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Abstract

This study proposes a sustainable strategy to valorise strawberry lignocellulosic agro-
industrial byproducts through the recovery of antioxidant and antimicrobial compounds
(AOM) for use in active edible coatings. Subcritical water extraction (SWE), optimised using
response surface methodology, was applied to maximise phenolic content and antioxidant
capacity while minimising sugars’ co-extraction. Optimal SWE conditions (120 °C, 5 min,
and S/L ratio 40) yielded a total phenolic content (TPC) of 146.9 mg GAE/g DM and an an-
tioxidant activity of 24.8 mg TE/g DM, comparable to ethanolic reflux extraction (138.4 mg
GAE/g DM and 23.4 mg TE/g DM). Scale-up in a Parr pressurised reactor achieved 91.2%
polyphenol recovery relative to accelerated solvent extraction (ASE). Purification using
Amberlite® XAD 7 resin enhanced TPC purity and antioxidant activity more than 2.5-fold,
producing a desorbed fraction with a polyphenol purity of 93.9% (w/w, dry basis) and no
detectable sugars. The purified AOM was incorporated (1% w/v) into a 1.5% (w) chitosan
solution obtained from Hermetia illucens pupal exuviae to produce a biopolymeric active
coating. Application to strawberries was associated with a reduction in fungal infection
severity (—72%) and incidence (—66.7%) under natural infection conditions. Although fruit
firmness declined during storage, coated samples showed significantly better firmness
retention. These results demonstrate the effectiveness of combining chitosan with phenolic
extracts obtained by SWE to enhance microbial stability and maintain fruit quality.

Keywords: subcritical water extraction; strawberry byproducts; Hermetia illucens chitosan;
active edible coating; fresh fruits preservation

1. Introduction

Strawberry (Fragaria x ananassa) is one of the most widely cultivated berries world-
wide, with an annual global production of nearly 8 million tonnes [1]. In 2022, China
(3.4 Mt) and the United States (1.3 Mt) were the largest producers, while Mediterranean
countries such as Turkey (728 kt), Egypt (638 kt), and Spain (326 kt) also ranked among the
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leading producers [2]. Due to their high moisture content and delicate tissues, strawberries
are highly perishable, which has driven substantial industrial processing into juices, jams,
purées, and other products [3].

The processing of fruits and vegetables generates considerable amounts of byproducts,
including peels, seeds, stems, leaves, and non-edible fruits. These residues, often considered
unavoidable waste, represent 7-20% of strawberry production [4]. Their heterogeneous
composition has stimulated extensive research into valorisation strategies, including the
recovery of functional ingredients, fermentation and bioprocessing, enzymatic conversion,
and thermal or mechanical treatments [5].

Strawberry byproducts (SBPs) are particularly rich in phenolic compounds. Extracts
from inedible fractions, such as the crown, stolon leaves, and flowers, have been reported
to exhibit high phenolic content and strong antioxidant, antimicrobial, anti-obesity, anti-
allergy, and other bioactive properties [6]. Key compounds identified include ellagitannins
(e.g., agrimoniin), ellagic acid, and flavonoids, such as quercetin and kaempferol glyco-
sides [1].

A promising application of SBPs’ polyphenols is their incorporation into biodegrad-
able active packaging. Active packaging systems not only act as physical barriers but also
enhance food preservation through the controlled release of antioxidants or antimicrobial
compounds [7]. Chitosan, a deacetylated derivative of chitin, has attracted wide interest as
a film-forming biopolymer. At the industrial scale, chitosan is mainly obtained from the
exoskeletons of crustaceans [8]. However, the growing market demand for this biopoly-
mer has resulted in the need to identify alternative sustainable sources. In this context,
insects—particularly Hermetia illucens—have emerged as promising candidates due to their
efficiency as bioconverters [9,10]. Waste biomasses generated during H. illucens rearing,
including pupal exuviae, offer an added-value substrate for chitin extraction and chitosan
production, fitting well within a zero-waste circular economy framework [11]. Thanks to
its biodegradability, antimicrobial activity, and oxygen barrier properties, chitosan is well
suited for use as an active coating material in food preservation applications [10,12-16].

The enrichment of chitosan films with polyphenol-rich extracts has been shown to
enhance their antioxidant and antimicrobial properties, offering a natural alternative to
synthetic preservatives [17]. Recent studies have confirmed these benefits for strawberry
preservation: Yu et al. reported that chitosan films plasticised with tomato byproduct
extracts improved antioxidant properties and extended strawberry shelf life [18], while
Zidan et al. showed that chitosan/polyethylene glycol films incorporating date palm fruit
waste extract exhibited strong antimicrobial activity and effectively maintained strawberry
quality during storage [19]. In both cases, bioactive-enriched coatings significantly de-
layed microbial spoilage and quality deterioration in fresh strawberries, highlighting their
potential for direct application on fresh fruits.

Efficient recovery of polyphenols is, therefore, a critical step in this valorisation path-
way [20]. Conventional solid-liquid extraction methods are typically characterised by long
processing times, low extraction yields, and the use of organic solvents, which limit their sus-
tainability [21]. Emerging green technologies, such as deep eutectic solvents (DESs) [22,23],
microwave-assisted extraction [24,25], supercritical CO, extraction [26], and ultrasound-
assisted extraction [3], have been tested for the recovery of phenolic compounds from SBPs,
offering high extraction efficiency. Among emerging green technologies, subcritical water
extraction (SWE) is recognised as a highly effective method for polyphenol recovery from
plant matrices; however, its application to SBPs has been only scarcely investigated.

SWE has gained attention as a green and scalable method. It employs water maintained
at 100-374 °C under sufficient pressure to remain in the liquid state [27]. Under these
conditions, the dielectric constant of water decreases, enabling selective solubilisation of a
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wide range of compounds, from polar phenolics to moderately non-polar molecules [28].
SWE is cost-effective, uses a non-toxic solvent, and avoids the environmental impact of
organic solvent disposal. Furthermore, extraction selectivity can be tuned by temperature
adjustment, processing times are reduced, and successful scale-up has been demonstrated,
as reported for the multikilogram-scale recovery of phenolics from hazelnut skins [29].
Nevertheless, SWE is often poorly selective for polyphenols, as sugars and organic acids
may be co-extracted.

To address this limitation, post-extraction purification is commonly required. In this
study, macroporous resin adsorption was applied, as resins provide selective retention of
phenolic compounds via hydrogen bonding and hydrophobic interactions, while allowing
non-phenolic solutes to be washed out with water. Additional advantages include resin
reusability, operational simplicity, and cost-effectiveness, making this approach suitable for
both laboratory and industrial applications [30].

This study explores the valorisation of SBPs through the recovery of phenolic com-
pounds using SWE followed by resin-based purification. The purified extracts are subse-
quently evaluated for their incorporation into chitosan-based edible active coatings. This
integrated approach aims to enhance the preservation of fresh strawberries while providing
a sustainable and circular strategy for the utilisation of agro-industrial residues.

2. Materials and Methods
2.1. Raw Material Preparation

Strawberry plants at the end of their productive cycle, collectively referred to as
SBPs, were supplied by the University of Pisa (Pisa, Italy). The material was manually
cleaned to remove adhering soil particles, weeds, and other extraneous vegetation. The
byproducts consisted exclusively of above-ground biomass, mainly represented by leaves
(approximately 75%), followed by stems (about 20%), while residual non-marketable fruits
accounted for a minor fraction (around 5%), and flowers were almost absent. The SBP was
dried in a ventilated oven at 45 °C until constant weight. The dried material was milled
and sieved (<850 um) to obtain a uniform particle size distribution. The processed SBP was
stored in sealed containers at room temperature, in the dark, until extraction. All chemicals
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Hermetia illucens Chitosan Production

Bleached chitosan from H. illucens pupal exuviae was produced following Triunfo
et al.’s 2022 protocol [31], with starting biomasses supplied by Xflies s.r.l. (Potenza, Italy).
Specifically, insect chitosan had a deacetylation degree of 90% and viscosity-average molec-
ular weight (Mv) of 35 kDa [31].

