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ARTICLE INFO ABSTRACT
Keywords: Postharvest diseases caused by fungal and oomycete pathogens represent a major threat to fruit preservation,
Postharvest diseases especially in the absence of effective and sustainable alternatives to synthetic fungicides. This study evaluated

Apple bitter rot

Colletotrichum gloeosporioides

Citrus green mold

Penicillium digitatum

Fungal and oomycete plant pathogens

the antimicrobial potential of ten chitosan-based formulations, each containing a different essential oil (EO), for
the control of a broad spectrum of fungal and oomycete plant pathogens. In vitro assays, including agar diffusion,
MIC/MFC determination, and volatile organic compound (VOC) inhibition tests, identified the two formulations
ID-F-03 (containing Origanum vulgare EO) and ID-F-06 (containing Cinnamomum verum EO) as the most effectives.
These formulations were further characterized by GC-MS analysis and tested in vivo on artificially inoculated
apples and oranges. The results showed that both formulations significantly reduced disease incidence in both
fruit, with ID-F-03 being particularly effective in limiting bitter rot development in apples and ID-F-06 in
reducing green mold symptoms in oranges. GC-MS analysis identified carvacrol (ID-F-03) and (E)-cinnamalde-
hyde/eugenol (ID-F-06) as the major volatiles. Sensory evaluation indicated a good overall acceptability of
treated fruit, with formulation-fruit combinations showing specific sensory responses; specifically, ID-F-06
maintained higher hedonic scores in apples, whereas ID-F-03 was better accepted in oranges. The study confirms
the potential of chitosan-EO combinations as promising tools for the management of postharvest diseases of
apples and oranges, with their application as active components in packaging materials offering a viable strategy
to balance antimicrobial efficacy and sensory quality.

1. Introduction Fernandez-Fernandez et al., 2019; Parlascino et al., 2025; Rovetto et al.,
2024b). In particular, losses occurring along the postharvest supply

Pre- and postharvest diseases caused by plant pathogenic fungi and chain “of fruit crops”, from harvesting to final distribution, have sig-
oomycetes are among the leading causes of agricultural product losses nificant economic and social impacts, especially in countries with
(Benigno et al., 2025; Cacciola et al., 2012; Erwin and Ribeiro, 1996; agriculture-based economies (Riolo et al., 2023b; Rovetto et al., 2024c;
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Santilli et al., 2020). Examples span multiple pathosystems. The Alter-
naria heart rot of pomegranate, mainly caused by A. alternata and
A. arborescens, often remains latent until harvest and can taint juice
quality (Aloi et al., 2021b; Luo et al., 2017; Riolo et al., 2025). Colle-
totrichum spp., among which C. gloeosporioides and C. acutatum are
recognized as the predominating causative agents of the apple bitter rot
(Khodadadi et al., 2020; Trkulja et al., 2024). Botrytis cinerea, which
causes gray mold, a major postharvest disease of strawberries and stored
apples (Konstantinou et al., 2011; Yousef et al., 2024). Fusarium spp.,
including F. proliferatum and F. sacchari, which are associated with ba-
nana fruit rot (Riolo et al., 2020; Xie et al., 2023). Monilinia fructicola
which causes brown rot, a destructive fungal disease affecting stone
fruits (Duchoslavova et al., 2007; Landi et al., 2025; Oliveira Lino et al.,
2016). The brown rot of citrus fruit, a disease incited by several Phy-
tophthora spp., notably Ph. citrophthora, Ph. nicotianae, Ph. palmivora, Ph.
hibernalis, Ph. mekongensis and Ph. prodigiosa (Crous et al., 2017; Puglisi
et al., 2017; Rovetto et al., 2024b). Penicillium spp. are likewise pivotal
postharvest pathogens: P. expansum causes blue mold of apples, whereas
P. digitatum (green mold) and P. italicum (blue mold) dominate on citrus
fruit (La Spada et al., 2021; Luciano-Rosario et al., 2020; Rovetto et al.,
2024b). Among these diseases, molds of citrus fruit caused by Penicillium
spp. and the apple bitter rot caused by Colletotrichum spp. are recognized
as the major causes of product losses in the postharvest supply chains of
citrus and apple, respectively (Ismail and Zhang, 2004; La Spada et al.,
2021; Trkulja et al., 2024). Traditionally, chemical active ingredients
have been the most widely used means to prevent such losses (Boeckman
etal., 2025; Ismail and Zhang, 2004; Migheli et al., 2009). However, due
to their harmful effects on both human health and the environment, in
recent years research has increasingly focused on identifying safer al-
ternatives (du Jardin, 2015; Prusky and Romanazzi, 2023). In this
context, natural solutions, such as biological control agents, plant ex-
tracts, processed by-products, and essential oils (EOs), are emerging as
promising alternatives to achieve an effective and environmentally
sustainable control of plant decays (El boumlasy et al., 2022, 2021; Hou
et al., 2022; La Spada et al., 2024, 2020; Riolo et al., 2024, 2023a;
Rovetto et al., 2024c). Among these, EOs are well known, and their ef-
ficacy for controlling pathogens and pests has been extensively docu-
mented in the literature (Alvarez-Garcia et al., 2023, 2021; Amini et al.,
2016; Ayllon-Gutiérrez et al., 2024; Bi et al., 2012; Hou et al., 2022; Lee
et al., 2008; Tripathi et al., 2009). Despite their effectiveness, EOs pre-
sent certain limitations that restrict their widespread adoption as reli-
able means of controlling postharvest issues (Farina and Conti, 2024). In
particular, their high volatility reduces persistence and efficacy over
time, and their strong aroma, especially when applied in pure form, may
significantly affect the sensory qualities of treated food products
(Adetunji and Sharifi-Rad, 2023; Bedini et al., 2024; Servili et al., 2017).
To address these issues, recent studies have explored the use of chitosan
as a carrier matrix capable of incorporating active substances, including
EOs, modulating their release and reducing their volatility (Arslan et al.,
2024; Djebbi et al., 2024; Farina et al., 2025). Chitosan, a biopolymer
with intrinsic antimicrobial activity, finds wide applications in the
agri-food sector (Abenaim and Conti, 2023; Bautista-Banos et al., 2016;
Eddya et al., 2020; Romanazzi et al., 2018; Zargar et al., 2015). Given
the established feasibility of chitosan-EO combinations in postharvest
applications, combining chitosan with controlled amounts of EOs is a
practical strategy to enhance disease control while tempering volatility
and sensory impact. This feasibility is illustrated by practical applica-
tions: on citrus, postharvest application of chitosan coatings combined
with clove EO significantly reduced green mold caused by Penicillium
digitatum in vivo, supporting the feasibility of chitosan-EO systems for
citrus preservation (Shao et al., 2015); on table grapes, chitosan-EO
nanoemulsion coatings (e.g., Angelica archangelica EO) reduced B. cinerea
decay and helped maintain quality during storage (Das et al., 2023); for
strawberries, chitosan carriers incorporating lavender or red thyme EOs
suppressed B. cinerea and extended shelf life in packaging systems
(Sangsuwan et al., 2016). In apples, chitosan—EO composite coatings (e.
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g., cinnamon EO in chitosan matrices) inhibited postharvest diseases in
vivo (Zhang et al., 2023). Against this background, the present study
evaluated chitosan-EO formulations as integrated systems, testing their
ability to inhibit the in vitro growth of fungal and oomycete plant
pathogens commonly associated with postharvest diseases of fruit crops.
The two formulations that showed the most promising in vitro efficacy
were furtherly characterized to assess the following aspects: in vivo
effectiveness, verified as attitude of the formulations of reducing the
incidence of two widespread postharvest diseases of fruit, the “apple
bitter rot caused by Colletotrichum gloeosporioides” and “green mold of
oranges caused by Penicillium digitatum”; the volatile composition of the
corresponding EOs (gas chromatography-mass spectrometry — GC-MS —
analysis was conducted); and the impact of postharvest application on
the sensory profile of fresh fruit (a sensory panel test was conducted).

