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Abstract

Valorisation of agro-industrial biomass into functional coatings offers a sustainable
approach to developing bio-based materials for postharvest applications. Although
polysaccharide–lipid coatings are widely studied for their barrier properties, their effects
on fruit–packaging friction remain poorly understood. This study recovered pectin-rich
polysaccharides (OP) from okra-processing biomass and developed OP–beeswax (BW)
composite coatings to modify mango–packaging friction and evaluate selected postharvest
quality attributes. Conventional thermal extraction (CTE) and microwave-assisted extrac-
tion (MAE) yielded OP with comparable degrees of esterification but distinct hydration
properties, with extraction yields of 4.28% and 5.47%, respectively (p > 0.05). The recovered
OP exhibited low-methoxyl characteristics, with a degree of esterification of approximately
47%. Film optical and microstructural properties varied with OP and BW levels. Coat-
ing performance was evaluated on three independent mango fruits per treatment (n = 3;
21 fruits in total), with the same fruits used for friction and all quality measurements. Static
and kinetic coefficients of friction (COFs) at the mango–corrugated plastic board interface
were in the ranges of 0.45–0.59 and 0.42–0.58, respectively, demonstrating formulation-
dependent frictional behaviour. T3 (1.0% OP + 1.0% BW) exhibited static and kinetic COFs
of 0.46 and 0.42, respectively, comparable to the uncoated control (0.46 and 0.45), whereas
T4 (2.0% OP + 1.0% BW) showed the highest values (0.59 and 0.58). After three days
of storage, coating treatments significantly affected weight loss, firmness, and titratable
acidity (TA), with the lowest weight loss observed in T6 (3.25%) and the highest TA in
T2 (0.47%), whereas total soluble solids and pH did not differ among treatments. These
findings demonstrate the potential of okra-processing biomass for developing bio-based
coatings with tunable fruit–packaging friction, although their effectiveness in reducing
transportation-induced damage requires further investigation.
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1. Introduction
The transportation of fresh agricultural produce presents a major postharvest chal-

lenge, as vibration and mechanical shocks during handling and transit can cause bruising
and other forms of mechanical damage. Meanwhile, growing demand for sustainable
materials has encouraged the valorisation of agro-industrial biomass as a renewable source
of functional biopolymers. Polysaccharides are particularly promising for biodegradable
films and coatings because of their film-forming ability, biocompatibility, and biodegradabil-
ity [1]. Polysaccharide-based coatings can form semipermeable barriers that limit moisture
loss and gas exchange, helping maintain fruit quality during postharvest storage [2,3].
Among these, pectin is widely investigated for its film-forming and gas-barrier properties,
although its hydrophilic nature can limit moisture resistance and surface functionality [3].
Incorporating hydrophobic components, such as beeswax (BW), into polysaccharide matri-
ces can improve moisture-barrier properties and modify coating surface characteristics [4,5].
Beyond barrier performance, coating composition may influence the coefficient of friction
(COF) between fruit surfaces and contacting materials. A lower COF may facilitate sliding
and reduce tangential resistance, whereas a higher COF may restrict relative movement
and improve fruit stability within packaging. However, the potential mechanical benefits
depend on contact conditions, packaging configuration, and applied forces. Although
polysaccharide–lipid coatings have been extensively studied for postharvest preservation,
their effects on fruit-surface friction remain less explored. Understanding these formulation-
dependent frictional properties may provide a foundation for future investigations into
coating performance under transportation-related vibration and impact conditions.

Okra (Abelmoschus esculentus (L.) Moench) is a promising renewable source of pectin-
rich polysaccharides, particularly rhamnogalacturonan-I (RG-I), whose branched structure
contributes to distinctive rheological and functional properties [6,7]. Okra-derived polysac-
charides exhibit favourable hydration, viscosity, film-forming, and biodegradable character-
istics, supporting their potential application in edible films and coatings [8]. Their hydroxyl
and carboxyl groups facilitate interactions with other polymers and lipid components,
enabling the development of composite coatings with tailored barrier, mechanical, and sur-
face properties [9]. Previous studies have demonstrated their potential for maintaining the
postharvest quality of fresh produce [9–11], while recovery from okra-processing biomass
offers an opportunity for sustainable biomass valorisation. Despite these advantages, re-
search on polysaccharide-based fruit coatings has primarily focused on moisture retention,
gas exchange, and postharvest quality, with limited attention to the relationships among
coating composition, film properties, and fruit-surface friction. In particular, the influence
of hydrophilic polysaccharide–hydrophobic lipid interactions on the coefficient of friction
(COF) remains insufficiently understood. Investigating these relationships may provide
insights into the development of bio-based coatings with tailored surface properties and
their potential applications in postharvest handling and transportation.

To address this knowledge gap, this study aimed to valorise okra-processing biomass
by recovering an okra pectin-rich polysaccharide (OP) for the development of sustainable
OP–BW composite coatings. The effects of OP and BW concentrations on film character-
istics, the frictional behaviour of coated mango fruit against a corrugated plastic board,
and postharvest quality were investigated to elucidate formulation–property–function
relationships. The potential relevance of friction modification to postharvest handling
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and transportation is considered as a prospective application; however, fruit–fruit friction,
vibration, impact, and bruising were not evaluated in the present study. These findings
provide a basis for further application of the developed coatings to regulate fruit–fruit
interactions and mitigate mechanical damage during transportation.

2. Materials and Methods
2.1. Materials
2.1.1. Okra-Processing Biomass

Frozen okra biomass was obtained from Union Fresh (2003) Co., Ltd., Chiang Mai,
Thailand. The biomass consisted of off-grade okra generated during frozen processing,
including pods with irregular sizes and cold-injury defects. The okra had an average width
and length of 17.11 ± 1.91 and 34.74 ± 3.49 mm, respectively. The CIE L*a*b* colour values
were L* = 33.88 ± 10.60, a* = −9.35 ± 1.58, and b* = 19.76 ± 4.24 (Figure 1). The moisture
content was 93.86 ± 1.09% (wet basis).

 

Figure 1. Frozen okra biomass used as the raw material for OP extraction.

2.1.2. Mango Fruit

Ripe Chok Anan mangoes were obtained from Muang Mai Market, Muang, Chiang
Mai, Thailand. Fruits were selected based on a specific gravity ranging from 1.01 to 1.02, as
previously described by Wongkaew et al. [12] (Figure 2).

Figure 2. Chok Anan mango.

2.1.3. Chemicals and Reagents

Chemicals used for the analysis of OP characteristics were supplied by Sigma-Aldrich
(St. Louis, MO, USA), RCI Labscan Limited (Bangkok, Thailand), and AppliChem GmbH,
an ITW Company (Darmstadt, Germany).

2.2. Recovery and Characterisation of Okra Pectin-Rich Polysaccharide
2.2.1. OP Extraction

Frozen okra biomass obtained from Union Fresh (2003) Co., Ltd., Chiang Mai, Thailand,
was dried in a hot-air oven at 70 ◦C until a constant weight was reached and the moisture
content was below 5% (dry basis). The dried material was ground and passed through
a 60-mesh sieve to obtain a uniform powder prior to extraction. OP was extracted using
two different heating techniques: conventional extraction (CTE) and microwave-assisted
extraction (MAE). For each extraction, 10 g of the dried okra powder was dispersed in
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200 mL of distilled water. For CTE, the mixture was heated at 90 ◦C for 30 min using a
conventional heating system. For MAE, the mixture was treated using a phase-controlled
microwave system operated at 900 W while maintaining the extraction temperature at
90 ◦C for 30 min (adapted from [13]). After extraction, each mixture was filtered, and the
resulting filtrate was separately mixed with two volumes of cold 95% (v/v) ethanol to
induce OP precipitation. The precipitated OP was recovered and dried in a hot-air oven at
40 ◦C to a constant weight [14].

2.2.2. Extraction Yield and Physicochemical Properties

• Yield Percentage

The OP yield (%) was determined according to Equation (1).

Yield (%) =
M0

M
×100 (1)

Here, M0 (g) = the weight of dried OP, and M (g) = the weight of dried okra powder.

