
Recovery of bioactive compounds from Musa
acuminata Cavendish bracts: sustainable
valorization of waste from Brazil’s sweetest banana
Gabriel Emiliano Motta 

UFSC: Universidade Federal de Santa Catarina
Amanda Tavares Germano 

UFSC: Universidade Federal de Santa Catarina
Luciano Vitali 

UFSC: Universidade Federal de Santa Catarina
Germán Ayala Valencia 

UFSC: Universidade Federal de Santa Catarina
Sandra R.S. Ferreira 

UFSC: Universidade Federal de Santa Catarina https://orcid.org/0000-0003-3393-0995

Research Article

Keywords: Agro-industrial residues, Musa acuminata Cavendish bracts valorization, Techno-
environmental evaluation, First-time phenolic identification

Posted Date: August 20th, 2025

DOI: https://doi.org/10.21203/rs.3.rs-7130785/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Waste and Biomass Valorization on
December 11th, 2025. See the published version at https://doi.org/10.1007/s12649-025-03421-x.

https://doi.org/10.21203/rs.3.rs-7130785/v1
https://doi.org/10.21203/rs.3.rs-7130785/v1
https://orcid.org/0000-0003-3393-0995
https://doi.org/10.21203/rs.3.rs-7130785/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12649-025-03421-x


1 

 

Recovery of bioactive compounds from Musa acuminata Cavendish bracts: 1 

sustainable valorization of waste from Brazil’s sweetest banana 2 

 3 

Gabriel Emiliano Mottaa, Amanda Tavares Germanob, Luciano Vitalib, 4 

Germán Ayala Valenciaa, Sandra Regina Salvador Ferreiraa,* 5 

 6 

a Chemical and Food Engineering Department, Federal University of Santa Catarina, 7 

Florianópolis, SC, CEP 88040-900, P.O. Box 476, Brazil. 8 

b Department of Chemistry, Federal University of Santa Catarina, Florianópolis, SC, 9 

Brazil. 10 

 11 

* Corresponding author. E-mail: s.ferreira@ufsc.br (Sandra R. S. Ferreira) Phone: +55 48 12 

37212537. 13 

 14 

  15 

mailto:s.ferreira@ufsc.br


2 

 

ABSTRACT 16 

This comprehensive study investigated the chemical composition and methods for 17 

recovering high-value compounds from the bracts of banana inflorescences. They were 18 

evaluated for the apolar fraction using CO2 supercritical fluid extraction (SFE) and 19 

Soxhlet (hexane), and for the polar fraction using microwave-assisted extraction (MAE), 20 

pressurized liquid extraction (PLE), and conventional reflux extraction (CRE). SFE with 21 

CO₂ at 25 MPa achieved the greatest recovery of essential fatty acids (palmitic, oleic, and 22 

linoleic) and the highest carotenoid content (2.94 mg β-carotene equivalent/100 g DW), 23 

surpassing conventional Soxhlet extraction. For polar compounds, PLE (water 150 °C) 24 

yielded the highest extraction yield (53.09%), TPC (22.83 mg GAE/g DW), a good 25 

protein recovery (52.53%), and antioxidant capacities (ABTS: 489.36; DPPH: 170.35 26 

μmol TEAC/g DW). MAE demonstrated superior extraction efficiency of bioactive 27 

compounds. Notably, for the first time, these phytochemicals were identified: taxifolin, 28 

eriodictyol, rosmarinic acid, and abscisic acid. The evaluation confirmed the 29 

environmental superiority of SFE, MAE, and PLE against conventional methods, 30 

achieving an A status in the Eco-scale. Therefore, this approach highlights that banana 31 

inflorescence bracts are rich in high-value bioresources with considerable applications in 32 

the food, pharmaceutical, and other industries. The correct choice of solvent and 33 

extraction method can help achieve sustainable development. 34 

 35 

KEYWORDS: Agro-industrial residues, Musa acuminata Cavendish bracts valorization, 36 

Techno-environmental evaluation, First-time phenolic identification 37 

 38 
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1. INTRODUCTION 40 

Bananas are among the most produced and fresh consumed fruits in the world, with over 41 

135 million tons produced annually [1, 2]. The most popular variety is Musa acuminata 42 

Cavendish, which accounts for over half of the world's production [3]. Brazil is the fourth 43 

largest worldwide producer of banana, where the region of Corupá (26º27'2"S 44 

49º17'6"W), located in the north of the state of Santa Catarina, stands as the largest 45 

national banana exporter. Due to factors such as production methods, terroir, and altitude, 46 

the region holds the designation of origin for the sweetest banana in Brazil [4–6]. 47 

The banana production is widespread in tropical regions, and the plant generally produces 48 

only one bunch, with harvest leaving huge amounts of agricultural waste in the fields, 49 

such as pseudostems, leaves, and inflorescences [7, 8]. According to [7], 160 kg of 50 

inflorescences are generated and discarded for every ton of banana produced. These 51 

residues, as pointed out by several  authors [7, 9, 10], can have high added value and wide 52 

application in food, health, medicine, and materials due to their antioxidant, antiviral, 53 

antimicrobial, anti-inflammatory, antidiabetic, and nutritional properties.  54 

Evaluating and exploring alternative ways to obtain bioactive compounds can be a 55 

strategy to promote human well-being, especially when the raw materials are highly 56 

productive and easily accessible in many countries. Furthermore, the valorization of agro-57 

industrial waste is an alternative to promoting a sustainable cycle of use of natural 58 

resources by the concepts of Sustainable Development of Nations United; this 59 

valorization comes through research and development, mainly SDG 12 (Responsible 60 

consumption and production) and SDG 9 (Industry, innovation, and infrastructure) [11]. 61 

This study compares different methodologies for fractionating the polar and non-polar 62 

fractions from banana inflorescences and evaluates the recovery of various bioactive 63 

compounds. The recovery of proteins and antioxidant components was investigated for 64 

the polar fraction, while the recovery of fatty acids and carotenoids was assessed for the 65 

non-polar fraction. The extraction methods included Microwave-Assisted Extraction 66 

(MAE), Pressurized Liquid Extraction (PLE), and Supercritical Fluid Extraction (SFE), 67 

compared with Conventional Reflux Extraction (CRE) performed using a Soxhlet 68 

apparatus with different solvents. The effects of process variables and solvents were 69 

evaluated. 70 

 71 
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2. MATERIAL AND METHODS 72 

2.1 Material 73 

Reagents: Carbon dioxide (CO2) (99.9%) and Helium (99.999%) (White Martins Ltda., 74 

Joinville-SC, Brazil), Hexane (Synth, São Paulo, Brazil), 99.5% Ethanol, 99.5% Acetone, 75 

98% Ethyl Ether, sodium carbonate (Lafan, São Paulo, Brazil), sodium hydroxide and 76 

hydrochloric acid (37%) from (A.C.S., Synth, São Paulo, Brazil), FeCl3.6H2O (A.C.S, 77 

Neon, São Paulo, Brazil). Trolox (97% pure) (6-hydroxy-2,5,7,8-tetramethylchroma 2-78 

carboxylic Acid), TPTZ (2,4,6-tri(2pyridyl)-s-triazine), ABTS (2,2'-azino-bis(3--79 

ethylbenzothiazoline-6-sulfonic Acid), DNS (3,5-dinitro salicylic Acid), Methanol High-80 

Performance Liquid Chromatography (HPLC) grade (99.9%), DPPH 81 

(2,2-Diphenyl-1-picrylhydrazyl), Galic acid (98% pure), sulfuric acid (97%), Folin-82 

Ciocateau, β-Carotene, Supelco F.A.M.E. MIX C4-C24 were acquired from Sigma 83 

Aldrich (Sigma Aldrich, St. Louis, MO, USA / Darmstadt, Germany).  84 

Raw material: Bracts from the banana inflorescence were collected in Corupá (26º27'2"S 85 

49º17'6"W), State of Santa Catarina, and cataloged at Herbarium Flor (FLOR0071264), 86 

from the Federal University of Santa Catarina [12]. The samples were manually separated 87 

(flowers and other structures), cleaned with distillate water, and dried using an oven with 88 

air circulation at 40 °C for 48h (Lucadema - 82/27, SP, Brazil). Then, the samples were 89 

ground in a knife mill (Marconi - MA340, SP, Brazil), sieved in mesh 40, and stored at -90 

18 °C until use. 91 

 92 

2.2 Proximal composition 93 

The experiments were caried out following the methodologies: protein by Kjeldahl 94 

method with nitrogen (N = 6.25), 990.03 [13]; lipids content by Soxhlet method 920.39 95 

