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Banana peels are rich in phytochemicals, including tannins, phenolic
compounds, flavonoids, glycosides, saponins, and terpenoids. This study
focused on the use of unripe banana peels of Musa x paradisiaca var.
Monthan for the extraction of total phenolic content (TPC) and total
flavonoid content (TFC). Three independent variables (solid—solvent ratio,
ethanol concentration, and extraction time) were selected for optimizing
the ultrasound-assisted extraction of the TPC and TFC via response
surface methodology. The banana peel extract presented a maximum
TPC and TFC of 68.2 mg GAE/g and 15.4 QE/g, respectively, when
extracted under the following extraction conditions: a 6% solid—solvent
ratio, 50% ethanol, and 40 min extraction time. Banana peels showed
75.4+2.1% inhibition in the DPPH assay and 59.9+1.1% inhibition in the
ABTS assay at a concentration of 100 ug/mL. Banana peels presented
significant enzyme inhibitor activity. The ICso values of the a-amylase and
a-glucosidase inhibitory activities of the peel extract were 7.4+0.2 mg/mL
and 9.5+0.09 mg/mL, respectively. Banana peel extract suppressed the
synthesis of proinflammatory cytokines such as IFN-y, IL-1a, TNF-a, and
IL-6 and upregulated the synthesis of anti-inflammatory cytokines (IL-13
and IL-10). Banana peel can be utilized for its anti-inflammatory,
antioxidant, and antidiabetic activities.
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INTRODUCTION

Banana peel is a major source of functional compounds that can be utilized because
of its anti-inflammatory, antioxidant, antimicrobial, and cytotoxic properties (Manzoor and
Ahmad 2021). The functional properties of banana peels vary on the basis of the
availability of phytochemical compounds. The utilization of banana peels can improve the
circular economy of farmers. Climatic changes result in an increase in UVB radiation and
cause oxidative stress in keratinocytes (Jin et al. 2007). The available polyphenols in
banana peels reduce the risk of oxidative stress and reduce the risk of secondary risks upon
UVB radiation (Sanchez-Marzo et al. 2017). Agricultural waste can be extracted to obtain
phytochemical compounds with potential in cosmetics and biopharmaceuticals. The
selection of waste can be based on the presence of specific bioactive functional molecules.
Banana peels are rich in valuable phytochemicals, such as pectin. They can be extracted
via several methods, including microwave-assisted extraction. Thus, pectin extracted from
banana peels can be utilized as a stabilizing agent and plays a critical role in regulating
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digestive processes (Rivadeneira et al. 2020). Several previous reports have revealed that
unripe banana peels contain significant amounts of natural antioxidants, including
norepinephrine and dopamine (Kanazawa and Sakakibara 2000). The total phenolic content
varied with topographic condition and cultivar. For example, in Brazil, unripe banana peels
contain29.0 to 61.0 mg GAE/100 g of total phenolic content (Hikal et al. 2022). Banana
peels also contain significant amounts of phenolic compounds (gallic acid and (+)-
catechin) and flavonoids (Khamsaw et al. 2024). Unripe banana peels contain 49.1%
quercetin, whereas ripe peels contain 41.8% quercetin (Oboh et al. 2024). Unripe banana
products have been used for the preparation of baby food and banana chips. Hence, a
substantial number of peels are generated and wasted without any industrial processing
(Chitra 2015). Musa paradisiacal var Monthan is a rare endangered banana species
cultivated in India. The unripe banana of the Monthan variety is used for the preparation
of natural fiber sources to feed babies (Sasipriya ef al. 2014). M. paradisiaca can withstand
severe oxidative stress caused by temperature (Kanazawa and Sakakibara 2000). Owing to
its ability to tolerate oxidative stress, the present study attempted to utilize this rare banana
variety to determine its bioactive properties. The biotechnological applications of banana
peels include bioethanol production, protein isolation for farm animals, and enzyme
extraction (Jamal ef al. 2012). The bioactive compounds identified in banana peels promote
probiotic development and significantly reduce the risk of cardiovascular diseases (CVDs)
and cancer (Kris-Etherton et al. 2002). Banana peel and pulp are rich in carotenoids,
phenolic compounds, biogenic amines, flavonoids, efc. (Pereira and Maraschin 2015).

Bananas have greater antioxidant capacity than herbs, berries, and vegetables do,
which is attributed to the presence of several bioactive compounds (Moongngarm et al.
2014). The available pigments in banana, including [B-carotene, a-carotene, and [-
cryptoxanthin, exhibit provitamin A activity; similarly, other compounds (lycopene and
lutein) exhibit antioxidant potential (Erdman et al. 1993). The provitamin A capacity of
banana peel phytochemicals varies with cultivar, and the iron and zinc contents do not vary
significantly among Musa spp. (Davey et al. 2009). Major phenolic compounds, such as
sinapic, ferulic, salicylic, p-hydroxybenzoic, gallic, vanillic, gentisic, syringic, and p-
coumaric acids, are present in banana. Moreover, the ferulic acid composition is high
among these phenolic compounds (Russell ef al. 2009). Bananas are rich in flavonoids such
as myricetin, cyanidin, quercetin, and kaempferol, which have several health benefits,
including antioxidant activity (Kevers et al. 2007). Most of these reported phenolic
compounds exhibit antiviral, anti-inflammatory, antiallergenic, antithrombotic,
antibacterial, and vasodilator functions (Ali et al. 2021). The anti-inflammatory and
antidiabetic properties of unripe banana peels have been reported recently. Moreover, these
activities may vary with cultivar, topographical conditions and season (Raveena et al.
2024).

