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Abstract

Cherry tomatoes are highly susceptible to Salmonella contamination during pre- and post-
harvest handling, leading to foodborne illness outbreaks and significant economic losses.
Edible coatings incorporating natural antimicrobials offer a promising alternative to con-
ventional chemical treatments for enhancing food safety while maintaining produce quality.
This study developed and evaluated a pectin-based edible coating enriched with zinc
nanohydroxide-thymol nanohybrids (ZnNH-T) for controlling Salmonella contamination
and extending shelf-life of cherry tomatoes. ZnNH-T nanohybrids were synthesized via
precipitation, followed by thymol intercalation, and characterized by SEM. Four coating
formulations were prepared: pectin alone (P), pectin-thymol (PT), pectin-ZnNH (PNH),
and pectin-ZnNH-T (PNHT). Antibacterial activity of the four coatings was first screened
in vitro by disc diffusion against six S. enterica serovars; three serovars (Typhimurium,
Enteritidis, and Montevideo) showing a statistically significant, coating-dependent inhibi-
tion response were selected for the postharvest assay. Cherry tomatoes were coated and
dip-inoculated with three Salmonella serotypes (Typhimurium, Enteritidis, and Montevideo)
at approximately 10° CFU/mL and stored at 25 °C for 12 days. Antimicrobial efficacy,
antioxidant activity (ABTS assay), and physicochemical quality parameters (weight loss,
color, pH, and total soluble solids) were evaluated. Zinc nanohydroxides were success-
fully synthesized, as observed in SEM morphology. ABTS radical scavenging activity of
filmogenic solutions was highest for PT (92.4%) and moderate for PNHT (65.9%), while
P and PNH showed minimal activity (20.1% and 17.8%, respectively). PNHT coating
achieved an approximately 2-log CFU/g reduction in Salmonella populations compared to
uncoated controls over 12 days of storage, demonstrating sustained antimicrobial efficacy.
Coated tomatoes exhibited significantly reduced weight loss (8% for PNHT vs. 13% for
control), better color retention, lycopene content, maintained firmness, and stable pH and
TSS values compared to uncoated controls. The pectin-ZnNH-T coating system represents
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a novel multifunctional approach for enhancing cherry tomato safety and quality. The use
of thymol from the layered hydroxide structure, combined with zinc ion antimicrobial ef-
fects, provides sustained pathogen reduction while maintaining desirable physicochemical
properties. This natural, biodegradable coating technology has potential for commercial
application in fresh produce preservation.

Keywords: edible coating; pectin; zinc layered hydroxide; thymol; Salmonella; cherry
tomato; food safety; antimicrobial nanohybrid

1. Introduction

Cherry tomato is a fruit widely cultivated worldwide that contributes significantly
to the human diet [1]. It is considered a functional food due to its content of antioxidant
compounds, vitamins, and flavonoids [2]. However, cherry tomatoes are susceptible to
bacterial contamination during pre- and post-harvest processes; consequently, the fruit is
affected in its physicochemical properties [3]. Cherry tomatoes have high nutritional value
due to their rich content of essential phytochemicals.

In Mexico, the number of foodborne illnesses caused by Salmonella spp. reaches
70,000 cases each year; the main sources of this pathogen are irrigation water and animals
near cultivation areas [4]. Different Salmonella serotypes can survive on the epicarp and in
the pulp of tomatoes; however, this varies by serotype [5]. Serotypes such as Montevideo,
Newport, and Hadar are more adaptable to growth in tomatoes than serotypes such
as Enteritidis, Typhimurium, and Dublin. Furthermore, it has been reported that ripe
tomatoes support better survival and growth of Salmonella Montevideo than Salmonella
Typhimurium [5-7]. In recent years, Salmonella has also been detected in raw tomatoes [8],
leading to foodborne disease outbreaks and significant economic losses.

To reduce the microbial load in foods, physical and/or chemical control methods
can be applied. However, current microbial control methods to ensure food safety and
reduce microbial spoilage rely heavily on chemicals, radiation, and thermal treatments,
which have significant disadvantages, including altering the food and affecting its sensory
properties [9]. As an alternative, nanotechnologies are a growing field in the food sector.
Technologies such as hybrid nanohydroxide salts, used as antimicrobial contact surfaces or
in food packaging systems, show great potential for the food industry [10].

An edible coating is a thin layer of edible material that forms a protective covering
over food products and is consumed along with them. In coating formulations, various
substances such as plasticizers, crosslinking agents, emulsifiers, and reinforcing agents
are used to modify the material’s basic functionality [11,12]. Additionally, various active
compounds like antimicrobials, antioxidants, colorants, flavors, and nutraceuticals are
incorporated into the coating-forming solution to enhance the quality, stability, and safety
of packaged food products, providing antibacterial, antifungal, or antioxidant properties to
the edible material [13,14].

Pectin is an anionic polysaccharide with a structural backbone of «-D-galacturonic
acid linked by (1 — 4) bonds, found in plant fiber and cell walls [15]. It has great potential
for use in edible coating preparation due to its biodegradability, safety, strong gel-forming
ability, and excellent gas-barrier properties [16,17].