[14]; moisture content by method 2.2.2.5 [15]; crude fibers by method 978.10 [16]; ashes 96 

by 942.05 [17]; total sugar by difference and by DNS [18]. 97 

 98 

2.3 Non-polar fraction 99 

Non-polar fractions from banana inflorescence were obtained by Soxhlet with hexane 100 

(SOX-hex), according to AOAC (920.39), and by SFE with CO2. The SFE was performed 101 

using equipment adapted by Mazzutti et al. (2018). SFE was conducted at 40 ºC and 102 

pressures of 15, 20 and 25 MPa, with extraction time determined by the kinetics curve. 103 

The SFE conditions were defined based on Torres et al. (2022) [20], and data from Musa 104 

paradisiaca varieties Correa et al. (2016) [21]. The kinetics was conducted based on 105 



5 

 

Weinhold et al. (2008) [22] at 20 MPa, 40 °C, and 1.2 L CO2/h. The volume of the 106 

cylindrical reactor used is approximately 107.7 mL (length of 329 mm and internal 107 

diameter of 20.42 mm). 15 g of dry and ground samples were filled into a stainless-steel 108 

extraction vessel, complementing the remaining volume with 3 mm glass spheres. The 109 

kinetics curve was obtained with samples recovered at 5-min intervals up to 60 min, 110 

followed by 10-min intervals up to 90 min, and 30-min intervals up to 270 min. After 111 

defining SFE time, by kinetics curve, the assays were conducted in duplicate at different 112 

conditions to obtain the supercritical non-polar fractions, to evaluate process yield, and 113 

quality of the samples (carotenoids content and fatty acids profile). 114 

 115 

2.3.1 Total carotenoid content 116 

Total carotenoids content (TCC) from the lipid fractions (SFE and SOX-hex samples) 117 

was determined by spectrophotometric analysis (multi-reader - Epoch, BioTek, São 118 

Paulo) at 450 nm, using a standard β-carotene curve, and following the methodology 119 

adapted from Kuhnen et al. (2009) [23]. The samples were diluted in a mixture of hexane, 120 

acetone, and ethanol (2:1:1) [23]. The assays were performed in triplicate, and the results 121 

expressed as β-carotene equivalents per gram of dry weight (DW) (mean ± standard 122 

deviation). 123 

 124 

2.3.2 Fatty Acids profile of the non-polar fraction 125 

The fatty acids profile of SFE and SOX-hex samples was evaluated by gas 126 

chromatography coupled with mass spectroscopy (GC-MS). The methodology followed 127 

O’ Fallon et al. (2007) [24] with methylated samples. Then, 20 µL of the sample was 128 

treated with 10 M KOH in methanol for 1.5 h at 55 °C, followed by adding 24 N H2SO4, 129 

and incubation for another 1.5 h at 55 °C. After vortexing and centrifuging with hexane, 130 

the bottom phase was collected for further analysis. 131 

GC-MS analysis was conducted utilizing coupled detectors (Agilent GC 7890A and 132 

Agilent 5975C MS, Wilmington-DE, US) and an HP-5MS column (30 m × 250 µm × 133 

0.25 µm) with a 5% phenyl-95% methylpolysiloxane coating. The mass spectrometer was 134 

set to operate with electron impact ionization at 70 eV and a quadrupole mass analyzer, 135 

scanning a mass range of 30 to 550 m/z. Helium was used as carrier gas at 1.2 mL/min. 136 

The split ratio injection was 1:50, and the transfer line was set at 300 °C. A 1.0 µL sample 137 

was injected using Agilent GC Sampler 80 autosampler. The oven temperature program 138 

began at 60 °C for 3 minutes, increased to 270 °C at 4 °C/min, then to 300 °C at 30 139 
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°C/min, with total analysis time of 63.5 minutes. The fatty acids standard curves were 140 

assessed with Supelco C4-C24 mix, and the composition was determined as mg/100 g of 141 

DW. 142 

 143 

2.4 Polar fraction 144 

The polar extracts from banana inflorescence were obtained by MAE, PLE and CRE 145 

methods. The solvents were ethanol, ethanol/water 50%, and water, selected for their 146 

sustainability, abundance, low cost, low toxicity, and extraction power [25, 26]. The 147 

temperatures for MAE and PLE were 50, 100, and 150 °C. The PLE extraction was 148 

performed using equipment developed by Gonçalves Rodrigues et al. (2019) [25], in 149 

which the apparatus contains an extraction vessel of 90 mL (internal diameter of 25 mm 150 

and a height of 180 mm). The extraction occurred in a dynamic system, with a flow rate 151 

of 4 mL/min controlled by an HPLC pump (Waters, model 515, USA) under a pressure 152 

of 10 MPa. The bed was filled with 5 g of ground and dried sample and completed with 153 

3 mm glass spheres. MAE, conducted in a microwave (Monowave 300, Anton Paar, 154 

GmbH Germany) at 1000 rpm, 850 W, 10 mL solvent, and 0.5 g sample in G30 glass 155 

flask. Extraction times were determined by kinetics curves. For PLE, the kinetics curve 156 

was obtained at 10 MPa, 100 °C, 4 mL/min, for the solvent water, ethanol and the 157 

equivolumetric mixture, and recovering samples at 5-min intervals up to 90 min. The 158 

MAE kinetics was obtained at 850 W, 100 °C, and 1000 rpm, for all solvents, and with 159 

samples recovered at 1, 2, 4, 8, 16, 24, and 30 min. The SOX method was conducted for 160 

6 h (adapted from AOAC 920.39C). Solvents were removed by rotaevaporation (Fitason 161 

802, São Paulo/SP - Brazil) for ethanolic samples; or by freeze drying (Liotop® L101, 162 

São Carlos, Brazil) for water samples. The dried extracts were stored at -18 °C in dark. 163 

The assays were conducted in duplicate to evaluate process yield, and protein recovery, 164 

antioxidant activity, total phenolics content, and phenolics profile of the samples. 165 

 166 

2.4.1 Global extraction yield and protein recovery 167 

Extraction yield was determined by the ratio between the amount of recovered solute and 168 

the sample before extraction multiplied by 100%. Protein content was determined by 169 

Kjeldahl method (section 2.2) for each extract sample. Results were expressed as mean 170 

value and standard deviation (expressed as percentage). 171 

 172 
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2.4.2 Phenolic compounds and antioxidant capacities 173 

The phenolic and polyphenolic antioxidants were determined using the Folin-Ciocalteau 174 

reducing reagent (FCR), following the [27] method. The Folin reagent with sodium 175 

carbonate reacted for 2 hours with the extract, and the absorbance was read at 760 nm. 176 

The antioxidant potential was evaluated by the methods ABTS, FRAP and DPPH. The 177 

ABTS assay [28] assessed the antioxidant capacity of extracts by measuring the reduction 178 

of ABTS radical, prepared by reacting potassium persulfate with ABTS solution for 16 179 

hours. After 30 minutes of reaction with diluted extracts in the dark, absorbance was 180 

measured at 734 nm. FRAP assay [29] evaluated iron reduction activity using FRAP 181 

reagent; absorbance was read at 593 nm after a 30 minute reaction in the dark. DPPH 182 

assay [30] tested antioxidant activity by adding diluted samples to DPPH solution, with 183 

absorbance measured at 517 nm after 30 minutes in the dark. Readings were taken with a 184 

multi-reader (Epoch, BioTek), and results were expressed as mean ± standard deviation 185 

of Trolox or Gallic acid equivalents per gram of dry sample, with all experiments 186 

conducted in triplicate. 187 

 188 

2.4.3 Phenolics profile by LC-ESI-MS/MS 189 

The extract samples that provided the highest phenolic content in Folin-Ciocalteau 190 

method were selected for the evaluation of the phenolics profile assessment by Liquid 191 

Chromatography - Electrospray Ionization - Mass Spectrometry (LC-ESI-MS/MS). 192 

Defatted extract samples were hydrolyzed with 5 mL of methanol and 5 mL of 6 M 193 

hydrochloric acid at 85 °C for 30 minutes, and the pH was adjusted to 2 with NaOH. The 194 

samples were then partitioned with 10 mL of diethyl ether, shaken, and centrifuged at 195 