• CIE Colour

Colour measurements were performed using the CIE L*a*b* colour space with a
ColorFlex EZ 45/0 LAV colourimeter (HunterLab, Reston, VA, USA). In this system, L*
represents lightness, ranging from 0 (black) to 100 (white); a* indicates the red–green axis,
with positive values corresponding to redness and negative values to greenness; and b*
represents the yellow–blue axis, with positive values indicating yellowness and negative
values indicating blueness [12].

• Moisture Content and Water Activity

Moisture content was determined using an OHAUS MB25 moisture analyser (OHAUS
Corporation, Parsippany, NJ, USA), while water activity (aw) was measured using a Freund
EZ-200 water activity meter (Freund Corporation, Tokyo, Japan).

2.2.3. Chemical and Structural Characterisation

• Equivalent Weight (Eq.W.)

The Eq.W. was determined according to the method of Girma and Worku [15] and Virk
and Sogi [16]. Briefly, 0.5 g of OP was weighed into a 250 mL conical flask and moistened
with 5 mL of ethanol. Subsequently, 1.0 g of NaCl and 100 mL of deionised water (DIH2O)
were added, followed by three drops of phenol red indicator. The solution was titrated with
0.1 N NaOH until a stable pink endpoint (pH 7.5) was reached, with the colour persisting
for at least 30 s. The equivalent weight was calculated using Equation (2).

Eq.W.(g/mol) =
1000 × Weight of sample(g)

Concentration of NaOH(N)× Volume of NaOH(mL)
(2)

• Methoxyl Content (Mox)

The Mox was determined according to the method of Girma and Worku [15] and Virk
and Sogi [16]. OP (0.5 g) was weighed, and 25 mL of 0.25 N NaOH was added. The mixture
was stirred and allowed to stand at room temperature for 30 min. Subsequently, 25 mL
of 0.25 N HCl was added, and the mixture was titrated against 0.1 N NaOH to the same
endpoint as previously described [16]. Methoxyl content was calculated using Equation (3).

Mox (%) =
3.1 × Concentration of NaOH (N)× Volume of NaOH (mL)

Weight of sample (g)
(3)

• Total Anhydrouronic Acid Content (AUA)
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The AUA content was determined according to the method of Virk and Sogi [16]. AUA
is a crucial parameter for evaluating the purity, degree of esterification, and physicochem-
ical properties of OP. The AUA content was calculated using the equivalent weight and
methoxyl content according to Equation (4).

AUA (%) =
176 × Concentration of NaOH( N)× (A + B)× 100

Weight of sample (g)× 1000
(4)

Here, the molecular unit of AUA (1 unit) = 176 g;
A = mL (titrated) of NaOH from equivalent weight determination;
B = mL (titrated) of NaOH from methoxyl content determination.

• Degree of Esterification (DE)

The DE of the extracted OP was determined according to the method of Virk and
Sogi [16] using the methoxyl and AUA contents. The DE was calculated using Equation (5).

DE (%) =
176 × %Mox
31 × %AUA

×100 (5)

• FTIR Analysis and Degree of Esterification (FTIRDE)

Fourier-transform infrared spectroscopy (FTIR) was used to analyse the chemical
structure of the extracted OP using an FTIR spectrometer (PerkinElmer, Shelton, CT, USA).
The FTIR spectra were recorded over a wavenumber range of 4000–400 cm−1 at a spectral
resolution of 4 cm−1 with 32 scans per spectrum. Baseline correction of the FTIR spectra
was performed using Microsoft Excel 2021 by applying a linear two-point baseline be-
tween approximately 1800 and 1500 cm−1, spanning both carbonyl bands, without spectral
normalisation. Measurements were performed in triplicate (n = 3), and the degree of
esterification (DE) was calculated separately for each replicate according to Wang et al. [17]
using Equation (6):

FTIRDE (%) =
A1745

A1745 + A1630
×100 (6)

where A1745 and A1630 represent the absorbance intensities (peak heights) at approximately
1745 and 1630 cm−1, corresponding to methyl-esterified and non-methyl-esterified carboxyl
groups, respectively.

2.2.4. Functional Properties

• Water Absorption Capacity (WAC)

The WAC was determined according to the method described by Beuchat [18], with
slight modifications. Briefly, 1 g of the sample (W0) was dispersed in 10 mL of distilled
water, vortexed thoroughly, and allowed to equilibrate for 15 min. The mixture was then
centrifuged at 1000× g for 10 min, after which the supernatant was carefully discarded.
The tubes were inverted to drain any residual water, and the weight of the hydrated sample
(W2) was recorded. WAC was subsequently calculated using Equation (7).

WAC (g/ gsample) =

(︃
W2 − W0

W0

)︃
(7)

Here, W0 is the initial dry sample weight (g), and W2 is the weight of the hydrated
sample after centrifugation and removal of the supernatant (g).

• Water Solubility Index (WSI) and Swelling Power (SP)

The WSI and SP of the extracted okra pectin-rich polysaccharide powder (OP) were
evaluated following the method of Kaur and Singh [19], with minor modifications. A 1 g
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portion of the powder (W0) was accurately weighed into a pre-weighed centrifuge tube.
Subsequently, 20 mL of distilled water was added. The suspension was thoroughly mixed
and incubated in a water bath at 90 ◦C for 10 min to facilitate hydration and swelling.
Following heat treatment, the suspension was allowed to cool to room temperature for
15 min before centrifugation at 3000× g for 10 min to separate the soluble fraction from
the hydrated sediment. The supernatant was carefully transferred into a pre-weighed
crucible and dried at 100 ◦C for 24 h until the soluble solids were completely recovered.
The weight of the dried soluble fraction was recorded as W2. Meanwhile, the hydrated
sediment retained in the centrifuge tube was weighed and recorded as W3. The WSI and
SP were subsequently determined using the following equations:

WSI
(︁
g/100 gsample

)︁
=

W2

W0
× 100 (8)

SP (g/ gsample) =
W3

W0 − W2
(9)

2.3. Development of Bio-Based Composite Coating
2.3.1. Experimental Design and Film Formulations

OP obtained by MAE was used for coating formulation development. This choice was
made primarily because MAE-derived OP had a significantly lower water solubility index (WSI),
which was considered potentially advantageous for a coating intended to remain on the fruit
surface under humid storage conditions, together with a numerically (but not significantly) higher
extraction yield. The two extracts did not differ significantly in methoxyl content or degree of
esterification, indicating that both were low-methoxyl pectin-rich fractions. However, MAE-
derived OP also had a lower anhydrouronic acid (AUA) content and higher water activity, and
its higher water absorption capacity may increase moisture sensitivity. MAE-derived OP was
therefore selected as a practical choice for formulation development rather than as an extract
with demonstrated overall superiority, and coatings prepared from CTE-derived OP were not
evaluated. Based on preliminary studies, the coating formulations were developed by varying the
concentrations of OP, carboxymethyl cellulose (CMC), beeswax (BW), and titanium dioxide (TiO2).
The concentrations of CMC and TiO2 were fixed at 0.5% (w/v) and 0.01% (w/v), respectively,
based on their favourable performance in preliminary film formation tests. The formulation
optimisation was subsequently conducted using a 2 × 2 factorial experiment arranged in a
completely randomised design (CRD). The independent variables were the levels of OP and BW,
as presented in Table 1. Additionally, each treatment was compared with a control formulation
without OP (CTRL-No OP) and a control formulation without BW (CTRL-No BW).

Table 1. Composition of the OP–BW coating formulations (T1–T4 factorial core) and control
treatments (T5–T7).

