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Abstract This study evaluated the antibacterial activity
of cinnamaldehyde (CIN) and biogenic silver nanoparticles
(BioAgNP), alone and in combination, against Escherichia
coli, Salmonella Typhimurium, and Staphylococcus aureus
in vitro. Their sanitation activities on fresh sweet grape
tomatoes were also evaluated. CIN and BioAgNP inhibited
the growth of the tested bacteria, and at low concentrations,
their combinations presented a synergistic effect. In the sani-
tization of fresh sweet grape tomatoes, CIN (156 pg/mL)
combined with BioAgNP (31.25 uM) at subinhibitory con-
centrations inhibited the growth of E. coli after only 5 min
of contact. Exposed samples showed no growth of E. coli
during their shelf life. The combination of these compounds
did not change significantly (p > 0.05) the physicochemi-
cal properties of sweet grape tomatoes and showed that
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CIN combined with BioAgNP could represent an effective
method for decontaminating fruits and vegetables. This com-
bination has great potential for application in the prevention
of foodborne diseases.
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Introduction

Microbial contamination is a worldwide problem that causes
enormous losses for the food industry and generates high
healthcare costs (US$ 15.6 billion each year) (CDC 2022).
Foodborne diseases, in turn, have been perceived as a seri-
ous public health problem worldwide. Centers for Disease
Control and Prevention (CDC) estimates that each year one
in six Americans become ill from contaminated food or bev-
erages, and 3000 die from foodborne illness (CDC 2022).
The foodborne pathogens commonly involved in food safety
incidents include Escherichia coli, Staphylococcus aureus,
Salmonella sp., and Listeria monocytogenes (CDC 2022).
Although there are methods to control microbial growth in
foods, there remains a need for novel techniques that prove
effective at microbial inactivation and the maintenance of
organoleptic characteristics of foods (Nile et al. 2020).
Natural compounds are promising alternative food pre-
servatives (Batista et al. 2019). Among them, cinnamal-
dehyde (CIN) has been studied extensively due to its anti-
microbial effect (Burt et al. 2016; Malheiro et al. 2019).
CIN is the major compound in cinnamon essential oil and
can be used as a food additive and flavoring agent (Bar-
celoux 2008). Furthermore, it qualifies as ‘generally rec-
ognized as safe’ (GRAS) according to the Food and Drug
Administration (21 CFR 182.60) (FDA 2018). However,
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its strong taste and aroma limit its use; therefore, novel
alternatives are needed to minimize or eliminate these
undesirable organoleptic effects (Li et al. 2022).

Green nanotechnology has also received consider-
able attention in the scientific community due to its eco-
friendly and low-cost nature (Kobayashi and Nakazato
2020). Among the engineered nanomaterials, silver nano-
particles (AgNPs) have gained increased interest due to
their strong antimicrobial activities and antiviral proper-
ties (Chue-Gongalves et al. 2021; Kobayashi and Naka-
zato 2020). In the food sector, silver nanoparticles have
been applied to food processing, packaging, and sanita-
tion (Nile et al. 2020). Among the commercially available
nanotechnology-based disinfectants, silver nanoparticles
are the most used active constituent (Nile et al. 2020).
However, some works have reported microbial resistance
to silver (Graves et al. 2015) and toxicity when applied
directly to food (Li et al. 2022).

Compounds can be incorporated into nanoparticles,
making it possible to assess the effect of several sub-
stances simultaneously (Nile et al. 2020). The combined
use of nanoparticles and antimicrobials provides more
potent antimicrobial activity than that of a single com-
pound (Ghosh et al. 2013; Nile et al. 2020). Previous
studies showed additive or synergistic antibacterial effects
combining AgNPs with natural compounds against Gram-
positive and Gram-negative bacteria (Ghosh et al. 2013;
Scandorieiro et al. 2016; Dehkordi et al. 2019; Scando-
rieiro et al. 2022). Synergistic effect of AgNPs combined
with eugenol in milk, against Staphylococcus aureus was
reported by Dehkordi et al. (2019). Ghosh et al. (2013)
also described a synergistic effect combining AgNPs with
CIN against Clostridium perfringens and Bacillus cereus.
Scandorieiro et al. (2022) combined BioAgNP and oreg-
ano essential oil and its terpenoids (carvacrol and thymol)
and found an additive action against multidrug-resistant
Gram-positive and negative strains.