3400 rpm for 10 minutes, repeating the process three times before evaporating the diethyl 196 

ether. The residues were resuspended in 1 mL of HPLC-grade methanol, diluted tenfold 197 

with a methanol/water mixture (30/70 v/v), and analyzed using an LC-ESI-MS/MS 198 

system [31]. 199 

Phenolic compounds were identified and quantified using a liquid chromatography 200 

apparatus (Agilent Technologies 1200 Series) coupled with a Q Trap 3200 mass 201 

spectrometer (Applied Biosystems/MDS Sciex) in negative electrospray ionization mode. 202 

The MS/MS parameters included a capillary needle voltage of 4500 V, curtain gas at 10 203 

psi, source temperature at 400 °C, and gas 1 and 2 at 45 psi. Separation was performed 204 

on a Synergi 4u Polar-RP column with a gradient elution: 10% methanol (A) for 0–5 205 

minutes, increasing to 90% A from 5–7 minutes, 90% A from 7–10 minutes, and returning 206 
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to 10% A from 10–17 minutes at a flow rate of 250 μL/min. The column was conditioned 207 

with the initial mobile phase proportion between analyses. Data were analyzed using the 208 

Analyst version 1.6.2 software. Forty-eight phenolic compounds were monitored, and 209 

quantification was based on calibration curves with standards. Compound identities were 210 

confirmed by matching two to three mass transitions for each analyte at specific 211 

chromatographic retention times, previously determined using individual standards in MS 212 

and chromatographic separations.  213 

 214 

2.5 Analytical Eco-scale and Green Certificate modified Eco-scale 215 

The Green Certificate method was applied to assess the sustainability of the extraction 216 

procedures. This approach calculates the overall sustainability score starting from a 217 

maximum of 100% environmental safety. From this, penalty points (PPS) are subtracted 218 

based on three main criteria: the use of hazardous reagents and respective used volume 219 

(Penalty Points for Reagents – PPR), the amount of energy consumed (Penalty Points for 220 

Energy – PPE), and the generation of waste (Penalty Points for Waste – PPW) [32, 33]. 221 

The lower the number of penalty points, the more sustainable the process. 222 

 223 

2.6 Statistic analyses 224 

The one-way ANOVA statistical analyses were realized in Statistica software (Statistica 225 

10.0; Stat Soft Inc., Tulsa, OK, USA), followed by Tukey's test to identify significant 226 

differences among the means, with a significance level of p set at 0.05. Furthermore, the 227 

Spearman test was conducted at the same p level in RStudio (2025.05.0). Continuous 228 

variables (antioxidant capacities, total phenolics and temperature) were compared to 229 

categorical variables (polarity and method of extraction); for these, a positional 230 

classification was used (1, 2, and 3), where 1 was the highest and 3 the lowest polarity or 231 

extraction efficiency. To calculate the efficiency (equation 1), the desirability (individual: 232 

equation 2 and global: equation 3) was compared with the use of energy (in KWh values 233 

obtained by the equipment suppliers) and the solvent volume (mL) used during the 234 

extraction process. 235 

= ݕ݂݂ܿ݊݁݅ܿ݅ܧ  236   ஽ா௡௘௥௚௬ (௄ௐℎ).  ௌ௢௟௩௘௡௧ (௠௅)       (1) 237 

 238 
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݀௜(ݕ௜) = { 0; ௜ݕ) ݂݅  ≤ ௜ )(௬೔−௅೔்೔−௅೔)ௌ೔ܮ ; ௜ܮ)  < ௜ݕ < ௜ܶ)1; ௜ݕ) ݂݅ ≥ ௜ܶ)       (2) 239 

௜ = lower tolerance limit (minimum acceptable value); 241 ௜ܶ = target value for full desirability; ௜ܵܮ ;௜ = observed value of response iݕ 240  = shape factor (weighting exponent), which 242 

defines the curvature of the function; ݀௜(ݕ௜) = desirability of the i-th response. 243 

ܦ 244  = (∏ ݀௜௪௜௡௜=1 )1 ∑ ௪೔೙೔=1⁄          (3) 245 

 246 

D = global desirability index (overall score for optimization); ݀௜  = individual desirability 247 

for the i-th response; : ݓ௜  = weight assigned to response i; n = number of response 248 

variables. 249 

 250 

3. RESULTS AND DISCUSSION 251 

3.1 The proximal composition of bracts of inflorescence  252 

The proximal composition in dry weight (DW) of the bracts of inflorescence from the 253 

banana from Corupá region were: Protein: 10.12±0.39%; ashes: 12.65±0.29%; lipids: 254 

3.82±0.10%; moisture: 9.09±0.16%; crude fibers: 19.78±0.78%; sugar by difference 255 

44.53%; and sugar by DNS: 38.65±1.64. These results were compared to literature data 256 

for inflorescence samples from the same variety of banana (Musa acuminata) produced 257 

in different regions. The samples from Corupá bracts contained 1.4 times less lipid 258 

content than samples from Rio de Janeiro [34], and similar ash content to samples from 259 

Rio Grande do Sul [35]. Besides, the results had 20% less brute fibers and 20% more total 260 

carbohydrates compared to samples from Sri Lanka [36]. These variations are commonly 261 

due to natural factors such as cultivar difference, soil, harvest conditions, climate, among 262 

others. It is worth mentioning that, as already observed by Lau et al. (2020) [10], most 263 

papers reporting inflorescence characterization do not segregate them into its different 264 

parts (bract, flower, and other structures), making a direct data comparison very difficult.  265 

However, in general, bracts of the Corupá inflorescences contain more sugars, less crude 266 

fiber, less protein, and a similar amount of lipids as other inflorescence samples. The 267 

higher sugar content may be associated with the increased sweetness of the fruit (one of 268 

the reasons for the geographical indication), along with other factors. Even though it 269 
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presented lower values in the proximal composition compared to other regions, the raw 270 

material shows potential for food applications due to its compositional similarity to leaves 271 

of Moringa oleifera, Pereskia aculeata (ora-pro-nobis), and green Artocarpus 272 

heterophyllus (jackfruit) — plants that are currently under high scientific interest for food 273 

production and the development of plant-based ingredients [37–39]. 274 

 275 

3.2 Kinetics curves 276 

Kinetic extraction curves represent the gain in the concentration of extracted compounds 277 

over time. These graphs help identify distinct phases, such as the initial rapid release of 278 

compounds named constant extraction rate (CER), followed by a falling extraction rate 279 

(FER), and a slower extraction region where the extraction behavior is controlled by 280 

diffusion (DIF). The piecewise 3 function (eq. 4) was used to obtain kinetic parameters. 281 

Kinetic parameters for the SFE, PLE, and MAE techniques are presented in Table 1. 282 

 283 

ݕ = { ܾ0 + ܾ1. ;ݐ ݐ)  < ௖௘௥)ܾ0ݐ + ܾ1. ݐ + ܾ2. ݐ) − ௖௘௥ݐ) ;(௖௘௥ݐ ≤ ݐ < ௙௘௥)ܾ0ݐ + ܾ1. ݐ + ܾ2. ݐ) − (௖௘௥ݐ + ܾ3. ݐ) − ;(௙௘௥ݐ ݐ) ≥  ௙௘௥)  (4) 284ݐ

 285 

Where: y: accumulated mass; t: time of the extraction; b0 = intercept, b1 = slope, tcer = 286 

intersection at constant extraction rate time, b2 = slope, tfer = intersection at falling 287 

extraction rate time, and b3 = slope. 288 

Mathematical models are fundamental for observing extractive behavior through different 289 

mass transfer mechanisms. From the models, parameters can be obtained that enable 290 

standardization and consequently improve the time and economic viability of processes 291 

[40]. Through the piecewise model, different times and extraction parameters were 292 

possible to determine, in particular, the moment of entry into the diffusive stage of the 293 

process, where the extraction rate decreases due to solute exhaustion from the particle 294 

surface (usually, this is the extraction endpoint due to almost negligible extraction rate). 295 
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Table 1 Kinetic parameters of all extractions using piecewise 3 as model 296 

Method 
Extraction 

Condition 

Kinetic parameters R2 adjust Curve fittings 

b0 

(g) 
b1 

(g/min) 
tcer 

(min) 
b2 

(g/min) 
tfer 

(min) 
b3 

(g/min)   

SFE 
CO2 

20 MPa – 40 °C 

5.34 

E-02 

5.05 

E-03 
74.56 

1.09 

E-03 
151.98 

2.73 

E-04 
0.99 

 

PLE 

Water 
100 °C – 10 MPa 

2.08 

E-02 

5.00 

E-02 
25.90 

3.00 

E-02 
42.10 

3.00 

E-03 
0.99 

 