The extraction of phytochemical compounds is an important step in determining
the amount of phenols. The extraction conditions, such as the solvent concentration, type
of solvent, extraction time, temperature, and solid—solvent ratio, are the major factors
influencing the phytochemical yield. The extraction parameters varied with the type of
plant material and the amount of phytochemical compounds. Therefore, the present study
aimed to establish optimum extraction conditions by analyzing the influence of extraction
parameters and the bioactive potential of phenolic and flavonoid compounds from unripe
banana peels.
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EXPERIMENTAL

Phytochemical Screening

Banana peels were collected from unripe banana Musa X paradisiaca var.
Monthan. The peels were separated manually from the whole banana and washed two times
with water. The peels were chopped and dried for three days under sunlight or until
completely dry. The peels were blended mechanically, and a powder was obtained. The
phytochemical contents of the banana peels were determined as described previously
(Sadasivam 1996). Briefly, 1.0 g of banana peel powder was mixed with 20 mL of double
distilled water at a 1:20 (w/v) ratio, 75% ethanol, and 75% methanol for 24 h with constant
shaking at ambient temperature. The extract was subsequently filtered through Whatman
No. 1 filter paper, and the filtrate was used for phytochemical (alkaloid, flavonoid,
glycoside, saponin, terpenoid, tannin, and steroid) screening.

Ultrasound-Assisted Extraction

Banana peels (0.5 g) were mixed with 5 mL of ethanol for five minutes. The mixture
was further homogenized for 60 s and then placed in an ultrasonic bath. After 60 s, the
extract was centrifuged at 5000 xg for 10 min at 4 °C. The upper layer was separated and
stored at —20 °C for the determination of TFC and TPC (Klangpetch ef al. 2016; Mostafa
etal.2018).

Optimization of the Ultrasound-assisted Extraction of Total Flavonoids and
Total Phenolic Compounds

Total flavonoids and phenolic compounds from banana peels were extracted via
response surface methodology with a central-composite design. Three independent
variables were selected for optimized ultrasound-assisted extraction via an ultrasonic bath.
These parameters included the solid—solvent ratio (2% to 10%), ethanol concentration
(25% to 75%), and extraction time (20 min to 60 min). This experimental design comprised
six axial points, totaling 20 experiments. The experimental design and analysis were
carried out via Design Expert software (version 8.0.1; State-Ease, Inc., Minneapolis, USA).
The extraction procedure was carried out with 2 g of dried banana peels, and an appropriate
amount of ethanol was added to a 100 mL Erlenmeyer flask and incubated at predetermined
times. Ultrasound-assisted extraction was performed, and the clear extract was filtered
through Whatman No. 1 filter paper. The TFC and TPC of the peel extracts were tested.
This experiment was performed in triplicate, and the results were analyzed via Design
Expert software. The effects of the selected independent parameters on phytochemical
yield were analyzed by developing a second-order polynomial model, and the interactions
were analyzed via Eq.1,

Yie = Bo + Zic BiXi + Xiog BuXP + X1 Xiiv BiXiX; (1)

where Yy represents the predicted response; B, denotes the intercept; Xjand X are
independent variables; B; represents the linear regression coefficient; [B;; represents the
quadratic regression coefficient; and B;; represents the interaction effect.

A minimum threshold of 95% using analysis of variance (ANOVA) and fitness of
the model was used to test the overall model significance along with the model coefficient
values. All experiments were performed in triplicate, and the average mean values were
used for analysis.
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Analysis of Phytochemical Compounds
Determination of total phenolic contents

The total phenolic content (TPC) of the banana peel powder was assayed via the
Folin—Ciocalteu method. Briefly, banana peel extract was prepared at a 1.0 mg/mL
concentration in Millipore water. Approximately 0.2 mL of extract was mixed with 1.98
mL of 10% Folin—Ciocalteu reagent. To this mixture, 0.5 mL of 10% sodium carbonate
was added, and the mixture was incubated in the dark for 30 min. Gallic acid was prepared
at various concentrations and used as a reference standard. The absorbance of the sample
was read at 765 nm, and the result was expressed as mg of gallic acid equivalent/g of
extract. The results are expressed as the mean =+ standard deviation (SD) (Salar et al. 2012).

Determination of total flavonoids

The total flavonoid content (TFC) of the banana peels was assayed via a
colorimetric test. The banana peel extract was prepared at a concentration of 1.0 mg/mL
and used for analysis. Catechin was used as the reference standard, and the results are
expressed as mg of catechin equivalents/g sample. Approximately 0.2 mL of extract was
mixed with 0.8 mL of 5% NaNO2 and incubated for 5 min in the dark. Then, 0.8 mL of
10% AICIl3-6H20 was added and further incubated for 5 min. To the test tubes, 1 N NaOH
(1.5 mL) was added, and the sample was neutralized and incubated for 15 min. The
absorbance of the sample was read at 510 nm against the reagent blank, and the result was
expressed as the mean + standard deviation (SD) (Lamaison and Carnat 1991).