In this way, the combination of CIN and AgNPs is a
potential strategy to increase the antibacterial activity and
reduce the effective concentration of both compounds,
thus reducing the impact of undesirable characteristics
of compounds on food (Ghosh et al. 2013; Scandorieiro
et al. 2016).

To this end, we aimed to investigate the association of
CIN with biogenic silver nanoparticles (BioAgNP) and
their effects as a sanitizer for fresh sweet grape tomato.
The first part of this study evaluated the antibacterial
activity of CIN and BioAgNP alone and in combination
against E. coli, Salmonella Typhimurium, and S. aureus.
The second part was conducted to investigate the effect of
CIN and BioAgNP alone and in combination as a sanitizer
for fresh sweet grape tomato.
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Materials and methods
Bacterial strains

Escherichia coli ATCC 25922, Salmonella enterica sero-
type Typhimurium ATCC 14028, and Staphylococcus
aureus ATCC 25923 were used in this study (U.S. 2022).
The strains were provided by the Laboratory of Food Micro-
biology, State University of Maringa, Parand, Brazil. The
cultures were maintained in Tryptic Soy Broth (TSB) (Difco,
Becton Dickinson, Sparks, MD, USA) supplemented with
20% glycerol at —20 °C.

Antimicrobial agents

Cinnamaldehyde (CIN) with 93% purity was obtained from
Sigma Aldrich, Buchs, Switzerland. Biogenic silver nano-
particles (BioAgNP) were obtained from GRAL Bioativos®,
Londrina, Brazil. These BioAgNP were produced from cat-
uaba extract (Trichilia catigua) and showed an average bio-
AgNP diameter of 82.73 nm, zeta potential of —23.27 mV,
and polydispersity index (PI) of 0.17.

Antibacterial activity
Antibacterial activity of cinnamaldehyde and BioAgNP

The minimum inhibitory concentration (MIC) of CIN and
BioAgNP were determined using the broth microdilution
method following the recommendations of the Clinical and
Laboratory Standards Institute (CLSI 2018). CIN was ini-
tially diluted in 0.5% dimethyl sulfoxide (DMSO), and Bio-
AgNP was prepared in Mueller Hinton Broth (MHB, Difco,
Becton Dickinson, Sparks, MD, USA). Tested concentra-
tions of CIN and BioAgNP ranged from 19 to 5000 pg/mL
and 0.97 to 500 uM, respectively. Bacterial suspensions were
standardized by 0.5 McFarland scale (1.5 x 10% bacteria/
mL) and diluted at 1:20, and 10 pL were inoculated in each
microplate well. After 24 h of incubation at 35 °C, the MIC
was defined as the lowest concentration of antimicrobial
agent that inhibited visible growth. Bacterial growth control
in MHB and 0.5% DMSO and a control with CIN in MHB
and BioAgNP in MHB were included. All assays were car-
ried out in triplicate and on at least three different occasions.

Antibacterial combination assay

The interaction of CIN and BioAgNP was determined by the
checkerboard method (Doern 2014).