Ethanol 
100 °C – 10 MPa 

1.82 

E-01 

2.00 

E-02 
30.30 

6.00 

E-03 
60.40 

2.00 

E-03 
0.99 

Ethanol/water [50:50] 
100 °C – 10 MPa 

1.67 

E-01 

1.30 

E-01 
11.50 

8.00 

E-02 
36.20 

2.00 

E-03 
0.99 

MAE 

Water 
100 °C – 850 W – 1000 rpm 

2.31 

E-03 

3.60 

E-02 
2.74 

5.75 

E-03 
8.36 

3.68 

E-05 
0.88 

 

Ethanol 
100 °C – 850 W – 1000 rpm 

3.87 

E-03 

4.08 

E-03 
5.51 

1.07 

E-03 
15.25 

9.69 

E-05 
0.93 

Ethanol/water [50:50] 
100 °C – 850 W – 1000 rpm 

6.04 

E-02 

7.34 

E-02 
2.39 

1.31 

E-03 
9.07 

2.64 

E-05 
0.91 

Legend: ●, ─: SFE – CO2 extraction data; ▲, ─: ethanol-water extraction data; ■, ─: water extraction data; ●, ─: ethanol extraction data, symbols 297 

are experimental data and lines are modeled data with piecewise 3 function model.298 
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3.3 Non-polar fraction 299 

To our knowledge, this is the first study to apply supercritical fluid extraction (SFE) with 300 

carbon dioxide for the recovery of the non-polar fraction from the bracts from M. 301 

acuminata inflorescence. The efficacy of the SFE was compared with the Soxhlet 302 

extraction with hexane (SOX-hex, 6 hours) for fatty acids and total carotenoids (TCC) 303 

recovery. 304 

 305 

3.3.1 Extraction Yield 306 

The yield of non-polar fraction obtained by SFE at different pressure conditions are 307 

compare with the Soxhlet method with hexane at Figure 1. The pressure effect of the SFE 308 

can be observed with assays at 40 ºC and pressures of from 15 MPa (1.50±0.18%) and 20 309 

MPa (2.62±0.28%), with no significant difference. The increase in pressure up to 25 MPa 310 

increased yield (3.03±0.19%) compared to 15 MPa due to the tunning of the solvent's 311 

density, which increases the solute solubility caused by the increase in the solvation power 312 

of the solvent, contributing to the recovery of the non-polar fraction [41, 42].  313 

This behavior is consistent with presented by Correa et al. (2016) [21] for SFE from the 314 

entire inflorescence of Musa paradisiaca, which obtained yield up to 3.60% (SFE at 25 315 

MPa and 40 °C). SFE-CO2 is well recognized for recovering non-polar components due 316 

to CO2 characteristics, and with the efficiency increasing with pressure [20, 43, 44]. The 317 

yield for SFE at 25 MPa at 40 °C was statistically similar to obtained by SOX-hex 318 

(3.82%). Besides, SFE with green solvent was 2.4 times faster than the Soxhlet, which 319 

also requires solvent (hexane) evaporation, adding time, energy, and cost to the process, 320 

and possible sample degradation. These results suggest that SFE is a good alternative to 321 

recover the non-polar fraction from the bract samples, offering similar yield in a more 322 

efficient process [45]. 323 
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Fig. 1 Yield of non-polar extractions324 

 325 

Different letters represent significant difference in Tuckey test at p<0.05 326 

 327 

3.3.2 Total Carotenoids Content (TCC) and Essential fatty acids 328 

Table 2 presents the characteristics of the oily fractions obtained by SFE and SOX-hex, 329 

considering TCC, related to the amount of β-carotene and fatty acid profile. Carotenoids 330 

are important bioactive compounds due to their antioxidant properties. They also play a 331 

crucial role in eye health and preventing chronic diseases like cancer and cardiovascular 332 

disease. Carotenoids are nonpolar compounds with high solubility in solvents such as 333 

hexane and supercritical CO₂. Supercritical CO₂ is well established as a safer and 334 

environmentally friendly alternative in extraction processes, although hexane remains the 335 

most commonly used solvent. This occurs fundamentally due to the SFE's high costs and 336 

practical application complexity [46, 47]. 337 

The TCC results were up to 2.9 mg β-carotene equivalent/100 g DW detected from the 338 

extract recovered by SFE at 25 MPa. This value was statistically similar to the sample by 339 

SOX-hex (2.6 mg β-carotene equivalent/100 g DW). Also, an increase in TCC with 340 

pressure increase for SFE was observed, with statistical differences among values. From 341 

15 MPa to 25 MPa, TCC increased 2.25 times due to increased CO2 density, which, 342 

according to the Kumar-Johnston correlation as applied by Zúñiga-Moreno et al. (2019),  343 

also doubled the solubility of β-carotene at 40 °C when pressure increased from 15 to 25 344 

MPa [48]. This behavior is well-established for samples that contain β-carotene; for 345 

instance, SFE from pitanga fruits with pressure from 15 to 25 MPa provides an increase 346 

in b-carotene yield from 802 to 1966 µg of β-carotene/g extract (5.8 to 15.94 mg/100 g 347 
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DW), and from tomato skin from 45 to 55 MPa (1.3 to 1.5 mg β-carotene /100 g DW) 348 

[46, 49]. 349 

Although various parts of the banana plant, including the fruit, peel, and whole 350 

inflorescence, have been reported to contain total carotenoid contents (TCC) ranging from 351 

0.12 to 10.63 mg β-Carotene/100 g FW, [50, 51], although no specific information related 352 

to TCC from the bracts has been previously reported. Considering the biological 353 

importance of carotenoids for human health, the identification of the bracts from the 354 

inflorescence as a potential dietary source becomes relevant. 355 

 356 

Table 2 Quality of the oily fractions obtained by SFE at different pressures and by SOX-hex: TCC 357 

expressed as mg β-carotene equivalent/100 g DW and the fatty acids in mg/100 g DW 358 

Extraction method 

TCC Essential Fatty acids (mg/100 g DW) 
(mg β-carotene 

equivalent/100 g DW) 
C16:0  

(palmitic acid) 
C18:1  

(oleic acid) 
C18:2  

(linoleic acid) 
SOX – hex 2.68±0.08a 209.04±4.48a,b 62.11±4.03a 187.45±12.36a 

SFE – CO2 (15 
MPa) 1.30±0.06b 98.04±1.79b 34.35±0.48b 88.38±4.32b 

SFE – CO2 (20 
MPa) 2.01±0.08c 184.24±24.09a,b 60.61±4.54a 159.51±8.59a 

SFE – CO2 (25 
MPa) 2.94±0.23a 226.88±3.80a 74.92±8.40a 193.91±5.21a 

Different letters on the column represent significant difference in Tukey test at p<0.05 359 

 360 

From the whole inflorescence of Musa acuminata Cavendish from Las Palmas (Spain), 361 

Ramírez-Bolaños et al. (2021) reported the presence of several fatty acids, including 362 

linoleic (12.52%), palmitic (12.90%), and oleic (2.81%) acids [52]. Only these three 363 

compounds were quantified in the present study, as presented in Table 2. When expressed 364 

as relative proportions among them, the distribution found in SOH-Hex extract was 365 

(40.9% for linoleic, 45.6% for palmitic, and 13.5% for oleic acid), which was quite similar 366 

to that observed by Ramírez-Bolaños et al. (44.4%, 45.7%, and 10.0%, respectively). 367 

These results indicate that the lipid profile of banana bracts, particularly the proportions 368 

of linoleic, oleic, and palmitic acids, remains consistent with those found in other parts of 369 

the Musa acuminata inflorescence [52].  370 

The Oleic and linoleic acids perform biological functions and, therefore, must be obtained 371 

via the diet, while palmitic acid has various applications in the food industry [53]. 372 

Highlighting the importance of efficient extraction strategies to obtain these compounds. 373 

Furthermore, the use of supercritical CO2 demonstrated efficient recovery of essential 374 

fatty acids, especially at the higher pressure (25 MPa), where it exhibited higher 375 

concentrations of C16:0 (1.08x), C18:1 (1.21x), and C18:2 (1.03x) compared to the 376 

sample by SOX-hex. Moreover, as previously mentioned, the increase in pressure 377 
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contributes to SFE efficiency due to improvements in solvation power. According to 378 

Chrastil et al. (1982) [54], from 15 to 20 MPa, the solubility of C18:1 solubility increases 379 

by 1.72 times, while from 20 to 25 MPa increases by 3.29. Likewise, palmitic (C16:0) 380 

and linoleic (C18:2) acids presented similar behavior [53]. 381 

Therefore, supercritical CO₂ extraction effectively recovers bioactive compounds, 382 

including carotenoids and fatty acids, from banana inflorescence bracts. The recovery and 383 

utilization of these bioactive components, which promote human health and prevent 384 

chronic diseases, are related to SDG 3 (Good Health and Well-being) and SDGs 9 and 12 385 