Antioxidant Assay
DPPH method

The unripe banana peel extract was diluted in methanol to a concentration of 10
mg/mL. The mixture was further diluted to 200, 400, 600, 800, and 1000 pg/mL. Then, 0.1
mL of extract was mixed with 1.9 mL of 2,2-diphenyl-1-picrylhydrazyl (DPPH) solution
and incubated in the dark for 30 min at 520 nm (Brand-Williams et al. 1995). The
percentage inhibition was finally calculated using Eq. 2:

Inhibition (%) = (AControl - (ASample - ABlank)) 1OO/AControl (2)

ABTS method

The Trolox equivalent antioxidant capacity of banana peels was determined as
described previously by Re ez al. (1999). Unripe banana peels were prepared at a 10 mg/mL
concentration in methanol. Then, it was further diluted with methanol at concentrations of
200, 400, 600, 800, and 1000 pg/mL and used as the working concentration. To 0.1 mL of
extract, 1.9 mL of 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was
added, and the mixture was incubated for 5 min at room temperature. After 5 min, the
absorbance of the sample was read at 734 nm with a colorimeter. The percentage inhibition
was calculated via Eq. 2.

FRAP assay method

The unripe banana peel extract was combined with methanol and diluted to a
concentration of 10 mg/mL. Then, it was further diluted with methanol to concentrations
ranging from 200 to 1000 pg/mL. Then, 0.1 mL of extract was combined with 1.9 mL of
ferric reducing/antioxidant power (FRAP) reagent and incubated for 10 min at 37 °C. The
absorbance of each sample was subsequently read at 600 nm. Ferrous sulfate was prepared
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at five different concentrations, and the results were used as a reference standard. The
results are expressed as pmol of FeSO4 equivalent/pg of peel extract (Wu et al. 2019). The
results are expressed as the means + standard deviations (SDs).

Antidiabetic Activity
o-Amylase inhibition activity

The a-amylase inhibitory activity of banana peel extract was tested as described
previously by Oboh et al. (2015), with slight modifications. To analyze the a-amylase
inhibitory activity, 0.2 mL of banana peel extract (2 to 10 mg/mL) was incubated with 0.2
mL of porcine pancreatic a-amylase (10 U/mL). Acarbose (25 to 250 pg/mL) was used as
the standard. The tubes were incubated for 10 min at 37 °C, 0.2 mL of 1% soluble starch
solution was added, and the mixture was further incubated for 10 min. Then, 0.5 mL of
3,5-dinitrosalicylic acid (DNS) reagent was added, and the mixture was placed in a boiling
water bath for 5 min and cooled. The color intensity was read at 540 nm via a
spectrophotometer. The percentage of a-amylase inhibition was calculated via Eq. 3:

Inhibition(%) = [1 — (Asa““"e AC“““"‘)J X 100 3)
Atest - ABlank
where Asample represents the absorption of the mixture of banana peel extract, substrate and
DNS reagent; Acontrol represents the mixture of buffer, substrate and DNS reagent without
amylase; Atst represents the mixture of substrate, buffer, enzyme and DNS reagent; and
Avlank represents the mixture of banana peel extract, substrate, and DNS reagent without
amylase.

a-Glucosidase Inhibition Activity

The a-glucosidase inhibitory activity of the banana peel extract was determined as
described previously by Oboh et al. (2015), with slight modifications. The banana peel
extract was prepared in 0.1 M phosphate buffer (pH 7.2) at various concentrations (2 to 10
mg/mL), and the polyphenol standard was prepared at 25 to 250 pg/mL concentrations. a-
Glucosidase was prepared in phosphate buffer (pH 7.2, 0.1 M). The banana extract (0.2
mL) was mixed with 0.2 mL of the enzyme mixture and incubated for 10 min at 37 °C.
Then, 0.1 mL of 5 mM p-nitrophenyl-a-D-glucopyranoside was added, the mixture was
incubated for 10 min, and the color intensity was read at 405 nm. The percentage o-
glucosidase inhibitory effect was calculated as previously described (Eq. 2).