2. Materials and methods
2.1. Essential oils (EOs)

The tested EOs were chosen on the basis of their effectiveness
(Bougellah et al., 2025; Campos et al., 2025; Mahmutovi¢-Dizdarevi¢
et al., 2023; Mohamed et al., 2025) availability, and affordability. All
the EOs were 100 % pure and purchased from commercial suppliers:
Ocimum basilicum L., Cinnamomum verum J.Presl, Piper nigrum L., and
Angelica archangelica L. from Sigma-Aldrich (St. Louis, MO, USA); Allium
sativum L. from Vis Medicatrix Naturae s.r.l. (Florence, Italy); Origanum
vulgare from Herbal Products Italia S.r.l. (Sant’Elena, Italy); Citrus aur-
antium from Flora S.r.l. (Lorenzana, Italy); Foeniculum vulgare from KOS
S.r.l. (Carmignano, Italy); Laurus nobilis L. from Giorgini Dr. Martino
(Marradi, Italy); Citrus limon from Arkofarm S.r.l. (Ventimiglia, Italy).

2.2. Preparation of the chitosan-based formulations containing an
essential oil (EO)

Each chitosan-based formulation containing an EO was prepared as
follows. First, a 1 % (w/v) stock solution was prepared using highly
viscous chitosan derived from crab shells (Sigma-Aldrich, CAS No:
9012-76-4) following the protocol outlined by Parichanon et al. (2024).
Specifically, to prepare 100.0 mL of the stock solution, 1.0 g of chitosan
was dispersed in an aqueous solution containing 1 % (v/v) lactic acid
(Carlo Erba Reagents S.r.1., Cornaredo, Italy) until reaching 100 mL and
stirred at 250 rpm and 25 °C for 2 h. Subsequently, each chitosan-based
formulation containing an EO was prepared by adding to the chitosan
stock solution the EO (2.0 % v/v), vegetal glycerol (0.5 % v/v; A.C.E.F.
S.p.A., Fiorenzuola d’Arda, Italy), and Tween 80 (0.6 % Vv/v;
Sigma-Aldrich). EO concentration was set at 2.0 % (v/v), in line with
previous studies (Landi et al., 2021; Maswanganye et al., 2025; Ojagh
et al., 2010; Silva et al., 2024; Zheng et al., 2023).

Each resulting formulation was stirred at 500 rpm and 18 °C for
10 min. All reagents employed were of food-grade quality. The obtained
formulations were stored at 4 °C and heated to 18 °C before use. In total,
the ten chitosan-based formulations obtained contained the EOs of: i.
Ocimum basilicum (ID-Formulation — F — 01); ii. Allium sativum-EO (ID-F-
02); iii. Origanum vulgare (ID-F-03); iv. Citrus aurantium (ID-F-04); v.
Foeniculum vulgare (ID-F-05); vi. Cinnamomum verum (ID-F-06); vii.
Laurus nobilis (ID-F-07); viii. Piper nigrum (ID-F-08); ix. Angelica arch-
angelica (ID-F-09); x. Citrus limon (ID-F-10).

All formulations were tested both as such and at different concen-
trations diluted in sterile distilled water (sdw); the sole sdw served as the
negative control.

2.3. Fungal and oomycete isolates
Fungal and oomycete isolates included in this study were specimens

of ascomycetes and Phytophthora species belonging to the Molecular
Plant Pathology laboratory of the Department of Agriculture, Food and
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Environment (University of Catania, Italy). The complete list of isolates
included: A. alternata, 646; B. cinerea, B05.10; C. acutatum, UWS149;
C. gloeosporioides, C2; F. proliferatum, CBS 145950; F. sacchari, CBS
145949; M. fructicola, AN13; P. expansum, A8; P. digitatum, P1PPO;
P. italicum, CECT 20909; Ph. citrophthora, Ax1Ar; Ph. nicotianae, T3-B-
K1A; Plenodomus tracheiphilus, Pt2.

All isolates were characterized at species level previously (Aloi et al.,
2021a; La Spada et al., 2021, 2020; Riolo et al., 2020; Riolo et al., 2021;
Rovetto et al., 2024a). Fungal and oomycete isolates were maintained on
Potato Dextrose Agar (PDA) at 25.0 + 1.0 °C, in the dark, until use for
tests.

2.4. Determining in vitro anti-fungal and anti-oontycete activity of
chitosan-based formulation containing EO

The growth inhibitory activity of the liquid fraction of each chitosan-
based formulation containing EO toward any fungal and oomycete
pathogen was assessed qualitatively by using agar diffusion test assays
performed as in El boumlasy et al. (2021). Each chitosan-based formu-
lation containing EO was diluted in sdw and tested at the following
concentrations: 25.0, 50.0, 75.0, and 100.0 % (sdw was used as negative
control). For each ascomycete or Phytophthora sp., the agar diffusion test
was carried out in triplicate. Results from this test, assessed on the bases
of the diameter of the halo of inhibition of culture growth determined by
the chitosan-based formulations containing EO or by sdw (controls),
were scored according to the following empirical scale: (+), for a mean
diameter of inhibition halo < 8 mm; (++), for a mean diameter of in-
hibition halo between 8 and 10 mm; (+-++), for a mean diameter of
inhibition halo between 10 and 89 mm; (++++), for a mean diameter of
the inhibition halo exceeding 89 mm.

