was hindered

because it was unstable during storage at -20 °C and

composition continued to change after unfreezing

(Supplementary Figure S2). The changing composition of

the choline acetate extract demonstrates the need to include

stability considerations of the obtained extract into the

choice of extraction solvent.

The ethanolic extract was suited for further investigation.

It was stable during storage and sterile filtration did not affect

the concentration of mangiferin or hyperoside

FIGURE 2
RSM plots for the optimization of the extraction of mangiferin (left) and hyperoside (right) using [C8MIm] Cl ionic liquid.
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(Supplementary Figure S3). Hence, the algae growth

inhibition of the ethanolic extract, the two major

compounds mangiferin and hyperoside, and a 1:1 mixture

of both compounds were investigated using the freshwater

microalgae Raphidocelis subcapitata. Dose-response curves

were acquired and the EC50-values obtained (Figure 5).

Mangiferin and hyperoside have similar EC50-values in the

range of 5.5–13 mg L−1 showing a moderate effect on the

algae growth (Table 4). Likewise, the mixture of these

compounds results in a comparable effect with an EC50-

value of 9.7 mg L−1 suggesting no synergetic effect of

mangiferin and hyperoside. In contrast, the ethanolic

extract strongly inhibits the algae growth. The EC50-value

based on the additive concentration of mangiferin and

hyperoside contained in the extract was found to be two

orders of magnitude lower with 0.015 mg L−1. The highest

concentration (0.32 mg L−1) shown in the dose response

curve resulted in a growth inhibition of 89 ± 7%. The

addition of a larger volume of extract (10 µL a

0.64 mg L−1
final concentration in well) resulted in a cell

density below the quantification limit of 7 712 cells mL−1.

Since the start cell density was 10,000 cells mL−1, treatments

with 10 µL of ethanolic extract resemble a growth

inhibition >100%. The high activity of the extract may be

caused by additional ingredients or synergistic effects of

unknown ingredients with mangiferin or hyperoside.

Synergistic effects were also proposed for different plant

extracts investigated for pesticidal activities (Céspedes

et al., 2014; Gillmeister et al., 2019).

To date, only few studies have investigated the pesticidal

activities of mango waste extracts (Gómez-Maldonado et al.,

2020; Emam et al., 2021). To our knowledge, we are the first to

FIGURE 3
RSM plots for the optimization of the extraction of mangiferin (left) and hyperoside (right) using choline acetate ionic liquid.
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test its algae growth inhibition and present a direct comparison

of the extract’s activity to two of the major components. Growth

inhibition of different algae species and cyanobacteria was

previously observed for structurally closely related flavonoids

like quercetin, rutin and quercetin-3-β-D-glucose, (D’Abrosca
et al., 2006; Jiang et al., 2012; Xiao et al., 2019). Additionally,

plant extracts were investigated for algicidal activity including

one obtained from pomegranate peel (Xiao et al., 2014; Chen

et al., 2019; Zhu et al., 2019). However, this is often performed

to find most active fractions and subsequently an active

ingredient. In regard of the results obtained in this study,

the utilization of extracts may be more effective for

pesticidal applications. The algicidal activity of the mango

waste ethanolic extract observed in this study could lead

to its utilization as algicide in antifouling and other

applications.

FIGURE 4
Comparison between the highest experimental extraction
recoveries obtained with ethanol and ionic liquids aqueous
solvents. The letters represent the statistical differences between
the averages according to the Tukey test (p < 0.05) for
mangiferin (lowercase) and hyperoside (uppercase).

FIGURE 5
Dose-response curves showing the algae growth inhibition in dependency of test substance concentration. Black: treatment with ethanolic
extract, concentration corresponds to the additive concentration of mangiferin and hyperoside contained in the extract. Yellow: treatment with
mangiferin. Blue: treatment with hyperoside. Green: treatment with 1:1 mixture (w:w) of mangiferin and hyperoside. n = 4. Lines represent linear
regressions used to determine EC50-values. Dotted lines represent a visual guide.

TABLE 4 EC50-values of tested samples given in mg L−1 and μmol L−1.
For the mixture and the ethanolic extract concentrations refer to
additive concentration of both substances.