Treatment
Group Treatment OP

(% w/v)
BW

(% w/v)
CMC

(% w/v)
TiO2

(% w/v)
Tween 80
(% w/v)

PEG 400
(% w/v)

Factorial core

T1 1.0 0.5 0.5 0.01 0.3

30% of total
polymer
weight

T2 2.0 0.5 0.5 0.01 0.3

T3 1.0 1.0 0.5 0.01 0.3

T4 2.0 1.0 0.5 0.01 0.3

Control

T5 (CTRL-No OP) 0.0 1.0 0.5 0.01 0.3

T6 (CTRL-No BW) 2.0 0.0 0.5 0.01 0.3

T7 (No coating) - - - - - -
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2.3.2. Coating Preparation

The preparation procedure of the coating formulations was adapted from the methods
of Chaichi et al. [20] and Chao et al. [21]. OP was dissolved in distilled water at 70–80 ◦C
under magnetic stirring until completely dissolved. CMC was then added and dispersed
by homogenisation at 5000 rpm for 5 min. The resulting dispersion was then incorporated
into the OP solution, followed by the addition of polyethylene glycol 400 (PEG 400) at
30% (w/w) of the total polymer content as a plasticiser. The mixture was further stirred
for 10 min to ensure homogeneity. Beeswax, at the levels specified in Table 1, was melted
at 75–80 ◦C. Tween 80 (0.30%, w/v) was dissolved in distilled water and heated to the
same temperature. The molten beeswax was gradually added to the Tween 80 solution and
homogenised at 5000 rpm for 3–5 min to obtain a stable and uniform emulsion. Food-grade
TiO2, at the concentration shown in Table 1, was dispersed in a small volume of distilled
water and homogenised for 10 min to minimise particle aggregation. Subsequently, the
TiO2 suspension and beeswax emulsion were sequentially incorporated into the OP–CMC
solution. The final mixture was homogenised at 5000 rpm for 5 min using a high-speed
homogeniser (Ultra-Turrax T-25 (IKA®-Werke GmbH & Co. KG, Staufen, Germany)),
and the final volume of each treatment was adjusted to 1000 mL with distilled water.
No additional degassing step was performed prior to film casting or coating application.
For film preparation, 50 mL of each film-forming mixture was poured into a glass Petri
dish (15 cm diameter; casting area ≈ 177 cm2) and dried in a hot-air oven at 40 ◦C for
24 h. Three independent film batches were prepared for each formulation using separately
prepared film-forming mixtures (n = 3). After drying, the films were carefully peeled
from the Petri dishes and conditioned at 25 ± 2 ◦C and 60 ± 5% relative humidity for
24 h prior to characterisation. The developed films were subsequently characterised for
their thickness, optical, and microstructural properties. Throughout this study, “films”
refers to free-standing films cast from the formulations in Petri dishes and used as model
systems for characterising the intrinsic optical, thickness, and microstructural properties
of each formulation, whereas “coatings” refers to the layers formed on the mango peel
by immersion (Section 2.5.1). Because the casting volume, substrate, drying conditions,
and geometry differed from those of fruit coating, film properties were not assumed to
represent the thickness, continuity, or microstructure of the coatings on fruit.

2.4. Characterisation of Bio-Based Films
2.4.1. Optical Properties of Composite Films

• Colour

Colour analysis was performed using a calibrated colorimeter according to the CIE
L*a*b* colour space. The colour parameters L* (lightness), a* (redness/greenness), and
b* (yellowness/blueness) were recorded. The whiteness index (WI) was calculated using
Equation (10) [22].

WI = 100 −
√︂
(100 − L)2 + a2 + b2 (10)

• Optical Properties

Film transparency was evaluated using a UV–Vis spectrophotometer (SpectraMax iD3,
Molecular Devices, San Jose, CA, USA). Film specimens were placed in quartz cuvettes,
and their absorbance was measured at 600 nm. Film opacity was subsequently calculated
according to Equation (11) [23].

Opacity =
A600

d
(11)

Here, A600 represents the absorbance measured at 600 nm, and d denotes the average
film thickness expressed in millimetres.
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2.4.2. Film Thickness

The film thickness was measured using a modified method [24]. Film thickness was
measured using a digital micrometre (Precision Measuring, Xi’an, China) with an accuracy
of 0.01 mm. Measurements were taken at five randomly selected positions across each film
(casting area ≈ 177 cm2), avoiding the film edges, and the mean value was calculated to
represent the thickness of each independently prepared film. The reported thickness was
expressed as the mean ± standard deviation of three independent film batches (n = 3).

2.4.3. Film Microstructure

The microstructure of the films was characterised using scanning electron microscopy
(SEM). Samples were mounted onto specimen stubs using double-sided adhesive tape and
sputter-coated with gold to ensure conductivity. Imaging was performed using an SEM
(JEOL JCM-7000, Tokyo, Japan) at an accelerating voltage of 15 kV and a magnification
of ×500 and ×2000 [13]. For each formulation, one independently prepared film was
examined, with three randomly selected fields observed per film at each magnification.
As only one film per formulation was examined, SEM observations were used solely
for qualitative morphological assessment and were not subjected to statistical analysis.
Accordingly, the SEM images are presented as representative observations of film surface
and cross-sectional morphology, and no conclusions regarding statistically significant
differences between formulations were drawn from these observations.

2.5. Application of Composite Coatings on Mango Fruit
2.5.1. Mango Coating Treatment

A total of 21 ripe Chok Anan mangoes of uniform size and maturity (specific gravity
1.01–1.02) and free from visible defects were obtained from a single purchase lot at Muang
Mai Market in July 2026. The fruits were numbered individually and randomly assigned to
seven treatments (T1–T7; three fruits per treatment) using a random number table. For each
coating formulation, three independent batches of film-forming mixture were prepared on
the same day. Each batch was applied to one fruit by immersion for 1 min, followed by
draining for 5 min. Each fruit was therefore an independent experimental unit (n = 3 per
treatment). Control fruits (T7) were left untreated. All fruits were then dried under cool
air at 25 ± 2 ◦C and 60 ± 5% relative humidity for 24 h until touch-dry. The end of this
drying period was designated Day 0. On Day 0, static and kinetic coefficients of friction
(COFs) and initial fruit weight were measured on all 21 fruits, including the uncoated
controls, so that all treatments received the same handling before storage. Fruits were then
stored at 25 ± 2 ◦C for 3 days. On Day 3, fruit weight and peel colour were measured
non-destructively, followed by destructive firmness testing. TSS, pH, and TA were then
determined on pulp taken from both cheeks of the same fruit, pooled, and homogenised.
Coating pickup (mass of coating retained per unit fruit surface area) and coating thickness
on the fruit surface were not measured. The amount of coating deposited may therefore
have differed between formulations, for example because of differences in viscosity, and
this may have contributed to the observed differences in COF and quality.

2.5.2. Surface Friction Measurement

The static and kinetic coefficients of friction (COFs) of coated and uncoated mango
fruit were determined on Day 0, immediately following the 24 h drying period described
in Section 2.5.1, using an inclined-plane method adapted from Kelemenová et al. [25]. The
counter-surface was a white corrugated polypropylene board (5.00 mm), representative of
reusable fruit-packaging crates, mounted on the inclined plane with its smooth outer face
upward and its flutes oriented parallel to the sliding direction. The same board was used for
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all treatments. Before each fruit was tested, the contact area was wiped with a dry lint-free
cloth and allowed to dry for at least 1 min, and the board was visually inspected after each
trial for residue transfer. Trials showing visible transfer were discarded and repeated after
cleaning. To avoid systematic bias from progressive board wear, fruits were tested in a
randomised order across treatments. Each fruit was placed at a marked starting position
with its cheek in contact with the board and its long axis parallel to the sliding direction to
minimise rolling. The plane was inclined from 0◦ at 1.0◦ s−1, and the angle was monitored
with a calibrated digital inclinometer. Inclination was stopped immediately at the onset of
sliding, and this critical angle was held constant while the fruit slid along the plane. The
static COF was calculated using Equation (12). Fruit motion was recorded at 30 frames s−1,
and the sliding time (∆t) was determined from the first frame showing fruit displacement to
the frame at which the fruit reached the end of the sliding distance (Lp = 0.8 m). Assuming
motion from rest with constant acceleration, the kinetic COF was calculated at the same
inclination angle (α) using Equation (13). As both COFs represent the ratio of frictional
force to normal force (mg cos α), fruit mass cancels out in the calculations, making the
COFs independent of fruit mass (278.0–367.0 g). Three sliding trials were performed per
fruit, with the fruit returned to the starting position and allowed to rest for 30 s between
trials. The three measurements were averaged to obtain one value per fruit (n = 3 fruits per
treatment). Trials showing visible rolling or rotation were discarded and repeated.

fs = tan α (12)

fk = tanα−
2Lp

g × ∆t2 × cosα
(13)

Here, α is the inclination angle at which the mango fruit begins to slide, Lp is the
sliding distance of the mango fruit (m), g is the gravitational acceleration (9.81 m/s2), and
∆t is the time required for the fruit to travel the sliding distance (s).