Thymol (2-isopropyl-5-methylphenol) is a natural colorless monoterpenoid phenol,
characterized by a strong aroma and solubility in alcohol and other organic solvents. It is
the main active component of the essential oil extracted from Thymus vulgaris. Thymol has
demonstrated antiseptic, antibacterial, antifungal, anthelmintic, antiviral, and antioxidant
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properties, among others. The antioxidant activity of thymol is attributed to the ability
of phenolic groups to absorb or neutralize free radicals and to enhance endogenous an-
tioxidants and beneficial microorganisms in foods [18]. Nevertheless, higher antioxidant
activity does not imply great antimicrobial activity against pathogens [19].

Layered hydroxysalts (LHS) or nanohydroxides (NH) are compounds belonging to
the group of inorganic salts, consisting of brucite-like layers. The general formula of lay-
ered hydroxysalts is M2*(OH),_,(A™~)x/m-nH,0, where M can be one or two different
divalent cations, and A represents an intercalated anion [20]. NH has made significant
progress in synthesis, structure, and modifications. Their adaptability has enabled them
to meet the requirements of practical applications in various fields, including catalysis,
conversion processes, thin-film devices, and ion-exchange /adsorbent materials [21]. Zinc
layered hydroxysalts [Zns(OH)s(NOs3),-2H,O] consist of stacked layers containing a single
type of cation. In recent years, zinc nanohydroxides (ZnNH) have been widely studied
due to the broad range of properties that can be introduced through intercalation and func-
tionalization reactions, such as surface chemical modification [22]. These nanostructures
can be used as intelligent packaging systems, offering advantages over conventional meth-
ods, including antimicrobial activity, controlled nutrient delivery, improved mechanical
resistance, enhanced bioavailability, and the preservation of active compounds [23].

The present research focuses on the formulation of an edible coating made of pectin
enriched with nanohybrids of zinc nanohydroxides and thymol. It includes the characteri-
zation and evaluation of its antioxidant capacity and its application on cherry tomatoes to
prevent Salmonella enterica adherence and survival. Tomatoes were analyzed for microbio-
logical and physicochemical quality, considering parameters such as color, soluble solids,
pH, lycopene content, and weight loss over 12 days at 25 °C.

2. Materials and Methods
2.1. Raw Materials

Food-grade citrus pectin was purchased from LM GENU pectin (CP Kelco, Atlanta, GE,
USA. ZnCl, (Golden Bell, Guadalajara, Mexico), NaOH (Sigma-Aldrich, Mexico City, Mex-
ico), and thymol (Favela Pro, Sinaloa, Mexico) were used to synthesize zinc-nanohydroxides.
Glycerol (Favela Pro, Sinaloa, Mexico) and CaCl, (Analytyka, Santa Monica, CA, USA)
were used for the coatings.

2.2. Zinc Nanohydroxide Salt and Hybrid Synthesis

ZnNH and hybrids with thymol (ZnNH-T) were synthesized as described in a previous
study [24]. To confirm morphology, FE-SEM (TESCAN Mira3, Tempe, AZ, USA) was used
at 15 kV.

2.3. Filmogenic Solutions

Edible coatings were prepared as described by Shivangi et al. [25]. For the base
solution, 3 g of pectin was diluted in 100 mL of distilled water and stirred continuously for
24 h at room temperature (30 °C). Then, glycerol was added at 0.5%, and 10 mg of CaCl, was
used as a cross-linking agent [26]. This base filmogenic solution was labeled as P. Finally,
thymol, ZnNH, and ZnNH-T were added at 1% of the total solution; each combination
was labeled PT (pectin thymol), PNH (pectin zinc nanohydroxide), and PNHT (pectin zinc
nanohydroxide-thymol). All mixtures were stirred for 30 min at room temperature, and a
portion was poured into Petri dishes and dried in a convection oven for characterization
(casting method); the remaining solution was kept at 4 °C until use.
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2.4. Filmogenic Solution and Edible Coating Characterization

Viscosity of filmogenic solutions was measured by adding 45 mL of the solutions in a
viscosimeter (BROOKFIELD LVT 299301, Middleboro, MA, USA); turbidity was determined
in a turbidimeter (Hangzhou Qiwei Instrument ZD-10A, Hangzhou, China), while total
soluble solids were quantified in a refractometer (SOONDA, Shanghai, China).

For the characterization of the edible coatings prepared with the casting method, an
FT-IR spectrophotometer (Nicolet iS5, ThermoScientific, Waltham, MA, USA) from 4000 to
400 cm ™! with 32 scans of resolution was used. Color was measured with a colorimeter (3nh
5C-10, Guangzhou, China), where values for 4, b, and L were recorded and used to calculate
total differential color (AE), Chroma (C¥), and Hue angle (H°), with Equations (1)-(3),
respectively [27]. The thickness of the coatings was measured with a digital micrometer
(WEN 10725, West Dundee, IL, USA); transparency was determined with the method
described by Han and Floros [28] with modifications. Solutions were read at 530 nm using
a transmittance reader (VINCKOLOR TH-200, Shenzhen, China), and the results were
expressed as the percentage of transparency (T%) estimated using Equation (4).

AEj, = [(AL*)? + (Aa")?+(Ab")*] /2 (1)
C* = Va2 + 12 )

H = tn(b) 3)

T (%) = 1og(Tfj°> (4)

where AL is the difference in luminosity, Aa is the difference from green to red, Ab is the
difference from blue to yellow, and 7 is the thickness of the coating.