Sample EC50 (mg L−1) EC50 (µmol L−1)

Mangiferin 5.5 ± 1.0 13 ± 2.4

Hyperoside 13 ± 5 28 ± 11

Mangiferin-hyperoside 1:1 (w:w) 9.7 ± 0.7 22 ± 2

70% Ethanol extract 0.015 ± 0.001 0.033 ± 0.002
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4 Conclusion

This study set out to evaluate sustainability aspects of the

solvent choice for extraction of high value compounds from

agro-industrial waste taking into account their sources,

performance, biodegradability and furthermore their suitability

for possible applications of the extract. For the latter, we

investigated the biocidal activity of the obtained extracts

against algae.

Although [C8Mim] Cl showed higher extraction recoveries,

due to its production from non-renewable resources, high

toxicity and non-biodegradability, the advantages in

comparison to ethanol, which showed only slightly lower

responses, are not evident. The ethanol extract further

outcompetes the extraction with choline acetate in yield and

stability of the extract’s composition. It is important to notice that

temperature was not a parameter assessed at this study, and

results may have been different at higher temperatures. On the

other hand, using room temperature is advised and should be

encouraged in the development of sustainable processes, keeping

in mind the balance between sustainability and efficiency

(sufficiency).

Aiming at using the crude extract and exploiting its potential

synergistic activity instead of isolated compounds and thereby

bypassing energy- and resource-intensive isolation steps, the

choice of solvent has to be fitted to the application as well.

Using non-biodegradable ILs to obtain pesticidal active extract

which are then used in agriculture and other external

applications could cause severe environmental pollution. In

this study, a higher growth inhibition of the ethanol extract in

comparison to the single compounds and a 1:1 mixture was

confirmed. Therefore, ethanol can be viewed as a cheaper,

greener alternative—in comparison to the tested ILs—for the

extraction of some of the main bioactive compounds frommango

processing residues, as well as effectively being used directly as a

formulation solvent to be applied for algicidal activity. This also

means to design and adopt greener and more sustainable

analytical approaches that can be transferred to larger and

commercial scales, taking into account simplicity, sufficiency

and functionality. As the scientific interest on these bioactive

natural products grow, formulation, stability and economic

viability studies should follow. Those are crucial steps towards

finding green and sustainable alternatives of biocides and

pesticides, one of the most important challenges of human

development for the near future.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Author contributions

MLS contributed to the laboratory work (all assays),

manuscript writing and review, conceptual design and

developments and discussions. LS contributed to the

laboratory work (algicidal assay), manuscript writing and

review, developments and discussions. OO contributed to

the manuscript writing and review, developments and

discussions. VZ and KK share last authorship and are both

corresponding authors. They contributed both to the

manuscript writing and review, further discussion and

conceptual design.

Funding

This research was funded by the EU within the European

Regional Development Fund (ERDF), support measure

INTERREG V in the Upper Rhine as part of the

NAVEBGO project 5.3 (sustainable reduction of biocide

inputs to groundwater in the Upper Rhine region; grand

agreement number: 66300015), Fapesp (2018/11409-0; 2017/

25015-1), Capes (Finance Code 001), CAPES-PRINT Process

88887.465565/2019-00, Robert Bosch and Alexander von

Humboldt Foundations. This publication was funded by

the Open Access Publication Fund of the Leuphana

University Lüneburg.

Conflict of interest

The authors declare that the research was conducted

in the absence of any commercial or financial

relationships that could be construed as a potential

conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fchem.

2022.986987/full#supplementary-material

Frontiers in Chemistry frontiersin.org11

Segatto et al. 10.3389/fchem.2022.986987

https://www.frontiersin.org/articles/10.3389/fchem.2022.986987/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.986987/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.986987


References

Albouchi, F., Hassen, I., Casabianca, H., and Hosni, K. (2013). Phytochemicals,
antioxidant, antimicrobial and phytotoxic activities of Ailanthus altissima (Mill.)
Swingle leaves. S. Afr. J. Bot. 87, 164–174. doi:10.1016/j.sajb.2013.04.003

Alder, C. M., Hayler, J. D., Henderson, R. K., Redman, A. M., Shukla, L., Shuster,
L. E., et al. (2016). Updating and further expanding GSK’s solvent sustainability
guide. Green Chem. 18, 3879–3890. doi:10.1039/C6GC00611F

Alichem (2022). 1-Methyl-3-n-octylimidazolium chloride. Available at: https://
www.alichem.com/product/64697-40-1.html (Accessed June 15, 2022).