2.3. Accelerated Solvent Extraction (ASE)

Polyphenols were extracted from SBPs using an accelerated solvent extraction system
(Dionex™ ASE™ 350, Thermo Fisher Scientific Inc., Sunnyvale, CA, USA). Extractions
were carried out in 34 mL stainless-steel cells fitted with two cellulose filters. Each cell
was loaded with 1-3 g of SM, depending on the solid-to-liquid (S/L) ratio required by
the experimental design. Extraction parameters included a pressure of 10.34 MPa, a 50%
flush volume, and a nitrogen purge time of 30 s. The obtained extracts were collected in
250 mL glass vials sealed with Teflon-lined caps, transferred to 50 mL volumetric flasks,
and brought to volume with water.
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2.4. Conventional Ethanolic Extraction

As a control, a conventional solvent extraction was performed using 70% aqueous
EtOH. Briefly, SBP was extracted in a round-bottom flask under reflux conditions, with
the solvent heated to its boiling point. An L/S ratio of 30 was applied, and the mixture
was maintained for 1 h under continuous agitation. The residual plant material was
subsequently subjected to a second extraction under identical conditions. The extracts were
combined, brought to a defined volume, and analysed for global extraction yield, TPC,
DPPH, and sugars.

2.5. Optimisation of ASE Conditions

A Box-Behnken design was used to optimise the extraction temperature, extraction
time, and S/L ratio. The design consisted of 16 runs, including 3 replicates at the central
point. The variable levels are shown in Table 1. Response surface methodology (RSM)
was applied to identify the conditions maximising TPC, DPPH, and minimising the sugar
content. Statistical analyses were performed using Design-Expert version 13 (Design-Ease
Inc., Minneapolis, MN, USA). The selected parameter ranges were defined based on the
prior experience of the research group in SWE of lignocellulosic agro-industrial residues and
were consistent with previously published RSM-based SWE studies [32-34]. Specifically,
the temperature domain deliberately included a conventional hot water condition at 70 °C
and two subcritical regimes at 110 and 150 °C to assess the transition from non-pressurised
to subcritical extraction.

Table 1. Ranges and variables used for the experimental designs.

. Levels
Independent Variables Unit Symbol
Low (—1) Middle (0) High (1)
Time min A 5 17.5 30
Temperature °C B 70 110 150
L/S ratio mL/g C 10 30 50

2.6. Parr High-Pressure Reactor

The optimised SWE conditions established with the ASE system were scaled up using
a Parr series 4540 high-pressure reactor (Parr Instrument Company, Moline, IL, USA)
to obtain larger extract volumes. Approximately 15 g of SBP was extracted in 600 mL
of water. The mixture was heated with an external heating jacket, with a heating rate
of approximately 8-10 °C min~!, and maintained at 120 °C for 5 min, under constant
mechanical agitation. After extraction, the system was cooled, and the extracts were filtered
under vacuum through a 1.6 pm paper filter before analysis.

2.7. Resin Purification

Amberlite® XAD-7 resin (Thermo Fisher Scientific, Waltham, MA, USA) was precon-
ditioned by sequential rinsing with distilled water, EtOH 96%, and distilled water (1 h
each, 25 °C, 140 rpm), followed by Biichner filtration and partial drying. The resin was
resuspended in water and packed into a fixed-bed column (40 cm x 6 cm, ~300 mL of BV)
connected to a peristaltic pump (KrosFlo® Research II TFF System, Spectrum Laboratories,
Rancho Dominguez, CA, USA). About 3 L of Parr extract (10 bed volume, BV) was loaded
at 5 BV/h in downward flow. The column was then washed with 10 BV of Milli-Q water
to remove sugars, and phenolic compounds were eluted upward with 70% EtOH. Eluates
were pooled, concentrated under reduced pressure at 45 °C, and freeze-dried. Purifica-
tion efficiency was determined from TPC recovery and purity. Purification efficiency was
assessed in terms of TPC recovery and TPC purity in the eluted fraction.
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2.8. Analytical Methods
2.8.1. Total Phenolic Content (TPC)

TPC was measured using the Folin—Ciocalteu method. Briefly, 2 mL of distilled water,
25 pL of sample, 125 uL of 10% (v/v) Folin reagent, and 1 mL of 700 mM Na,CO3 were
combined in a 12-well plate, making a final volume of 3.15 mL. Samples were incubated
at 40 °C for 30 min, and absorbance was measured at 765 nm using a Cary 60 UV-Vis
spectrophotometer (Agilent Technologies, Wilmington, DE, USA). Calibration curves were
prepared using gallic acid (0-1000 pg/mL), and results were expressed as mg gallic acid
equivalent (GAE) per gram of dry matter (DM) or extract (ex). All TPC measurements
were performed on liquid samples. Crude aqueous extracts were analysed directly after
appropriate dilution, while resin-purified fractions were analysed from the EtOH 70%
solution after dilution with distilled water, applying suitable dilution factors to ensure
absorbance values within the linear range of the calibration curve (0.1-1.0).

2.8.2. Antioxidant Activity (DPPH Assay)

Antioxidant capacity was determined using the DPPH radical scavenging assay. In
a 96-well plate, 220 uL of DPPH solution (46.7 mg/L in EtOH) was mixed with 80 pL
of sample (0.0125-0.25 mg/mL in EtOH) and incubated for 60 min at 25 °C in the dark.
Absorbance was recorded at 515 nm. Results were expressed as mg Trolox equivalent (TE)
per g DM.

2.8.3. Polyphenol Profiling (LC-MS QToF)

Polyphenols were identified by LC-MS QToF on an Agilent 1290 system with a
PDA UV detector, coupled to a 6545 Q-ToF mass spectrometer (Agilent Technologies,
Wilmington, DE, USA) equipped with a JetStream ESI source. Data were acquired in both
positive and negative ion modes over an m/z range of 50-1000. The ESI source parameters
were as follows: gas temperature 325 °C, gas flow 10 L/min, nebuliser 35 psi, sheath gas
temperature 350 °C, sheath gas flow 11 L/min, capillary voltage 3500 V, nozzle voltage
2000 V, fragmentor 175 V, skimmer 65 V, and octopole RF 750 V. Accurate mass calibration
was maintained using reference ions (m/z 121.0509 and 922.0098 in positive mode; m/z
112.9856 and 1033.9881 in negative mode). Chromatographic separations were performed
on a Zorbax Eclipse Plus C18 column (1.8 um, 50 x 2.1 mm) at 40 °C, with 0.1% formic acid
in water (A) and acetonitrile (B) at 0.4 mL/min, using the following gradient: 0-7.5 min,
1-20% B; 7.5-17.5 min, 20-40% B; 17.5-21 min, 40-65% B; 21-25 min, 65-99% B; 25-30 min,
99% B; 30-31 min, 99-5% B. The injection volume was 1 puL, and the autosampler was set at
10 °C. UV detection was performed at 285, 320, and 360 nm. Compound identification was
based on accurate mass measurements, isotopic pattern, and MS/MS fragmentation data,
processed with MassHunter B.08.000 software and compared with spectral databases.

2.8.4. Simple Sugar Quantification (HPLC-RI)

Sugars were quantified using an Aminex HPX-87H column (300 x 7.8 mm; BioRad,
Hercules, CA, USA) at 50 °C, with 4 mM H)SO, as the mobile phase at 0.5 mL/min.
Detection was performed using a Shodex RI-101 refractive index detector at 35 °C. Glucose

(G]) and fructose (Fr) were quantified using calibration curves (0.015-1 mg/mL), and results
were expressed as g (Gl + Fr) /100 g DM.