2.5. Antioxidant Activity of Filmogenic Solutions

The antioxidant activity of filmogenic solutions was assessed by inhibition of the 2,2'-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical, following the methodol-
ogy of Li et al. [29]. ABTS radical at 7.5 mM was adjusted to an absorbance of 0.7 at 750 nm,
then 280 uL of the solution and 20 pL of each filmogenic solution (P, PT, PNH, PNHT) were
added to a 96-well microtiter plate and incubated in the dark for 10 min. Measurements
were read at 750 nm in a plate reader (BIORAD, i-Mark, Berkeley, CA, USA), and the results
were expressed as a percentage of inhibition (Equation (5)). ABTS radical with methanol
was used as a control.

A0 — Al

ABTS inhibition (%) = ~—g~ (100) ©)

where AY is the absorbance of the control, and A is the sample absorbance.

2.6. In Vitro Antibacterial Screening by Disc Diffusion

Prior to the postharvest assay, the antibacterial activity of the four pectin-based coat-
ings (P, PT, PNH, and PNHT) was screened in vitro against six Salmonella enterica serovars
(Agona, Bredeney, Enteritidis, Give, Montevideo, and Typhimurium) using the agar disc
diffusion method. Bacterial strains were cultured in tryptic soy broth (TSB) for 24 h at 37 °C,
and the cell density was adjusted to 1 x 10° CFU/mL using the optical density at 600 nm,
with 1 absorbance unit corresponding to 1 x 10° CFU/mL. Sterile paper discs (6 mm diam-
eter) were impregnated with each coating formulation and placed onto Mueller—-Hinton
agar plates previously seeded with the corresponding bacterial suspension. Plates were
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incubated at 37 °C for 24 h, and the diameter of the inhibitory zone (mm) was measured in
three replicates per treatment.

2.7. In Vivo Antibacterial Activity of Coatings

To test the antibacterial effect of the edible coatings, Salmonella enterica serotypes
(Enteritidis, Typhimurium, and Montevideo) donated by the Molecular Biology Laboratory
of Universidad de Guadalajara, CUCEI, were evaluated. Bacterial strains were cultured in
tryptic soy broth (TSB) and incubated for 24 h at 36 °C before testing. The cell density was
adjusted to 1 x 10° cells/mL using the optical density at 600 nm measured with a UV-Vis
spectrophotometer (Optizen POP BIO, Daedeok, Republic of Korea). Cherry tomatoes
(Solanum lycopersicum var. cerasiforme) at maturity stage 6 (deep red, with a red color
exceeding 90%) [30], similar in size, color, and texture, were purchased in local markets
of Guadalajara, Mexico. Fruits were washed and disinfected in sodium hypochlorite
(20 mg/L) for 20 s, then washed again to remove residual chlorine, and dried at room
temperature (30 °C). Filmogenic solutions for each treatment were prepared, and tomatoes
were coated in two dipping cycles of 30 s each and allowed to dry at room temperature
(30 °C) [31], followed by inoculation with Salmonella suspensions previously prepared
by immersion. Tomatoes were maintained at room temperature (30 °C) for 12 days and
sampled for Salmonella recovery at different times (1, 3, 6, 9, 12 days). Tomatoes without
any coating were used as a control [32].

For Salmonella recovery, tomatoes were submerged in buffered peptone water (BPW)
and agitated manually for 1 min to detach the cells. Serial dilutions were made in BPW,
cultured by plate extension over Xylose Lysine Desoxycholate (XLD) Agar, and incubated
for 24 h at 36 °C. Results were expressed as LogCFU/g.

2.8. Physicochemical Characteristics of Coated Tomatoes

Tomatoes were coated as previously described and kept at room temperature (30 °C)
for 12 days without Salmonella inoculation, with evaluations conducted at 1, 3, 6, 9, and
12 days [33]. Each tomato was weighed at the beginning of the test, and weight loss
was determined using an analytical balance. Weight loss was calculated as described in
Equation (6).

Weight loss (%) = mom;omn (100) (6)

where mg and m,, are the weight of the tomato at day 0 and sampling day, respectively.

Color parameters (AE, C*, and H°) were determined with Equations (1)—(3), while lycopene
content was calculated with Equation (7) and expressed as mg of lycopene per 100 g [34].

Lycopene = 11.848 (%) 15471 @)

where 2 and b are the chromatic coordinates of the color space of the colorimetry test.

The pH of the tomatoes was measured with a potentiometer (HANNA H06310595,
Cluj-Napoca, Romania); total soluble solids (TSS) were determined with a SOONDA
refractometer (Shanghai, China).

2.9. Statistical Analysis

All experiments were performed in triplicate and analyzed using one-way ANOVA,
followed by the Tukey test. Statistical significance was defined as p < 0.05, and the analysis
was conducted using Statgraphics Centurion XVIII (V. 19.5.01). For the disc diffusion
assay, a two-way ANOVA (coating x Salmonella serovar) was performed to evaluate the
main and interactive effects of the antimicrobial formulation and the bacterial serovar on
inhibitory zone diameter, followed by Tukey’s HSD test (p < 0.05); partial eta-squared (np)

https:/ /doi.org/10.3390/polysaccharides7030091


https://doi.org/10.3390/polysaccharides7030091

Polysaccharides 2026, 7, 91

60of 19

was calculated as a measure of effect size. Serovars were further characterized by their
multivariate inhibition profiles across the four coatings using Ward’s hierarchical clustering
and principal component analysis (PCA) on standardized (z-score) data to objectively
group serovars by susceptibility patterns rather than by ranked means alone.