Amsel, A.-K., Olsson, O., and Kümmerer, K. (2022). Inventory of biodegradation
data of ionic liquids. Chemosphere 299, 134385. doi:10.1016/j.chemosphere.2022.
134385

Banerjee, J., Patti, A. F., MacFarlane, D., Vijayaraghavan, R., Singh, R., and Arora,
A. (2016). Effect of drying methods and extraction time-temperature regime on
mango kernel lipids. Int. J. Food Nutr. Sci. 3, 1–10. doi:10.15436/2377-0619.16.048

Berardini, N., Fezer, R., Conrad, J., Beifuss, U., Carle, R., and Schieber, A. (2005a).
Screening of mango ( mangifera indica L.) cultivars for their contents of flavonol O -
and xanthone C -glycosides, anthocyanins, and pectin. J. Agric. Food Chem. 53,
1563–1570. doi:10.1021/jf0484069

Berardini, N., Knödler, M., Schieber, A., and Carle, R. (2005b). Utilization of
mango peels as a source of pectin and polyphenolics. Innov. Food Sci. Emerg.
Technol. 6, 442–452. doi:10.1016/j.ifset.2005.06.004

Bogdanov, M. G. (2014). “Ionic liquids as alternative solvents for extraction of
natural products,” in Alternative solvents for natural products extraction. Editors
F. Chemat and M. A. Vian (Berlin, Heidelberg: Springer-Verlag), 127–166. Green
Chemistry and Sustainable Technology. doi:10.1007/978-3-662-43628-8_7

Céspedes, C. L., Salazar, J. R., Ariza-Castolo, A., Yamaguchi, L., Ávila, J. G.,
Aqueveque, P., et al. (2014). Biopesticides from plants: Calceolaria integrifolia s.l.
Environ. Res. 132, 391–406. doi:10.1016/j.envres.2014.04.003

Chaves, J. O., de Souza, M. C., da Silva, L. C., Lachos-Perez, D., Torres-Mayanga,
P. C., Machado, A. P. da F., et al. (2020). Extraction of flavonoids from natural
sources using modern techniques. Front. Chem. 8, 507887. doi:10.3389/fchem.2020.
507887

Chemat, F., Abert Vian, M., Fabiano-Tixier, A.-S., Nutrizio, M., Režek Jambrak,
A., Munekata, P. E. S., et al. (2020). A review of sustainable and intensified
techniques for extraction of food and natural products. Green Chem. 22,
2325–2353. doi:10.1039/C9GC03878G

Chen, L., Wang, Y., Shi, L., Zhao, J., and Wang, W. (2019). Identification of
allelochemicals from pomegranate peel and their effects on Microcystis aeruginosa
growth. Environ. Sci. Pollut. Res. 26, 22389–22399. doi:10.1007/s11356-019-05507-1

Cvjetko Bubalo, M., Vidović, S., Radojčić Redovniković, I., and Jokić, S. (2018).
New perspective in extraction of plant biologically active compounds by green
solvents. Food Bioprod. Process. 109, 52–73. doi:10.1016/j.fbp.2018.03.001

D’Abrosca, B., Dellagreca, M., Fiorentino, A., Isidori, M., Monaco, P., and
Pacifico, S. (2006). Chemical constituents of the aquatic plant Schoenoplectus
lacustris: Evaluation of phytotoxic effects on the green alga Selenastrum
capricornutum. J. Chem. Ecol. 32, 81–96. doi:10.1007/s10886-006-9354-y

da Silva Francischini, D., Lopes, A. P., Segatto, M. L., Stahl, A. M., and Zuin, V. G.
(2020). Development and application of green and sustainable analytical methods
for flavonoid extraction from Passiflora waste. BMC Chem. 14, 56. doi:10.1186/
s13065-020-00710-5