The biocidal activity of each chitosan-based formulation containing
EO was also assessed quantitatively, evaluating the minimum inhibitory
concentration (MIC) and minimum fungicidal concentration (MFC).
Tests for the evaluation of the MIC and MFC were carried out following
the methodology outlined by El boumlasy et al. (2021). For MIC deter-
mination, a pre-diluted stock of each chitosan-based formulation con-
taining EO was prepared in sdw. For each pathogen, 400.0 uL of this
stock were mixed with 400.0 pL sterile PDB and 200.0 uL of spor-
e/zoospore suspension (1 x 10*mL™") in a 2.0 mL tube to a final volume
of 1.0 mL. The stock concentration was set so that the top tube contained
15.0 % (v/v) of the complete formulation; serial dilutions in inoculated
PDB were then prepared to yield a ten-point dilution series down to
1.5 % (v/v). sdw alone was used as the negative control. The tubes were
incubated at 25.0 £ 1.0 °C for 3 days. After the incubation period, the
MIC was assigned to the lowest concentration where no cloudiness was
visible in the tubes, which means that no pathogen growth was
observed. The MFC of each chitosan-based formulation containing EO
toward each pathogen was evaluated by culturing, on drug-free PDA at
25.0 £ 1.0 °C for 3 days, 10.0 pL of liquid culture collected from the well
corresponding to the concentration of the MIC, as well as from wells at
higher concentrations, deposited as a spot and allowed to soak and dry
completely. The inoculum was then streaked away from the deposition
spot with a sterile loop to separate cells from any residual formulation
(anti-carryover) (Canton et al., 2003). Then, the MFC was determined as
the lowest concentration of each chitosan-based formulation containing
EO that completely inhibited any mycelial growth. For each test path-
ogen and chitosan-based formulation containing EO, experiments for
evaluating MIC and MFC were repeated three times.

2.5. Determining the growth inhibitory activity of volatile organic
compounds (VOCs) released by chitosan-based formulations containing
EO

The growth inhibitory activity of VOCs released by each chitosan-
based formulation containing EO was assessed through the following
test on all pathogens reported at paragraph 2.3. For each chitosan-based
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formulation containing EO and pathogen, an agar plug (5.0 mm in size)
excised from the growing edge of a 7-day-old culture grown on PDA was
transferred to the center of a 9 cm diameter PDA Petri plate. Then,
500.0 pL of a chitosan-based formulation containing EO (concentration
as such) or sdw (negative control) were suspended in 500.0 uL of 0.5 %
water agar and placed on the top of a microscope slide. The microscope
slide was transferred inside the lid of the Petri dish inoculated with the
pathogen, and the plate was sealed with Parafilm (Amcor, Ziirich,
Switzerland). Then, plates were incubated at 25.0 £+ 1.0 °C for 7 days.
After incubation, the anti-fungal or anti-oomycete activity of the VOCs
released by each chitosan-based formulation containing EO was evalu-
ated as the percentage of inhibition of mycelial growth, calculated by
using the following formula:

D1 — D2
—X

1) = =57

100 (@D)]
where I (%) represents the percentage of growth inhibition, D1 is the
mean diameter of a control colony of the pathogen, and D2 is the mean
diameter of the colony of the pathogen grown in presence of VOCs
released by the chitosan-based formulation containing EO. For each test
pathogen and chitosan-based formulation containing EO, the experi-
ment was repeated three times.

2.6. Gas Chromatography — Mass Spectrometry (GC-MS) Analysis of EOs

The chitosan-based formulations ID-F-03 and ID-F-06, containing
O. vulgare and C. verum EOs, respectively, were selected for volatile
compound characterization. The GC-MS analysis was performed
exclusively on the EO component of these formulations, and not on the
full chitosan-based mixture. This option was selected since chitosan was
included at the same ratio across all formulations and does not
contribute to the volatile profile. Therefore, the volatile compounds
detectable are attributed solely to the EO fraction. For the analysis, the
two EOs were individually diluted (5.0 %) in HPLC-grade n-hexane and
then injected into a GC-MS apparatus. The analyses were performed
with an Agilent 7890B gas chromatograph (Agilent Technologies Inc.)
equipped with an Agilent HP-5 MS (Agilent Technologies Inc.) capillary
column (30 m x 0.25 mm; coating thickness 0.25 pm) and an Agilent
5977B single quadrupole mass detector (Agilent Technologies Inc.,
Santa Clara, CA, USA). Analytical conditions were as follows: injector
and transfer line temperatures 220 and 240 °C, respectively; oven
temperature programmed from 60.0 to 240.0 °C at 3 °C/min; carrier gas
helium at 1.0 mL/min; injection of 1.0 pL; split ratio 1:25. The acqui-
sition parameters were as follows: full scan; scan range: 30-300 m/z;
scan time: 1.0 sec. The identification of the constituents was based on
the comparison of their retention times with those of the authentic
samples (when available), comparing their linear retention indices
relative to the series of n-hydrocarbons (C6-C25). Computer matching
was also used against a commercial (National Institute of Standards and
Technology, 2014) and a laboratory-developed mass spectra library
built up from pure substances and components of commercial EOs of
known composition and MS literature data (Adams, 2007).

Quantitative comparisons of relative peaks areas (%) were per-
formed between the same chemicals in the different samples.

2.7. Evaluating the in vivo effectiveness of chitosan-based formulations
containing EO ID-F-03 and ID-F-06

To evaluate the in vivo antifungal effectiveness of chitosan-based
formulations ID-F-03 (containing O. vulgare EO) and ID-F-06 (contain-
ing C. verum EO), selected for their superior antifungal activity in both
liquid and volatile phases, experiments were conducted on two fruit
pathosystems: apple bitter rot caused by C. gloeosporioides and green
mold of oranges caused by P. digitatum. Mature apples (Malus domestica
var. Morgenduft) and oranges (Citrus x sinensis var. Tarocco) were
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surface-disinfected with 1 % NaClO, rinsed, and air-dried. Apples were
inoculated with a 10.0 pL drop of a C. gloeosporioides isolate C2 conidial
suspension (10* conidia/mL), incubated for 24 h at 21.0 + 1.0 °C, and
then treated by spraying 1.0 mL of either ID-F-03 or ID-F-06 at con-
centrations of 1 x or 2 x the MIC (3.5 %, 7.0 % for ID-F-03; 8.5 %,
17.0 % for ID-F-06). For the inoculation of oranges, the peel of each fruit
was wounded at the center of the equatorial surface using a 2.0 mm
sterile nail; subsequently, each wound was inoculated with a 10.0 pL
drop of a P. digitatum isolate P1PPO conidial suspension (10* conidia/
mL) and treated by spraying the same formulations at respective MIC
levels (5.0 %, 10.0 % for ID-F-03; 5.5 %, 11.0 % for ID-F-06). Each apple
and orange control fruit were treated by spraying 1.0 mL of sdw. All fruit
were air-dried post-treatment and incubated (apples for 20 days, or-
anges for 6 days) at 21.0 + 1.0 °C. Treatments were applied to five
batches of 10 fruit each, and each experiment was independently
repeated three times. The effectiveness of the formulations was assessed
at the end of the incubation period by measuring the reduction in disease
incidence (%) in comparison to controls.

2.8. Evaluation of the impact of treatments with EOs on the sensory

profile of fresh fruit

The chitosan-based formulations containing EO ID-F-03 and ID-F-06
were also evaluated for their sensory impact on fresh apples (Malus
domestica var. Morgenduft) and oranges (Citrus x sinensis var. Tarocco)
through a panel test.