3. Results and Discussion
3.1. Nanomaterials Characterization

Figure 1a shows the characterization of zinc nanohydroxides (ZnNH). The morphology
in the SEM images reveals a typical hexagonal structure characteristic of layered hydroxides;
the thickness, estimated using Image]J (V. 1.54p), was approximately 76.04 nm (Figure 1b). A
similar result was observed [23]. The ZnNH sample exhibited a characteristic platelet-like
morphology with hexagonal or irregular shapes, typical of layered hydroxide structures
formed by coprecipitation methods. The platelets had lateral dimensions ranging from
100 to 500 nm and appeared stacked in a layered arrangement, consistent with a layered
double hydroxide structure.

_ \
SEM HV: 15.0 kV WD: 14.95 mm 11 MIRA3 TESCAN

View field: 5.07 ym Det: SE 1pm
SEM MAG: 37.7 kx  Date(m/dly): 07/04/22 UNIV. DE GUADALAJARA / CUCEI

(b)
76.04 + 20.53
10
2
c
: \
[+]
O ]
0
40 60 80 100 120

Thickness (nm)

Figure 1. Zinc nanohydroxides characterization. (a) Scanning electron microscopy (SEM); (b) Size
distribution of thickness.
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Absorbance (a.u.)

3.2. Characterization of Filmogenic Solution and Edible Coating
3.2.1. Fourier Transform Infrared Spectroscopy

The FTIR spectra of edible coatings (P, PT, PNH, and PNHT) are depicted in Figure 2.
Signals between 3500 and 3100 cm ™! can be associated with the vibration of -OH groups,
while C-OH and C-O-C glycosidic bonds are observed around 1000 cm ™! [22]. In pectin-
based coatings, a broadening at 1100 cm ™! is observed, attributed to the C-O-C stretching
vibrations of the saccharide ring in pectin [35].

5 -OH C-H C-H C-0-C
==== PT
—— PNH
- PNHT
0.8 1
0.6 1 NVM
,/—‘ /sl'\\,
> \“ 7
LT B . .~ m——— ll ‘\" I“I~l
04 4= i S e N
7
-/ ‘ .A \.
ey, / \'.| ,\./‘/ >
—t ’ \'\. VAN N —w -'"\.»"‘
.’_/' ~N.— & e »\// -
024
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™!)

Figure 2. FTIR of pectin edible coatings.

PT and PNHT have peaks and intensities similar to P, suggesting possible incorpora-
tion of thymol and the hybrid into the polymeric network. Due to their cationic nature,
ZnNH, and ZnNH-T are entrapped within the crosslinked pectin matrix, and no new chem-
ical bonds are formed [36], thereby enabling efficient encapsulation of the nanocomposites.

3.2.2. Physicochemical Properties of Filmogenic Solutions

Table 1 shows the results for viscosity, turbidity, and total soluble solids (TSS) of filmo-
genic solutions. These parameters are crucial for adhesion, substrate absorption, thickness,
and coating uniformity when applied to foods [37]. No significant differences were found
in TSS (p > 0.05), possibly due to the insertion of thymol and nanohydroxide salts between
the polysaccharides. On the other hand, the viscosity of PNHT was significantly higher
than that of P, PT, and PNH. This behavior may be due to the incorporation of ZnNH-T
into the pectin network, as pectin’s molecular structure allows it to interact with other
molecules, forming longer, more complex chains. This chaining increases viscosity by
creating an entangled molecular network within the solution [38]. Similarly, turbidity
increased significantly in PT, PNH, and PNHT compared to P, possibly due to the formation
of larger complexes within the system [39].
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Table 1. TSS, viscosity, and turbidity of pectin-based food coatings.
Filmogenic Physicochemical Parameter
Formulation TSS (°Brix) Viscosity (cP) Turbidity (NTU)
Yy Yy
P 50+1.2% 63.33 + 15.28 1096 + 76 2
PT 574+172 46.67 £5.772 1257 +95b
PNH 444102 73.33 +15.28 1325 4+ 4P
PNHT 464+1.22 113.33 +=15.28 ¢ 1349 +27b

Different superscript letters within the same column indicate significant differences (p < 0.05) according to Tukey’s
HSD test.

Table 2 shows the colorimetric parameters of the pectin-based edible coatings. In
general, no significant differences (p > 0.05) were observed among coating types for L*, C*,
H?, a*, and b*. On the other hand, PNH and PNHT exhibited higher AE* than PT (with PT
as the reference), although the difference was not significant among treatments (p > 0.05).
This may be attributed to the color imparted by ZnNH and ZnNH-T, which appeared
whitish and was reflected in the coating solutions.

Table 2. Colorimetric parameters of pectin-based food coatings.

Edible Coating Formulation

Parameters P PT PNH PNHT
L* 3711 +1.274 3712 +1.5842 3728 £2.052 36.58 +2.142
C* 1491 +2802 13.79 +1.162 1293 +1.282 1423 +1.832
H° 70.67 +3.78 2 7177 1432 7258 +2.842 70.58 +1.322
a* 5.04 £1.922 433 +0.662 3.90+1.002 4754+ 0.882
b* 14.01 £2.272 13.09 £1.012 12.31 +£1.032 1341 +1.632
AE* - 1.82 +£0.3442 258 +1.402 257 +1.102

Different superscript letters within the same row indicate significant differences (p < 0.05) according to Tukey’s
HSD test.