[11]. Nonetheless, economic feasibility studies need to be conducted to determine the 386 

cost-effectiveness of recovering these valuable compounds, as Canabarro et al. (2020) 387 

proposed for the recovery of compounds using supercritical CO2 from Eugenia uniflora 388 

leaves [55].  389 

 390 

3.4 Polar fractions recovery 391 

3.4.1 Extraction Yield 392 

The comparison of the process yields for the polar-fractions recovery using MAE and 393 

PLE with different solvents and temperatures and compared with Conventional Reflux 394 

Extraction (CRE) are presented at Table 3 for the different methods and solvents used. 395 

The yield values obtained by all methods using water were higher than other solvents, 396 

and with performance increasing with solvent polarity (ethanol < ethanol50% < water), 397 

with significant differences among most values. Nevertheless, no significant differences 398 

were observed for yields obtained by ethanol/water with those by water, within the same 399 

extraction method. Regarding the extraction method the order of extraction efficiency 400 

was PLE ≥ CRE > MAE, considering MAE and PLE at 100 °C to compare with CRE, 401 

which was conducted at similar temperature. Finally, the increase in temperature from 50 402 

to 150 °C increased the water extraction in 1.35 times for MAE, and 1.82 times for PLE. 403 

 404 

  405 
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Table 3 Extraction yield (%) for the polar fraction from the bracts of banana inflorescence, comparing 406 

extraction methods (CRE, PLE, and MAE) and solvents (ethanol, ethanol: water 50%, and water). 407 

Extraction Method 
Solvent 

ethanol ethanol/water [50:50] water 
CRE 19.94±1.19b,c,d,e 30.24±1.98f,g,h,i 33.04±0.06i,j 

PLE 10MPa 50 °C 10.80±0.44ª 25.51±0.64d,e,f,g,h 29.13±0.89f,g,h,i 

PLE 10MPa 100 °C 18.94±0.47b,c,d 32.88±0.54i,j 36.66±0.91j 

PLE 10MPa 150 °C 24.92±0.68d,e,f,g,h 46.87±0.74k 53.09±0.56k 

MAE 50 °C 10.77±0.15ª 27.05±0.15e,f,g,h,i 22.28±0.07c, d, e, f 

MAE 100 °C 13.23±1.19ª,b 29.77±1.33g,h,i 22.83±0.01c,d,e,f,g 

MAE 150 °C 16.77±0.18ª,b,c 34.18±0.12i,j 30.34±0.19h,i 

Different letters represent significant difference in Tuckey test at p<0.05. 408 

 409 

 410 

The increase in temperature and pressure with aqueous solvents enhances efficiency by 411 

reducing surface tension and increasing diffusivity, thereby benefiting the extraction of 412 

various compounds such as sugars, organic acids, bases, salts, and proteins present on the 413 

inflorescence [56, 57]. 414 

Similarly, the yield correlation with temperature for MAE and PLE from ora-pro-nobis 415 

leaves, considering the same solvents and temperature range, was also presented in the 416 

literature[38, 58]. PLE efficiency with water at 10 MPa was higher compared to ethanol 417 

for cashew nut testa shell, increasing 1.66 times with temperature from 80 to 160 °C [59]. 418 

 419 

3.4.2 Protein content at polar fractions 420 

The protein recovery efficiency is compared at Table 4, with results showing the 421 

performance as PLE > CRE ≥ MAE. The results also show a positive direct influence of 422 

temperature and solvent polarity. For instance, PLE with water at 100 °C presented similar 423 

efficiency as CRE and 1.70 times superior to MAE. PLE at 150 °C was 1.30 times 424 

superior to CRE (100 °C) and 1.52 times superior to MAE (150 °C). 425 

 426 

Table 4 Protein content (%) recovered from the bracts of banana inflorescence, comparing extraction 427 

methods (CRE, PLE, and MAE) and solvents (ethanol, ethanol/water 50%, and water). 428 

Extraction Method 

Protein content (%) 
Solvent 

ethanol ethanol/water [50:50] water 
CRE 16.38±0.30b,c,d,e 24.56±0.77f,g 40.53±1.30i,j 

PLE 10MPa 50 °C 4.07±0.08ª  22.93±0.06e,f,g 20.40±0.77d,e,f,g 

PLE 10MPa 100 °C 10.78±0.68ª,b,c 44.31±1.09j,k 34.05±1.48h,i 

PLE 10MPa 150 °C 23.28±0.93e,f,g 81.40±1.03l 52.53±2.31k 

MAE 50 °C 7.74±0.31ª,b 18.84±0.18c,d,e,f,g 18.57±0.66c,d,e,f 

MAE 100 °C 9.63±0.22ª,b 20.06±0.84d,e,f,g 19.98±0.60d,e,f,g 

MAE 150 °C 14.15±0.11b,c,d 27.24±1.03g,h 34.52±0.74h,i 

Different letters represent significant difference in Tuckey test at p<0.05. 429 

 430 
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Pressure and temperature play a crucial role in PLE performance, altering the Kamlet-431 

Taft solvatochromic parameters (π*, α, and β), which describe the properties of solvents, 432 

such as polarity and their ability to form and accept hydrogen bonds [60]. For water as 433 

solvent, the increase in temperature reduces π* and α, decreasing polarity and hydrogen 434 

donation capacity, while β increases, rising hydrogen bond acceptance capacity. Ethanol 435 

exhibits a similar trend for π* and α, but β decreases with increasing temperature, a less 436 

efficient behavior for compounds that require hydrogen donation compared to water. The 437 

ethanol 50% recovers a wide range of compounds [60], and also from Table 4 this mixture 438 

solvent provided the highest protein recovery (81.40%) at 150ºC for PLE method.  439 

Temperature had similar effect on PLE with water for cashew nut testa shell (10MPa from 440 

80 to 140 °C) and for ora-pro-nobis leaves (80 to 185 °C) [58, 59].  441 

 442 

3.4.3 Total Phenolics content (TPC) from polar fractions 443 

The total phenolics content (TPC) from the polar fractions recovered by different methods 444 

(CRE, PLE and MAE), solvents (ethanol, ethanol 50% and water) and temperatures for 445 

PLE and MAE (50, 100 and 150 ºC) are compared at Table 5. 446 

Water was the best solvent, for all methods and temperatures, to recover total phenolics. 447 

Also, increase in temperature contributes to higher TPC values for all solvents, where 448 

from 50 to 100 °C, TPC was 3.33 times higher using water, and 1.82 higher with ethanol 449 

50%, and improved 2.92 times for ethanol. Similar behavior was observed for cashew 450 

testa shell for PLE from 80 °C to 100 °C [59]. Compared with the literature, extracts 451 

obtained with different solvents and extraction techniques showed that the Cavendish 452 

cultivar showed values between 6 and 30 mg GAE/g DW a range within the threshold 453 

observed in the current work [61]. 454 

A similar discussion could be held here regarding solvatochromic parameters; however, 455 

their functionality is insufficient to justify the greater recovery of phenolic compounds 456 

from the plant matrix, as ethanol would theoretically provide more effective solvation of 457 

these compounds [57]. However, when evaluating the fibrous complexity of the plant 458 

matrix, it is observed that other nuances are necessary, such as a higher solvent density 459 

that favors penetration into the plant matrix and a lower viscosity that allows a greater 460 

mass transfer through the matrix. Furthermore, water under high temperature and pressure 461 

exhibits strong interactions with glycosylated or sterified phenolics (as frequently occurs 462 

with gallic, vanillic, ferulic, among others, phenolic acids), aiding in their extraction [62]. 463 

Additionally, water undergoes autoionization, releasing H⁺ and OH⁻ ions in the medium, 464 
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which hydrolyze ester and glycosidic bonds present in conjugated phenolics, thereby 465 

liberating free phenolics into the extract. [63, 64]. 466 

 467 

Table 5 TPC (݉݃ீ஺ா /g DW) by Folin-Ciocalteau method for the polar fractions from the bracts of banana 468 

inflorescence obtained by different extraction methods (CRE, PLE, and MAE) and solvents (ethanol, 469 

ethanol/water 50%, and water). 470 

 TPC (݉݃ீ஺ா /g DW) 