For the treatments, raw fruit were first rinsed with sdw, air-dried at
room temperature, and then homogeneously sprayed using the same
procedure described for the in vivo assays with either formulation ID-F-
03 (diluted in sdw at C = 10 %) or ID-F-06 (diluted in sdw at C = 19 %).
These concentrations were selected since they represent the maximum
effective doses required to achieve in vitro inhibition of all target

O\factory ey
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pathogens. Specifically, they correspond to 2 x MIC observed for
P. digitatum and M. fructicola, the two pathogens least sensitive to ID-F-
03 and ID-F-06, respectively (see Table 2). Raw apples and oranges
rinsed with sdw and air-dried at room temperature were used as nega-
tive controls. Following treatment, fruit were placed on a plastic mesh
grill and let dry at room temperature for 12 h. Finally, they were stored
in plastic lidded containers (150 cc, Cuki Cofresco Spa, Turin, Italy) with
air as the storage atmosphere for 30 min before tasting. Right before the
assessment, apples and oranges were peeled and sliced. Each treatment
was replicated three times.

The organoleptic profiles of the apples and oranges sprayed with the
two chitosan-based formulations containing EO, including smell, taste,
and touch (rheological properties during chewing), were assessed by a
panel of 10 trained experts (6 females and 4 males) aged from 23 to 65
years. The assessors were selected based on their availability from a
larger pool of judges who regularly collaborate with the Department of
Agriculture, Food, and Environment (DAFE) of the University of Pisa. All
judges underwent standardized training to enhance their ability to
recognize, describe, and quantify tastes, odors, and texture properties in
accordance with ISO 8586 standards. All participants were primarily
experts in the evaluation of food and EOs, and before the start of the
study, they had given their informed consent.

A final set of 20 descriptive parameters (Fig. 1), including both
quantitative and hedonic attributes, was evaluated on a 0-9 scale.

The tasting sessions were conducted in the morning in a well-
ventilated, quiet room (ISO-certified Sensory Laboratory at the Depart-
ment of Agriculture, Food and Environment (DAFE), University of Pisa)
with a relaxed atmosphere. To prevent cross-contamination, apples and
oranges were evaluated at separate times during the same session by the
same panel of assessors. Each panelist received 3-5 fruit slices per ses-
sion, depending on the fruit size, with no information provided about
the treatment provided. Samples with different treatments for each fruit

[}
%3
=
[}
=
i
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a

Fig. 1. Sensory wheel used to describe the smell, taste, and touch of apples and oranges treated with chitosan-based formulations containing EO.
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type were assessed separately on the same morning, with a 5-minute
interval between evaluations. Additionally, all treated fruit were
removed from the room before the beginning of a new tasting session.

The overall organoleptic quality of treated fruit was quantified using
the Overall Hedonic Index (OHI). This index was calculated as the
average of the scores attributed to the hedonic parameters (fineness of
smell, frankness of smell, and overall pleasantness, Fig. 1) during the
panel tests, using the formula:

OHI = Average [Hedonic indexes] x 1.11 (2)

2.9. Statistical analyses

Data analysis was performed by using RStudio v.1.2.5 (R). The in vivo
tests statistical comparisons among treatments were carried out using
the one-way ANOVA followed by Tukey’s HSD (Honestly Significant
Difference) post hoc with p < 0.05.

The reliability of the panel test assessments was analyzed by two-way
completely randomized Friedman’s ANOVA with panelists and EO-
containing treatments as fixed factors through the software Big Sen-
sory Soft 2.0 (ver. 2018, Centro Studi Assaggiatori, Brescia (BS), Italy),
which is specifically developed for sensory analysis.

3. Results

3.1. Qualitative biocidal activity of chitosan-based formulations
containing EO

In the agar diffusion test, all tested chitosan-based formulations
containing EO demonstrated inhibitory activity against all tested path-
ogens (Tables 1, 2, S1-S8). Formulations ID-F-02, ID-F03, and ID-F06
were effective at all tested concentrations (from 25 % to 100 %)
against most of the test pathogens. Specifically, ID-F-02 at concentra-
tions ranging from 50 % to 100 % determined growth inhibition halos
with diameters ranging from 10 to 89 mm (+++) in all fungal patho-
gens, except for M. fructicola and B. cinerea, which were the least
inhibited. At these concentrations, the oomycetes Ph. citrophthora and
Ph. nicotianae were less susceptible than most of fungi, with maximum
growth inhibition halos of 10 mm (++) (Table S2). When tested at a
concentration of 25 %, ID-F-02 produced halos of growth inhibition
against all tested pathogens except B. cinerea, F. proliferatum, and
P. italicum (Table S2). ID-F-03 and ID-F-06 were the most effective for-
mulations, determining a marked growth inhibition at all tested con-
centrations in most of the tested pathogens (Tables 1 and 2). In this
respect, it is noteworthy that B. cinerea, M. fructicola, and P. expansum
were the pathogens least inhibited by ID-F-03 and ID-F-06 (Tables 1 and
2). ID-F-04, ID-F-08, and ID-F-09 were the least effective formulations,
determining halos of growth inhibition in only a limited number of the
tested pathogens and only at concentrations above 75 % (Tables S3, S6
and S7). Similarly to the previous result, all the other tested formula-
tions, i.e. ID-F-01, ID-F-05, ID-F-07, and ID-F-10, were effective against
only some of the tested pathogens, although at a wider range of con-
centrations (i.e., from 25 % to 100 %) (Tables S1, S4 S5 and S8). Overall,
with the exception of ID-F-03 and ID-F-06, which inhibited all tested
fungi and oomycetes, the remaining formulations inhibited the mycelial
growth of only a subset of pathogens, including some fungi and
consistently both oomycetes, Ph. citrophthora and Ph. nicotianae.

MIC and MFC values determined by each chitosan-based formulation
containing EO toward any fungal and oomycete pathogens are reported
at Tables 3 and S9. Noteworthy are values of MIC and MFC recorded for
ID-F-03, which resulted in the most performing formulation (Table 3).
Specifically, its MIC ranged from a minimum of 1.5 % (recorded for
C. acutatum and PL tracheiphilus) to a maximum of 5.0 % (recorded for
P. digitatum), while MFC values ranged from 1.5 % (recorded for PL
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Table 1

Halos of growth inhibition determined by the chitosan-based formulation con-
taining EO ID-F-03 water diluted at different concentrations (or by sterile
distilled water — control) toward fungal and oomycete test strains in the agar
diffusion test.