Younis and Zhao [40] reported values of 2.82, 14.11, 14.39, and 78.93 for a*, b*, C*, and
H°®, respectively, in a 1.5% pectin coating. Similarly, Shahrampour et al. [41] reported values
of 3.1 and 9.0 for a* and b*, respectively, in a 2% low-methoxyl pectin coating, values similar
to those in this study. The thickness of the food coatings ranged from 0.161 to 0.197 mm
(Table 3). An increase in thickness was observed when thymol, ZnNH, and ZnNH-T
were added to the coating; however, no significant differences were found between the
coatings (p > 0.05). The uniform thickness of the coatings may be due to the formation of a
compact structure resulting from hydrogen bond interactions between the pectin polymer
chains [42].

Table 3. Thickness and transparency of pectin-based food coatings.

Edible Coating Physicochemical Parameter
Formulation Thickness (mm) Transparency (%)
P 0.161 £ 0.036 2 244 +£0.032
PT 0.172 +£0.0212 245+ 0.042
PNH 0.175 £ 0.014 2 249 +0.112
PNHT 0.197 £+ 0.097 2 238 +0.102

Different superscript letters within the same column indicate significant differences (p < 0.05) according to Tukey’s
HSD test.

Similarly, the transparency of the coatings ranged from 2.381 to 2.491% (Table 3); no
significant differences were found in transparency (p > 0.05) [43]. Therefore, the ability of
the edible coatings to retain moisture is affected.
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3.3. Antioxidant Capacity of Filmogenic Solutions

The presence of antioxidants decreases absorbance at 750 nm by eliminating free
radicals, yielding a measurement that reflects antioxidant capacity [44]. According to the
ABTS assay results evaluating the antioxidant capacity of pectin-based food coatings, ABTS
radical inhibitions of 20.1%, 92.4%, 17.8%, and 65.9% were observed for P, PT, PNH, and
PNHT, respectively (Figure 3). The data were analyzed using analysis of variance. A
significant difference was observed for PT and PNHT (p < 0.05). The increased percentage
of ABTS radical inhibition for PT and PNHT compared to P and PNH can be attributed
to the presence of thymol, whose antioxidant activity has been previously reported [45].
Furthermore, inhibition of the ABTS radical of P was observed. This was likely due to
pectin’s cation-scavenging activity reported in the study by Wang et al. [3], since pectin
can remove metal cations and prevent free radical formation through the Fenton reaction,
where these cations can catalyze the formation of hydroxyl radicals (¢OH) from hydrogen
peroxide by inhibiting free radical formation. Pectin could indirectly reduce ABTS radical
formation by reducing the availability of oxidizing agents [46,47].

100 S
a
— 80_
X b
c
o
whd
:_§ 60
<
=
(7))
l_ 40'
g c
c
w] | i
| T
0

r T T
PT PNH PNHT

U

Filmogenic solution

Figure 3. Percentage of ABTS radical inhibition of pectin-based coatings. Different superscript letters
indicate significant differences (p < 0.05) according to Tukey’s HSD test.

3.4. In Vitro Antibacterial Screening and Selection of Serovars for the Postharvest Assay

Figure 4A shows the inhibitory zone diameters produced by the four pectin-based coat-
ings against the six S. enterica serovars evaluated. Overall antibacterial activity increased
with the combined incorporation of zinc nanohydroxide and thymol (PNHT), consistent
with the synergistic action previously reported for related zinc-layered hydroxide-thymol
hybrid systems [24]. The two-way ANOVA indicated significant main effects of coating
and serovar (p < 0.0001 for both) and a significant coating x serovar interaction (p = 0.0009;
n%p = 0.51), confirming that susceptibility to the antimicrobial formulations was serovar-
dependent rather than uniform across the panel.
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Figure 4. In vitro antibacterial screening of pectin-based coatings and statistical basis for serovar
selection. (A) Inhibitory zone diameters (mm, mean =+ SD, n = 3; disc diffusion) for coatings P, PT,
PNH, and PNHT against six S. enterica serovars. Letters denote significant differences among coatings
within each serovar (Tukey’s HSD, p < 0.05); shaded columns mark the three serovars selected for
the postharvest assay. Two-way ANOVA: significant effects of coating (p < 0.0001) and serovar
(p < 0.0001), and a significant coating x serovar interaction (p = 0.0009, nzp = 0.51), showing that
susceptibility was serovar-dependent. (B) Hierarchical clustering (Ward’s method) of serovars by
inhibition profile. (C) PCA biplot of the standardized inhibition matrix (PC1 = 62.7%, PC2 = 29.9%
of variance); arrows show coating loadings. (D) Number of statistically distinct coating groups per
serovar (from panel A); a value of 1 indicates no significant coating effect was detected. (E) Gain in
inhibitory zone for PNHT vs. the plain-pectin control (P), by serovar. S. Enteritidis, S. Typhimurium,
and S. Montevideo (gold) were the only serovars with a statistically resolvable coating effect and
were therefore selected for the postharvest assay. Grey denotes serovars not selected.