2.5.3. Mango Fruit Quality Assessment

• Weight Loss (%)

Each mango fruit was weighed on Days 0 and 3 of storage using an electronic balance
(TANITA KD-321, Tanita Corporation, Itabashi, Tokyo, Japan) with a precision of ±0.1 g.
Percentage weight loss was calculated relative to the initial weight of each fruit [26].

• Colour and Firmness

Mango peel colour was measured using a portable colourimeter (NH3, Guangdong
Threenh Technology Co., Ltd., Zengcheng, Guangzhou, China) and expressed according to
the CIE L*a*b* colour system. The L* value represents lightness (0 = black and 100 = white),
while a* represents the green (−) to red (+) axis and b* represents the blue (−) to yellow (+)
axis. Six replicate measurements were taken for each fruit. Fruit firmness was determined
using a fruit penetrometer (QA version FT-02, QA Supplies LLC, Norfolk, VA, USA), with
six replicate measurements taken from each fruit. Firmness was measured on Day 3 only,
on the same fruits used for colour and weight-loss determinations, at six positions around
the equatorial region (three per cheek) after removal of a small peel disc.

• Chemical Analysis

The total soluble solids (TSS) content of mango pulp was measured using a digital
refractometer and expressed as ◦Brix. The pH was determined using a calibrated pH meter.
TA was determined by acid–base titration [27]. Mango pulp (2.00 g) was homogenised
with 23 mL of distilled water and filtered. The entire filtrate was titrated with standardised
0.1 N NaOH to pH 8.2, monitored with a calibrated pH meter, using phenolphthalein as
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the indicator. Because the entire filtrate was titrated, no dilution factor was applied. TA
was expressed as g citric acid per 100 g fresh pulp using Equation (14):

TA (%) =
V × N × 0.064 × 100

m
(14)

where V is the volume of NaOH consumed (mL), N is the normality of NaOH (eq/L), 0.064
is the milliequivalent weight of anhydrous citric acid (g.m/Eq), and m is the mass of fresh
mango pulp (g).

2.6. Statistical Analyses

The experimental units comprised independent extraction runs for OP characterisation
(n = 3 per extraction method), independently prepared film batches for film properties
(n = 3 per formulation), and individual mango fruits for COF and fruit quality measure-
ments (n = 3 per treatment, with one fruit per independent coating batch; Section 2.5.1).
Repeated measurements within each experimental unit were treated as subsamples and
averaged before statistical analysis, including five thickness measurements per film, three
sliding trials per fruit for COF determination, six peel-colour measurements per fruit,
and six firmness measurements per fruit. Differences between CTE and MAE were eval-
uated using one-way analysis of variance (ANOVA) with two levels, equivalent to an
independent-samples t-test; therefore, no post hoc comparisons were required. For film
properties and fruit characteristics, differences among the seven treatments (T1–T7) were
assessed using one-way ANOVA followed by Tukey’s honestly significant difference (HSD)
test (p < 0.05). For the 2 × 2 factorial design comprising T1–T4, two-way ANOVA was
performed to evaluate the main effects of OP and BW concentrations and their interaction
(OP × BW). The control treatments (T5–T7) were excluded from the factorial analysis.
Given the limited statistical power associated with the small sample size (n = 3), descriptive
statistics were reported as means ± standard deviations (SDs). Effect sizes were expressed
as partial eta-squared (η2) for the factorial ANOVA. All statistical analyses were performed
using IBM SPSS Statistics version 27.0.1 (IBM Corp., Armonk, NY, USA). Principal com-
ponent analysis (PCA) was performed as an exploratory analysis using XLSTAT version
2026.1.2 (Addinsoft, Paris, France) on four variables (static COF, kinetic COF, weight loss,
and TA), with each fruit as an observation (21 observations; n = 3 per treatment). Since
the variables were measured on different scales, PCA was based on the Pearson correla-
tion matrix; that is, all variables were mean-centred and scaled to unit variance before
analysis. As static and kinetic COF were strongly correlated, a sensitivity analysis was
performed using static COF only. PCA results are presented in the Supplementary Materials
(Figure S1 and Table S2).

3. Results and Discussion
3.1. Characteristics of Okra Biomass-Derived Pectin-Rich Polysaccharide
3.1.1. Physicochemical and Functional Properties

Okra pectin-rich polysaccharides (OP) were extracted directly using conventional
thermal extraction (CTE) and microwave-assisted extraction (MAE). The extraction method
did not significantly affect yield (p > 0.05), although MAE produced a numerically higher
yield (5.47 ± 0.88%) than CTE (4.28 ± 0.67%) (Table 2). Microwave heating can promote
plant tissue disruption, solvent penetration, and mass transfer, potentially improving
polysaccharide recovery [28–30]. Similarly, Fatima et al. [30] reported higher OP yields
using MAE (15.29%) than CTE (11.72%). The lower yields observed in the present study may
reflect differences in okra variety, raw material characteristics, and extraction conditions.
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However, the numerical increase observed with MAE should not be interpreted as a
statistically significant improvement in extraction efficiency.

Table 2. Physicochemical characteristics of OP extracted using conventional (CTE) and microwave-
assisted extraction (MAE).

Characteristics
Extraction Methods

CTE MAE

Yield (%) ns 4.28 ± 0.67 5.47 ± 0.88

Colour

- L* * 75.34 ± 0.03 75.11 ± 0.01

- a* ns 0.67 ± 0.06 0.60 ± 0.03

- b* ns 10.94 ± 0.87 9.72 ± 0.48

Moisture content (% dry basis) ns 10.69 ± 0.14 10.08 ± 0.95

Water activity * 0.30 ± 0.03 0.39 ± 0.01

Functional properties

- Water absorption capacity * (WAC; g/g dry sample) 8.29 ± 0.18 18.17 ± 0.17

- Water solubility index * (WSI; g/100 g dry sample) 14.61 ± 2.37 9.57 ± 1.34

- Swelling power ns (SP; g/g dry sample) 10.31 ± 1.68 12.07 ± 0.30

Chemical characteristics

- Equivalent weight (Eq.W.; g/mol) * 1002.95 ± 20.33 1064.15 ± 22.65

- Methoxyl content (Mox; %) ns 2.74 ± 0.12 2.56 ± 0.40

- Total anhydrouronic acid content (AUA; %) * 33.10 ± 0.39 31.09 ± 0.54

- Degree of esterification (DE; %) ns 46.96 ± 1.66 46.79 ± 0.88

Data are expressed as mean ± standard deviation. * The differences were statistically significant
(p < 0.05) as determined, while “ns” indicates no significant difference by t-test analysis.

The extraction method had a statistically significant but negligible effect on the light-
ness (L*) of the recovered OP powders (p < 0.05), with values of 75.34 and 75.11 for CTE
and MAE, respectively. In contrast, no significant differences were observed in a* and b*
values (p > 0.05), indicating that microwave-assisted extraction did not cause noticeable
discoloration under the conditions investigated [31,32]. Moisture content was also com-
parable between CTE (10.69 ± 0.14%) and MAE (10.08 ± 0.95%; p > 0.05), while water
activity (aw) ranged from approximately 0.30 to 0.39. These low aw values indicate limited
water availability for microbial growth, suggesting favourable storage stability when the
powders are protected from moisture uptake through appropriate packaging and storage
conditions [33,34].

The hydration properties of the recovered OP differed between extraction methods.
MAE exhibited significantly higher water absorption capacity (WAC; 18.17 ± 0.17 g/g dry
sample) than CTE (8.29 ± 0.18 g/g dry sample; p < 0.05), potentially reflecting differences
in polysaccharide structure, composition, and interactions with water [35–37]. In contrast,
the water solubility index (WSI) was significantly lower for MAE (9.57 ± 1.34 g/100 g dry
sample) than for CTE (14.61 ± 2.37 g/100 g dry sample; p < 0.05). These contrasting re-
sponses suggest that MAE produced a polysaccharide fraction with greater water retention
but a smaller soluble fraction, highlighting the distinct hydration mechanisms represented
by WAC and WSI [38,39]. Swelling power (SP) did not differ significantly between CTE
(10.31 ± 1.68 g/g dry sample) and MAE (12.07 ± 0.30 g/g dry sample; p > 0.05). MAE
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enhanced water absorption capacity and reduced water solubility without significantly
affecting swelling power, demonstrating that extraction conditions influence the hydration
functionality of OP [19,40].