2.9. Coating Solutions

Chitosan-based coating solutions were prepared according to Hassan et al. (2020) with
slight modifications [35]. Briefly, the required amount of HIC was dissolved in 1% (v/v)
lactic acid under continuous stirring using a magnetic stirrer (M2-A, ARGO LAB, Carpi,
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Italy) for 16 h at room temperature to ensure complete dissolution. To improve wettability
and film-forming properties, 0.2% (v/v) Tween 80 was added as a surfactant, and 2% (v/v)
glycerol was incorporated as a plasticiser. Four different solutions were prepared: distilled
water as a control, 1% (v/v) lactic acid as an acid control, a 1.5% (w/v) HIC coating solution,
and 1.5% (w/v) HIC combined with 1% (v/v) antioxidant/antimicrobial resin-purified
extract (AOM) from strawberry plant residues (as shown in Figure S1). The concentration
of 1% (v/v) AOM extract was selected based on literature reports demonstrating efficacy
of bioactive-enriched chitosan coatings at similar levels (typically 0.5-2% v/v) [36-38].
Besides, higher concentrations resulted in excessive darkening and opacity of the coating
due to the deep brown colour of the purified extract and, therefore, were not considered.

2.10. Coating Application and Fruit Storage

Fresh strawberries (F. X ananassa cv. Sabrosa) were purchased from a local supermarket.
Fruits were carefully selected for uniformity in size, colour, and ripeness stage, excluding
any fruits showing physical damage, bruising, or visible signs of microbial infection. The
coating solutions were applied to strawberry fruits using a cordless airbrush (PQ-30-1,
Autolock, Shenzhen, China). During application, strawberries were placed on stainless-steel
grids to allow excess solution to drain off, as shown in Figure S2. Each fruit was uniformly
sprayed from approximately 7-8 cm to ensure complete surface coverage while avoiding
excessive solution accumulation. The coating application was performed twice, with a two-
hour interval between applications, to enhance coating uniformity and adhesion to the fruit
surface. After the second application, the coated strawberries were allowed to air-dry at
room temperature and were then stored in darkness at a constant temperature of 16 °C. This
temperature was selected to simulate suboptimal but realistic post-retail conditions, such as
fruit display in supermarkets or domestic storage, where temperature control is generally
less stringent than in cold-chain distribution (0-4 °C). At 16 °C, quality deterioration
and fungal development occur at measurable rates within a practical observation period,
enabling meaningful comparison among treatments.

2.11. Assessment of Fungal Infection

Visual assessment of fungal infection was conducted at 1, 4, and 5 days post-treatment,
examining and photographing the strawberries using standardised lighting conditions. The
disease incidence, representing the incidence of visible fungal growth (presence/absence),
was recorded for each fruit and expressed as a percentage. The disease severity was
quantified using image analysis software (Image] version 1.54 g, National Institutes of
Health, Bethesda, MD, USA) to determine the percentage of fruit surface area affected by
fungal colonisation when present.

2.12. Determination of Fruit Quality Parameters

Fruit quality parameters were assessed on five strawberries (replicates) for each treat-
ment at one, four, and five days post-treatment, following the methods by Parichanon et al.
(2026) [39].

All strawberries were weighed individually at each sampling time (1, 4, and 5 days
post-treatment) using an analytical balance (AS 220.R2 PLUS, RADWAG, Radom, Poland).
To minimise variability due to differences in the initial fruit mass, the weight of each
strawberry was normalised to its individual value at day 0 (TO = 100%). Results were
expressed as percentage of weight loss relative to the initial weight according to the
following equation (Equation (1)):

(W1 — W)

Weight loss (%) = W x 100, (1)
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where W is the weight of the fruit (g) at 1 day post-treatment, and W; is the weight at time
t(g).

Firmness was measured on two opposing portions of the equatorial side of each
strawberry fruit using a digital fruit penetrometer (53200, TURONI, Forlj, Italy) equipped
with a 5 mm-diameter probe. The probe was inserted perpendicularly to the fruit surface at
a constant speed until reaching a depth of approximately 5 mm, and fruit firmness values
were expressed as newtons (N).

For chemical analyses, each fruit was homogenised and filtered through a 1 mm mesh
sieve to remove solid residues to obtain a clear juice. Total soluble solid content (TSSC)
was determined using a digital refractometer (HI96801, HANNA Instruments, Woonsocket,
RI, USA) according to the standard method EN ISO 2173:2003 [40]. A few drops of fil-
tered strawberry juice were placed on the refractometer prism at room temperature after
calibration with distilled water, and results were expressed as degrees Brix (°Brix).

Titratable acidity (TA) was determined by titrating 5 g of filtered strawberry juice,
diluted with 25 mL of distilled water, with 0.1 N NaOH to an endpoint of pH 8.2 using
a digital burette (Titrette 4760161, BRAND, Wertheim, Germany). Titratable acidity was
calculated as grams of citric acid equivalents per 100 g of juice (% w/w) using Equation (2):

TA (%) = W % 100, )

where V is the volume of NaOH solution used (mL), N is the normality of NaOH solution
(0.1 N), E is the equivalent weight of citric acid (64.04 g mol~!), and m is the mass of the
juice sample (g).

The pH of strawberry juice was measured at room temperature using a pH meter (pH
50+ DHS, XS Instruments, Carpi, Italy). The sugar—acid ratio (TSS/TA) was calculated as
the ratio between total soluble solid content and titratable acidity, providing an indication
of the balance between sweetness and acidity in the fruit. Finally, the ripening index (RPI)
was determined as indicated by Santin et al. (2024) [41], using Equation (3):

FF

RPI =1In (100 X —===), (3)

TA

where FR is firmness (N), TSSC is total soluble solids (°Brix), and TA is titratable acidity
(gkg™).

2.13. Statistical Analysis

For firmness, total soluble solid content, titratable acidity, pH, and TSS/TA ratio deter-
minations, five fruits per treatment and sampling time were analysed, while twelve fruits
per treatment and sampling time were evaluated for fungal infection assessment. Data are
presented as the mean =+ standard error. Differences among treatments and storage times
(days after treatment) were analysed by two-way analysis of variance (ANOVA; p < 0.05),
followed by the Tukey—Kramer post hoc test. All statistical analyses were performed using
JMP Pro version 18.0.2 (JMP Statistical Discovery LLC, Cary, NC, USA).

3. Results
3.1. Optimisation of Extraction Conditions

During the extraction of bioactive compounds using SWE, several factors—such as
temperature, time, and solvent-to-solid (S/L) ratio—are known to significantly influence the
recovery of bioactive compounds and antioxidant activity from plant materials [28]. A Box—
Behnken experimental design was used to evaluate the effects of these parameters on four
response variables: total phenolic content (TPC), TPC selectivity, DPPH radical scavenging
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activity, and sugar co-extraction (glucose + fructose). The experimental matrix and ANOVA
results are summarised in Table 2 and Table S1, respectively, and representative response
surface plots are shown in Figure 1A-D.

Table 2. Box-Behnken design matrix and experimental responses for SBP extraction by SWE.

Independent Variables Responses
Run  Time  Temperature  L/S Ratio TPC Yield TPC Selectivity DPPH Sugars
(min) e (mL/g) (mg CAElg (s GAE/100g,) METEE (G100

DM) x DM) DM)
1 5 70 30 105.3 314 20.6 4.42
2 30 70 30 106.0 33.2 19.5 3.58
3 5 150 30 159.0 34.4 28.8 5.15
4 30 150 30 146.2 28.3 33.2 5.91
5 5 110 10 135.0 36.2 232 5.02
6 30 110 10 137.4 35.0 247 5.02
7 5 110 50 137.3 35.6 239 4.87
8 30 110 50 139.6 37.0 23.8 5.31
9 17.5 70 10 95.7 30.2 19.9 3.52
10 17.5 150 10 130.9 27.7 30.5 5.32
11 17.5 70 50 114.0 34.0 20.5 3.53
12 17.5 150 50 140.7 27.7 324 5.77
13 17.5 110 30 134.7 343 24.6 4.70
14 17.5 110 30 130.1 34.6 23.6 5.16
15 17.5 110 30 137.1 35.9 254 5.54
16 17.5 110 30 140.2 34.9 24.6 4.68

©)
/]
.'
’ /]
©)

TPCyield (g GAE/g DM)
TPC selectivity (mg GAE/100mg ex)

15
A: Time (min) 10 B: Temperature (°C)

2742
oc 55252
'l:"’:“'ol' "‘
= ‘:\ \ 'o,' ‘ '
“ LIS L7 '
““‘:::“‘ = 2o

DPPH (mg TE/g DM)
Sugars (g Gl+Fr/100g DM)

B: Temperature (°C) A: Time (min) A: Time (min) 10 B: Temperature (°C)

Figure 1. Response surface plots showing the effect of extraction time and temperature on (A) TPC
yield, (B) TPC selectivity, (C) DPPH antioxidant activity, and (D) sugar co-extraction during SWE.