Dai, Y., van Spronsen, J., Witkamp, G.-J., Verpoorte, R., and Choi, Y. H. (2013).
Ionic liquids and Deep eutectic solvents in natural products research: Mixtures of
solids as extraction solvents. J. Nat. Prod. 76, 2162–2173. doi:10.1021/np400051w

Dorta, E., González, M., Lobo, M. G., Sánchez-Moreno, C., and de Ancos, B.
(2014). Screening of phenolic compounds in by-product extracts from mangoes
(Mangifera indica L.) by HPLC-ESI-QTOF-MS and multivariate analysis for use as
a food ingredient. Food Res. Int. 57, 51–60. doi:10.1016/j.foodres.2014.01.012

Emam, M., Abdel-Haleem, D. R., Farag, S. M., El-Ansari, M. A., and Sobeh, M.
(2021). Larvicidal activity of pentagalloyl glucose and mangiferin isolated from the
waste of mango kernel against Culex pipiens L. Waste Biomass Valorization 13,
83–93. doi:10.1007/s12649-021-01532-9

FAO (2022). FAOSTAT: Production quantitites of mangoes, mangosteens and
guavas. Available at: http://www.fao.org/faostat/en/#data/QC (Accessed August 8,
2022).

Ferreira, O., and Pinho, S. P. (2012). Solubility of flavonoids in pure solvents. Ind.
Eng. Chem. Res. 51, 6586–6590. doi:10.1021/ie300211e

García-Bores, A. M., Arciniegas-Arciniegas, A., Reyna-Campos, A., Céspedes-
Acuña, C., Avila-Suárez, B., Alarcón-Enos, J., et al. (2018). Phytochemical

composition and biological activities of dyssodia tagetiflora lag. Chem. Biodivers.
15, e1700415. doi:10.1002/cbdv.201700415

Gilbert, B., and Alves, L. (2003). Synergy in plant medicines. Curr. Med. Chem. 10,
13–20. doi:10.2174/0929867033368583

Gillmeister, M., Ballert, S., Raschke, A., Geistlinger, J., Kabrodt, K., Baltruschat,
H., et al. (2019). Polyphenols from Rheum roots inhibit growth of fungal and
oomycete phytopathogens and induce plant disease resistance. Plant Dis. 103,
1674–1684. doi:10.1094/PDIS-07-18-1168-RE

Gómez-Maldonado, D., Lobato-Calleros, C., Aguirre-Mandujano, E., Leyva-Mir,
S. G., Robles-Yerena, L., and Vernon-Carter, E. J. (2020). Antifungal activity of
mango kernel polyphenols on mango fruit infected by anthracnose. LWT 126,
109337. doi:10.1016/j.lwt.2020.109337

Haiß, A., Jordan, A., Westphal, J., Logunova, E., Gathergood, N., and Kümmerer,
K. (2016). On the way to greener ionic liquids: Identification of a fully mineralizable
phenylalanine-based ionic liquid. Green Chem. 18, 4361–4373. doi:10.1039/
C6GC00417B

Han, X., and Armstrong, D. W. (2007). Ionic liquids in separations. Acc. Chem.
Res. 40, 1079–1086. doi:10.1021/ar700044y

ICH (2005). Q2 (R1) validation of analytical procedures: Text and methodology.
Geneva: International Conference of Harmonization.

Jiang, D., Huang, L. F., Lin, Y. Q., Nie, L. L., Lv, S. L., Kuang, T. Y., et al. (2012).
Inhibitory effect of Salicornia europaea on the marine alga Skeletonema costatum.
Sci. China Life Sci. 55, 551–558. doi:10.1007/s11427-012-4328-5

Jordan, A., and Gathergood, N. (2015). Biodegradation of ionic liquids –A critical
review. Chem. Soc. Rev. 44, 8200–8237. doi:10.1039/C5CS00444F

Kim, H., Kim, H., Mosaddik, A., Gyawali, R., Ahn, K. S., and Cho, S. K. (2012).
Induction of apoptosis by ethanolic extract of mango peel and comparative analysis
of the chemical constitutes of mango peel and flesh. Food Chem. X. 133, 416–422.
doi:10.1016/j.foodchem.2012.01.053