Not all serovars responded to the coatings in a statistically meaningful way. S. Agona
and S. Give showed no significant differences among the four coatings (Tukey’s HSD,
p > 0.05), i.e., a single homogeneous group spanning P, PT, PNH, and PNHT, indicating
that the disc diffusion assay did not resolve a susceptibility gradient for these two serovars
under the conditions tested (Figure 4A,D). S. Bredeney differed significantly only with
the zinc-containing coatings (PNH, PNHT) but not with thymol alone (PT), suggesting
a zinc-dependent rather than a thymol-synergistic response (Figure 4A,D). In contrast, S.
Enteritidis, S. Typhimurium, and S. Montevideo exhibited a clear, statistically significant
increase in inhibition with the PNHT formulation relative to the plain-pectin control (P),
gaining 1.5, 2.0, and 2.8 mm, respectively (Figure 4E). These three serovars were therefore
selected for the postharvest cherry tomato assay, as they were the only ones for which
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the antimicrobial coatings (specifically the zinc—thymol combination central to this study)
produced a measurable, statistically significant effect in vitro.

This selection is broadly consistent with a multivariate analysis of the inhibition pro-
file, presented here as a secondary, exploratory complement to the ANOVA. Principal
component analysis (62.7% and 29.9% of variance explained by PC1 and PC2, respectively)
showed that PT and PNHT loaded in a similar direction, distinct from PNH, which aligned
more closely with S. Bredeney (Figure 4C). Ward’s hierarchical clustering on the same
standardized data grouped S. Enteritidis, S. Montevideo, S. Typhimurium, and S. Agona
together, apart from S. Bredeney and S. Give (Figure 4B); given the limited number of
serovars evaluated, this grouping is best interpreted as a qualitative visualization aid rather
than an independent confirmatory test. Although S. Agona clustered near the three se-
lected serovars on this basis, its response to the individual coatings was not statistically
differentiated (Figure 4D), which is why it was not prioritized for the postharvest assay
despite its proximity in the multivariate space.

3.5. Efficiency of Edible Coatings on Salmonella Adherence

The antimicrobial effect of pectin-based coatings against S. Enteritidis, S. Typhimurium,
and S. Montevideo during 12 days of storage at room temperature in cherry tomatoes is
shown in Figure 5.

In general, Salmonella counts decreased in coated cherry tomatoes throughout the
12-day storage period, regardless of the serotype evaluated. On day 1, coatings P and PNH
showed lower microbial loads (2 to 3.1 log CFU/g) of S. Enteritidis and S. Typhimurium
compared to the other coatings [PT (3 to 3.5 log CFU/g) and PNHT (3.5 to 3.7 log CFU/g)],
as well as the control (3.7 to 4.7 log CFU/g).

5.5

T e i e D B U

S. Enteritidis (Log CFU/qg)

2.0~ S

1'5 1 I 1 1

—=— Control —— P —A— PT —y— PNH —— PNHT
Storage time (days)

Figure 5. Cont.
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Figure 5. Recovery of Salmonella enterica from tomatoes coated with edible coatings. Different
superscript letters for coating treatment in each day indicate significant differences (p < 0.05) according
to Tukey’s HSD test.

On day 3, a decrease in microbial load was observed in the three Salmonella serotypes
treated with the PT coating (1.9 log CFU/g for S. Enteritidis, 2.1 log CFU/g for S. Ty-
phimurium, and 1.7 log CFU/g for S. Montevideo). This may be attributed to the an-
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timicrobial effect of thymol, which reduces Salmonella spp. load in contaminated fruit, as
previously reported by Lu and Wu [48]. It was observed that the microbial load of cherry
tomatoes coated with PT began to increase after day 3 of storage (from 2.5 to 3.3 log CFU/g)
for all three Salmonella serotypes, whereas increases occurred earlier for P-coated tomatoes
(day 1: 3.3 to 3.6 log CFU/¢g) and later for PNH-coated tomatoes (day 9: 3 to 3.6 log CFU/¢g).
In contrast, the PNHT treatment showed a reduction in microbial load from day 3 to day 12
of storage [from 3.5 to 2.7 log CFU/g (S. Enteritidis), 3.5 to 3.0 log CFU/g (S. Typhimurium),
and 2.6 to 2.0 log CFU/g (S. Montevideo)], compared to the control (4.8 to 4.9 log CFU/g,
3.7 to 3.5 log CFU/g, and 4.9 to 4.0 log CFU/g for S. Enteritidis, S. Typhimurium, and
S. Montevideo, respectively). These results may be attributed to a controlled release of
thymol [49,50], which exerts a sustained antimicrobial effect on cherry tomatoes through-
out the 12-day storage period. Takala et al. [51] reported reductions of 2 log CFU /g of S.
Typhimurium in broccoli coated with methylcellulose (10 mg/mL) containing rosemary
extract (13.5 mg/mL), oregano, and thyme (6 mg/mL) during 12 days of storage at 4 °C [52].
Similarly, Won et al. [52] reported a 2-log CFU/cherry reduction for a Salmonella cocktail in
cherry tomatoes coated with chitosan (1%) and grapefruit seed extract (1%) stored at 25 °C.
The significant performance of PNHT compared to PT and PNH suggests a synergistic or
additive antimicrobial effect between zinc ions and thymol. Zinc ions may enhance the
antimicrobial activity of thymol by increasing bacterial membrane permeability, facilitating
thymol penetration into cells [24]. Additionally, the layered hydroxide structure provides a
controlled-release mechanism that maintains effective thymol concentrations on the tomato
surface over extended storage periods. The formulations presented in this research focused
on avoiding energy use for storage (refrigeration), thereby reducing costs and waste at
points of sale. Additionally, it has been reported that these layered materials are non-toxic
at the concentration used in this study [53], which suggests that their application is safe
for consumption.