Determination of Proinflammatory and Anti-Inflammatory Cytokines

The macrophage cell line (RAW 264.7) was prepared at a density of 3 x 10° cells
per well and seeded in a microtiter plate. The RAW 264.7 cell line was cultivated in
Roswell Park Memorial Institute medium supplemented with 1% antibiotics and 10% fetal
bovine serum. The cells were further incubated at 37 °C in a humidified incubator under
5% CO2 and were frequently subcultured before the experiments were performed. The
plates were subsequently incubated with ethanolic extracts of banana peels at two different
concentrations (100 and 200 pg/mL) for six hours. After 6 h of incubation,
lipopolysaccharide (1.0 pg/mL) was added, and the mixture was incubated in a 5% CO2
atmosphere for 24 h at 37 °C. The culture medium was subsequently centrifuged at 4000xg
at 4 °C for 10 min, after which the supernatant was retained and stored at -80 °C. Then, 0.2
mL of phosphate-buffered saline was added, and 0.2 mL of RIPA lysis buffer (containing
50 mM Tris pH 7.4 to 8.0, 150 mM NaCl, 1% NP-40 or Triton X-100, 0.5% sodium
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deoxycholate, 0.1% SDS) containing phosphatase inhibitor cocktails (PICs) was added,
after which the mixture was further incubated for 3 min. The cells were treated with lysis
buffer, agitated for 30 min at 4 °C and sonicated for 60 s at 30 kHz. Then, the lysate was
stored on ice and centrifuged at 10000xg for 10 min. The microtiter plates were coated
with centrifuged medium (0.1 mL) and further incubated for 12 h at 4 °C. The mixture was
subsequently discarded, and the samples were further rinsed with PBS containing 0.05%
Tween 20. BSA was used as a blocking agent, and the samples were treated with PBS
containing 0.05% Tween 20. Then, primary antibodies against IL-1a, TNF-a, TNF-a, IL-
6, IL-1a, INF-y, IL-13, and IL-10 were added, and the mixture was incubated for 4 h. The
plates were subsequently incubated for 24 h, and 0.1 mL of secondary antibody was added
and incubated for 4 h at 4 °C with constant agitation. The plates were subsequently washed
with PBS buffer, and newly prepared TMB substrate was added to all the wells and
incubated for 30 min at room temperature. Then, 1 N sulfuric acid was added to the well,
and the absorbance of the plates was measured at 490 nm. The result was expressed as mg
of cell protein. The total protein content of the lysate was determined via the bicinchoninic
acid (BCA) protein assay method with bovine serum albumin (BSA) as a standard.

RESULTS AND DISCUSSION
Phytochemical Screening

Phytochemical analysis of banana peel extract revealed a characteristic color
indicating the presence of tannins, saponins, flavonoids, and polyphenols, and a visible

color intensity was observed (Table 1).

Table 1. Phytochemical Contents of Banana Peel Extracts

Results
Phytochemicals Ethanol Methanol Water
Alkaloids +++ ++ +
Flavonoids ++++ +++ ++
Glycosides + ++ +
Saponins ++ ++ ++
Terpenoids +++ ++ +
Tannins ++++ ++ +
Steroids - - }

Moreover, the steroid test did not reveal any characteristic color intensity and was
considered negative. Ethanol presented a significant amount of phytochemical compounds
in the extract, followed by methanol and water. In phytochemical extraction, suitable
solvent selection is very important since each solvent has its own polarity (Kauffmann and
Castro 2023). Ethanol and methanol are polar solvents, and these two solvents were able
to dissolve significant amounts of phytochemicals compared with water, which is
consistent with previous reports. Flavonoids and polyphenol derivatives are polar
compounds that dissolve better in polar solvents than in nonpolar solvents (Al-Khayri et
al. 2022). In phytochemical extraction, methanol and ethanol (aliphatic alcohols) and ethyl
acetate and acetone (polar solvents) are the general choices for saponin and polyphenol
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extraction from plant material (Yang ef al. 2010). Thus, the results of the phytochemical
screening of banana peel extracts in various solvents indicate that ethanol resulted in higher
phytochemical extraction efficiency than did methanol or water.

Optimization of the Extraction Process

The selection of suitable extraction conditions that improve the recovery of
phytochemical compounds has gained interest because of the current trend of recycling and
valorizing agricultural wastes (Mateos-Aparicio 2021; Alarjani et al. 2024; Alodaini ef al.
2025). The extraction parameters were fitted to a quadratic polynomial regression model
for the TPC and TFC. The initial screening experiments revealed the influence of three
independent factors on the improvement in the TPC and TFC yield. The three independent
variables (X1, X2, and X3) selected were the solid—solvent ratio (%), ethanol concentration
(%), and extraction time (min), respectively, and were tested at five different levels: -a, -
1,0, +1, and +a. The extraction potential was tested by constructing the RSM and analyzing
the impact of independent factors via Design Expert software. The model values (TPC and
TFC yield) are depicted in Table 2. The significance of the designed model was evaluated
through ANOVA, where a small p value and large F value of each term in the models
revealed a significant impact on the product yield (Yuan ef al. 2008). The present findings
revealed that the designed model was statistically significant for the TPC (P< 0.0001) and
TFC (P = 0.0007). Statistical analysis of independent variables revealed that the solid—
solvent ratio and extraction time significantly affected the TPC of the extract (£<0.01).
The model F value of 53.13 implies that the designed RSM model was significant. In this

model, the variables A4 (solid—solvent ratio), C (extraction time), 4B, AC, BC, AZ, Bz, and

C’ were significant model terms. The insignficant lack of fit of response Y1 showed that
the designed model was well fit. The R-squared value for the TPC was 0.979, which was
in good agreement with the adjusted R-squared value (0.961). The analysis of the model
revealed that the quadratic model was a good fit, and the results are presented in Table 3.
The coefficient estimate was positive for extraction time (8.71), solid—solvent ratio (5.03),
and ethanol concentration (1.18).The final polynomial equation in terms of the coded factor
was as follows:

TPC =61.93+5.034+1.18B+8.71C+4.704AB+13.834C
+5.85BC-6.0042-14.77B2-15.94C2 4)

The banana peel extract presented a maximum TPC and TFC of 68.2 mg GAE/g
and 15.4 mg QE/g, respectively, when extracted under the following extraction conditions:
a 6% solid—solvent ratio, 50% ethanol, and 40 min extraction time. The experimental
results of the TFC analysis constitute the basis of fitting the second-order polynomial
regression model and are illustrated by the following equation.