TPC yield followed a quadratic model (R? = 0.846; p-value < 0.0001) and was primarily
driven by temperature (SS = 3035.8; p-value < 0.0001), whereas extraction time and S/L ratio
were not significant (p-value = 0.807 and 0.289, respectively). TPC yields ranged from 95.7
to 159.0 mg GAE/g DM, with the maximum at 150 °C and 5 min (Run 3; Figure 1A). This
strong temperature dependence is consistent with the enhanced diffusivity and reduced
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dielectric constant of subcritical water, which promote the desorption and solubilisation
of moderately polar phenolic compounds [42,43]. With increasing temperature, water
viscosity decreases while surface tension and diffusivity increase, enhancing solute mass
transfer from the plant matrix [44]. Moreover, elevated temperatures disrupt hydrogen
bonding, van der Waals forces, and other weak interactions between solutes and the plant
matrix, facilitating the release of phenolics [34,45].

In our study, working at L/S ratio between 1:10 and 1:50 (mL/g), no significant
differences in TPC yield were observed, suggesting operation in the non-linear region
where solvent volume no longer enhances extraction. Similar behaviour was observed
in SWE studies where TPC yield increased only marginally between 1:15 and 1:30 (w:v),
but decreased at lower ratios, such as 1:5 (w:v) [32]. Extraction time was not significant,
as extending contact from 5 to 30 min did not increase TPC yield. At 150 °C, however, a
reduction of ~8% was noted between 5 and 30 min (Runs 3-4), likely reflecting thermal
degradation of polyphenols, as reported in previous SWE studies [34].

TPC selectivity reflects the relative preference of the extraction process for polyphe-
nols over other co-extracted substances, such as sugars, organic acids, and proteins [46].
Thus, TPC selectivity provides additional insight into extract quality, complementing
yield as a performance criterion. TPC selectivity fitted a quadratic model (R? = 0.858;
p-value = 0.0006), with significant contributions from temperature (p = 0.0237), the AB inter-
action (p = 0.0191), and B? (p-value < 0.0001). Values ranged from 27.7 to 37.0 g GAE/100 g
extract (Table 3). Selectivity peaked at intermediate temperatures (110 °C) and shorter
extraction times, reflecting a compromise where phenolic recovery is maximised while co-
extraction of non-phenolic solutes remains limited (Figure 1B). Similar patterns have been
reported in SWE optimisation studies, where phenolic recovery is frequently accompanied
by sugar solubilisation [47]. Consequently, the ratio of phenolics to sugars may represent a
more relevant quality indicator than TPC yield alone [47,48].

Table 3. Regression models, equations, and statistical parameters describing the responses of

SWE optimisation.
. R? Signal/Noise
2
Responses Model Equation R Adjusted  Ratio
TPC yield Quadratic Y =136.43 + 19.48B — 11.69B> 0.8462  0.8225 12.71
. . Y =34.67 —04966A — 1.34B — 1.99AB +
TPC selectivity Quadratic 1.46A2 — 4 53B2 0.8582  0.7873 10.15
DPPH Quadratic Y =24.22 + 0.6001A + 5.54B + 1.37AB + 1.45B> 0.9789  0.9713 34.37
Sugars Linear Y =4.84 + 0.8887B 0.7422  0.7238 12.70

DPPH followed a quadratic model (R? = 0.979; p(model) < 0.0001), with tempera-
ture as the dominant factor (p-value < 0.0001). Significant effects also arose from time
(p-value = 0.0378), AB interaction (p-value = 0.0029), and B2 (p =0.0019). Values increased
from 19.5 to 33.2 mg TE/g DM across the design space, with the maximum at 150 °C and
30 min (Run 4; Figure 1C). The increase with temperature is consistent with enhanced
release of bound phenolics and improved solubilisation of polyphenols. Previous stud-
ies have shown that SWE reaches its maximum antioxidant potential under moderate
conditions (130-150 °C), beyond which degradation reduces activity. For instance, the
highest activity in distillery stillage was reported at 140 °C [32], while walnut bark extracts
peaked at 130-140 °C [33]. In contrast, no clear decline was observed in the present study
at the upper temperature tested (150 °C), suggesting a pronounced thermal stability of the
phenolic compounds in this extract.
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Sugar extraction was described by a linear model (R2 = 0.742; p(model) = 0.0006),
only influenced by temperature (p-value < 0.0001), while time and S/L ratio were not
significant. Concentrations ranged from 3.52 to 5.91 g G+F/100 g DM, with the highest
values again observed at 150 °C and 30 min (Run 4; Figure 1D). This behaviour aligns
with the known increase in ionic product and hydrolytic capacity of subcritical water,
which favours carbohydrate solubilisation [49]. High sugar release during SWE is usually
regarded as undesirable because of the co-extraction of interfering compounds that usually
require downstream purification. For instance, some studies focused on the valorisation of
lignocellulosic matter have exploited this effect at elevated temperatures (>160 °C), leading
to extensive hemicellulose solubilisation and consequently increasing the cellulose content
in the insoluble fraction [50,51].

3.2. Extraction Optimisation

SWE was optimised to maximise phenolic recovery (TPC yield and selectivity and
DPPH activity) while minimising sugar co-extraction. Extraction time and temperature
were identified as significant factors (p-value < 0.05), whereas the S/L ratio was not statis-
tically relevant within the tested range. However, for practical reasons related to matrix
swelling during scale-up in the Parr reactor—where efficient stirring and filtration were
required—an S/L ratio of 40 mL /g was selected. Optimisation was, therefore, performed by
varying the extraction time and temperature, and the optimal conditions were determined
using a desirability function.

The optimal SWE parameters were identified as 120 °C, 5 min, and a S/L ratio of
40 mL/g, with a desirability score of 0.55. Experimental results closely matched predicted
values, with low errors of 4.29% for TPC yield, 2.10% for TPC selectivity, 0.12% for DPPH,
and 9.18% for sugars (Table 4). These outcomes validate the robustness of the RSM model,
consistent with other SWE optimisation studies where experimental deviations typically
remain below 10% [34].

Table 4. Predicted versus experimental values of responses under optimal SWE conditions.

Responses Target Predicted  Experimental % Error Desirability Optimal Values
TPC yield Maximisation 140.62 146.92 +4.29 T 5 mi
TPC selectivity Maximisation  36.50 37.29 +2.10 055 Te;g}‘)e —lonec
DPPH M.ax'im.isat.ion 24.78 24.81 +0.12 L/S ratio = 40 mL/g
Sugars Minimisation 5.07 5.58 +9.18

The optimised ASE process (SWE-ASE) was scaled up in a Parr high-pressure reactor
(SWE-Parr) and compared with conventional extraction using 70% EtOH at boiling point
(two successive cycles). As shown in Figure 2, TPC yields were not significantly different
(p-value > 0.05) among SWE-ASE (146.9 mg GAE/g DM), SWE-Parr (134.0 mg GAE/g DM),
and EtOH (138.4 mg GAE/g DM). EtOH extraction, however, achieved the highest TPC
selectivity (42.3 g GAE/100 g extract), significantly greater than SWE values (p-value < 0.05),
which was also reflected in its lower sugar co-extraction.
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Figure 2. Comparison of TPC yield, TPC selectivity, DPPH, and sugar co-extraction in SWE-ASE,
SWE-Parr, and EtOH extraction. Different letters (a—c) above bars indicate statistically significant
differences (p < 0.05, Tukey’s test).