3.6. Physicochemical Properties of Coated Tomatoes

The physicochemical properties of tomatoes coated with different solutions were ana-
lyzed in a 12-day experiment. Figure 6 shows tomatoes under different treatments during
evaluation on day 1 (Figure 6A), day 6 (Figure 6B), and day 12 (Figure 6C). Interestingly, by
the sixth day, the control’s quality began to decline, as evidenced by increased turgor loss,
whereas the coated tomatoes showed reduced turgor loss. This was also observed at the
end of the experiment, where turgor loss was evident in all treatments; however, it was
slightly less pronounced in coated tomatoes compared to the control.

Control

¥ -

Figure 6. Pectin-coated cherry tomatoes of storage at day 1 (A), 6 (B), and 12 (C).
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3.6.1. Weight Loss

Significant differences (p < 0.05) were observed by coating type relative to the control
on days 6, 9, and 12 (Figure 7); however, pectin-coated cherry tomatoes exhibited a lower
weight loss over 12 days of storage (8%) than the control (13%). The physiological weight
loss in the coated cherry tomatoes may be due to the effect of the coating and its ability to
create a semipermeable barrier, which only allows limited exchange of O, CO,, and H,O,
thus reducing the fruit’s metabolism and, consequently, decreasing the rate of respiration,
heat production, and ethylene production [54].

a

a

1

OControl {r

arp
oPT —
BPNH

b
EPNHT ‘} b

a

6 9 12
Storage time (days)

Figure 7. Weight loss of tomato with pectin-based edible coatings. Different letters for coating
treatment on each day indicate significant (p < 0.05) according to Tukey’s HSD test.

3.6.2. Color Parameters

During the 12-day test, the color of tomatoes coated with different pectin formulations
was measured for Total differential color (AE), Chroma, and Hue angle. Table 4 presents
the values for each treatment. Significant differences (p < 0.05) were observed for the type
of coating in C* (PNH, day 9); in H° (P, day 6, and P, PT, and PNH, day 9); and in L* (PNH,
days 9 and 12), compared to the control. Furthermore, the AE for PT on day 1, P, PT, and
PNHT on day 9, as well as P on day 12, showed values >3, indicating significant differences
from the control, possibly due to ripening in the uncoated cherry tomatoes. On the other
hand, the PNHT treatment showed no significant differences in C¥, H°, and L* over the
12-day analysis period compared with the control.

Pholsin et al. [55] reported L* and AE values of 43 and 10, respectively, for cherry
tomatoes coated with pectin extracted from cocoa epicarp (10%), on day 12 of storage. In
this regard, Flores et al. [56] reported L* and AE values of 45.51 and 5.31, respectively, for
cherry tomatoes coated with pectin (3%) and stored at 12 °C. These results may differ from
those of the present study, possibly due to the type of fruit, the origin of the pectin, and the
storage temperatures.
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Table 4. Average of color parameters of tomato pectin-based coatings at 25 °C. for 12 days.
Parameter Day Control P PT PNH PNHT
1 - 21240772  315+054> 19540412 19640512
3 - 289 +1.7742 1.314+0.802 268 +£2.10°2 1.22 +1.002
AE}, 6 - 2.08+0542 225+1392 247 +0.512 281 +1542
9 - 314 +1.682 3.50+0.802 4.08 +0.602 3.04+0922
12 - 3.26 20862 2.74 +£2.032 2.58 £0.632 1.36 £041°2
1 19.70 22612 19.024+0432 19704+ 1872 19.14+ 1642 2128+ 1562
3 17.72 £1292 16454+ 0953 18.06+1.95%° 19554 3.04° 20.364+1.30°
c* 6 18.88 £1.232 20.08+1.762 19.60+2452 19254+2312 1877+1.702
9 17.62 £ 0372 19.934+0512> 19.034+1.142> 21.63 +£3.97P 1823+ 0.502P
12 1991 4+0712 18184+ 1302 1844 +2.172 21.044+2212 194940442
1 5419 £4.872 5336+2512 5280+£3.852 5359+£2842 51.81+2642
3 56.59 + 2523 5942 +1.672 5648 +4.723> 5503 +4.212P 52144 1.382
H° 6 56.44 +1.53P 512242442 5453 +1.242P 5387 +2462P 5629 +3.32P
9 5837 +240b 5251 4+1.712% 5460+1912 5345+2.082 54.80+1.893
12 5498 +£1.208 5590+2652 53.62+2912 5340+£5742 551541572
1 3438 £1.152 3414 +0.342 3425+0.832 3414+0.732 34.64+0.652
3 3421 +0882 3277 +0562 3443 +£1.062 34.03+3.092 35.05+0.53¢2
L* 6 33.11 £0.072 34.65+0.232 33.63£0.612 3337+£2232 3320+£2552
9 31.66 1213 331041912 3361 +0.612° 3409+ 0.85° 32.78 +0.14 P
12 32.83+0.673 32.654+0.883 3342+1.10%® 34734+1.10° 33.0841.022
Different superscript letters within the same column indicate significant differences for coating treatment each
day (p < 0.05) according to Tukey’s HSD test. (-) indicates that the value was considered control 0. AE};, is the total
color difference; C* is Chroma, H° stands for Hue angle, and L* is the luminosity of the tomatoes.
3.6.3. Lycopene, pH and Soluble Solids
Table 5 shows the physicochemical parameters of cherry tomatoes coated with pectin-
based coatings during the 12 days of analysis. Significant differences (p < 0.05) were
observed between coating types in lycopene content (PNHT, day 6; P, days 6 and 9) and
pH (PNH, day 6). However, no significant differences (p > 0.05) were found in the soluble
solids content of the cherry tomatoes.
Table 5. Physicochemical parameters of cherry tomatoes with pectin coatings.
Parameter Day Control P PT PNH PNHT
1 10.15+15028 1037 +£0.7928 1058 +1.2228 1031+£0912% 10.89+090°%
Lycopene 3 938 +£0.76%  855+0462 944+140° 9.88+1.28% 1076 +046°
content 6 941+£0462 11.09+£0.83> 9.99+£039% 1021078 9.48+1.01°
(mg/100 g) 9 886 +0.69%  10.64+056° 9984+ 0.602" 10.3440.672> 991 +0.5972b
12 958 +£0.372 98540792 10.304+0.932> 10444+ 1.802> 9.80 + 0.48 2P
1 440 £0.05° 438 +0.02°  430+0.022 43040022 435+ 006
3 432 +£0.082 433 +£0.042 446 +£0.142 449 +£0.11°2 447 £0.092
pH 6 438 +0.042 453 4 0.06 bc 428 +0.162 457 +£0.10°¢ 4.38 +0.06 2P
9 448 +0.112 445 4+0.012 469 +0.18"° 472 +0.09 446 +0.092
12 48540592 449 4+0.102 46040152 457 +0.052 492 4+0582
1 5.90 +£0.892 517 +£2.052 6.00 £0.262 6.37 £0.152 6.70 £0.362
: 3 6.83+031%® 6374+035% 5904087 717+055° 6574032
Soluble solids a a a a a
(°Brix) 6 6.67 £ 0.32 6.33 + 0.61 6.53 £ 0.31 7.83 +1.79 6.20 £+ 1.08
9 6.63+0.723> 657 4 0.64 2 513 +0.802 8.13+259b 5.60 £0.352
12 6.63+ 0472 707 +064%® 563+1.032 640+0902> 753+1.172b