TFC =12.24597+0.307197B+1.672474C+0.83754AB+2.68754C
+0.4125BC+0.2329434%-2.50718%-3.28491 (5)

where A, B, and C are the coded values of the selected independent variables (solid-solvent
ratio, ethanol concentration, and extraction time).

The regression coefficients of the designed model were analyzed, and P values were
determined for the TFC. The designed extraction model was significant for flavonoid
extraction, and the model P value was <0.0007. The second-order polynomial model was
best fitted, and the lack of fitness was insignificant. In this model, extraction time
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significantly influenced the flavonoid yield compared with the other two individual
variables (solid—solvent ratio and ethanol concentration). All three selected independent
factors had a positive effect, indicating that the variable range was within the optimum
limit for improving the TFC of the extract. The interaction effect of the solid—solvent ratio
and ethanol concentration was not significant. Analysis of variance has been widely used
to identify the effects of tested factors on the response and test whether these effects should
be considered (Hefied et al. 2023). Figure 1 shows the 3D surface plots of the TPC and
TFCs from banana peel extract. The findings indicate a maximum of TPCs and TFCs with
middle values. TPC recovery initially increased with increasing banana peel-to-ethanol
ratio, ethanol concentration, and extraction time. After the midpoint, there was a sharp
reduction in the TPC yield, and the results are depicted in Figs. 1a to 1c. Moreover, the
shape of the 3D surface plot of the TFC was different from that of the TPC, revealing
variation in the distributions of phenolic and flavonoid compounds in the extract (Figs. 1d-
1f).

In ultrasound-assisted extraction, sound waves or frequencies from 20 kHz to 100
kHz affect pressure changes in the solvent and generate microbubbles. This method causes
the rupture of the plant cell wall, thus increasing the penetration of the solvent and
improving the mass transfer kinetics. This method results in higher yields with shorter
extraction times. This method is eco-friendly and an alternative to traditional solvent
extraction methods (Das and Arora 2021).

Compared with absolute ethanol, ethanol concentrations between 40% and 50%
were found to be suitable for extracting phenolic compounds (Ozbek et al. 2020). In other
studies, ethanol and water mixtures at a 50:50 ratio were reported to be suitable for the
extraction of phenolic compounds from solvent mixtures (Kaur and Ubeyitogullari 2023).
The polarity of the solvent is one of the critical factors in phytochemical extraction from
the solvent, and the solubilities of the phenolic compounds vary on the basis of the polarity
of the solvent used for extraction (Arruda et al. 2017). Binary solvent systems have also
been used for the extraction of phytochemical compounds. The binary solvent systems
provided intermediate polarity, which was similar to that of phenolic compounds, thus
improving the solubility and yield of phytochemicals (Barba et al. 2020; Osorio-Tobdn
2020). The available water in the solvent system causes the plant material to swell,
improving the contact surface area between the solvent and solid, whereas ethanol breaks
the hydrogen bonds. An increase in ethanol concentration can improve damage to the plant
cell membrane of the plant biomass (Drevelegka and Goula 2020).

In the present study, the solid—solvent ratio and solvent concentration were not
statistically significant, and only the extraction time was significant; however, the former
two variables presented optimum values at the “0” level. Figure 1 shows that the TFC
significantly increased with increasing extraction time, as corroborated by the results in
Table 4. The lack-of-fit test was used to determine the fitness of the model, and an
insignificant lack of fit (p> 0.05) observed in this study indicated the suitability of the
designed model to predict the variations significantly (Quanhong and Caili 2005). In CCD
experiments, coefficient of variation was used to measure the relative variability from the
average value, which showed that the model was highly reliable and indicates good
precision and reproducibility. The coefficient of variation values obtained for TFC
(23.54%) and TPC (12.24%) were highly accurate and highly reliable (Mohamed Mahzir
etal.2018).

Haas et al. (2018) reported that a high solvent volume can yield more phenolic
compounds due to mass transfer. In addition, the determination of the effective solid—
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solvent ratio is important, which allows the extraction of more TPCs and TFCs with
maximum antioxidant activity. The presence of hydrophilic and lipophilic phenolic
compounds in plants strongly correlates with their antioxidant properties (Lang et al.
2024). In the present study, extraction time was identified as the prominent independent
factor that had a major impact on the extraction of TPC and TFC. Similarly, the extraction
time, type of solvent, and solid—solvent ratio have major effects on the extraction process
(Selahvarzi et al. 2022). Thus, optimizing ideal extraction parameters is a significant factor
for reducing organic solvent consumption, extraction time, costs and energy expenditure.
It is important to determine the minimum extraction time without compromising the TPC
or TFC yields. However, the optimum extraction time allows the solvent to penetrate the
plant tissue, dissolving the phytochemical compounds. It has been reported that a longer
contact time of solvents with plant materials can significantly improve the release of
phytochemicals from the plant biomass to the solvent (Arruda ef al. 2017). The results of
the present investigation and those of previous reports were in good agreement with the
use of response surface methodology as an important tool to analyze the impact of
extraction conditions for optimizing the yield of polyphenols from various byproducts
(Moutinho et al. 2023).