Test pathogen Control  ID-F-03 ID-F-03 ID-F-03 ID-F-03
(species, strain) Cc= C= C= Cc=
25 %) 50 %) 75 %) 100 %)

A. alternata, 646 - 4+t A

B. cinerea, B05.10 - — — + +

C. acutatum, - +++ +H+++  FH+ A+
UWS149

C. gloeosporioides, - + ++ 44+ 4o+ 444+
Cc2

F. proliferatum, CBS - +++ +++ +++ +++
145950

F. sacchari, CBS - +++ +++ +++ +++
145949

M. fructicola, AN13 - - + 4+ 4ot

P. expansum, A8 - - - - —

P. digitatum, PIPPO - + 4+ + + 4+ + +4++ A+t

P. italicum, CECT - +4+++  FHH+
20909

Ph. citrophthora, - +4+++ e+t
Ax1Ar

Ph. nicotianae, T3- - + 4+ + + 4+ + + ++ + ++++
B-K1A

PL tracheiphilus, Pt2 - +++ ++++ A+ A

Values were scored on the basis of the following empirical scale: (+), mean
diameter of inhibition halo < 8 mm, (++), mean diameter of inhibition halo
between 8 and 10 mm, (+++), mean diameter of inhibition halo between 10
and 89 mm, (++-++), mean diameter of the inhibition halo exceeding 89 mm,
no inhibition (-).

Table 2

Halos of growth inhibition determined by the chitosan-based formulation con-
taining EO ID-F-06 water diluted at different concentrations (or by sterile
distilled water — control) toward fungal and oomycete test strains in the agar
diffusion test.

Test pathogen Control  ID-F-06 ID-F-06 ID-F-06 ID-F-06
(species, strain) (Cc= cCc= c= Cc=
25 %) 50 %) 75 %) 100 %)

A. dlternata, 646 - +++ + +++ + + 4+ + +++ +

B. cinerea, B05.10 - + + + + ++ 4o

C. acutatum, - +4+++ +H++ 4+
UWS149

C. gloeosporioides, C2 ~ — +4++ FAt+ A+ A+

F. proliferatum, CBS - ++++ A+ + A+ A+
145950

F. sacchari, GBS - +++ + +++ + + 4+ + +++ +
145949

M. fructicola, AN13 - ++ ++ + + 4+

P. expansum, A8 - ++ ++ ++ +++

P. digitatum, P1PPO - +H+++ FHH+ A+ A+

P. italicum, CECT - +4+++  +H++
20909

Ph. citrophthora, - ++++ A+ A+
Ax1Ar

Ph. nicotianae, T3-B- - ++++ ++++ ++++ ++++
K1A

PL tracheiphilus, Pt2 - +Ht+ A+

Values were scored on the basis of the following empirical scale: (+), mean
diameter of inhibition halo < 8 mm, (+-+), mean diameter of inhibition halo
between 8 and 10 mm, (+++), mean diameter of inhibition halo between 10
and 89 mm, (++-++), mean diameter of the inhibition halo exceeding 89 mm,
no inhibition (-).

tracheiphilus) to 5.5 % (recorded for P. digitatum) (Table 3). Although
less effective than ID-F-03, formulation ID-F-06 also showed promising
activity in inhibiting several plant pathogens (Table 3). Its MIC values
ranged from 1.5 % (effective against F. sacchari and PL tracheiphilus) to
9.5 % (against M. fructicola), while MFC values ranged from 1.5 % (PL
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Table 3

Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concen-
tration (MFC) of the chitosan-based formulations containing EO ID-F-03 and ID-
F-06 toward fungal and oomycete pathogens.

Test pathogen (species, strain) ID-F-03 (C %) ID-F-06 (C %)

MIC MEFC MIC MFC
A. alternata, 646 2.0 3.5 3.0 3.0
B. cinerea, B05.10 3.0 3.0 8.0 9.0
C. acutatum, UWS149 1.5 2.0 3.0 3.0
C. gloeosporioides, C2 3.5 3.5 8.5 10.0
F. proliferatum, CBS 145949 3.5 5.0 2.0 3.0
F. sacchari, CBS 145949 2.0 2.0 1.5 2.0
M. fructicola, AN13 3.0 3.5 9.5 10.0
P. expansum, A8 4.5 4.5 7.5 8.0
P. digitatum, P1PPO 5.0 5.5 5.5 5.5
P. italicum, CECT 20909 2.5 4.5 5.5 5.5
Ph. citrophthora, Ax1Ar 3.0 4.5 3.5 5.0
Ph. nicotianae, T3-B-K1A 3.0 5.0 2.5 5.0
PL tracheiphilus, Pt2 1.5 1.5 1.5 1.5

tracheiphilus) to 10 % (effective against C. gloeosporioides and
M. fructicola) (Table 3). All other formulations were less effective,
especially against B. cinerea, C. acutatum, C. gloeosporioides, M. fructicola,
and P. expansum, whose MIC and MFC values were always above 7.5 %
(Table S9).

3.2. In vitro inhibitory activity of VOCs released by the chitosan-based
formulations containing EO

The in vitro tests for evaluating the activity of VOCs released by the
chitosan-based formulations containing EO showed a generalized inhi-
bition of growth compared to control cultures (Figures 2, 3, S1, and S2).
In detail, the formulations ID-F-03 and ID-F-06 were those that, among
all formulations, determined the strongest growth inhibition in all tested
pathogens (Figs. 2 and 3). Species such as A. alternata, C. gloeosporioides,
F. sacchari, P. nicotianae, and P. expansum were non-sensitive to the
inhibitory activity of VOCs of some formulations; these included ID-F-01
and ID-F-07 for A. alternata (Figure S1a), ID-F-05, ID-F-07, ID-F-08, ID-F-
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09, and ID-F-10 for C. gloeosporioides (Figure S1d), ID-F-01, ID-F-04, ID-
F-07, ID-F-08, ID-F-09, and ID-F-10 for F. sacchari (Figure S1f), ID-F-01
for P. nicotianae (Figure S2c), and ID-F-09 and ID-F-10 for P. expansum
(Figure S1h). Finally, it is noteworthy that some pathogens were stim-
ulated in their growth by VOCs released by some formulations; these
latter were ID-F-01, ID-F-04, ID-F-07, ID-F-08, ID-F-09, and ID-F-10 for
P. digitatum (Figure S1i), ID-F-05 for P. italicum (Figure S2a), and ID-F-
04, ID-F-05, ID-F-09, and ID-F-10 for Ph. citrophthora (Figure S2b).

3.3. Gas chromatography — Mass Spectrometry Analysis of EOs

The complete composition of the two EOs, C. verum and O. vulgare,
included in the chitosan-based formulations containing EO ID-F-06 and
ID-F-03, respectively, is reported in Table 4. Phenylpropanoids were
detected as the most abundant chemical class in the C. verum EO. Among
these, (E)-cinnamaldehyde and eugenol were the most represented
compounds, accounting for 40.0 % and 36.0 %, respectively. The
O. vulgare EO used in this study exhibited a carvacrol chemotype, with
carvacrol as the predominant compound (71.3 %), followed by thymol
at 4.7 %. Both compounds belong to the class of oxygenated
monoterpenes.