Extraction 

Methods 

Solvent 

ethanol ethanol/water 
[50:50] water 

CRE 0.20±0.01ª 0.46±0.01ª 4.13±0.09e, f, g 

PLE 10MPa 50 °C 0.29±0.01ª 0.96±0.01ª, b, c 2.56±0.41d 

PLE 10MPa 100 °C 0.86±0.01ª, b   1.75±0.04c, d  8.54±0.22i 

PLE 10MPa 150 °C 3.84±0.03e, f 7.27±0.08h 22.83±0.44k 

MAE 50 °C 0.26±0.02ª 0.92±0.01ª, b, c 3.53±0.05e 

MAE 100 °C 0.54±0.04ª 1.44±0.03b, c  4.59±0.12f, g 

MAE 150 °C 2.34±0.02d 4.81±0.05g 11.86±0.23j 

Different letters represent significant difference in Tuckey test at p<0.05. 471 

 472 

This behavior is confirmed by the experimental results, as the compounds from the bracts 473 

are more soluble in polar solvents, suggesting higher presence of polar components at the 474 

raw material evaluated. This behavior was also observed for different vegetal materials 475 

where the major components were sugars, proteins, and other substances such as organic 476 

acids, hydro soluble vitamins, glycosides, phenolics, which may present higher 477 

interaction with the Folin reagent [59, 65, 66]. 478 

 479 

3.4.4 Antioxidant potential of the polar fractions 480 

To assess the antioxidant potential of the polar fraction extracts, three complementary 481 

methods ABTS, DPPH, and FRAP were evaluated. The results are presented in Table 6. 482 

Additionally, Spearman's correlations between antioxidant capacities, TPC, extraction 483 

method, temperature and solvent polarity are presented in Figure 2. 484 

The results from Table 6 show that the sample obtained by PLE at 150 °C with water 485 

presented the highest antioxidant potential for all methods, with the exception of the 486 

sample by PLE, 150ºC and ethanol 50% that provided better results by FRAP method.  487 
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Table 6 Antioxidant activities (ABTS, DPPH, and FRAP) from the bracts of banana inflorescence, comparing extraction methods (CRE, PLE, 488 

and MAE) and solvents (ethanol, ethanol/water 50%, and water). 489 

Extractio
n method 

Solvent 
ethanol EtOH:H2O water ethanol EtOH:H2O water ethanol EtOH:H2O water 

Antioxidant methodology 

ABTS (µ்݈݉݋ா஺஼/g DW) DPPH (µ்݈݉݋ா஺஼/g DW) FRAP (µ்݈݉݋ா஺஼/g DW) 

CRE 26.83±1.54b 79.48±0.38e,f 
209.87±8.35

h 

11.44±0.68b

,c 

26.83±1.54f

,g 
57.23±0.06i 

13.68±0.35ª,

b 

56.11±0.35d,

e 
72.42±1.39f 

PLE 
10MPa 
50 °C 

3.60±0.17ª 73.23±0.85e 
14.37±1.35a,

b 
3.68±0.10ª 22.81±0.71e 34.60±0.90g 

14.89±0.15a

,b 
40.56±0.30c 

66.02±0.99e

,f 

PLE 
10MPa 
100 °C 

70.12±5.45d

,e 

218.96±5.82
h,i 

252.43±2.37
j 

20.53±0.19d

,e 
32.76±0.18g 75.82±0.94j 34.14±0.48c 83.72±0.80g 

107.86±1.0
2i 

PLE 
10MPa 
150 °C 

228.09±2.8
4i 

416.31±1.54l 
489.36±2.34

n 
42.85±0.12h 75.27±0.54j 

170.35±4.1
7k 

139.27±5.2
5k 

287.05±7.35
m 

235.90±0.6
1l 

MAE 50 
°C 

2.70±0.06ª 52.79±2.50c,

d 

67.90±5.64d,

e 
7.10±0.45ª,b 

23.98±0.41e

,f 

21.09±0.15d

,e 
7.35±0.06ª 70.17±0.62f 54.31±0.12d 

MAE 
100 °C 

4.34±0.15ª 93.33±5.73f 
119.13±1.99

g 
9.15±0.84ª,b 

28.90±0.16f

,g 

19.88±2.16d

,e 
9.35±0.12ª 87.26±1.01g,

h 

55.29±1.15d

,e 

MAE 
150 °C 

48.81±1.27c 
299.67±0.71

k 

437.57±0.39
m 

15.66±0.30c

,d 
53.88±0.12i 43.97±0.65h 21.77±0.18b 

121.23±1.25
j 

96.39±0.62h 

Statistical analyzes, were conducted for each group of antioxidant methodology (ABTS, DPPH, and FRAP), and different letters represent 490 

significant difference in Tuckey test at p<0.05. 491 

 492 

 493 
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The antioxidant capacity results followed the same pattern observed for total phenolics, 494 

where subcritical water at 150 °C also presented the highest values. This reinforces the 495 

direct relationship between extracted phenolic content and antioxidant capacity, as 496 

confirmed by Spearman correlation (r > 0.80, p < 0.05). The extraction mechanisms 497 

discussed previously (section 3.4.3) - including higher density, lower viscosity, and 498 

water's autoionization capacity - not only favored the quantitative recovery of phenolics 499 

but also preserved/released compounds with greater antioxidant potential. 500 

 501 

Fig. 2 Spearman’s correlation for the variables ABTS, DPPH, FRAP, TPC, Solvent, 502 

Temperature, and method of extraction. 503 

 504 

Legend: dark blue colors: positive correlations (r>0.7), dark red color: negative correlations (r<-0.7), light 505 

blue: low and moderate positive correlations (0.25>r>0.5), light red: low and moderate negative 506 

correlations (-0.5<r<-0.25); white: no correlation (r=0) 507 

 508 

The increase in temperature for PLE and MAE assays improved the antioxidant capacity 509 

by ABTS, DPPH and FRAP of the samples. This is observed by positive correlation 510 

(r>0.53) in all tested methodologies. This behavior was detected for ora-pro-nobis extract 511 

samples obtained by MAE with water from 110 to 150 °C [67], and by PLE with water 512 

[58]. An increase in antioxidant potential for extract samples recovered from cashew nut 513 

testa shells by PLE with water from 100 to 120 °C was also observed by da Silva et al. 514 

(2024) [59]. This behavior is explained by the temperature influence on solvent properties 515 

and on the vegetal matrix, by affecting the structure of polysaccharides like lignin and 516 

cellulose, which contributed to the release of the antioxidant components to the solvent 517 
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phase, increasing the activity of the samples, or by the caramelization of simple sugar 518 

compounds above 110ºC, also contributing to antioxidant potential [68, 69]. In PLE 519 

methods the temperature associated to the pressure can also, induce changes in protein 520 

conformation, which can increase the antioxidant activities [70, 71]. 521 

In contrast, the solvent correlations with TPC and antioxidant potential exhibited 522 

moderate negative correlations (r < -0.52), suggesting that decreasing the solvent polarity 523 

reduced the quantities of phenolic compounds and antioxidants that were quantified. The 524 

magnitude of the correlation is explained by the solvent’s polarity ordination (water = 1; 525 

ethanol 50% = 2; ethanol = 3). 526 

Although MAE was the most efficient method regarding time, solvent, and energy 527 

consumption, the positive Spearman correlations between extraction method (coded as 528 

MAE = 1, PLE = 2, CRE = 3) and antioxidant capacity presented a slight tendency for 529 

better antioxidant performance with methods other than MAE (r = 0.11–0.28). 530 

In light of these findings, further analyses were conducted using HPLC to quantify and 531 

characterize the phytocompounds present in extracts obtained with water at 100 °C 532 

extracted by PLE, MAE, and CRE. 533 

In light of these findings, further analyses were conducted using HPLC to quantify and 534 

characterize the phytocompounds present in extracts obtained with water at the same 535 

temperature using PLE, MAE, and CRE, in order to evaluate the effect of the extraction 536 

method on phytochemical recovery and the highest response method – water using PLE 537 

at 150 °C. 538 

 539 

3.4.5 Phenolic components from the recovered extracts 540 

The chemical profile of extracts of natural products defines their bioactivities 541 

(antioxidant, antimicrobial, and others), as well as the health benefits associated to its 542 

consume, such as cellular protection, improved cardiovascular health, reduced 543 

inflammation, and neuroprotective and anticancer effects [9, 10]. Therefore, the 544 

extraction method and solvent impacts in the efficiency of the bioactive compounds 545 

recovery, as they affect the extracts composition, stability, and biological activity, as well 546 

as the process yield [21]. 547 

Based on the correlation results (Figure 2) and quantitative data (Tables 5 and 6), water-548 

based extracts obtained at 100 °C were selected for LC analysis due to similarities, and 549 