Table 2. Experimental Design and Response of the Three Independent Variables
Selected for the Extraction of TPC and TFC from Banana Peels

A:Solid-Solvent B:Ethanol C:Extraction TPC TFC
Runs Ratio (%) Conc (%) Time (min) (mg GAE/Q) (mg QE/g)

1 6 50 40 62.4 12.9
2 10 25 60 43 9.2
3 10 25 20 11.4 34
4 6 50 40 62 10.2
5 6 50 40 68.2 15.4
6 6 50 40 55.8 12.2
7 2 25 60 14 3.2
8 10 75 60 66 12.5
9 10 75 20 5.7 2.1
10 2 75 60 12.9 4.2
11 6 50 40 60 11.8
12 -0.72 50 40 41 14.9
13 2 25 20 324 9.2
14 6 50 73.6 31 7.6
15 12.72 50 40 50 13.1
16 2 75 20 13.2 3.5
17 6 7.95 40 15 4.2
18 6 92.04 40 26.4 8.3
19 6 50 40 63 14.2
20 6 50 6.34 3.8 0.5
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Table 3. Results of ANOVA of the Fitted Quadratic Model for TPC Extraction
from Banana Peels

Sum of Mean F- P value
Source Squares df Square Value Prob> F
Model 9727.267 9 1080.807 53.12645 < 0.0001
A-Solid-solvent | 3459549 | 1 345.9549 17.00521 0.0021
B-Ethanol conc 19.15139 1 19.15139 0.941375 0.3548
C-Extraction time | 1035.953 1 1035.953 50.92165 < 0.0001
AB 176.72 1 176.72 8.686567 0.0146
AC 1529.045 1 1529.045 75.1593 < 0.0001
BC 273.78 1 273.78 13.45749 0.0043
A2 519.5829 1 519.5829 25.53979 0.0005
B2 3144.977 1 3144.977 154.5895 < 0.0001
C? 3661.369 1 3661.369 179.9724 < 0.0001
Residual 203.4406 10 20.34406
Lack of Fit 121.4606 5 24.29211 1.481588 0.3384
Pure Error 81.98 16.396
Cor Total 9930.708 19

Table 4. Results of ANOVA of the Fitted Quadratic Model for TFC Extraction
from Banana Peels

Sum of Mean F- P value
Source Squares df Square Value Prob> F
Model 353.1831 9 39.24256 9.918021 0.0007
A-Solid-solvent ratio 1.21459 1 1.21459 0.306971 0.5917
B-Ethanol conc 1.288801 1 1.288801 0.325727 0.5808
C-Extraction time 38.20052 1 38.20052 9.654658 0.0111
AB 5.61125 1 5.61125 1.418167 0.2612
AC 57.78125 1 57.78125 14.60342 0.0034
BC 15.96125 1 15.96125 4.033987 0.0724
A? 0.781994 1 0.781994 0.197638 0.6661
B2 90.58257 1 90.58257 22.8935 0.0007
C? 155.5072 1 155.5072 39.30233 < 0.0001
Residual 39.56693 10 3.956693
Lack of Fit 29.1586 5 5.831719 2.801467 0.1414
Pure Error 10.40833 5 2.081667
Cor Total 392.75 19
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Fig. 1. 3D-Response surface plot illustrating the effects of independent variables on the TPC and
TFC (a to c: interaction of ethanol concentration (%), solid—solvent ratio (%), and extraction time
(min) for phenolic compounds; d to f: interaction of ethanol concentration (%), solid—solvent ratio
(%), and extraction time for flavonoids (min))

Total Phenolic and Flavonoid Contents

The TPC and TFC of the banana peel extract are described in Table 5. The ethanol
extract of the banana peel extract had a significant amount of TPC (33.2+1.3 mg GAE/g
dry extract), followed by the methanolic extract (26.4+£2.2 mg GAE/g dry extract) and
water (1.8 £0.4 mg GAE/g dry extract). The ethanol extract of the banana peels had the
highest TFC (3.8+0.4 mg QE/g dry extract), followed by methanol (1.7+0.2 mg QE/g dry
extract) and water (1.42+0.3 mg QE/g dry extract). Ethanol is considered an effective
solvent for the extraction of phenolic compounds and TFCs from banana peels. Similar
results were obtained by Safdar et al. (2017) for mango peels and Ranjha et al. (2020) for
apple and pomegranate peels. The TPC contents are higher in banana peels than in other
fruit peels, such as those of avocado, pine apple, passion fruit, water melon and papaya
fruits (Morais ef al. 2015). Athanasiadis et al. (2023) used overripe banana peels for the
extraction of polyphenols, and an antibacterial effect was reported by Chen and Cai (2024)
due to the presence of polyphenols. Granella et al. (2023) recovered phenolic compounds
from pretreated banana peels, and the bioactive properties of banana peels were established
recently by Wani and Dhanya (2025). Banana peel can be considered a natural source of
antioxidants because of the presence of significant polyphenols (Islam et al. 2023; Bhavani
et al. 2023). Islam et al. (2023) used enzyme treatment to improve the TPC of banana peel
extract. The TPC of the banana peels was found to be 25.4 mg GAE/g DM under the
optimized extraction conditions. The TPC yield obtained in this study was greater than that
reported by Islam et al. (2023). Moreover, the TFC observed in this study (3.8+0.4 mg
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QE/g dry extract) was lower than that of enzyme-mediated extraction of banana peels
(Islam et al. 2023). An optimum extraction temperature and solvent percentage are required
to assist TFC extraction from the raw material (Gorgiic et al. 2019). In this study, the TPC
and TFC varied widely with respect to the solvent system used for phytochemical
extraction. The effectiveness of the extraction step is based on the solvents used, the
extraction conditions selected, and the type of plant material used for extraction (Adefegha
et al. 2015).