3.4. In vivo effectiveness of chitosan-based formulations containing EO
ID-F-03 and ID-F-06

The in vivo test for evaluating the efficacy of ID-F-03 and ID-F-06 in
controlling the apple bitter rot by C. gloeosporioides highlighted a sig-
nificant effectiveness of the two formulations in reducing the disease
incidence compared to the control treatment (Fig. 4). Concerning ID-F-
03, apples treated with this formulation at conc.
1 x C. gloeosporioides—-MIC had a disease incidence of approximately
33 %, while fruit treated with 2 x C. gloeosporioides—MIC had a disease
incidence of 13 % (Fig. 4). Fruit that were treated with ID-F-06 at conc.
1 x C. gloeosporioides-MIC had a disease incidence of 50 %, while it was
about 30 % fruit treated with 2 x C. gloeosporioides—MIC (Fig. 4)

On oranges inoculated with P. digitatum, ID-F-03 significantly
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Fig. 2. Invitro inhibitory activity (evaluated as inhibition of mycelial growth - %) of volatile organic compounds (VOCs) released by the chitosan-based formulation
containing EO ID-F-03 on the test strains Alternaria alternata 646, Botrytis cinerea B05.10, Colletotrichum acutatum UWS149, Colletotrichum gloeosporioides C2, Fusarium
proliferatum CBS 145950, Fusarium sacchari CBS 145949, Monilinia fructicola AN13, Penicillium expansum A8, Penicillium digitatum P1PPO, Penicillium italicum CECT
20909, Phytophthora citrophthora Ax1Ar, Phytophthora nicotianae T3-B-K1A, and Plenodomus tracheiphilus Pt2. Bars represent standard deviation.
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Fig. 3. Invitro inhibitory activity (evaluated as inhibition of mycelial growth - %) of volatile organic compounds (VOCs) released by the chitosan-based formulation
containing EO ID-F-06 on the test strains Alternaria alternata 646, Botrytis cinerea B05.10, Colletotrichum acutatum UWS149, Colletotrichum gloeosporioides C2, Fusarium
proliferatum CBS 145950, Fusarium sacchari CBS 145949, Monilinia fructicola AN13, Penicillium expansum A8, Penicillium digitatum P1PPO, Penicillium italicum CECT
20909, Phytophthora citrophthora Ax1Ar, Phytophthora nicotianae T3-B-K1A, and Plenodomus tracheiphilus Pt2. Bars represent standard deviation.

reduced disease incidence compared to the control, whereas ID-F-06
yielded intermediate values that did not differ significantly from
either the control or ID-F-03 at the tested concentrations (Fig. 5). In
detail, oranges treated with ID-F-03 at conc. 1 x P. digitatum-MIC had a
disease incidence of approximately 60 %, while fruit treated with this
formulation at conc. 2 x P. digitatum-MIC had a disease incidence of
50 % (Fig. 5). The treatment of orange fruit with ID-F-06 at conc.
1 x P. digitatum-MIC determined an incidence of green mold of about
70 %, while fruit that received the formulation at conc.
2 x P. digitatum-MIC showed symptoms of the disease with an incidence
of approximately 63 % (Fig. 5).

3.5. Impact of treatments with EOs on the sensory profile of apples and
oranges

A sensory evaluation was carried out to assess the impact of two
chitosan-based formulations containing EO, ID-F-03 and ID-F-06, on the
organoleptic characteristics of fresh apple and orange fruit. Both quan-
titative sensory descriptors (such as aroma intensity, bitterness, and
sweetness) and hedonic parameters (such as harmony, retro-olfactory
clarity, and overall acceptability) were considered. All fruit were
tasted after peeling, in order to eliminate the influence of the outer
surface on perception.

Friedman’s ANOVA revealed statistically significant differences
across the tested conditions, including both treatments and the un-
treated control, for most of the evaluated parameters. The effects of the
treatments on quantitative sensory descriptors are presented in Fig. 6a
for apples and in Fig. 6b for oranges.

In general, apples exhibited a more pronounced sensory alteration
following the treatments compared to oranges. In both fruit, a signifi-
cant reduction was observed in the perception of fruity and typical fruit
aroma, accompanied by a marked increase in bitterness. A significant
decrease in sweetness was recorded only in oranges, suggesting a higher
susceptibility of citrus to changes in this attribute.

The analysis of hedonic parameters revealed a general reduction in
panel appreciation following the treatments, affecting both fruit types.

As shown in Fig. 7a for apples and Fig. 7b for oranges, this decline was
primarily associated with reduced perceived harmony and a loss of
retro-olfactory clarity. These effects were observed regardless of the
formulation used, although the extent varied depending on the fruit.

The overall outcome of the hedonic evaluation is summarized in
Figs. 8a and 8b, which report the Overall Hedonic Index for each
treatment and fruit.

Interestingly, the impact of the formulations appeared fruit-specific.
In apples, formulation ID-F-06 (containing C. verum EO) was associated
with a more favorable hedonic response, suggesting better sensory
compatibility compared to ID-F-03 (containing O. vulgare EO). In
contrast, in oranges, formulation ID-F-03 preserved a higher level of
acceptability than ID-F-06. This differential response highlights the
importance of fruit type in determining the sensory tolerance to post-
harvest treatments based on EOs.

Overall, although both treatments altered the sensory perception of
the fruit, their impact varied depending on the specific formulation—fruit
combination. ID-F-06 was better tolerated in apples, whereas ID-F-03
showed a more favorable profile in oranges.

4. Discussion

Effective management of fruit diseases in the postharvest phase,
where decay during storage and distribution leads to major economic
losses, remains a central challenge for sustainable agriculture (Bhatta,
2022; Lahlali et al., 2022). Compared with synthetic fungicides, chito-
san-EO formulations reduce residue and single-site resistance concerns
(Ismail and Zhang, 2004; Migheli et al., 2009; Prusky and Romanazzi,
2023). Versus physical treatments (e.g., heat or UV), they offer sustained
headspace activity without thermal stress, although they do not provide
the instantaneous sanitation of short, high-intensity interventions.
Relative to biocontrol agents, they deliver immediate inhibition that is
less dependent on establishment conditions, whereas biocontrols may
achieve longer persistence but with higher variability (Romanazzi et al.,
2018). Finally, compared with EO-only or chitosan-only coatings, the
composite couples EO potency with the filmability and
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Table 4

Complete composition (detection threshold > 0.1 %) of the two essential oils
included in the chitosan-based formulations containing EO ID-F-03 (i.e. Orig-
anum vulgare) and ID-F-06 (i.e. Cinnamomum verum).