Different superscript letters within the same column indicate significant differences for coating treatment each
day (p < 0.05) according to Tukey’s HSD test.

https:/ /doi.org/10.3390/polysaccharides7030091


https://doi.org/10.3390/polysaccharides7030091

Polysaccharides 2026, 7, 91

16 of 19

The increase in pH may be due to acid decomposition from respiration during storage
and to increased organic acid concentrations during ripening [57].

Coated tomatoes retained significantly higher lycopene content compared to uncoated
controls (p < 0.05). The control tomatoes had a lycopene content of 9.58 £ 0.37 mg/100 g by
day 12, while coated tomatoes ranged from 9.85 & 0.79 mg /100 g (P) to 10.44 £+ 1.80 mg/100 g
(PNH), representing increases of 2.81% to 8.97% compared to the control. The better reten-
tion of lycopene in coated tomatoes is attributed to several factors: (1) reduced oxidative
degradation due to the barrier properties of the coating, which limit oxygen exposure [58];
(2) antioxidant protection provided by thymol in PT and PNHT coatings, which can scav-
enge free radicals that would otherwise degrade lycopene [59]; and (3) reduced light
exposure due to the opacity of nanohybrid-containing coatings, which protects lycopene
from photodegradation [54]. The preservation of lycopene content is important not only
for maintaining the attractive red color of tomatoes but also for retaining their nutritional
value and health benefits [60].

4. Conclusions

In this study, zinc nanohydroxide-thymol nanohybrids were successfully incorporated
into a citrus pectin matrix to develop active edible coatings for cherry tomatoes. Prior
in vitro screening against six S. enterica serovars, combined with two-way ANOVA and mul-
tivariate (PCA) analysis, showed that susceptibility to the coatings was serovar-dependent
and provided statistical justification for prioritizing Typhimurium, Enteritidis, and Monte-
video in the postharvest assay. The addition of these nanohybrids significantly enhanced
the antioxidant properties of the coatings. Furthermore, the pectin-based formulations
demonstrated an antimicrobial effect against Salmonella spp., notably reducing the microbial
load on the fruit surface by approximately 2 Log CFU/g during 12 days of storage. These
coatings not only improved safety but also helped preserve the physicochemical quality
of the cherry tomatoes, including visual firmness and total soluble solids. Therefore, the
pectin-nanohybrid coating represents a promising and sustainable technology for extending
the shelf life of fresh produce. The study highlights several key areas requiring further
research before the pectin-ZnNH-T coating system can be commercially implemented.
These include sensory evaluation to assess consumer acceptability of thymol’s odor and
optimize its loading for balanced efficacy, as well as safety and migration studies to quantify
zinc and thymol transfer into tomato tissue and ensure regulatory compliance. Extended
storage trials under refrigerated conditions and longer timeframes are needed to better
reflect real distribution chains, alongside scale-up efforts to develop practical application
methods and conduct economic feasibility analyses. Finally, testing the coating on other
produce and against additional pathogens such as E. coli O157:H7 and Listeria monocyto-
genes would confirm the technology’s broader versatility and applicability. Additionally,
determining the minimum inhibitory and bactericidal concentrations (MIC/MBC) for the
selected serovars would complement disc diffusion screening and further validate the
antimicrobial mechanism.
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