Table 5. Total Phenolic Content and Total Flavonoid Content of Unripe Banana
Peels

Total Phenolic Content (mg GAE/g dry Total Flavonoid content (mg QE/g
Extractions extract) dry extract)
Ethanol 33.2+1.3 3.810.4
Methanol 26.4+2.2 1.7+0.2
Water 1.8 0.4 1.42+0.3
Antioxidant Activity

To determine the antioxidant activity of the fruit peels, various antioxidant assays
were selected on the basis of different mechanisms. ABTS and DPPH activities were used
to analyze the radical scavenging activity, whereas the FRAP assay was used to analyze
the reducing power of peels. The results are presented in Fig. 2 as % radical scavenging
activity for ABTS and DPPH and uM FeSOu4 equivalents for the FRAP assay. The DPPH
assay has been widely used to analyze free radical scavenging power, which is due mainly
to the presence of polyphenol compounds (Yang et al. 2020). Banana peels presented
higher DPPH activity (75.4+2.1% inhibition), followed by ABTS activity (59.9+1.1%
inhibition), at a concentration of 100 pug/mL. The antioxidant activity was dose dependent,
which was similar to reports of dose-dependent DPPH activity (Ajila ef al. 2007). In this
study, freeze-dried banana peels were used for the determination of antioxidant activity,
and the freeze-drying process neutralized free radicals and generated redox-active
metabolites, as reported by Castro-Vazquez et al. (2016). The DPPH assay is largely
considered a nonspecific free radical scavenging assay because of its ability to detect the
antioxidant power of both nonphenolic compounds and phenolic compounds. Therefore,
alternative methods have been recommended for testing the in vitro antioxidant power of
phytochemicals.

The ABTS assay method has been recommended for evaluating antiradical
scavenging potential on the basis of the ability of phenolic compounds to donate hydrogen
atoms (Yang et al. 2020). The antioxidant activity observed via the ABTS assay method
was similar to that reported in studies of freeze-dried grape peel extract (Castro-Vazquez
et al. 2016), kiwi fruit extract (Pal et al. 2015), and Hass and Fuerte peel samples
(Tremocoldi et al. 2018).

A FRAP assay was used in this study to analyze the potential of banana peels to
donate electrons to reduce the Fe™-TPTZ complex, and the peel extract presented
significant FRAP reducing power, with a value of 1.3+0.009 uMFeSOas. The present
findings were comparable to the results reported by Agunloye ef al. (2019) in orange and
apple peels, who detected the presence of bound flavonoids and phenolics. Similarly, the
FRAP activities of lime, banana, kiwifruit, and mango have been reported previously (Guo
et al. 2003), which was consistent with the results of this study.
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Fig. 2. Antioxidant activities of banana peel extracts at various concentrations: (A) FRAP
antioxidant activity, (B) DPPH free radical scavenging activity (%), and (C) ABTS radical

scavenging activity (%)

Gatasheh (2026). “Banana peel polyphenols,” BioResources 21(2), 4678-4700.

4690



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Banana peel is considered an important source of antioxidant phytochemicals that
alleviate the generation of ROS associated with oxidative stress. The recovery of
antioxidant phytochemicals from fruit waste supports their application in the preparation
of cosmetics with antioxidant activity by reducing the generation of free radicals in the
dermis (Arraibi et al. 2021). Similarly, the antioxidant activity of banana peels was
established by Islam et al. (2023), and the TPC was extracted via enzyme treatment. The
increased level of antioxidant properties in the banana peel extract may be the result of
increased TFC and TPC (Islam et al. 2021). The banana peel extract presented significant
amounts of flavonoids and phenolic compounds, which potentially had antioxidant activity
in terms of ABTS and DPPH radical scavenging activities, and the present findings were
comparable to those of earlier reports on other fruit peels (Suleria ef al. 2020). The phenolic
content detected in fruit peels and seeds, including watermelon byproducts and avocado
peels, was directly associated with antioxidant activity. The TPC and TFC contents of fruit
peels have been reported, and the amounts of these phytochemicals vary on the basis of
agricultural byproducts/residues used for extraction (Shi ef al. 2021; Neglo ef al. 2021,
Gaber et al. 2021).