Antioxidant activity followed the order SWE-ASE > EtOH > SWE-Parr, with SWE-ASE
extracts reaching 24.8 mg TE/g DM. Although the differences were modest, these results
indicate that SWE can yield antioxidant-rich extracts at least equivalent to conventional
EtOH extraction. Comparable findings have been reported for spent coffee grounds,
hazelnut skins, and grape pomace, where SWE matched or outperformed conventional
S/L extraction with MeOH or EtOH in terms of TPC yield and antioxidant activity, while
eliminating solvent residues and reducing processing costs [29,52,53]. Importantly, good
scale-up reproducibility was confirmed using a Parr reactor: SWE-Parr recovered 91.2% of
TPC and 82.9% of antioxidant activity compared to SWE-ASE. The slightly lower efficiency
observed in the Parr system may be attributed to differences in heating dynamics and
sample handling. While the ASE operates under constant pressure with immediate hot
filtration, the Parr reactor requires a cooling phase prior to opening. During this step, the
decrease in temperature and pressure increases water polarity and reduces the solubility of
phenolic compounds. This temperature drop likely induces changes in solvent properties
that promote partial precipitation or re-adsorption of solubilised compounds onto the solid
matrix, ultimately reducing recovery.

Overall, the optimisation, scale-up reproducibility, and comparative performance
demonstrate that SWE is a robust method for valorising SBP into bioactive-rich extracts
suitable for food applications.

3.3. Resin Purification

Phenolic extracts obtained by SWE generally contain considerable amounts of co-
extracted sugars, organic acids, and other hydrophilic solutes. These compounds dilute the
phenolic fraction and may interfere with downstream applications. In particular, residual
sugars in activated coatings are undesirable because they can serve as substrates for micro-
bial growth, compromise film integrity, and hinder the activity of phenolic compounds [54].
To overcome this limitation, a purification step based on resin adsorption was applied.

Amberlite® XAD-7, a moderately polar acrylic ester resin, was selected due to its
well-documented ability to adsorb phenolic compounds primarily through hydrogen
bonding between the phenolic hydroxyl groups and the ester functionalities of the resin
backbone [55], while allowing highly polar molecules such as sugars and organic acids
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to be removed by simple washing. Compared to other macroporous resins, XAD-7 has
demonstrated particularly high efficiency in polyphenol recovery, offering high recovery
yields, reproducibility, and ease of regeneration, which makes it suitable for both laboratory-
and industrial-scale processes [56].

As summarised in Table 5, resin purification markedly improved extract composition.
The TPC increased from 36.9 g GAE/100 gex in the crude fraction to 93.9 g GAE/100 gex in
the purified fraction, corresponding to a 2.5-fold enrichment.

Table 5. Composition and recovery parameters of strawberry matrix extracts before and after
Amberlite® XAD-7 resin purification.

Parameters SWE-Parr SWE-Parr Purified
TPC (g GAE/100 gex) 36.9 £0.42 93.9 £ 6.6
DPPH (g TE/100 gex) 6.3 £0.10 17.6 £ 2.0
Glucose (g/100 gex) 6.5+0.1 ND
Fructose (g/100 gex) 6.5+0.1 ND
TPC recovery (%) - 874+43
Dry extract recovery (%) - 344 £1.7

A similar enhancement was observed for antioxidant capacity, which rose from 6.3
to 17.6 g TE/100 g extract. These findings are consistent with previous reports showing
significant enrichment of polyphenols and corresponding increases in antioxidant potential
after resin adsorption [57,58]. At the same time, both glucose and fructose, present at
6.5 £ 0.1 g/100 gex in the crude fraction, were completely removed in the purified extract
(not detected).

The process achieved a TPC recovery of 87.4% with a dry extract recovery of 34.4%,
indicating that phenolic compounds were selectively retained by the resin and efficiently
recovered in the desorbed fraction. The overall process yield (extraction plus purification)
was 11.1%, corresponding to approximately 11 g of highly pure polyphenol-rich extract
obtained from 100 g of dried SBP. Overall, purification with Amberlite® XAD-7 produced
a sugar-free, phenolic-rich fraction with significantly enhanced antioxidant potential. Al-
though SWE requires operation at elevated temperature and pressure, its sustainability
should be evaluated at the process level, considering not only solvent consumption but
also the energy demand associated with downstream operations. In this context, integrat-
ing SWE with resin-based purification enables direct concentration of polyphenols from
aqueous extracts, significantly reducing the energy requirements of solvent-intensive re-
moval steps, such as evaporation, spray drying, or freeze drying, which typically dominate
the energy footprint of conventional aqueous extraction processes. In the present study,
approximately 90% of the total phenolic content was recovered in the purified fraction
using 70% EtOH, while reducing the solvent volume to about one-quarter of the initial
extraction volume.

This purified extract was subsequently incorporated into bioactive chitosan coatings
to evaluate its performance in postharvest strawberry preservation.

3.4. Polyphenol Profiling

Phenolic compounds in the extracts were characterised by LC-MS QToF using accurate
mass measurement, isotopic distribution, and MS/MS fragmentation. A qualitative com-
parison of the LC-MS chromatograms suggests that the main phenolic features obtained by
SWE-ASE were largely retained after scaling up in the Parr reactor, as the dominant peaks
appeared at comparable retention times, as shown in Figure S3. Fourteen characteristic ions
were identified across the EtOH, SWE-Parr, and SWE-Parr purified extracts, corresponding
mainly to ellagitannins, ellagic acid derivatives, and flavonoid glycosides (Table 6). The
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major constituents consistently detected included catechin (m/z 289.07), quercetin 3-O-
xylosyl-glucuronide (m/z 609.11), ellagic acid (1m/z 301.00), and querciturone (m/z 477.07),
which have been previously reported in strawberry leaves, sepals, and stems [1,24,26].

Table 6. Observed and theoretical 7/z values of polyphenols identified in EtOH, SWE-Parr, and
SWE-Parr purified extracts (ionisation mode: [M-H] ™).

Proposed

Peak Compounds

Observed
(mlz)

Mass
Error

SWE-Parr
purified

Theoretical
(mlz)