Liu, L., and Chen, J. (2008). Solubility of hesperetin in various solvents from
(288.2 to 323.2) K. J. Chem. Eng. Data 53, 1649–1650. doi:10.1021/je800078j

Liu, T., Zhu, L., Wang, J., Wang, J., Zhang, J., Sun, X., et al. (2015). Biochemical
toxicity and DNA damage of imidazolium-based ionic liquid with different anions
in soil on Vicia faba seedlings. Sci. Rep. 5, 18444. doi:10.1038/srep18444

Matharu, A. S., de Melo, E. M., and Houghton, J. A. (2016). Opportunity for high
value-added chemicals from food supply chain wastes. Bioresour. Technol. 215,
123–130. doi:10.1016/j.biortech.2016.03.039

Milescu, R. A., Segatto, M. L., Stahl, A., McElroy, C. R., Farmer, T. J., Clark, J. H.,
et al. (2020). Sustainable single-stage solid–liquid extraction of hesperidin and rutin
from agro-products using cyrene. ACS Sustain. Chem. Eng. 8, 18245–18257. doi:10.
1021/acssuschemeng.0c06751

Moity, L., Durand, M., Benazzouz, A., Molinier, V., and Aubry, J.-M. (2014). “In silico
search for alternative green solvents,” inAlternative solvents for natural products extraction.
Editors F. Chemat andM. A. Vian (Berlin, Heidelberg: Springer Berlin Heidelberg). Green
Chemistry and Sustainable Technology. doi:10.1007/978-3-662-43628-8

Morozkina, S. N., Nhung Vu, T. H., Generalova, Y. E., Snetkov, P. P., and
Uspenskaya, M. V. (2021). Mangiferin as new potential anti-cancer agent and
mangiferin-integrated polymer systems—a novel research direction. Biomolecules
11, 79. doi:10.3390/biom11010079

Naumovski, N., Ranadheera, S., Thomas, J., Georgousopoulou, E., and Lor, D. M.
(2017). “Bioactive compounds in agricultural and food production waste,” in
Utilisation of bioactive compounds from agricultural and food waste. Editor
Q. V. Vuong (Boca Raton: CRC Press), 26.

Prat, D., Wells, A., Hayler, J., Sneddon, H., McElroy, C. R., Abou-Shehada, S.,
et al. (2016). CHEM21 selection guide of classical- and less classical-solvents. Green
Chem. 18, 288–296. doi:10.1039/C5GC01008J

Puig, C. G., Reigosa, M. J., Valentão, P., Andrade, P. B., and Pedrol, N. (2018).
Unravelling the bioherbicide potential of Eucalyptus globulus Labill: Biochemistry and
effects of its aqueous extract. PLoS One 13, e0192872. doi:10.1371/journal.pone.0192872

Quadri, F., Telang, M., and Mandhare, A. (2019). Therapeutic and cosmetic
applications of mangiferin: an updated patent review (patents published after 2013).
Expert Opin. Ther. Pat. 29, 463–479. doi:10.1080/13543776.2019.1620205

Rasoanaivo, P., Wright, C. W., Willcox, M. L., and Gilbert, B. (2011). Whole plant
extracts versus single compounds for the treatment of malaria: synergy and positive
interactions. Malar. J. 10, S4. doi:10.1186/1475-2875-10-S1-S4

Raza, A., Xu, X., Sun, H., Tang, J., and Ouyang, Z. (2017). Pharmacological
activities and pharmacokinetic study of hyperoside: A short review. Trop. J. Pharm.
Res. 16, 483–489. doi:10.4314/tjpr.v16i2.30