3.1.2. Physicochemical Characteristics

The chemical characteristics of the recovered OP varied between extraction methods
(Table 2). MAE exhibited a significantly higher equivalent weight (Eq.W.;
1064.15 ± 22.65 g/mol) than CTE (1002.95 ± 20.33 g/mol), whereas methoxyl content
(Mox) and degree of esterification (DE) did not differ significantly (p > 0.05). Both ex-
tracts exhibited low Mox contents (2.56–2.74%) and DE values below 50% (46.79–46.96%),
indicating characteristics consistent with low-methoxyl pectin and suggesting potential
for calcium-mediated gelation [41,42]. The anhydrouronic acid (AUA) content was sig-
nificantly higher in CTE (33.10 ± 0.39%) than in MAE (31.09 ± 0.54%). However, the
relatively low AUA contents of both extracts suggest substantial non-pectic constituents,
potentially including neutral sugars, proteins, and minerals associated with okra mu-
cilage [43]. Consequently, the recovered material is more appropriately described as a
pectin-rich polysaccharide fraction rather than purified pectin [44]. MAE influenced Eq.W.
and AUA content but did not significantly alter Mox or DE under the extraction conditions
investigated. Neither extraction method was clearly superior. MAE yielded OP with lower
water solubility and higher water absorption capacity, whereas CTE yielded OP with a
higher AUA content and lower water activity; yield, swelling power, methoxyl content, and
degree of esterification did not differ significantly. The choice between methods therefore
depends on the intended application. For coating development, the lower solubility of
MAE-derived OP was prioritised, as described in Section 2.3.1.

The FTIR spectra of pectin-rich polysaccharides extracted by CTE and MAE exhibited
similar spectral profiles and absorbance intensities (Figure 3), suggesting that the extraction
methods did not substantially alter the major functional groups of the recovered polysaccha-
rides. Baseline correction was performed using Microsoft Excel 2021 by applying a linear
two-point baseline between approximately 1800 and 1500 cm−1, without spectral normali-
sation. However, comparisons of absorbance intensities should be interpreted cautiously
because spectral normalisation was not applied. The characteristic carbohydrate fingerprint
region (950–1200 cm−1) showed absorption bands at 1022, 1106, and 1149 cm−1, associated
with C–C, C–O, and glycosidic C–O–C vibrations of the polysaccharide backbone [45–47].
Bands at 1045 and 1076 cm−1 may indicate contributions from neutral sugar residues, in-
cluding arabinose, xylose, and galactose [48]. The esterified carbonyl band at approximately
1745 cm−1 and the ionised carboxylate band at 1590–1630 cm−1 were used to estimate
the degree of esterification (DE). Both extracts exhibited DE values below 50% (CTE:
33.94 ± 1.15%; MAE: 35.39 ± 0.54%), as determined by FTIR spectroscopy, indicating
characteristics consistent with low-methoxyl pectin [45,48]. These values were lower
than those obtained by titration (approximately 47%), possibly due to differences in an-
alytical principles and interference from non-pectic components affecting both FTIR ab-
sorption bands and titration measurements. Additional bands at 1540–1560 cm−1 may
reflect residual protein amide groups, while C–H stretching at 2930–2980 cm−1 and broad
O–H stretching at approximately 3200–3600 cm−1 indicate carbohydrate structures and
hydrogen bonding [17]. The comparable FTIR profiles suggest that MAE preserved
the principal functional groups of the recovered pectin-rich polysaccharides relative
to CTE.
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Figure 3. FTIR spectra of okra pectin (OP) extracted from okra biomass using conventional and
microwave-assisted extraction methods, recorded over the wavenumber range of 4000–400 cm−1 at a
spectral resolution of 4 cm−1 with 32 scans per spectrum. Measurements were performed in triplicate
(n = 3) for each extraction method.

3.2. Surface and Microstructure of Bio-Based Films
3.2.1. Surface Characteristics

The optical properties of the bio-based films varied significantly among formulations
(Table 3). Lightness (L*) ranged from 56.87 to 87.31, with T5 (without OP) exhibiting the
highest L* (87.31 ± 0.76) and lowest b* (4.65 ± 0.31), whereas T6 (without BW) showed the
lowest L* (56.87 ± 1.53). OP-containing films exhibited higher a* and b* values, indicat-
ing a more pronounced yellow–brown appearance. Two-way ANOVA of T1–T4 revealed
significant main effects of OP (F = 10.370, p = 0.012) and BW (F = 15.314, p = 0.004) on
L*, without a significant interaction (p = 0.091; Table 4). In contrast, a* and b* were sig-
nificantly affected by both factors and their interaction (all p ≤ 0.001), with particularly
strong OP × BW interactions for a* (F = 44.870) and b* (F = 241.777). These findings indi-
cate that film colour depended on OP concentration and its interaction with BW, potentially
reflecting the inherent pigments and residual compounds in the extracted polysaccharide
fraction [49].

Table 3. Surface characteristics of different bio-based film formulations.

Properties
Bio-Based Film Formulations

T1 T2 T3 T4 T5 T6

Colour
- L* 67.18 ± 2.15 c 65.28 ± 0.60 c 75.71 ± 3.94 b 68.20 ± 2.28 c 87.31 ± 0.76 a 56.87 ± 1.53 d

- a* 5.28 ± 0.11 b 5.98 ± 0.03 b 2.59 ± 0.26 c 5.87 ± 0.60 b −1.07 ± 0.02 d 8.93 ± 0.70 a

- b* 21.11 ± 0.57 c 19.10 ± 0.44 d 17.30 ± 0.28 e 26.26 ± 0.95 a 4.65 ± 0.31 f 23.05 ± 0.93 b

Thickness (mm) 0.07 ± 0.01 c 0.09 ± 0.02 b 0.08 ± 0.01 b 0.09 ± 0.01 b 0.21 ± 0.06 a 0.03 ± 0.01 d

Opacity 5.98 ± 0.20 b 9.27 ± 0.66 a 7.30 ± 0.32 b 6.52 ± 0.86 b 3.31 ± 0.18 c 8.64 ± 0.86 a
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Table 3. Cont.

Properties
Bio-Based Film Formulations

T1 T2 T3 T4 T5 T6

Whiteness index (WI) 60.60 ± 1.53 c 59.92 ± 0.53 c 70.01 ± 3.34 b 58.33 ± 2.18 c 86.44 ± 0.78 a 50.28 ± 1.66 d

           

Values are expressed as mean ± standard deviation (SD, n = 3). Different superscript letters within
the same row indicate significant differences among the six formulations (Tukey’s HSD test, p < 0.05).
The formulations were as follows: T1 = 1.0% OP + 0.5% BW; T2 = 2.0% OP + 0.5% BW; T3 = 1.0%
OP + 1.0% BW; T4 = 2.0% OP + 1.0% BW; T5 = CTRL–No OP; and T6 = CTRL–No BW.

Table 4. Effects of the main factors (OP and BW) on the optical properties of bio-based films (T1–T4).

Surface
Characteristics Effect F p-Value Partial η2

L*
OP 10.37 0.012 0.565
BW 15.314 0.004 0.657
OP × BW 3.68 0.091 0.315

a*
OP 106.517 0 0.93
BW 52.859 0 0.869
OP × BW 44.87 0 0.849

b*
OP 96.824 0 0.924
BW 22.516 0.001 0.738
OP × BW 241.777 0 0.968

Whiteness
index

OP 24.718 0.001 0.755
BW 9.894 0.014 0.553
OP × BW 19.601 0.002 0.71

Thickness
OP 36 0 0.818
BW 4 0.081 0.333
OP × BW 9 0.017 0.529

Opacity
OP 14.12 0.006 0.638
BW 4.666 0.063 0.368
OP × BW 37.562 0 0.824

Two-way ANOVA was performed using only T1–T4 in a 2 × 2 factorial design to evaluate the main effects
of OP and BW, and their interaction (OP × BW). Each formulation was analysed in triplicate (n = 3). F
represents the F-statistic, with 1 and 8 degrees of freedom for the effect and error terms, respectively. Partial
η2 represents the effect size. Effects were considered statistically significant at p < 0.05.