BioAgNP was added to 96-well microtiter plates with
MHB and diluted along the x-axis. CIN was added and
diluted along the y-axis in the same way. Bacterial sus-
pensions with approximately 10° colony-forming units per
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milliliter (CFU/mL) were inoculated in each microplate well.
The plates were incubated at 35 °C for 24 h. Substances were
combined following calculation of the fractional inhibitory
concentration (FIC) index (XFIC), which was determined
as follows:

MIC of CIN in combination
Y FICI =
MIC of CIN alone
MIC of BioAgNPin combination
MIC of BioAgNP alone

The interaction between CIN and BioAgNP was defined
as synergistic (FICI <0.5), additive (0.5 <FICI<1), indif-
ferent (1 < FICI <4), or antagonistic (FICI > 4) (Pillai et al.
2005). The Bliss-independent interactions were analyzed
with Combenefit software (Di Veroli et al. 2016). All the
experiments were repeated in triplicate.

Time-kill assay

Time-kill assays were performed according to Isenberg
(2004), with modifications. Overnight cultures of E. coli
ATCC 25922, S. Typhimurium ATCC 14028, and S. aureus
ATCC 25923 were standardized equivalent to 1.0 McFar-
land (3.0 x 108 bacteria/mL) and transferred to MHB sup-
plemented with CIN and BioAgNP, alone and in combina-
tion, to obtain a final inoculum of 6 x 10> CFU/mL. CIN was
tested at 156 pg/mL (1/2 MIC) and BioAgNP at 31.25 uyM
(1/2 MIC), according to the checkerboard results. Aliquots
of 100 pL were withdrawn at different time intervals, serially
diluted, and plated on Mueller—Hinton agar (MHA) (Difco,
Becton Dickinson, Sparks, MD, USA). Plates were incu-
bated at 35 °C for 24 h, and CFUs were counted. Each test
was performed in duplicate and repeated three times.

Application in fresh sweet grape tomatoes

Escherichia coli was chosen for evaluation of the antibacte-
rial effect of CIN and BioAgNP alone and in combination as
sanitizers in fresh sweet grape tomatoes. The concentrations
of evaluated compounds were selected by the checkerboard
method.

Microbiological quality

Samples of tomatoes not subjected to sanitizing treatments
and without the artificial inoculation step were also sub-
mitted to microbiological analysis (Salmonella spp. and E.
coli), following the standards required by Brazilian legisla-
tion (Brasil 2019).

For detection of Salmonella spp., 25 g of the samples
were added to 225 mL of lactose broth (Difco, Becton Dick-
inson, Sparks, MD, USA) and incubated at 35 °C for 24 h.

After the incubation period, selective enrichment was per-
formed in selenite cystine broth (Difco, Becton Dickinson,
Sparks, MD, USA) and in Rappaport—Vassiliadis medium
(Difco, Becton Dickinson, Sparks, MD, USA). Subse-
quently, samples were plated on Hektoen agar and incubated
at 35 °C for 24 h. Typical colonies were submitted to bio-
chemical and serological tests.

Escherichia coli enumeration was performed using Pet-
rifilm™ EC plates (3 M Company, St. Paul, MN, EUA).
Aliquots of 1 mL of each sample were seeded in Petrifilm™
EC plates and incubated at 35 °C for 24 and 48 h. E. coli
colonies were enumerated according to the manufacturer’s
instructions.

Preparation and inoculation of sweet grape tomatoes

Sweet grape mini tomatoes (Lycopersicum esculentum Mill.)
were purchased in a local market and selected during their
mature phase without mechanical blemishes. The tomatoes
were washed in running water, immersed in cold water with
200 ppm chloride for 10 min, washed, and dried. The sweet
grape tomatoes were submerged in E. coli ATCC 25922
suspensions standardized at 103 CFU/mL in sterile 0.1%
peptone water supplemented with 0.1% agar for 30 min.
Afterwards, the samples were air dried for 2 h to facilitate
bacterial adhesion before exposure to disinfection treatments
(Choi et al. 2018).