PLE at 150 °C, which showed the highest overall activity. 550 
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The most relevant compounds detected in the recovered extracts were phenolic acids, 551 

especially ferulic, p-cumaric, and protocatechuic acid. Vanillin was also detected in high 552 

amounts, among other minor compounds. The content of protocatechuic, ferulic, and p-553 

cumaric acids, and vanillin of PLE samples increased with temperature from 100 °C to 554 

150 °C. The thermal stability of these compounds has been demonstrated in different 555 

studies [72–74]. Coniferaldehyde, umbelliferone, and vanillic acid reduced concentration 556 

with increase in temperature [75]. Some phenolic acids and flavonols were detected only 557 

in the MAE sample, likely due to the low extraction temperature (100 °C) and short 558 

extraction time (7.59 min), which protected them from instability and degradation. 559 

Some of the components presented in Table 6 were also detected for the ethanolic extract 560 

of inflorescence from cultivar Palayankodan, with variation in concentration profile, such 561 

as (expressed in mg/100 g): gallic acid (0.82), protocatechuic acid (41.82), p-coumaric 562 

acid (1.32), vanillic acid (2.49), syringic acid 2.26 and ferulic acid 1.12 [76]. Also, 563 

cavendish cultivar presented 10 compounds as listed in Table 6, with differences in 564 

composition, as provided by [61]. These differences in composition or diversity are 565 

mainly due to the extraction method used, solvent, and region of origin of the plant, 566 

among others [77]. 567 

Some of the components from Table 6 were reported in the literature for banana 568 

inflorescences such as umbelliferone, vanillin, and rutin [10]. Although, others such as 569 

myricetin, taxifolin, chrysin, eriodictyol, sinapaldehyde, conifer aldehyde, abscisic acid, 570 

and rosmarinic acid were reported for the first time in banana inflorescences but have 571 

already been reported in peels and fruits [78, 79]. 572 
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Table 6 Phytochemicals detected by LC-ESI-MS/MS comparing different methods of extraction in mg of compound evaluated / 100 g DW. 573 

Bioactive Phytochemicals Extraction Methods with water as solvent 

Group Compound 
CRE (~ 100 ºC) 
(mg/ 100 g DW) 

MAE 100 °C 

(mg/ 100 g DW) 
PLE 100 °C 

(mg/ 100 g DW) 
PLE 150 °C 

(mg/ 100 g DW) 

Phenolic Acids 

Protocatechuic Acid 31.133±5.029b
 1.646±0.160a

 4.557±1.672a
 56.140±0.449c

 

p-Coumaric Acid 45.679±5.633ab
 7.215±1.681a

 29.093±8.662a
 83.446±13.947b

 

Vanillic Acid n.d. 26.877±1.931a 134.028±15.819b n.d. 
Gallic Acid 0.886±0.337a

 0.195±0.079a
 1.418±1.124a

 4.639±0.935b
 

Ferulic Acid 34.281±6.199a 45.988±31.486a 119.717±40.709a 849.520±119.604b 

Syringic Acid n.d. 0.901±0.267 n.d. n.d. 
Rosmarinic Acid n.d. 0.036±0.015 n.d. n.d. 

Abscisic Acid n.d. 0.034±0.003 n.d. n.d. 
Aldehydes 
Phenolics 

Sinapaldehyde n.d. 1.529±0.621a 2.777±0.916a n.d. 
Coniferyl aldehyde n.d. 9.215±0.488b 42.428±1.461c 0.612±0.026a 

Flavonoids 

Eriodictyol n.d. 0.007±0.006 n.d. n.d. 
Quercetin 0.270±0.225a 0.531±0.012a 0.300±0.250a 1.491±0.278a 

Myricetin 0.207±0.090a 0.195±0.023a 0.851±0.353a 0.760±0.119a 

Taxifolin n.d. 0.144±0.016 n.d. n.d. 
Rutin n.d. 0.021±0.001 n.d. n.d. 

Chrysin n.d. 0.017±0.012 n.d. n.d. 

Other 
Umbelliferone 0.236±0.095a 0.284±0.142a 1.044±0.047ª n.d. 

Vanillin 36.282±6.849ab 10.794±1.736a 64.538±2.925b 105.276±11.068c 

Legend: n.d. not detected, values below the limit of detection. CRE: Conventional Reflux Extraction, MAE: microwave assisted extraction, and 574 

PLE: pressurized liquid extraction with water. Different letters on the line represent significant difference in Tuckey test at p<0.05. 575 
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Considering the composition profile of the extracts and the process yield, we observe that 576 

PLE 150 °C provided the highest yield, and relevant amounts of thermostable compounds, 577 

such as protocatechuic, ferulic, and p-cumaric acids, and vanillin. In contrast, MAE 100 578 

°C provided good efficiency to recover thermolabile compounds, such as eriodictyol, 579 

taxifolin, rutin, chrysin, syringic, rosmarinic, and abscisic acids. PLE 100 °C and CRE 580 

samples presented intermediate results in relation to the concentration of detected 581 

compounds and the presence of compounds not detected in PLE 150 °C. PLE 100 °C 582 

presented sinapaldehyde, vanillic acid, and umbelliferone, while CRE only presented 583 

umbelliferone. 584 

These phytochemicals have high biological value for preventing and treating diseases due 585 

to their antimicrobial, anti-inflammatory, and anticancer action [10]. They can be applied 586 

to treating heart disease, hormonal disorders, and diabetes [9]. Consequently, they also 587 

hold significant commercial value. On the one hand, the recovery of compounds was quite 588 

high when applying the highest temperature in the PLE, with significant yields of acids 589 

such as ferulic and p-coumaric. However, these acids are widely abundant in nature, 590 

which can reduce the value of the compound [80]. On the other hand, the compounds 591 

uniquely recovered with MAE were lower in global concentrations but are less common, 592 

such as eriodictyol, taxifolin, rosmarinic acid, and abscisic acids. With that in mind, other 593 

conditions should be investigated to optimize the yield of these specific phenolic acid and 594 

flavonoid compounds. 595 

 596 

3.5 Analytical Eco-scale and green certificate modified eco-scale 597 

The green certificate assessment allows us to compare the environmental impact of 598 

extraction methods, highlighting the most sustainable processes. Table 7 highlighting the 599 

extractions classification of each technique in terms of sustainability. 600 

  601 
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Table 7 Analytical Eco-scale and Eco-scale and green certificate modified eco-scale for 15 g of dried sample under different extraction methods (or conditions) for non-polar 602 

and polar extracts.  603 

Fraction 
Extraction 

Method 
Condition Solvent 

Solvent 

volume 

(mL) 

PPR PPE PPW Σ PPS 
Total point 

(100 – Σ PPS) 

Eco-

Scale 

Non-polar SFE 

(15 MPa/40 °C) CO2 3896 0.00 2 1.46 9.67 90.33 A 

(20 MPa /40 °C) CO2 3619 0.00 2 1.46 9.67 90.33 A 

(25 MPa /40 °C) CO2 3456 0.00 2 1.47 9.68 90.32 A 

Soxhlet BT n-hexane 450 32.43 2 1.45 41.80 58.20 D 

Polar 

PLE 

(10 MPa/50 °C) Water 505.2 0.00 1 1.29 1.90 98.10 A 

(10 MPa/100 °C) Water 505.2 0.00 1 1.23 1.84 98.16 A 

(10 MPa/150 °C) Water 505.2 0.00 1 1.09 1.70 98.30 A 

(10 MPa/50 °C) EtOH-water 434.4 8.02 1 1.31 9.86 90.14 A 

(10 MPa/100 °C) EtOH-water 434.4 8.02 1 1.26 9.80 90.20 A 

(10 MPa/150 °C) EtOH-water 434.4 8.02 1 1.15 9.69 90.31 A 

(10 MPa/50 °C) EtOH 724.8 18.80 1 1.41 21.08 78.92 C 

(10 MPa/100 °C) EtOH 724.8 18.80 1 1.36 21.03 78.97 C 

(10 MPa/150 °C) EtOH 724.8 18.80 1 1.32 20.99 79.01 C 

MAE 

(10 MPa/50 °C) Water 150 0.00 0 1.34 1.39 98.61 A 

(10 MPa/100 °C) Water 150 0.00 0 1.33 1.39 98.61 A 

(10 MPa/150 °C) Water 150 0.00 0 1.28 1.34 98.66 A 

(10 MPa/50 °C) EtOH-water 150 5.77 0 1.30 7.13 92.87 A 

(10 MPa/100 °C) EtOH-water 150 5.77 0 1.28 7.11 92.89 A 

(10 MPa/150 °C) EtOH-water 150 5.77 0 1.25 7.08 92.92 A 

(10 MPa/50 °C) EtOH 150 11.53 1 1.41 13.05 86.95 B 

(10 MPa/100 °C) EtOH 150 11.53 1 1.40 13.04 86.96 B 

(10 MPa/150 °C) EtOH 150 11.53 1 1.37 13.01 86.99 B 

CRE 

BT Water 450 0.00 2 1.26 9.18 90.82 A 

BT EtOH-water 450 8.11 2 1.28 17.31 82.69 B 

BT EtOH 450 16.21 2 1.35 25.49 74.51 C 

Legend – SFE: Supercritical fluid extraction with CO2, PLE: Pressurized Liquid extraction, MAE: microwave assisted extraction, CRE: Conventional reflux extraction, BT: 604 