The whiteness index (WI) varied among formulations (Table 3), with T5 (without OP)
exhibiting the highest value (86.44 ± 0.78) and T6 (without BW) the lowest (50.28 ± 1.66).
Among the complete OP–BW formulations, T3 showed the highest WI (70.01 ± 3.34).
Two-way ANOVA revealed significant main effects of OP (F = 24.718, p = 0.001) and BW
(F = 9.894, p = 0.014), as well as a significant OP × BW interaction (F = 19.601, p = 0.002)
(Table 4). These findings indicate that film whiteness depended on both OP and BW
concentrations and that the effect of OP varied with BW level. The contrasting WI values of
T5 and T6 further suggest that OP contributed substantially to film colour. Such optical
characteristics are important for the visual appearance and potential consumer acceptance
of edible films [50].
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Film thickness varied significantly among formulations, ranging from 0.03 ± 0.01 mm
(T6, without BW) to 0.21 ± 0.06 mm (T5, without OP). Among T1–T4, thickness ranged
from 0.07 ± 0.01 to 0.09 ± 0.02 mm. Two-way ANOVA revealed significant effects of
OP (F = 36.000, p < 0.001) and the OP × BW interaction (F = 9.000, p = 0.017), whereas
BW had no significant main effect (p = 0.081; Table 4). Increasing OP level increased
thickness at 0.5% BW but had little effect at 1.0% BW, indicating a formulation-dependent
interaction. Film opacity ranged from 3.31 ± 0.18 (T5) to 9.27 ± 0.66 (T2), comparable to
values reported for orange-peel pectin-based films [51]. The low opacity of T5, together
with its high L* and WI, indicated a lighter, more transparent film, whereas OP-containing
formulations generally exhibited greater opacity. Two-way ANOVA showed a significant
main effect of OP (F = 14.120, p = 0.006) and a significant OP × BW interaction (F = 37.562,
p < 0.001), whereas the main effect of BW was not significant (F = 4.666, p = 0.063) (Table 4).
Particularly, increasing BW from 0.5% (T2) to 1.0% (T4) at 2.0% OP reduced opacity from
9.27 to 6.52, demonstrating that BW did not consistently increase opacity. Although BW
incorporation can enhance light scattering through dispersed lipid domains [52], its effect
depends on lipid distribution and interactions within the polymer matrix. Differences in
surface roughness and structural heterogeneity may also contribute to film opacity [49],
although this was not quantified in the present study.

3.2.2. Film Microstructure

SEM micrographs of the cast films are shown in Figure 4. At ×500 (50 µm scale bar) and
×2000 (10 µm scale bar) magnifications, T1–T3 showed relatively compact and continuous
surfaces, with fewer visible pores in T2, whereas T4 showed a heterogeneous surface with
numerous cavities, particularly at ×2000. T5 showed surface roughness and localised
depressions, and T6 showed the smoothest and most compact surface. These differences
may reflect variations in the distribution of OP and BW within the film matrix [53]; however,
because only one film per formulation was examined, these observations are descriptive
and may not be representative of all films of the same formulation. Moreover, SEM alone
cannot confirm lipid aggregation or phase separation [54]. As the films were cast on a flat
glass surface under conditions different from those used for fruit coating, their surface
morphology may not represent the structure of the coatings formed on the mango peel.
An important limitation of this study is that film thickness and SEM morphology were
determined on free-standing cast films rather than on the coatings formed on the fruit.
Coating deposition on the curved, waxy, and lenticel-bearing mango peel depends on the
wettability of the peel, the viscosity of the coating formulation, and drainage and drying
conditions and is likely to produce a thinner and less uniform layer than the cast films. The
thickness, continuity, and microstructure of the coatings on the fruit were not measured, and
the cast-film results should therefore be regarded as indicative of formulation-dependent
material properties rather than as direct measurements of the fruit coatings. Future studies
should characterise coatings in situ, for example, by gravimetric determination of coating
mass per unit surface area, cross-sectional SEM of coated peel, or confocal microscopy
using a fluorescent marker.
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Figure 4. SEM micrographs showing the surface morphology of cast films prepared with different
OP and BW formulations (T1–T6). The upper row shows micrographs at ×500 magnification (scale
bar = 50 µm), while the lower row shows micrographs at ×2000 magnification (scale bar = 10 µm).
Representative micrographs are presented. T1 = 1.0% OP + 0.5% BW, T2 = 2.0% OP + 0.5% BW,
T3 = 1.0% OP + 1.0% BW, T4 = 2.0% OP + 1.0% BW, T5 = CTRL-No OP, T6 = CTRL-No BW.

3.3. Implementation of Composite Coatings on Mango Fruit
3.3.1. Surface Frictional Behaviour

The bio-based coating formulations significantly affected both static and kinetic coeffi-
cients of friction (COFs) at the mango–corrugated plastic board interface (Figure 5), with
values ranging from 0.45 to 0.59 and 0.42 to 0.58, respectively. T4 exhibited the highest static
(0.59 ± 0.04) and kinetic COFs (0.58 ± 0.04); however, it differed significantly only from T3
and the uncoated control (T7) and was statistically similar to T1, T2, T5, and T6 (Tukey’s
HSD, p > 0.05). T3 showed the lowest values (0.45 ± 0.01 and 0.42 ± 0.01, respectively),
which were significantly lower than those of T1, T2, and T4 for static COF, and of T1, T2,
and T4–T6 for kinetic COF. Compared with uncoated fruit (T7; 0.46 ± 0.01 and 0.45 ±
0.01), T3 did not differ significantly in either static or kinetic COF, indicating that coating
application did not reduce surface friction relative to uncoated fruit. Two-way ANOVA
of T1–T4 (Table 5) revealed significant effects of OP level on static (F = 19.670, p = 0.002)
and kinetic COFs (F = 29.094, p = 0.001). Significant OP × BW interactions were also
observed for static (F = 14.564, p = 0.005) and kinetic COFs (F = 17.510, p = 0.003), whereas
the main effects of BW were not significant (static F = 0.521, p = 0.491; kinetic F = 1.260,
p = 0.294). Simple-effects analysis showed that increasing OP from 1.0% to 2.0% increased
both COFs at 1.0% BW (T3 vs. T4) but not at 0.5% BW (T1 vs. T2). Conversely, increasing
BW from 0.5% to 1.0% reduced static and kinetic COFs at 1.0% OP (T1 vs. T3) but had no
significant effect at 2.0% OP (T2 vs. T4; p = 0.093 and 0.133). Frictional behaviour therefore
depended on the combination of OP and BW levels rather than BW concentration alone.
The contrasting COFs of T3 and T4, despite identical BW levels (1.0%), may be associated
with differences in coating surface characteristics and interfacial interactions [55]; however,
the surface characteristics of the coatings on the fruit were not measured, so this expla-
nation remains a hypothesis. Although the corresponding cast films differed in surface
morphology (Figure 4), the coatings on the fruit surface were not examined by SEM, and the
mechanisms underlying these frictional differences therefore remain uncertain. Similarly,
T6 (without BW) exhibited intermediate COFs that did not differ significantly from those of
T1, T2, T4, T5, or T7, further indicating that BW incorporation did not consistently reduce
friction [56–58]. As COFs were measured at the mango–corrugated plastic board interface,
these findings cannot be directly extrapolated to fruit–fruit contact or transportation condi-
tions. Further studies involving vibration, impact, and bruising assessments are required
to establish their implications for mechanical protection during transportation.
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Figure 5. Static and kinetic coefficients of friction (COF) of mangoes treated with coating formulations
(T1–T6) and the uncoated control (T7), representing seven treatments in total. Bars represent the
mean ± SD of three independent fruit replicates per treatment (n = 3). Different lowercase letters
above the bars indicate significant differences among formulations within each COF parameter, as
determined by Tukey’s HSD test (p < 0.05). Statistical comparisons were performed separately for
static and kinetic COFs. T1 = 1.0% OP + 0.5% BW; T2 = 2.0% OP + 0.5% BW; T3 = 1.0% OP + 1.0% BW;
T4 = 2.0% OP + 1.0% BW; T5 = CTRL–No OP; and T6 = CTRL–No BW.