Frontiers in Chemistry frontiersin.org12

Segatto et al. 10.3389/fchem.2022.986987

https://doi.org/10.1016/j.sajb.2013.04.003
https://doi.org/10.1039/C6GC00611F
https://www.alichem.com/product/64697-40-1.html
https://www.alichem.com/product/64697-40-1.html
https://doi.org/10.1016/j.chemosphere.2022.134385
https://doi.org/10.1016/j.chemosphere.2022.134385
https://doi.org/10.15436/2377-0619.16.048
https://doi.org/10.1021/jf0484069
https://doi.org/10.1016/j.ifset.2005.06.004
https://doi.org/10.1007/978-3-662-43628-8_7
https://doi.org/10.1016/j.envres.2014.04.003
https://doi.org/10.3389/fchem.2020.507887
https://doi.org/10.3389/fchem.2020.507887
https://doi.org/10.1039/C9GC03878G
https://doi.org/10.1007/s11356-019-05507-1
https://doi.org/10.1016/j.fbp.2018.03.001
https://doi.org/10.1007/s10886-006-9354-y
https://doi.org/10.1186/s13065-020-00710-5
https://doi.org/10.1186/s13065-020-00710-5
https://doi.org/10.1021/np400051w
https://doi.org/10.1016/j.foodres.2014.01.012
https://doi.org/10.1007/s12649-021-01532-9
http://www.fao.org/faostat/en/#data/QC
https://doi.org/10.1021/ie300211e
https://doi.org/10.1002/cbdv.201700415
https://doi.org/10.2174/0929867033368583
https://doi.org/10.1094/PDIS-07-18-1168-RE
https://doi.org/10.1016/j.lwt.2020.109337
https://doi.org/10.1039/C6GC00417B
https://doi.org/10.1039/C6GC00417B
https://doi.org/10.1021/ar700044y
https://doi.org/10.1007/s11427-012-4328-5
https://doi.org/10.1039/C5CS00444F
https://doi.org/10.1016/j.foodchem.2012.01.053
https://doi.org/10.1021/je800078j
https://doi.org/10.1038/srep18444
https://doi.org/10.1016/j.biortech.2016.03.039
https://doi.org/10.1021/acssuschemeng.0c06751
https://doi.org/10.1021/acssuschemeng.0c06751
https://doi.org/10.1007/978-3-662-43628-8
https://doi.org/10.3390/biom11010079
https://doi.org/10.1039/C5GC01008J
https://doi.org/10.1371/journal.pone.0192872
https://doi.org/10.1080/13543776.2019.1620205
https://doi.org/10.1186/1475-2875-10-S1-S4
https://doi.org/10.4314/tjpr.v16i2.30
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.986987


Rogers, R. D., and Seddon, K. R. (2003). Ionic liquids--solvents of the future?
Science 302, 792–793. doi:10.1126/science.1090313

Romero, A., Santos, A., Tojo, J., and Rodríguez, A. (2008). Toxicity and
biodegradability of imidazolium ionic liquids. J. Hazard. Mater. 151, 268–273.
doi:10.1016/j.jhazmat.2007.10.079

Rossi, L. M., Gallo, J. M. R., Mattoso, L. H. C., Buckeridge, M. S., Licence, P., and
Allen, D. T. (2021). Ethanol from sugarcane and the Brazilian biomass-based energy
and chemicals sector. ACS Sustain. Chem. Eng. 9, 4293–4295. doi:10.1021/
acssuschemeng.1c01678

Safdar, M. N., Kausar, T., and Nadeem, M. (2017). Comparison of Ultrasound
and maceration techniques for the extraction of polyphenols from the mango peel.
J. Food Process. Preserv. 41, e13028. doi:10.1111/jfpp.13028

Schulz, R., Bub, S., Petschick, L. L., Stehle, S., and Wolfram, J. (2021). Applied
pesticide toxicity shifts toward plants and invertebrates, even in GM crops. Science
372, 81–84. doi:10.1126/science.abe1148

Segatto, M. L., Zanotti, K., and Zuin, V. G. (2021). Microwave-assisted extraction
and matrix solid-phase dispersion as green analytical chemistry sample preparation
techniques for the valorisation of mango processing waste. Curr. Res. Chem. Biol. 1,
100007. doi:10.1016/j.crchbi.2021.100007

Stehle, S., and Schulz, R. (2015). Agricultural insecticides threaten surface waters at the
global scale. Proc. Natl. Acad. Sci. U. S. A. 112, 5750–5755. doi:10.1073/pnas.1500232112