Antidiabetic Activity of Banana Peel Extract

The digestive enzyme inhibitory effect of banana peel extract was determined, and
the enzyme inhibitory effect increased in a dose-dependent manner, while the enzyme
activity decreased. The ICso value of the a-amylase inhibitory activity of the banana peel
extract was 7.4+0.2 mg/mL, which was 14 times greater than that of the positive control
(0.51£0.2 mg/mL). Similarly, the ICso value of the a-glucosidase inhibitory effect on
banana peels was 9.5+0.09 mg/mL, which was more than 15 times greater than that of the
positive control (0.62+0.1 mg/mL) (Fig. 3). A chitinase-like protein was identified
previously from banana varieties that exhibited a-amylase inhibitory activity, and the ICso
values ranged from 7.22+0.41to 15.5+0.02 mg/mL (Karnchanatat and Sangvanich
2012), which was similar to the results of this study. The phytochemicals from the
pseudostem, flower, and peels of banana inhibited a-glucosidase activity and insulin levels
(Ramu et al. 2015).
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Fig. 3. Antidiabetic activity of banana peel extract at various concentrations
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Phytochemical compounds such as (+)-catechin and epicatechin have been reported
to have a-glucosidase inhibitory activity (Tadera et al. 2006; Alothman et al. 2009).
Similarly, Wang et al. (2015) reported the a-glucosidase inhibitor activity of gallic acid
from the extract. The present study and previous reports revealed that banana peels can be
used as natural ant antidiabetic agents to manage diabetes-associated complications (Wang
et al. 2022; Vijay et al. 2022). The screening of antidiabetic agents from natural sources is
becoming more popular because of the side effects of commercial antidiabetic agents
(Rahman er al. 2022). At 10 mg/mL concentration, the a-amylase inhibitory effect was
57.4£2.9%, which was 51.5+2.1% on a-glucosidase inhibitory activity at the same
concentration. The present finding was consistent with the previous result reported by
Islam et al. (2023). In vitro studies previously reported that phenolic compounds
potentially affect a-glucosidase activity (Papoutsis et al. 2021).

In Vitro Effects of Banana Peel Extract on Proinflammatory and Anti-
inflammatory Activity

To determine the impact of banana peel extract on cytokine synthesis in inflamed
patients, an ELISA-based method was used. At 200 pg/mL, banana peel metabolites
suppressed the synthesis of proinflammatory cytokines such as IFN-y, IL-1a, TNF-a, and
IL-6 and upregulated the synthesis of anti-inflammatory cytokines (IL-13 and IL-10). In
addition, the level of the anti-inflammatory cytokine IL-10 was increased (Table 6). LPS
activates macrophages to produce proinflammatory cytokines, and these anti-inflammatory
cytokines control the response of proinflammatory cytokines. IL-10 is considered to have
potent anti-inflammatory properties, and the upregulation of IL-10 is implicated in the anti-
inflammatory response mediated by banana peel phytochemicals through the
downregulation of proinflammatory cytokine receptors. Anti-inflammatory molecules
regulate the production of cytokines at various levels (Martinez-Espinosa et al. 2021).
ELISA revealed that the increased level of the anti-inflammatory cytokine IL-10 was due
to the presence of phytochemicals in the banana peel extracts. The in vitro anti-
inflammatory activity of the banana peel extract observed in this study was similar to that
reported by Hong et al. (2023). They reported the anti-inflammatory response of banana
peel extracts tested in vitro and in vivo. Oral administration of the sample reduced the
inflammatory response, lowered the serum TNF-a and IL-6 levels, and regulated the T-cell
population (Hong et al. 2023).

Table 6. In Vitro Suppression of Proinflammatory Cytokines and Upregulation of
the Anti-inflammatory Response by Banana Peel Extract

Protein (ug/mL)

Experiment

IL-1a TNF-a IL-6 INF-y IL-13 IL-10
LPS 0.52+0.04 | 0.82+0.03 | 0.48+0.02 | 0.57+0.03 | 0.28+0.05 | 0.37+0.02
Control 0.35+0.01 | 0.53+0.02 | 0.42+0.03 | 0.51+0.04 | 0.37+0.03 | 0.63+£0.05

100 p/mL EX 0.31+£0.04 | 0.48+0.05 | 0.35+0.04 | 0.42+0.02 | 0.39+0.05 | 0.66+0.02
200 p/mL EX 0.19+0.02 | 0.37+0.02 | 0.27+0.03 | 0.29+0.05 | 0.52+0.04 | 0.72+0.03
Positive control | 0.11+£0.01 | 0.28+0.04 | 0.22+0.04 | 0.22+0.02 | 0.64+0.02 | 0.84+0.05
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CONCLUSIONS

1. Unripe banana peels are sources of bioactive secondary metabolites with bioactive
properties.

2. Response surface methodology was used to optimize the total phenolic and flavonoid
compounds in the extracts. The optimized concentrations of the independent variables
were as follows: 6% solid—solvent ratio, 50% ethanol, and 40 min of extraction.

3. Banana peels presented higher 2,2-diphenyl-1-picrylhydrazyl (DPPH) activity,
followed by 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS) activity,
and ferric reducing/antioxidant power (FRAP) reducing power. The ethanol extract
presented a-amylase and a-glucosidase inhibitory activity.

4. Banana peel extract suppressed the synthesis of proinflammatory cytokines and
upregulated the synthesis of anti-inflammatory cytokines. At higher concentrations, the
anti-inflammatory response increased in a dose-dependent manner.
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