Molecular

Formula EtOH

RT (min) SWE-Parr

Pedunculagin **
or isomers

Uralenneoside **
2 or Quinol
glucuronide **

Salidroside ** or
3 4-methoxybenzyl
glucoside *

Procyanidin B1 *
or B2 *

Catechin * or
(-)-Epicatechin *

Quercetin
6 3-O-xylosyl-
glucuronide **

Ellagic acid
arabinoside** or
Ellagic acid 4-O-

xylopyranoside **

N

Ellagic acid
2-rhamnoside **
or Eschweilenol

C *%

9 Ellagic acid **

Querciturone **
10 or Quercetin-3’-
glucuronide **

Luteolin-7-O-
11 glucuronide * or
Scuterallin **

12 Syringalide A **

Eutigoside A **
13 or Osmanthuside
A *%

Momordicoside E
14 ** or Glucosyl
passiflorate **

C34Hp4090 1.206 783.0686 783.0693 0.9 ppm v Traces Traces

C1oH140g 2.133 285.0622 285.0616 —2.1 ppm v Traces X

C1sHp07 2.407 345.1202 345.1191 —32 ppm v v Traces

Ca0Ha6012 2.978 577.1367 577.1351 —2.8 ppm v v v

C15H1406 3.235 289.0723 289.0718 ~1.7 ppm v v v

CasHagOr7 6.457 609.1101 609.1097 —0.7 ppm v v v

C19H14012 6.747 433.0423 433.0412 —2.5 ppm v Traces Traces

CaoH16012 6.904 447.0574 447.0569 ~1.1ppm v Traces v

C14HeOg 7.103 300.9990 300.9990 0 ppm v v 4

C21H18013 7.50 477.0688 477.0675 -2.7 ppm (4 v v

Cy1H18012 9.033 461.0735 461.0725 —22ppm v Traces Traces

Ca3H6019 9.77 461.1467 461.1453 —3.0 ppm v Traces v

Ca3H2609 10.888 445.1515 445.1504 —2.5 ppm v Traces v

CsyHgpO12 14.167 695.4019 695.4012 —1.0 ppm (4 Traces (4

* From internal database and ** from PubChem; ¢: present; X: absent

Ethanolic extraction yielded a broad spectrum of phenolic compounds, with pro-
nounced signals corresponding to ellagitannins and flavonoid glycosides. The SWE-Parr
extract generated a comparable profile, although peak intensities were generally lower,
reflecting the slightly reduced selectivity of SWE observed in global assays (Figure 2).
In comparison with EtOH extraction, several phenolic compounds, such as ellagic acid
arabinoside (m/z 433.04) and luteolin-7-O-glucuronide (1/z 461.07), were detected only at
trace levels. Agrimoniin, a high-molecular-weight ellagitannin characteristic of strawberry
matrices, was detected in the EtOH extract but was not identified in the SWE and SWE
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purified extracts under the applied analytical conditions. This behaviour may be attributed
to the limited suitability of SWE for extracting intact ellagitannins and to possible thermal
hydrolysis or structural transformation into lower-molecular-weight ellagic acid derivatives
during SWE.

Amberlite® XAD-7 purification markedly improved extract composition by reducing
early-eluting signals associated with sugars and other polar interferences, while enriching
ellagitannins and flavonoid glycosides (Figure S3). This step led to a notable increase in the
relative intensity of major peaks, such as catechin, querciturone, and ellagic acid. Notably,
compounds originally present at trace levels the in crude extracts became readily detectable
after purification (same concentration), indicating that resin adsorption efficiently concen-
trated both major and minor phenolic constituents. These findings are consistent with the
known selective adsorption behaviour of Amberlite® XAD-7 towards polyphenols [56].

Overall, the combination of SWE and resin purification generated a phenolic profile
closely resembling that of the EtOH extract, but with higher purity and complete removal
of interfering solutes. The predominance of ellagitannins and flavonoid glycosides across
all extracts supports their established role as the primary contributors to the antioxidant
and antimicrobial activities of SBP [6].

3.5. Active Coating
3.5.1. Fungal Infection Incidence and Severity

The evaluation of the coating formulations and their impact on fungal infection and
fruit quality is presented below. A visual assessment of the fruit surface over the storage
period is presented in Figure 3.

D04 O

0. & 9.0 ¥
o'y 9% W%

Figure 3. Visual comparison of strawberries after 1 (A), 4 (B), and (C) 5 days of storage under different
coating treatments. In each panel: top left, control with distilled water; top right, control with 1%
lactic acid; bottom left, 1.5% HIC; bottom right, 1.5% HIC + 1% AOM.

Disease incidence showed no significant results when the interaction between storage
time (days after treatment) and treatment factors was considered (Figure 4A). However,
regardless of the treatment, the disease incidence increased significantly from day 4 to day
5 of storage by 70% (Table 7). Coating treatments did not result in statistically significant
differences, although HIC + AOM showed lower values. Disease severity (% of necrotic
area) also revealed strong effects of storage time and treatment alone, although their
interaction gave no significant results (Figure 4B). Considering only the storage time,
disease severity increased by 732% from day 4 to day 5. In relation to the coating treatment,
regardless of the time, the HIC + AOM group achieved the greatest, statistically significant
reduction in severity (72% relative to water), while HIC alone showed an intermediate
reduction (38%). Treatment with lactic acid gave comparable results to those of the water
control (Figure 4). It should be noted that fungal incidence and severity were evaluated
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under natural infection conditions, without artificial inoculation of a specific pathogen.
Therefore, the observed reduction in disease severity reflects the overall protective effect of
the coatings during storage but does not allow attribution of the effect to direct antimicrobial
activity against a specific fungal species.

(0]
o
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2 S 1
S 80 1 _L 240 A
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S 60 - 3 30 1 ic aci
£ a @ Lactic acid
[ ()
§ 40 - $ 20 mHIC
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2 5 | 8 40 f mHIC+AOM
0 T 0 - T
4 5 4 5
Days after treatment Days after treatment
Figure 4. Disease incidence (A) and severity (B) of strawberries 4 and 5 days after treatment with
water, 1% lactic acid, 1.5% HIC, or 1.5% HIC + 1% AOM. Bars represent means =+ standard error.
Table 7. Mean effects of storage time (days after treatment) and treatment on disease incidence and
disease severity (%) in coated strawberries.
Days After Treatment Treatment Disease Incidence (%) Disease Severity (%)
4 4794+ 109b 38+12b
5 81.3+63a 316 +42a
Water 7924+77 250+ 56a
Lactic acid 66.7 +15.4 233+ 64a
HIC 70.8 £15.0 155+ 5.1ab
HIC + AOM 417 £ 154 70+26Db
ANOVA
Days after treatment (A) 0.0156 <0.0001
Treatment (B) 0.2042 0.0104
A xB 0.6660 0.0759

Upper section shows means across treatments for each time point (4 and 5 days). Middle section shows means
across time points for each treatment. Lower section shows p-values from two-way ANOVA (p < 0.05). Values
represent means + standard error. Statistically significant effects (p < 0.05) are shown in bold. Different letters
indicate statistically significant differences according to the Tukey—Kramer post hoc test (p < 0.05). Absence of
letters indicates no significant differences.

These results are consistent with findings of Romanazzi et al. (2018) [59], who reported
that chitosan inhibits fungal spore germination and slows the development of decay
in infected fruits, due to both its antimicrobial action and its role as a semipermeable
barrier. By lowering respiration and transpiration rates, chitosan coatings delay senescence.
Chitosan’s antimicrobial activity is mainly attributed to electrostatic interactions between
its protonated amino groups and the negatively charged microbial cell walls, leading to
increased membrane permeability, leakage of intracellular materials, metal-ion chelation,
and interference with enzymatic systems essential for pathogens’ survival [60,61]. Beyond
these direct antimicrobial effects, chitosan films act as semipermeable barriers that reduce
water loss and modulate gas exchange, thereby creating a microenvironment less favourable
for pathogen growth [59,62,63]. More recently, chitosan coatings have also been recognised
for their role in delaying senescence and reducing oxidative stress by stabilising the host
tissue microenvironment [64,65].
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The superior efficacy observed for HIC + AOM compared to HIC alone highlights the
antimicrobial potential of SWE-Parr purified extract from strawberry plant residues. The
wide spectrum of phenolic compounds detected in the plant extract, especially ellagitannins
and flavonoid glycosides, can inhibit fungal spore germination, disrupt enzymatic activity,
scavenge reactive oxygen species, and reduce oxidative damage to host tissues, thereby
contributing to chitosan’s antifungal effects [66].

Few studies indicate that chitosan-based coatings enriched with bioactive extracts
(e.g., turmeric, green tea, and propolis) exhibit superior efficacy in mitigating decay in
strawberry fruits, extending the shelf life and maintaining fruit quality [67]. Although
direct studies on the application of strawberry-derived extracts to strawberry fruit are still
scarce, ellagitannins and tannin-rich extracts from small fruits have demonstrated anti-
fungal activity both in vitro and on fruit tissues [68], supporting our findings of enhanced
protection when these extracts were incorporated into chitosan coatings.