Table 5. Effects of the main factors (OP and BW) on the static and kinetic coefficients of friction
(COFs) of mango fruit coated with bio-based formulations (T1–T4).

Surface
Characteristics Effect F p-Value Partial η2

Static COF
OP 19.67 0.002 0.711
BW 0.521 0.491 0.061
OP × BW 14.564 0.005 0.645

Kinetic COF
OP 27.094 0.001 0.772
BW 1.26 0.294 0.136
OP × BW 17.51 0.003 0.686

Two-way ANOVA was performed using only T1–T4 in a 2 × 2 factorial design to evaluate the main
effects of OP and BW, and their interaction (OP × BW). Each formulation was analysed in triplicate (n = 3).
F represents the F-statistic, with 1 and 8 degrees of freedom for the effect and error terms, respectively. Partial
η2 represents the effect size. Effects were considered statistically significant at p < 0.05.

3.3.2. Mango Fruit Quality

The bio-based coating formulations significantly affected mango weight loss, firmness,
and titratable acidity (TA) after three days of storage, whereas peel L* and a*, total soluble
solids (TSS), and pH showed no significant differences among treatments (Table 6). Peel
b* showed only a weak overall difference. Weight loss ranged from 3.25 to 4.37%, with T6
(without BW) exhibiting the lowest value (3.25 ± 0.04%), which did not differ significantly
from that of T3 (3.45 ± 0.19%). In contrast, T5 (without OP; 4.31 ± 0.03%) and the uncoated
control (T7; 4.37 ± 0.19%) showed the highest values, which did not differ significantly from
that of T1 (3.92 ± 0.19%). Two-way ANOVA of T1–T4 revealed no significant main effects of
OP (F = 0.237, p = 0.640) or BW (F = 4.797, p = 0.060) and no significant OP × BW interaction
(F = 4.534, p = 0.066) (Table 7). OP-containing coatings were generally associated with lower
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weight loss than the uncoated control, although the effects of OP and BW concentrations
within the factorial formulations were not statistically significant. Polysaccharide-based
coatings have been reported to reduce moisture loss by forming a semipermeable barrier
that limits water transfer and modifies gas exchange [59,60]. However, water-vapour
permeability, gas exchange, and the mass and continuity of the coatings on the fruit were
not measured in the present study; this mechanism therefore remains a hypothesis. Notably,
T6 exhibited the lowest weight loss despite the absence of BW, which suggests, but does
not establish, that moisture retention may depend on the OP-based coating matrix and its
formulation rather than on the hydrophobic lipid component alone [54].

Table 6. Physicochemical characteristics of mango fruit coated with different coating formulations.

Characteristics
Coating Formulations No Coating

T1 T2 T3 T4 T5 T6 T7

Weight loss (%) 3.92 ± 0.19 ab 3.74 ± 0.27 bc 3.45 ± 0.19 cd 3.74 ± 0.02 bc 4.31 ± 0.03 a 3.25 ± 0.04 d 4.37 ± 0.19 a

Colour
- L* ns 61.51 ± 3.50 63.61 ± 2.78 63.08 ± 2.69 60.76 ± 4.24 59.40 ± 6.77 62.23 ± 2.98 58.29 ± 2.30
- a* ns 9.17 ± 4.14 7.81 ± 2.29 10.84 ± 2.61 9.76 ± 2.15 8.74 ± 3.30 8.02 ± 2.34 7.78 ± 3.13
- b* 55.01 ± 5.58 ab 53.08 ± 4.05 ab 53.08 ± 4.01 a 54.70 ± 3.67 ab 52.79 ± 4.10 ab 46.94 ± 8.06 b 48.79 ± 9.40 ab

Firmness (g) 187 ± 48 ab 172 ± 30 abc 169 ± 40 bc 196 ± 47 ab 186 ± 40 a 178 ± 42 bc 186 ± 54 c

Total soluble
solids (TSS)
(◦Brix) ns

13.84 ± 1.37 14.26 ± 1.35 14.28 ± 0.86 14.54 ± 0.63 13.31 ± 1.22 14.10 ± 0.41 13.02 ± 1.05

pH ns 4.60 ± 0.25 4.71 ± 0.28 4.27 ± 0.21 4.60 ± 0.44 4.61 ± 0.44 4.44 ± 0.21 4.41 ± 0.12

Titratable acidity
(TA) (%) 0.44 ± 0.02 a 0.47 ± 0.01 a 0.42 ± 0.01 ab 0.35 ± 0.04 c 0.37 ± 0.02 bc 0.24 ± 0.01 d 0.18 ± 0.02 e

Values are expressed as mean ± SD (n = 3 independent mango fruits per treatment, representing
biological replicates) after 3 days of storage (Day 3). Different superscript letters within the same row
indicate significant differences among the seven treatments (T1–T7), as determined by Tukey’s HSD
test (p < 0.05). “ns” indicates no significant difference. T1 = 1.0% OP + 0.5% BW; T2 = 2.0% OP + 0.5%
BW; T3 = 1.0% OP + 1.0% BW; T4 = 2.0% OP + 1.0% BW; T5 = CTRL–No OP; and T6 = CTRL–No BW.

Table 7. Effects of the main factors (OP and BW) on physicochemical characteristics of mango fruit
coated with bio-based formulations (T1–T4).

Physicochemical
Characteristics Effect F p-Value Partial η2

Weight loss
OP 0.237 0.64 0.029
BW 4.797 0.06 0.375
OP × BW 4.534 0.066 0.362

L*
OP 0.004 0.949 0.001
BW 0.158 0.701 0.019
OP × BW 1.891 0.206 0.191

a*
OP 1.548 0.249 0.162
BW 3.425 0.101 0.3
OP × BW 0.02 0.89 0.003

b*
OP 1.12 0.321 0.123
BW 0.802 0.397 0.091
OP × BW 0.003 0.956 0

Firmness
OP 0.216 0.655 0.026
BW 1.045 0.336 0.116
OP × BW 8.847 0.018 0.525
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Table 7. Cont.

Physicochemical
Characteristics Effect F p-Value Partial η2

Total soluble solids (TSS)
OP 0.286 0.608 0.034
BW 0.32 0.587 0.038
OP × BW 0.013 0.911 0.002

pH
OP 1.532 0.251 0.161
BW 1.532 0.251 0.161
OP × BW 0.36 0.565 0.043

Titratable acidity (TA)
OP 2.178 0.178 0.214
BW 32.4 0 0.802
OP × BW 16.044 0.004 0.667

Two-way ANOVA was performed using only T1–T4 in a 2 × 2 factorial design to evaluate the main effects
of OP and BW, and their interaction (OP × BW). Each formulation was analysed in triplicate (n = 3).
F represents the F-statistic, with 1 and 8 degrees of freedom for the effect and error terms, respectively.
Partial η2 represents the effect size. Effects were considered statistically significant at p < 0.05.

Peel L* and a* did not differ significantly among treatments at Day 3 (Table 6).
L* ranged from 58.29 ± 2.30 (T7) to 63.61 ± 2.78 (T2), and a* from 7.78 ± 3.13 (T7) to
10.84 ± 2.61 (T3). Peel b* differed among treatments, but only T3 (53.08 ± 4.01) differed
significantly from T6 (46.94 ± 8.06), whereas all other treatments were statistically similar.
Two-way ANOVA of T1–T4 revealed no significant main effects of OP or BW, or their
interaction, on L*, a*, or b* (all p > 0.10; Table 7), indicating that variations in OP and BW
levels within the investigated ranges did not significantly influence peel colour. Changes
in mango peel colour during ripening are associated with chlorophyll degradation and
carotenoid development [61], which may be influenced by coating-induced modifications
in gas exchange [62]. Similar effects on mango peel colour have been reported for HPMC–
beeswax and tragacanth gum coatings [54,62]. However, peel colour was measured only on
Day 3, without baseline (Day 0) or time-course measurements, and gas exchange was not
measured. These data therefore cannot establish whether the coatings delayed, accelerated,
or had no effect on ripening-related colour change.