Sanitizing treatments and shelf life

To assess the antibacterial activity of CIN and BioAgNP
alone and in combination against E. coli in sweet grape
tomatoes, four samples were defined: a control sample (with-
out antimicrobials), a CIN sample at 156 pg/mL (CIN), a
BioAgNP sample at 31.25 pM (BioAgNP), and a CIN + Bio-
AgNP sample at 156 pg/mL +31.25 pM (CIN and Bio-
AgNP). For the treatments, the tomatoes were immersed in
a solution containing sterile distilled water plus the studied
antimicrobials and evaluated at 0, 5, 10, 15, 30 and 60 min.
The inoculated bacteria were counted by diluting 10 g of
tomato in 90 mL of sterile peptone water (1 g/L). Serial
dilutions were performed, plated on Eosin Methylene Blue
Agar (Difco, Becton Dickinson, Sparks, MD, USA) plates,
and incubated at 35 °C for 24 h before counting. The analy-
ses were repeated twice, and the results are expressed in log
CFU/mL.

The survival of E. coli in sweet grape tomatoes treated
with CIN and BioAgNP alone and in combination during
the shelf life was also evaluated. The samples were treated
for 5 min, air dried, and packaged in sealed bags for 7 days.
The samples were stored at room temperature and analyzed
on days 0, 4, and 7 of their shelf life.
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Physicochemical analysis

The sweet grape tomato samples stored at room tempera-
ture were analyzed at intervals of 0, 4, and 7 days of shelf
life with regard to pH, titratable acidity, and soluble solids
(Instituto Adolfo Lutz 1985). The hydrogen ionic potential
(pH) was determined in homogenized tomato pulp using a
digital potentiometer (MCA-150, Lucadema). Soluble solids
(°Brix) were determined using a drop of tomato pulp homog-
enized using an ABBE benchtop refractometer (AR1000S,
Megabrix) calibrated at 20 °C. Total titratable acidity was
determined from the titration of 5 g of homogenate pulp
diluted in 100 ml of distilled water and a standard solution
of 0.1 mol/L sodium hydroxide. Analyses were performed
in triplicate, with three replicates.

Statistical analysis

The results were analyzed with GraphPad Prism 7.0 Soft-
ware. In vitro analyses were performed in duplicate, with
three replications, and sanitizer analysis was repeated twice.
Results were expressed as the mean + standard deviation.
The data were analyzed by ANOVA at the 5% significance
level. Post hoc comparisons were performed by Tukey’s test.

Results and discussion
Antibacterial activity in vitro
Antibacterial activity of cinnamaldehyde and BioAgNP

Cinnamaldehyde and BioAgNP exhibited antimicrobial
activity against E. coli, S. Typhimurium, and S. aureus.
In this study, CIN presented an MIC of 624 pg/mL for all
bacteria investigated. Other studies evaluating the activity
of CIN against E. coli revealed MIC values between 100
and 310 pg/mL (Andrade-Ochoa et al. 2021; Ghosh et al.
2013; Ye et al. 2013). An MIC between 131 and 600 pg/
mL was obtained against S. Typhimurium (Andrade-Ochoa
et al. 2021; Burt et al. 2016), and MIC values between 58
and 500 pg/mL were observed for S. aureus. (Al-Bayati and
Mohammed 2009; Ghosh et al. 2013; Ye et al. 2013).
BioAgNP showed MIC values of 125 uM against E. coli,
S. Typhimurium, and S. aureus. Scandorieiro et al. (2016)
analyzed the antimicrobial action of BioAgNP produced
from fungi extract and reported MICs of 62.5, 125, and
250 uM against E. coli (ATCC 25922), S. Typhimurium
(ATCC 68169), and S. aureus (ATCC 25923), respectively.
Other studies revealed AgNP or BioAgNP MIC values
between 3.12 and 50 pg/mL against E. coli (Al-Sharqi et al.
2019; Dalir et al. 2020; Kelkawi et al. 2016; Zarei et al.
2014) and S. Typhimurium (Dehkordi et al. 2019; Zarei
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et al. 2014), respectively. AgNP MIC values between 6.7 and
128 pg/mL were also found against S. aureus. (Al-Sharqi
et al. 2019; Andrade et al. 2017; Dalir et al. 2020).