The use of chitosan derived from H. illucens (HIC) is justified by studies showing
comparable or better performance than crustacean chitosan in fruit preservation [10,16].
Guarnieri et al. (2024) reported that insect-derived chitosan extended the shelf life in
grapes more than conventional chitosan [16]. Moreover, Triunfo et al. (2023) demonstrated
that H. illucens chitosan effectively reduced fungal decay and enhanced the shelf life of
strawberries [10]. Pupal exuviae chitosan coating was influenced by its physicochemical
properties [31]. Specifically, the deacetylation degree influences chitosan antimicrobial
properties, increasing its biological characteristics with higher deacetylation degrees [69,70].
Also, the molecular weight can be a determining factor. Indeed, the activity of chitosan used
as a coating on strawberries infected with Botrytis cinerea has already been investigated
in [71]. This study demonstrated that chitosan coating was effective in containing the
proliferation of the fungus, but with specific differences related to chemical and physical
properties of the biopolymer, specifically its molecular weight. Indeed, the study was
carried out by testing bleached and unbleached chitosan from H. illucens pupal exuviae,
and it was shown that bleached chitosan was less effective than unbleached chitosan, which
is full of melanin pigments and other natural components. The reduced antifungal activity
observed in bleached chitosan can be attributed to the loss of bioactive components and pos-
sible structural alterations induced by the bleaching process. In contrast, unbleached and
bleached chitosan functionalised with natural extracts employed in a previous study [71]
showed greater antifungal efficacy, suggesting that the presence of melanin or phenolic
compounds, both native and added, contributes significantly to the overall biological activ-
ity. However, despite the relevant outcome of the aforementioned study, the experimental
conditions under which antifungal efficacy was assessed in the present work must be
carefully considered. Indeed, although the HIC + AOM coating showed a significantly
greater reduction in disease severity compared to HIC alone, these results were obtained
exclusively under natural infection conditions and, therefore, do not allow a definitive
attribution of the observed effects to a direct antifungal mechanism. While previous studies
demonstrated antifungal activity of pure Hermetia illucens chitosan against Botrytis cinerea
under controlled challenge conditions [71], this evidence cannot be directly extended to
the HIC + AOM formulation, in which interactions between chitosan and added phenolic
compounds may alter both the efficacy and mode of action. Consequently, the reduced
disease severity observed here may arise from a combination of indirect effects, such as
barrier properties, delayed senescence, and enhanced tissue stability, in addition to poten-
tial antimicrobial activity. In this context, controlled pathogen challenge tests, particularly
using Botrytis cinerea, represent a critical next step to confirm the antimicrobial function of
the HIC + AOM formulation and to elucidate its underlying mechanism of action.
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Mean effects of storage time (days after treatment) and coating treatments are reported
in Table 7.

3.5.2. Commercial Quality Parameters and Shelf Life

Results related to the physicochemical parameters contributing to the commercial
quality of strawberries are reported in Table 8. The intermolecular interactions created by
the structure of chitosan allow the formation of electrostatic and hydrogen bonds, which
are responsible for the formulation of chitosan films [72,73]. The film-forming ability of H.
illucens chitosan has validated the use of these samples for the desired application, demon-
strating their ability to form coatings linked to the characteristics of chitosan itself. Viscosity
and molecular weight are two of the main factors influencing coating solution properties.

As already reported by Tafi et al. (2023) [15], low molecular weight and low viscosity
can reduce the moisture retention effect of the coating, limiting the formation of the barrier
on the surface of the treated fruit. For this reason, the functionalisation of the biopolymer
with other substances, as reported in this work, can improve the film-forming activity,
ensuring greater adhesion and, therefore, the formation of a thicker and more effective film.

Weight loss did not show any statistically significant results when the interaction
between time (days after treatment) and treatment factors was considered. However,
weight loss increased significantly over storage time regardless of the treatment (37.9%
increase from day 4 to day 5). Among treatments, independently from the time, HIC +
AOM caused a 26.9% lower weight loss compared to water, whereas lactic acid and HIC
treatments resulted in non-significant differences.

Firmness decreased significantly over the storage time regardless of treatment, with an
overall loss of 35% from day 1 to days 4-5. When treatments were compared across all time
points, HIC resulted in a significantly greater reduction in firmness relative to the water
control (by 27.4%), whereas HIC + AOM induced a smaller and statistically non-significant
loss (12.9%).

These results reflect typical postharvest physiology of strawberry, marked by high
respiration and enzymatic softening [74]. Chitosan coatings are widely reported to act as
semipermeable barriers that reduce moisture loss and moderate gas exchange [62,63,60].
In our study, the barrier effect is inferred from weight loss and firmness data, although
direct measurements of coating thickness, water vapour transmission rate, and oxygen
permeability were not performed. However, the coating efficacy depends strongly on
the film’s physicochemical characteristics, such as polymer concentration, deacetylation
degree, thickness, uniformity, and gas/water permeability [75]. In our study, the greater
firmness loss observed with HIC alone compared to the water control is counterintuitive
and may reflect inadequate barrier properties of the coating. Pure chitosan films can exhibit
high water vapour permeability due to the polymer’s hygroscopic nature, and suboptimal
film formation during airbrush application may have created microscopic defects that
accelerated moisture loss. The superior performance of HIC + AOM suggests that phenolic
compounds enhanced film cohesion through hydrogen bonding and hydrophobic interac-
tions with chitosan, improving barrier properties and reducing water vapour permeability,
as previously reported in similar systems [76].

In line with the reduced weight loss observed in strawberries coated with the HIC
+ AOM formulation, superior performance of chitosan coatings enriched with bioactive
extracts or essential oils in reducing fruit water loss compared with pure chitosan has
been reported [67,77]. Weight loss in fruits mainly results from evapotranspiration and
from the release of carbon and water during respiration [78]. The phenolic compounds
may have reinforced the chitosan film network through molecular interactions, potentially
reducing water vapour permeability. However, since no direct measurements of coating
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thickness, water vapour transmission rate, or gas permeability have been performed, the
barrier effect can only be inferred indirectly from the observed physiological responses.
These effects likely stem from the ability of phenolics to interact with chitosan through
hydrogen bonding, electrostatic, and hydrophobic interactions [79,80].

Table 8. Weight loss, firmness, total soluble solids (TSSs), titratable acidity (TA), TSS/TA ratio, and
pH of strawberries treated with different coatings (water, lactic acid, HIC, and 1.5% HIC + AOM) and

evaluated at 1, 4, and 5 days after treatment.

Days After Weight Loss . T TA (% Citric ~ TSS/TA

Treatment Treatment (%) Firmness (Kg)  TSS (°Brix) Acid) Ratio pH
Water - 0.65 £ 0.08 6.96 £ 0.77 140 +0.15 5.09 £ 0.58 3.50 £ 0.03

. Lactic acid - 0.80 £ 0.11 7.54 £0.22 1.46 +0.14 5.32 £ 0.45 3.53 £0.04
HIC - 0.68 £ 0.03 8.34 £0.19 1.50 + 0.16 5.82 £ 0.59 3.59 £ 0.04
HIC + AOM - 0.76 £ 0.06 7.86 £ 0.36 1.11 £ 0.05 7.09 + 0.09 3.53 £0.03
Water 16.1 +1.9 0.62 £+ 0.05 10.20 + 091 1.21 +£0.10 8.64 £ 0.01 3.56 £ 0.05

A Lactic acid 18.5+ 3.0 0.53 £ 0.05 9.32 + 0.54 1.31 £0.18 7.53 £ 1.02 3.51 £ 0.04
HIC 179+ 1.8 0.34 + 0.05 9.72 + 0.54 1.22 £0.04 7.93 £ 0.35 3.58 £ 0.05
HIC+ AOM 119412 0.40 + 0.01 8.80 + 0.72 1.10 £ 0.05 8.12 +0.90 3.58 £ 0.04
Water 229+ 3.0 0.59 + 0.08 7.72 £ 0.11 1.21 £0.03 6.39 + 0.01 3.53 £ 0.03

5 Lactic acid 252 +3.9 0.49 +0.14 8.38 + 0.45 1.19 £ 0.04 7.03 £ 0.22 3.48 £+ 0.03
HIC 243 +25 0.33 £+ 0.03 8.88 + 0.68 1.36 £ 0.11 6.63 £+ 0.57 3.45 +0.03
HIC+ AOM 165+19 0.45 + 0.02 7.93 + 0.41 1.34 £ 0.04 594 +0.35 3.41 +0.02
Mean effect