Compounds Lr. Relative abundance (%)
i’
Cinnamomum Origanum
verum® vulgare
a-thujene 931 3 0.1
o-pinene 941 0.4 0.4
camphene 955 0.2 0.1
benzaldehyde 959 0.1 -
p-pinene 982 0.2 0.6
3-octanone 987 - 0.1
myrcene 993 - 0.3
a-phellandrene 1005 0.4
o-terpinene 1018 - 0.5
p-cymene 1027 0.7 5.8
limonene 1032 0.3 0.5
1,8-cineole 1034 - 0.8
y-terpinene 1062 - 3.4
linalool 1101 1.4 2.8
camphor 1143 - 0.8
borneol 1165 - 1.1
4-terpineol 1178 - 0.6
a-terpineol 1189 0.1 0.7
carvacrol methyl ether 1244 - 0.3
(E)-cinnamaldehyde 1268 40.0
safrole 1288 0.9 -
thymol 1292 - 4.7
carvacrol 1298 - 71.3
eugenol 1358 36.0 0.2
hydrocinnamyl acetate 1370 0.1 -
o-copaene 1376 0.4
vanillin 1401 0.5 -
p-caryophyllene 1420 2.7 5.5
cinnamic acid 1434 0.7
(E)-cinnamy] acetate 1444 0.8 -
o-humulene 1456 0.4 0.6
p-bisabolene 1509 - 0.3
8-cadinene 1525 0.1
eugenol acetate 1528 2.5 -
caryophyllene oxide 1581 0.6 0.8
4-hydroxy—3- 1741 1.6
methoxycinnamaldehyde
(E)-coniferyl alcohol 1743 0.6
benzyl benzoate 1764 7.9 -
Monoterpene hydrocarbons 2.2 11.5
Oxygenated monoterpenes 1.5 83.1
Sesquiterpene hydrocarbons 3.7 4.3
Oxygenated sesquiterpenes 0.6 0.8
Phenylpropanoids 83.2 0.2
Non-terpene derivatives 8.6 0.1
Total identified (%): 99.7 100.0

2 Linear retention index on a HP-5 MS capillary column; 2Composition already
published in Bedini et al. (2024); *Not detected.

release-modulating capacity of chitosan (Bautista-Banos et al., 2016;
Quesada et al., 2016). Within this landscape, chitosan-EO systems are
most suitable where residue constraints are stringent, or when inte-
grated as active packaging to minimize direct contact while retaining
vapor-phase control.

Although chitosan-EO systems have been widely investigated, inte-
grated evidence that relates the volatile composition of EO—chitosan
formulations to both contact- and vapor-phase inhibition across fungi
and oomycetes, and verifies the translation to in vivo control together
with sensory effects on fresh fruit, remains limited. Previous systems,
such as chitosan-cinnamon EO coatings on postharvest decay on apples
(Zhang et al., 2023) chitosan-spearmint EO nanoemulsions against
green and blue molds on citrus, and chitosan/limonene active pads for
controlling B. cinerea on strawberries (REF), have shown the efficacy of
EO-chitosan formulations in specific pathosystems (Cefola et al., 2023;
Maswanganye et al., 2025; Zhang et al., 2023). However, such studies
typically address a single host and do not simultaneously relate volatile
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composition, contact- and vapor-phase inhibition, in vivo performance,
and sensory effects. The present study addressed this gap by screening
ten chitosan-based formulations (each containing a single EO) against
representative fungal and oomycete plant pathogens with agar diffusion
and MIC/MFC assays (contact) and VOC exposure tests (vapor), profiling
EO volatiles by GC-MS to contextualize activity, and subsequently
validating the two top performers (ID-F-03 and ID-F-06) in vivo on apples
and oranges artificially inoculated; the sensory impact on fresh fruit was
then assessed by a trained panel.

The in vitro evaluation of the ten chitosan-based formulations con-
taining EOs through agar diffusion and MIC/MFC assays revealed a
variable but generally strong inhibitory activity against the tested phy-
topathogens. In particular, several formulations exhibited pronounced
inhibition zones and MIC/MFC values ranging from 1.5 % to 9.5 % (v/
v), thus confirming the broad-spectrum potential of the EOs—chitosan
combinations. Comparable antimicrobial performance has been docu-
mented in previous studies evaluating similar composite matrices. Chein
et al. (2019) reported that chitosan films enriched with cinnamon EO
achieved complete inhibition of Aspergillus flavus and Penicillium cit-
rinum, with MIC values close to 40 uL/mL. A further study by Mas-
wanganye et al. (2025) demonstrated that a chitosan coating
incorporating 2 % spearmint EO completely inhibited P. digitatum and
P. italicum in vitro using an agar diffusion assay. The observed antifungal
activity is likely due to a synergistic effect between the EO components
and the chitosan matrix, which is known to increase the solubility and
bioavailability of hydrophobic volatile molecules, while contributing its
own intrinsic antifungal properties (Ashraf et al., 2022).

The VOCs released by the chitosan-based formulations containing EO
exhibited variable antifungal and anti-oomycete activity across the
tested pathogens. Among all tested formulations, ID-F-03 and ID-F-06
induced the highest overall growth inhibition, although the magnitude
of this effect varied depending on the pathogen. In contrast, several
other formulations displayed poor or no inhibitory activity against
specific species, and even stimulation of mycelial growth was observed
in the case of P. digitatum, P. italicum, and Ph. citrophthora. The superior
performance of ID-F-03 and ID-F-06 is likely related to their specific
volatile profiles, as confirmed by the GC-MS analysis. The C. verum EO
used in ID-F-06 was characterized by a high content of phenyl-
propanoids, particularly (E)-cinnamaldehyde (40.0 %) and eugenol
(36.0 %), while the O. vulgare EO in ID-F-03 exhibited a carvacrol che-
motype, with carvacrol accounting for 71.3 % of the total composition.
These compounds are widely recognized for their antifungal activity in
the vapor phase. Carvacrol, for instance, completely inhibited post-
harvest gray mold in strawberries in (Tancinova et al., 2022). Similarly,
fumigation trials with eugenol inhibited Aspergillus niger and Aspergillus
ochraceus in stored cereals (Ben Miri et al., 2023). Cinnamaldehyde has
demonstrated strong vapor-phase activity against A. niger (Niu et al.,
2022). These results support the potential of selected chitosan-EO
combinations as effective systems for volatile-phase control of post-
harvest pathogens, with the chitosan matrix likely contributing to the
modulation of volatility and sustained release of active compounds, as
also supported by results from previous studies (Djebbi et al., 2024;
Farina et al., 2025; Gonzalez-Reza et al., 2021).