Fruit firmness differed significantly among treatments at Day 3 (Table 6). T4 showed
the highest firmness (196 ± 47 g) and T7 the lowest (172 ± 30 g), whereas T1–T4 and T6
were intermediate. Two-way ANOVA of T1–T4 revealed a significant OP × BW interaction
(F = 8.847, p = 0.018), while the main effects of OP (F = 0.216, p = 0.655) and BW (F = 1.045,
p = 0.336) were not significant (Table 7). As shown in Table 6, increasing BW level from
0.5% to 1.0% decreased the mean firmness at 1.0% OP (T1 vs. T3: 187 vs. 169 g), whereas
firmness increased slightly at 2.0% OP (T2 vs. T4: 172 vs. 196 g). Similarly, increasing
OP level from 1.0% to 2.0% decreased firmness at 0.5% BW (T1 vs. T2: 187 vs. 172 g) but
increased firmness at 1.0% BW (T3 vs. T4: 169 vs. 196 g). However, these differences
should be interpreted cautiously, as the statistical significance of the individual contrasts
cannot be established from the reported multiple-comparison groupings alone. Mango
softening is associated with enzymatic degradation of cell-wall polysaccharides [63], which
may be influenced by coating-induced changes in respiration and ethylene production [64].
However, respiration and ethylene production were not measured, and firmness was
determined only on Day 3; the present findings therefore do not establish that the coatings
reduced softening or delayed ripening.

TSS and pH did not differ significantly among treatments at Day 3. TSS ranged from
13.02 ◦Brix (T7) to 14.54 ◦Brix (T4), while pH ranged from 4.27 (T3) to 4.71 (T2). Two-
way ANOVA revealed no significant main effects of OP or BW, or their interaction, on
either parameter (all p > 0.05; Table 7). The OP × BW interaction was not significant for
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TSS (F = 0.013, p = 0.911) or pH (F = 0.360, p = 0.565). Although TSS generally increases
during mango ripening through starch hydrolysis and sugar accumulation, polysaccharide-
based coatings may influence these processes by modifying respiration and ripening
metabolism [65]. Nonetheless, the present results provide no evidence of coating-induced
changes in TSS or pH at Day 3, and ripening-related trends cannot be established without
baseline and time-course measurements.

TA differed significantly among treatments at Day 3, ranging from 0.18 ± 0.02% in
T7 to 0.47 ± 0.01% in T2. T1 (0.44 ± 0.02%) and T2 shared the highest group, and T3
(0.42 ± 0.01%) did not differ from either. The complete OP–BW formulations (T1–T4)
generally exhibited higher TA (0.35–0.47%) than the formulation controls (T5 and T6) and
uncoated fruit (T7), although T4 (0.35 ± 0.04%) did not differ from T5 (0.37 ± 0.02%).
Two-way ANOVA revealed a significant main effect of BW (F = 32.400, p < 0.001) and
an OP × BW interaction (F = 16.044, p = 0.004), whereas the OP main effect was not
significant (F = 2.178, p = 0.178; Table 7). Simple-effects analysis showed that increasing
BW from 0.5% to 1.0% reduced TA significantly at 2.0% OP but not at 1.0% OP (T1 vs. T3).
Increasing OP from 1.0% to 2.0% reduced TA at 1.0% BW (T3 vs. T4) but not at 0.5%
BW (T1 vs. T2), indicating a formulation-dependent interaction. Organic acids generally
decrease during mango ripening as they are utilised in respiration, while edible coatings
have been reported to influence acid metabolism by modifying gas exchange [54,66,67].
Interestingly, T6 exhibited the lowest weight loss but relatively low TA, suggesting that the
coating characteristics associated with these quality attributes may differ [68]. Variations in
OP–BW interactions and coating barrier properties may contribute to these responses [66].
However, gas permeability, respiration rate, and organic acid changes over time were not
measured, so these explanations remain hypotheses, and the higher TA observed in coated
mangoes cannot be directly attributed to delayed ripening or greater acid retention.

3.3.3. Multivariate Analysis of Composite Coating on Mango Fruit

An exploratory PCA of static COF, kinetic COF, weight loss, and TA is presented in the
Supplementary Materials (Figure S1; Table S1). The first two components explained 79.73%
of the total variance (PC1: 52.03%, eigenvalue = 2.081; PC2: 27.70%, eigenvalue = 1.108).
PC1 was mainly associated with static and kinetic COF (loadings 0.982 and 0.963, re-
spectively; together accounting for 90.9% of the PC1 variance), whereas PC2 was mainly
associated with weight loss (loading 0.793), which was contrasted with TA (loading −0.625).
Static and kinetic COF were strongly correlated (r = 0.988, p < 0.001), as also reflected by
the near-zero eigenvalue of PC4 (0.008); friction therefore contributed two of the four
variables and may have disproportionately influenced PC1. When only static COF was
included, the first two components explained 74.97% of the total variance (PC1: 45.06%),
and the variables contributed more evenly to PC1 (static COF 0.668, weight loss −0.590,
TA 0.746). In this reduced analysis, the uncoated control (T7) remained separated from the
coated treatments along PC1, whereas T3 no longer separated from the other formulations
along PC1 and was positioned close to T6, indicating that the distinct position of T3 in the
four-variable PCA was driven largely by friction. Given the small number of variables and
fruits, the PCA was used only to visualise relationships among variables and should not be
interpreted as a ranking of coating formulations.

4. Conclusions
Okra-processing biomass was valorised as a source of pectin-rich polysaccharides for

developing functional bio-based composite coatings for mango fruit. Microwave-assisted
extraction provided a numerically, but not significantly, higher yield than conventional
thermal extraction and produced OP with comparable methoxyl content and degree of
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esterification, although equivalent weight, AUA content, and hydration properties differed
between extraction methods. The levels of OP and BW, together with their interactions,
influenced the optical properties of cast films and the friction of coated fruit against corru-
gated plastic board, demonstrating formulation-dependent coating performance. Among
the complete OP–BW formulations, T3 (1.0% OP + 1.0% BW) exhibited the lowest static and
kinetic coefficients of friction (COFs); however, these values did not differ significantly from
those of uncoated fruit. T4 (2.0% OP + 1.0% BW) showed the highest mean values, although
it differed significantly only from T3 and the uncoated control. The effect of BW on friction
depended on OP concentration, and BW incorporation did not consistently reduce surface
friction. After three days of storage, coating treatments significantly affected weight loss,
firmness, and TA, with T6 showing the lowest weight loss (3.25%), T4 the highest firmness
(196 g), and T1 and T2 the highest TA (0.44–0.47%). However, peel L* and a*, TSS, and pH
were unaffected. The preferred COF depends on the packaging system, as lower friction
may reduce tangential forces during sliding, whereas higher friction may restrict fruit
movement. Thus, formulation selection should consider the intended application and pack-
aging conditions. Okra-derived pectin-rich polysaccharides show potential as sustainable
coatings for modifying fruit–packaging friction and selected postharvest quality attributes.
Further studies are needed to assess their effectiveness in reducing transportation-induced
damage under mango–mango contact, vibration, and impact conditions, while considering
bruising and weight loss at different stacking positions.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/polysaccharides7040125/s1, Table S1. Raw data supporting the
physicochemical characterisation of okra-derived pectin-rich polysaccharides, bio-based film proper-
ties, surface friction measurements, and quality assessments of mango fruit. Figure S1. Exploratory
PCA. Table S2. Results of the exploratory principal component analysis (PCA) of static COF, kinetic
COF, weight loss, and titratable acidity (TA) of mango fruit (T1–T7; 21 fruits, n = 3 per treatment).
Table S3. Statistical analyses using Tukey’s HSD (one-way ANOVA). Table S4. Statistical analyses
using Tukey’s HSD (two-way ANOVA).
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