Boiling temperature, PPR: Penalty Points for Reagents, PPE: Penalty Points for energy use, PPW: Penalty Points For waste generated, ΣPPS: Sum of penalty points, Green 605 

certificate: A (90–100), B (80–89), C (70–79), D (55–69), E(40–54), F (20–39), and G (0–19)606 
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 607 

The methods using supercritical CO2 demonstrated similar Eco-scale values (> 90.32), 608 

achieving an A rating in Eco-Scale, reinforcing once again how environmentally friendly 609 

and safe the technique is. In contrast, the conventional extraction using Soxhlet with 610 

hexane as the solvent presented an Eco-Scale value below 60, classified as D, which is 611 

far from ideal in terms of green chemistry. Literature reports an Eco-Scale score of 74.89 612 

for Soxhlet extraction using methanol—a solvent already considered toxic—suggesting 613 

that hexane, being even more environmentally hazardous, results in an even lower score. 614 

As for supercritical CO2, this analysis was not isolated in the literature; other studies 615 

calculated SFE with co-solvent, which changes the penalty related to the solvent points 616 

[33, 81]. 617 

For the polar fraction, differences in the Eco-scale are mainly due the solvent employed 618 

and volume used. Extractions with pure water applying the PLE, MAE, or CRE methods, 619 

achieved A score, reflecting the solvent's minimal environmental impact and efficiency. 620 

It is worth noting that the nominal power of the equipment was taken into consideration. 621 

On the other hand, the use of ethanol into the extractions, whether mixed with water or 622 

pure, resulted in progressive penalties [33]. The solvent mixture was classified as Class 623 

A and B, with scores between 82.69 and 92.92, still considered excellent, but with 624 

drawbacks regarding the solvent's hazardousness and environmental impact. Methods 625 

that used pure ethanol achieved scores between 74.51 and 86.99, being classified as 626 

Classes B and C, with emphasis on penalties related to environmental toxicity and 627 

operational risk. The excellent environmental evaluation for microwave-assisted 628 

extraction is consistent with the literature: cashew nut testa shells extracted with a mixture 629 

of ethanol and water presented an A score [82]; the same score is observed for PLE 630 

extracting jaboticaba bioactive phytochemicals [83].  631 

Regarding the energy values, there are significant differences in energy consumption, 632 

which were intentionally overestimated here to avoid masking errors. In other words, 633 

variations associated with the type of solvent used were not explicitly stated, which would 634 

compensate for the higher energy consumption resulting from differences in density, 635 

specific heat, and latent heat of the fluids, as well as various heat losses throughout the 636 

system. 637 

When comparing extraction methods, the MAE presented the lowest energy impact due 638 

to its short extraction time (~8 minutes with water) and enhanced energy utilization (heat 639 

generation through the dielectric effect). Next, the PLE, which presented a higher energy 640 
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impact, was attributed to the time of extraction (~42 minutes with water) and the 641 

robustness of the equipment. Finally, the CRE had the highest energy impact, as it 642 

operates under atmospheric pressure with a heating blanket, suffering the greatest heat 643 

losses to the environment and requiring energy to heat, evaporate, and condense the 644 

solvent, and also the longest time (6 hours). 645 

Soxhlet extraction with hexane yields a higher total recovery; however, it is essential to 646 

consider the environmental implications of the economic rationale, particularly given the 647 

market value of some extracted compounds. Soxhlet extraction with hexane is a less 648 

expensive technique compared to supercritical CO₂. Still, the latter has proven more 649 

environmentally friendly and efficient for the recovery of certain compounds, which may 650 

justify its higher initial investment. In polar fraction evaluation, MAE’s Eco-Scale rating 651 

proved more favorable for environmental efficiency compared to PLE, which, despite 652 

having higher overall yields, presented drawbacks due to its longer time and solvent 653 

volume requirements (compared with MAE). Once again, it is worth emphasizing the 654 

importance of accurately analyzing the operation costs and economic viability. Therefore, 655 

further analysis is required to validate these findings under industrial-scale conditions. 656 

These conclusions once again highlight that the technique and solvent choice are critical 657 

to achieving process sustainability and supporting SDGs 9, 12 and 13 (Climate Action) 658 

[11]. 659 

 660 

Conclusion 661 

This study successfully demonstrated the biotechnological potential of banana 662 

inflorescence bracts as a valuable agricultural by-product, by applying environmentally 663 

sustainable extraction techniques. The implementation of supercritical fluid extraction 664 

(SFE), microwave-assisted extraction (MAE), and pressurized liquid extraction (PLE) 665 

enabled the efficient recovery of bioactive compounds, including essential fatty acids, 666 

carotenoids, phenolic compounds, and proteins, thereby transforming an underutilized 667 

agricultural waste into a high-value bioresource with environmental sustainability. The 668 

SFE with CO2 achieved high recovery of non-polar compounds, particularly at 25 MPa, 669 

where palmitic, oleic, and linoleic acids were extracted in higher concentrations than 670 

conventional Soxhlet method, while simultaneously obtaining the highest total carotenoid 671 

content (2.94 mg β-carotene equivalent/100 g DW). The Eco-Scale evaluation confirmed 672 

the environmental superiority of SFE, achieving Class A ratings (> 90 points) compared 673 

to the Class D rating of hexane-based Soxhlet extraction. 674 
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Regarding the polar fraction, all extractions with water presented the highest yields 675 

compared with pure ethanol. The highest yield (53.09%), a good recovery of proteins 676 

(52.53%), total phenolic compounds (22.83 mg GAE/g DW), and antioxidant capacities 677 

(ABTS: 489.36 μmolTEAC/g DW, DPPH: 170.35 μmolTEAC/g DW) were observed in 678 

the PLE with water at 150 °C. On the other hand, in terms of efficiency, MAE was 679 

superior to PLE and CRE in terms of phenolic and antioxidant capacities, especially due 680 

to the short extraction time and low solvent usage.  681 

A significant biotechnological contribution of this work was the identification of 682 

previously unreported bioactive compounds in banana bracts, including taxifolin, 683 

eriodictyol, rosmarinic acid, and abscisic acid, which were extracted using MAE at 100 684 

°C. In contrast, PLE at 150 °C yielded the highest number of phytochemicals extracted 685 

(most thermostable phenolic acids such as ferulic, protocatechuic, p-coumaric, among 686 

others), probably due to the intense characteristics of the process. 687 

These findings expand the phytochemical diversity of banana agricultural residues and 688 

enhance their potential for biotechnological applications in the development of functional 689 

foods, pharmaceuticals, and cosmetics.  690 

Regarding the Eco-Scale extractions with pure water, regardless of the technique (PLE, 691 

MAE, or CRE), the highest scores were achieved (above 90%), reflecting not only the 692 

solvent's minimal environmental impact but also its high yield, while with ethanol the 693 

score decrease to around 74.51 with CRE and 86.99 with MAE at 150°C. 694 

The integration of sustainable extraction processes with agricultural by-product 695 

valorization directly supports circular bioeconomy principles and aligns with UN 696 

Sustainable Development Goals 3, 9, 12, and 13. This biotechnological approach 697 

demonstrates how agricultural waste streams can be transformed into valuable 698 

bioproducts while minimizing environmental impact and promoting resource efficiency. 699 

Future research should focus on process scale-up, bioactivity validation of isolated 700 

compounds, and development of integrated biorefineries that maximize the 701 

biotechnological potential of banana agricultural residues. This work establishes a 702 

foundation for sustainable biotechnological valorization strategies that can be extended 703 

to other agricultural by-products. 704 
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