The in vivo assays conducted on artificially inoculated fruit
confirmed the antifungal potential of selected chitosan-based formula-
tions containing EOs under real-pathosystem conditions. The applica-
tion of ID-F-03 and ID-F-06 significantly reduced disease incidence in
both apple and orange fruit, although with different degrees of effec-
tiveness depending on the formulation, target pathogen, and dosage
applied. In the apple bitter rot by C. gloeosporioides model, ID-F-03 was
the most effective, reducing bitter rot incidence to 33.0 % and 13.0 % at
1 x and 2 x MIC, respectively, while ID-F-06 achieved reductions to
50.0 % and 30.0 % at corresponding concentrations. These values
confirm the high efficacy of these chitosan-EO coatings against Colle-
totrichum spp., in agreement with previous studies. In this respect, Zhang
et al. (2023) demonstrated that chitosan—cinnamon EO coatings
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Apple bitter rot by Colletotrichum gloeosporioides
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Fig. 4. Incidence of apple bitter rot by Colletotrichum gloeosporioides in apple fruit 21-days-post inoculation with C. gloeosporioides — UWS149 and treatment with
sterile distilled water (sdw) (control), ID-F-03 at conc. 1 x C. gloeosporioides—-MIC (i.e., 3.5 %) or 2 x C. gloeosporioides-MIC (i.e., 7.0 %), and ID-F-06 at conc.
1 x C. gloeosporioides—MIC (i.e., 8.5 %) or 2 x C. gloeosporioides-MIC (i.e., 17.0 %). Values sharing the same letters are not statistically different according to the
Tukey’s HSD (Honestly Significant Difference) test (p < 0.05). Bars represent standard deviation.

significantly controlled P. expansum in postharvest on apples, high-
lighting the suitability of C. verum EO in such systems. Similarly, Sop-
pelsa et al. (2023) reported that chitosan-EO treatments applied on
apples reduced B. cinerea incidence and delayed spoilage without
compromising fruit quality. On oranges inoculated with P. digitatum,
both formulations showed more modest, yet consistent, reductions in
green mold incidence. ID-F-03 limited disease to 60.0 % and 50.0 % at

1 x and 2 x MIC, respectively, while ID-F-06 achieved corresponding
values of 70.0 % and 63.0 %. Comparable results were reported by
Maswanganye et al. (2025), where a chitosan coating loaded with
spearmint EO nanoemulsion effectively reduced the incidence of
P. digitatum and P. italicum in soft citrus fruit. Additionally, Ipinza--
Concha et al. (2024) demonstrated the efficacy of advanced chitosan
coatings against P. digitatum on lemon, even in the absence of EO
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Green mold of orange fruit by Penicillium digitatum
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Fig. 5. Incidence of green mold of orange fruit by Penicillium digitatum in orange fruit 7-days-post inoculation with P. digitatum — P1PP0O and treatment with sterile
distilled water (sdw) (control), ID-F-03 at conc. 1 x P. digitatum-MIC (i.e., 5.0 %) or 2 x P. digitatum-MIC (i.e., 10.0 %), and ID-F-06 at conc. 1 x P. digitatum-MIC (i.
e., 5.5 %) or 2 x P. digitatum-MIC (i.e., 11.0 %). Values sharing the same letters are not statistically different according to the Tukey’s HSD (Honestly Significant

Difference) test (p < 0.05). Bars represent standard deviation.

enrichment, thus corroborating the functional role of the chitosan ma-
trix in postharvest biocontrol strategies. The efficacy trends observed
across both fruit models are also consistent with those previously
described for other fruit-pathogen combinations. Munhuweyi et al.
(2017) reported that chitosan-EO treatments on pomegranates resulted
in substantial reductions in postharvest disease incidence, particularly
when applied at appropriate concentrations.

The sensory analysis revealed that both ID-F-03 and ID-F-06 induced

10

moderate but perceptible alterations in the organoleptic profile of apples
and oranges. Notably, panelists reported a decrease in fruity aroma and
sweetness, particularly in oranges, as well as increased bitterness in both
fruit. Hedonic parameters such as retro-olfactory frankness and overall
harmony were also negatively affected, suggesting that the formula-
tions, while microbiologically effective, may influence the sensory ap-
peal of fresh produce. However, the degree of impact varied depending
on the fruit-formulation combination: ID-F-06 was better tolerated in
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Fig. 6. Median values for quantitative parameters for treated apples (a) and oranges (b). *Statistically significant differences based on Friedman’s ANOVA.
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Fig. 7. Median values for hedonic parameters for treated apples (a) and oranges (b). *Statistically significant differences based on Friedman’s ANOVA.
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Fig. 8. Overall Hedonic Index for treated apples (a) and oranges (b).

apples, whereas ID-F-03 showed greater acceptability in oranges.
Although these results highlight certain limitations, they do not
contradict the broader potential of chitosan-EO coatings. Shah et al.
(2025) demonstrated that sensory acceptability can be preserved or even
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improved in pears when optimized chitosan-EO formulations are
employed, emphasizing the importance of formulation tuning. Likewise,
Ma et al. (2024) reviewed multiple studies showing that the sensory
outcomes of edible coatings are strongly dependent on the interaction
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between coating composition, application strategy, and fruit matrix. In
this context, the sensory alterations observed here may reflect
formulation-specific imbalances or suboptimal dosage rather than
intrinsic limitations of the chitosan-EO systems. In light of these find-
ings, future applications may benefit from employing these chitosan-EO
formulations as active components of postharvest packaging materials,
rather than as direct coatings in fruit. Such an approach, already suc-
cessfully tested in other chitosan-EO systems (Quesada et al., 2016),
could enable the controlled release of antimicrobial volatiles into the
storage atmosphere, limiting microbial growth while minimizing the
absorption of EO compounds into fruit tissues.

Overall, ID-F-03 showed the most consistent performance across the
two pathosystems evaluated, achieving the largest reductions in disease
incidence relative to the control and outperforming ID-F-06 under the
present experimental conditions, while inducing only moderate and
acceptable sensory changes.

In conclusion, the findings of this study confirm the potential of
chitosan-based formulations containing EOs as effective tools for post-
harvest control of fungal and oomycete pathogens. The selected for-
mulations ID-F-03 and ID-F-06 demonstrated strong antimicrobial
performance in vitro and in vivo, supported by their distinct volatile
profiles, enriched in carvacrol (ID-F-03) and (E)-cinnamaldehyde/
eugenol (ID-F-06). Across the two pathosystems evaluated, ID-F-03
provided the most consistent reductions in disease incidence relative
to the control and the best overall balance between antimicrobial per-
formance and sensory acceptability under the present experimental
conditions. Although the sensory analysis highlighted some modifica-
tions in the organoleptic attributes of treated fruit, these changes were
moderate and formulation-fruit dependent. However, because the panel
evaluated peeled, sliced fruit rather than whole fruit, acceptance at the
point of purchase, where appearance and surface aroma are critical,
cannot be inferred from the present data and should be addressed in
future consumer tests presenting whole fruit. Such outcomes underline
the need for strategic application approaches that preserve the integrity
of the fruit while maintaining antimicrobial efficacy. Because the real-
world performance of EO—chitosan systems during storage hinges on
the controlled emission and persistence of key volatiles rather than on
nominal loading alone, a quantitative understanding of release—efficacy
relationships is needed to optimize use conditions and packaging design.
Accordingly, future studies should quantitatively characterize the
release kinetics and persistence of active volatiles from chitosan-EO
matrices under storage conditions (e.g., time-resolved HS-SPME-GC-MS
with kinetic modeling) and relate these profiles to the duration of
antifungal and anti-oomycete efficacy. In this perspective, the use of
chitosan-EO formulations as active components in postharvest pack-
aging materials could offer an effective means of extending shelf life and
controlling microbial decay, while minimizing direct contact with the
fruit surface and thus preserving its sensory quality.
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