Synergistic effect between cinnamaldehyde and BioAgNP

The effect of the combination of CIN and BioAgNP against
E. coli, S. Typhimurium, and S. aureus was synergistic,
with an FIC value of 0.49. The combination of compounds
reduced the MIC value of CIN two-fold (from 624 to 156 pg/
mL) and that of BioAgNP (from 125 to 31.25 uM) for all
bacteria tested. To our best knowledge, the only study
reporting on a combination of CIN and AgNP was per-
formed by Ghosh et al. (2013); however, those authors used
a silver nanoparticle synthesized by silver nitrate. Ghosh
et al. (2013) showed that the effect of the combination of
CIN and BioAgNP was additive (FICI 0.53) against E.
coli, Salmonella typhi, and S. aureus. Scandorieiro et al.
(2016) studied the antibacterial effect of oregano essential
oil (OEO) and biological silver nanoparticles (BioAgNP)
on E. coli, S. Typhimurium, and S. aureus. The FICI value
(0.50) indicated that OEO and BioAgNP had a synergis-
tic effect on S. aureus. The combination of OEO and Bio-
AgNP significantly decreased the MIC of EOE (twofold)
and BioAgNP (twofold), in agreement with our results. The
combination of OEO and BioAgNP showed an additive
interaction when tested against E. coli and S. Typhimurium.
Dehkordi et al. (2019) also showed a synergistic effect on S.
aureus (FICI 0.5) by combining eugenol and colloidal silver
nanoparticles.

The synergic effect revealed by FIC values was vali-
dated by the results of Bliss independence surface analysis
(Fig. 1). In this way, CIN combined with BioAgNP showed
a predominance of blue areas, confirming the synergism.

Silver nanoparticles have been widely studied because of
their broad-spectrum antimicrobial effect, even at low con-
centrations (Dalir et al. 2020; Dehkordi et al. 2019; Kelkawi
et al. 2016; Scandorieiro et al. 2016). In addition, the combi-
nation of these nanoparticles with several compounds, such
as plant derivatives and bacteriocins, has shown potent anti-
microbial activity in different microbial species, including
foodborne bacteria (Al-Shargi et al. 2019; Dehkordi et al.
2019).

Time-kill curve

Time-kill curves were used to assess the antibacterial activ-
ity of CIN and BioAgNP alone and combined against E. coli,
S. Typhimurium, and S. aureus (Fig. 2).

Escherichia coli (control group) reached 8.7 log CFU/
mL after 6 h at 35 °C. CIN at a subinhibitory concentra-
tion (156 pg/mL) did not reduce the bacterial count dur-
ing 6 h of incubation. Treatment with BioAgNP alone
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Fig. 1 The Bliss independence surface analysis for in vitro combi-
nations CIN and BioAgNP against A Escherichia coli ATCC 25922;
B Salmonella Typhimurium ATCC 14028; C Staphylococcus aureus
ATCC 25923 by Bliss independence surface analysis
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Fig. 2 Time-kill curve assay of CIN (156 pg/mL), BioAgNP
(31.25 uM) and CIN + BioAgNP (156 pg/mL+31.25 uM). A Escher-
ichia coli ATCC 25922; B Salmonella Typhimurium ATCC 14028; C
Staphylococcus aureus ATCC 25923

(31.25 uM) completely inhibited bacterial growth after
1 h. The association between CIN at 1/4 MIC (156 pg/
mL) and BioAgNP at 1/4 MIC (31.25 uM) inactivated E.
coli after 45 min. Scandorieiro et al. (2016) also showed
a 3.3 log CFU/mL reduction after 2 h, and no viable cells
were detected after 4 h of incubation with BioAgNP at
62.5 uM. The effect of the combination of silver nanopar-
ticles and OEO was also evaluated by Scandorieiro et al.
(2016), indicating that OEO (298 ug/mL) and BioAgNP
(15.62 puM) in combination were able to decrease 2.3 log
CFU/mL within 10 min of treatment, and there were no
viable cells after 20 min.