1 - 0.72£0.04a 768 £024b 1.37 £0.07 583+028b 3.54+0.02a

4 161+11b 047 +0.04b 951 +£0.37a 121 £0.05 8.06 £0.40a 3.56+0.02a

5 222+16a 047+0.04Db 823+025b 1.27£0.03 650 £0.19b 347 +0.02Db
Water 13.0+28a 0.62+£0.04a 8.29 £ 0.54 1.27 + 0.06 6.71 £ 0.52 3.53 £0.02
Lactic acid 146+32a  0.60 £0.07 ab 8.41 £0.32 1.32 +0.08 6.63 £ 0.43 3.50 £ 0.02
HIC 141+29a 045+0.05b 8.98 £0.33 1.36 + 0.07 6.80 £ 0.36 3.54 £0.03
HIC+ AOM 95+20b 0.54 £ 0.06 ab 8.20 £ 0.32 1.18 + 0.04 7.05 + 0.38 3.51 £0.03
ANOVA

Days after treatment (A) <0.0001 <0.0001 0.0002 0.1154 <0.0001 0.0056

Treatment (B) 0.0180 0.0330 0.3690 0.1956 0.8374 0.6401

A XxB 0.4476 0.3222 0.5394 0.2793 0.1771 0.2986

Weight loss is expressed relative to the individual initial weight. Data for day 1 are not shown because all values
equal 0% by definition. Initial absolute weights (g) are provided in Table S2. The upper section shows individual
treatment means at each time point. The middle section shows mean effects across time points for each treatment
and across treatments for each time point. The lower section shows p-values from two-way ANOVA. Statistically
significant effects (p < 0.05) are shown in bold. Different letters indicate statistically significant differences
according to the Tukey—Kramer post hoc test (p < 0.05). Absence of letters indicates no significant differences.
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TSS significantly increased by day 4 (+23.8%) and declined by day 5 (—13.5%), while
no effects ascribable to the treatments were observed (Table 8). Titratable acidity (TA) was
not affected by either storage time, treatments, or their interaction, while the TSS/TA ratio
was influenced only by the time, with a significant 38.3% increase at day 4 followed by a
19.4% reduction by day 5. Similarly, also the pH was only influenced by the storage time,
showing a statistically significant decrease (2.5%) by day 5.

The limited impact of the coatings on TSS, TA, and pH suggests that the sugar—
acid balance, and consequently the overall taste, were well preserved. Therefore, lack of
significant changes in these parameters is a positive outcome, indicating that fruit quality
and consumer perception remain unaffected by the treatment.

4. Conclusions

This study proposed an integrated process for the valorisation of strawberry agro-
industrial byproducts through the recovery and application of phenolic-rich extracts for
food packaging. Subcritical water extraction, optimised by response surface methodol-
ogy, provided high phenolic yields and antioxidant activity comparable to conventional
ethanolic extraction while eliminating the use of organic solvents. Resin adsorption with
Amberlite® XAD-7 effectively increased extract purity and antioxidant capacity, producing
a sugar-free, polyphenol-enriched fraction suitable for food packaging applications. Criti-
cal parameters to be better investigated for future scale-up studies include heat and mass
transfer efficiency, temperature and pressure control, solid-liquid ratio, and residence time
during subcritical water extraction, as well as resin bed hydrodynamics, linear flow velocity,
adsorption capacity, and regeneration performance during Amberlite® XAD-7 purification.

Incorporation of the purified extract into Hermetia illucens chitosan-based coatings
resulted in a significant reduction of fungal decay and weight loss, while contributing
to improved firmness retention in fresh strawberries without affecting other quality at-
tributes. These results highlight the synergy between the antimicrobial and barrier prop-
erties of chitosan and the bioactivity of phenolic compounds recovered from strawberry
plant byproducts.

Some limitations of the present study should be acknowledged. Physical characterisa-
tion of the coatings (thickness, water vapour transmission rate, and oxygen permeability)
and phenolic release kinetics were not assessed. In addition, storage trials were conducted
at 16 °C, which restricts direct extrapolation to cold-chain conditions (04 °C), and the
extraction and coating production were performed at laboratory scale rather than under
food-grade manufacturing conditions. Besides, a validation under controlled pathogen
challenge conditions will be essential to fully substantiate the antimicrobial function of the
proposed coating.

Overall, this work demonstrates that the combination of green extraction technologies
and bio-based polymers offers a promising and sustainable approach to transform agro-
industrial residues into functional materials for active food packaging. While the results are
encouraging, further investigation is required to fully assess the performance and applica-
bility of these systems. Future research should, therefore, focus on comprehensive coating
characterisation, controlled release and barrier property studies, pathogen challenge tests,
validation of release kinetics under cold-chain storage conditions, as well as food safety,
sensory evaluation, and process scalability under food-grade conditions. In this context,
ongoing research within the PLAMINPACK project aims to advance detailed physico-
chemical characterisation, controlled pathogen challenge assays, and phenolic compound
release kinetics, thereby providing deeper insight into the mechanisms responsible for the
preservation effects observed in this study under real storage and distribution scenarios.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/polysaccharides7010025/s1, Figure S1: Panel A: Stock so-
lution of AOM (antioxidants/antimicrobials) at 5% in 1% lactic acid before addition to the HIC
solution. The strawberry waste extract shows a characteristic dark colour. Panel B: Comparison
of final treatment solutions: (1) 1% lactic acid (control), (2) commercial chitosan (1.5%) in 1% lactic
acid, (3) Hermetia illucens chitosan (HIC) (1.5%) in 1% lactic acid, and (4) HIC (1.5%) plus AOM
(1% v/v) in 1% lactic acid. A progressive darkening is observed, with the HIC plus AOM solution
showing the most pronounced brown and opaque appearance. Figure S2: Strawberry coating process.
(A) Experimental setup showing strawberries arranged on grid trays for the four treatment groups
(from left to right: water control, 1% lactic acid, 1.5% HIC, and 1.5% HIC + 1% AOM). (B) Close-up
of the airbrush application technique showing the HIC + AOM solution being sprayed. (C) Treated
strawberries after coating application. The grid arrangement facilitates air circulation and prevents
contact between fruits during storage and monitoring. Table S1: Analysis of variance (ANOVA) for
the effects of extraction parameters (time, temperature, and solid-to-liquid ratio) on TPC yield, TPC
selectivity, antioxidant capacity (DPPH), and sugar co-extraction during SWE-ASE of SBPs. Figure S3:
LC-MS/MS chromatograms of SBP extracts showing polyphenol profiles in negative ionisation
modes. Table S2: Initial fruit weights (mean + SD, g) for each treatment at day 0 (T0). These values
correspond to the starting weights used to calculate percentage of weight loss.
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Abbreviations

The following abbreviations are used in this manuscript:

AOM Antioxidant and antimicrobial compounds
ASE Accelerated solvent extraction

ANOVA Analysis of variance

BV Bed volume

BV/h Bed volume per hour

CO, Carbon dioxide

DES Deep eutectic solvent

DM Dry matter

DPPH 2,2 diphenyl 1 picrylhydrazyl
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EtOH Ethanol
GAE Gallic acid equivalent
HIC Hermetia illucens chitosan
HPLC RI High-performance liquid chromatography refractive index
LC MS/MS Liquid chromatography tandem mass spectrometry
LCMS QTOF  Liquid chromatography quadrupole time of flight
m/z Mass-to-charge ratio
ND Not detected
RPI Ripening index
RSM Response surface methodology
SBP Strawberry byproduct
S/L ratio Solid-to-liquid ratio
SD Standard deviation
SWE Subcritical water extraction
TA Titratable acidity
TE Trolox equivalent
TPC Total phenolic content
TSS Total soluble solid
TSSC Total soluble solid content
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