Wilson, K., Benton, T. G., Graham, R. I., and Grzywacz, D. (2013). Pest control:
Biopesticides’ potential. Science 342, 799. doi:10.1126/science.342.6160.799-a

Xiao, X., Huang, H., Ge, Z., Rounge, T. B., Shi, J., Xu, X., et al. (2014). A pair of chiral
flavonolignans as novel anti-cyanobacterial allelochemicals derived from barley straw
(Hordeum vulgare): Characterization and comparison of their anti-cyanobacterial
activities. Environ. Microbiol. 16, 1238–1251. doi:10.1111/1462-2920.12226

Xiao, X., Li, C., Huang, H., and Lee, Y. P. (2019). Inhibition effect of natural
flavonoids on red tide alga Phaeocystis globosa and its quantitative structure-
activity relationship. Environ. Sci. Pollut. Res. 26, 23763–23776. doi:10.1007/
s11356-019-05482-7

Zhang, Q. W., Lin, L. G., and Ye, W. C. (2018). Techniques for extraction and
isolation of natural products: A comprehensive review. Chin. Med. 13, 20–26.
doi:10.1186/s13020-018-0177-x

Zhu, J., Xiao, H., Chen, Q., Zhao, M., Sun, D., and Duan, S. (2019). Growth
inhibition of phaeocystis globosa induced by luteolin-7-O-glucuronide from
seagrass enhalus acoroides. Int. J. Environ. Res. Public Health 16, 2615. doi:10.
3390/ijerph16142615

Zou, T., Wu, H., Li, H., Jia, Q., and Song, G. (2013). Comparison of
microwave-assisted and conventional extraction of mangiferin from mango (
Mangifera indica L.) leaves. J. Sep. Sci. 36, 3457–3462. doi:10.1002/jssc.
201300518

Zuin, V. G., and Ramin, L. Z. (2018). Green and sustainable separation of
natural products from agro-industrial waste: Challenges, potentialities, and
perspectives on emerging approaches. Top. Curr. Chem. 376, 3. doi:10.1007/
s41061-017-0182-z

Zuin, V. G., Segatto, M. L., and Zanotti, K. (2020). Towards a green and
sustainable fruit waste valorisation model in Brazil: Optimisation of
homogenizer-assisted extraction of bioactive compounds from mango waste
using a response surface methodology. Pure Appl. Chem. 92, 617–629. doi:10.
1515/pac-2019-1001

Zuin, V. G., Ramin, L. Z., Segatto, M. L., Stahl, A. M., Zanotti, K., Forim, M. R.,
et al. (2021). To separate or not to separate: what is necessary and enough for a green
and sustainable extraction of bioactive compounds from Brazilian citrus waste. Pure
Appl. Chem. 93, 13–27. doi:10.1515/pac-2020-0706

Frontiers in Chemistry frontiersin.org13

Segatto et al. 10.3389/fchem.2022.986987

https://doi.org/10.1126/science.1090313
https://doi.org/10.1016/j.jhazmat.2007.10.079
https://doi.org/10.1021/acssuschemeng.1c01678
https://doi.org/10.1021/acssuschemeng.1c01678
https://doi.org/10.1111/jfpp.13028
https://doi.org/10.1126/science.abe1148
https://doi.org/10.1016/j.crchbi.2021.100007
https://doi.org/10.1073/pnas.1500232112
https://doi.org/10.1126/science.342.6160.799-a
https://doi.org/10.1111/1462-2920.12226
https://doi.org/10.1007/s11356-019-05482-7
https://doi.org/10.1007/s11356-019-05482-7
https://doi.org/10.1186/s13020-018-0177-x
https://doi.org/10.3390/ijerph16142615
https://doi.org/10.3390/ijerph16142615
https://doi.org/10.1002/jssc.201300518
https://doi.org/10.1002/jssc.201300518
https://doi.org/10.1007/s41061-017-0182-z
https://doi.org/10.1007/s41061-017-0182-z
https://doi.org/10.1515/pac-2019-1001
https://doi.org/10.1515/pac-2019-1001
https://doi.org/10.1515/pac-2020-0706
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.986987