The control group of S. Typhimurium reached approxi-
mately 9.0 log CFU/mL after 24 h at 35 °C. Treatment with
CIN alone (156 pg/mL) failed to reduce the bacterial pop-
ulation during all intervals evaluated. On the other hand,
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BioAgNP alone (31.25 uM) showed a reduction of approxi-
mately 2.5-3 log CFU/mL after 12 h. A mixture of CIN
and BioAgNP inhibited bacterial growth, and no cells were
observed after 6 h of incubation. Dehkordi et al. (2019) also
found a> 2 log CFU/mL reduction in S. Typhimurium upon
exposure to silver nanoparticles at 12.5 pg/mL during 3 h
of treatment. These authors also evaluated the combined
effects of silver nanoparticles and eugenol on the growth of
S. Typhimurium and reported a~6 log CFU/mL reduction
9 h after treatment with eugenol at 1250 pg/mL combined
with silver nanoparticles at 6.25 ug/mL.

Staphylococcus aureus reached 8.6 log CFU/mL after
48 h of incubation at 35 °C. CIN at 156 pg/mL did not reduce
the bacterial counts. BioAgNP at 31.25 uM decreased bacte-
rial counts by approximately 2 log CFU/mL after 24 h; how-
ever, it was possible to observe partial cellular recovery with
48 h of incubation. No viable bacterial cells were observed
after 48 h of treatment with CIN and BioAgNP in combi-
nation. The synergistic activity of silver nanoparticles and
natural compounds on S. aureus was previously investigated
(Dehkordi et al. 2019; Scandorieiro et al. 2016). Significant
bactericidal activity was found for S. aureus treated with
silver nanoparticles at 6.25 pg/mL and eugenol at 625 pg/
mL after 6 h (Dehkordi et al. 2019). Scandorieiro et al.
(2016) showed that the combination of OEO and BioAgNP
at 298 pug/mL and 125 uM, respectively, against S. aureus
ATCC 25923 caused a 3.48 log CFU/mL decrease in the cell
population in 2 h and resulted in no viable bacterial cells
after 7 h of incubation. Ghosh et al. (2013) demonstrated
synergism between CIN and AgNP against Clostridium per-
fringens and Bacillus cereus and showed a 2 log reduction
of both bacteria after 1 h of treatment. To our knowledge,
there are no studies employing the time-kill assay to evalu-
ate the antibacterial activity of CIN and BioAgNP alone and
combined against E. coli, S. Typhimurium, and S. aureus.

Application in fresh sweet grape tomatoes
Microbiological quality

Sweet grape tomato samples were analyzed to evaluate their
microbiological quality during their shelf life following the
standards required by Brazilian legislation (Brasil 2019).
Salmonella spp. was absent in all groups on the different
days evaluated. Escherichia coli enumeration was <2 log
CFU/g for all days analyzed. These results demonstrate
that sweet grape tomato samples complied with the current
standards established by Brazilian legislation (Brasil 2019).
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Efficacy of CIN and BioAgNP in the sanitization of fresh
sweet grape tomatoes

Table 1 shows the efficacy of CIN and BioAgNP at subinhib-
itory concentrations, alone and in combination, in the sani-
tization of fresh sweet grape tomatoes experimentally con-
taminated with E. coli. In the control groups, E. coli counts
ranged from 4.15 to 5.37 log CFU/g. CIN alone reduced the
bacterial load by only ~ 1 log CFU/g after 60 min of treat-
ment, and no viable cells were observed after 15 min in the
treatment with BioAgNP alone. Sanitizing of sweet grape
tomatoes with CIN and BioAgNP in combination was able
to eradicate E. coli after 5 min.

Gopal et al. (2010) evaluated the effect of washing shred-
ded lettuce with water containing low concentrations of sil-
ver (0.1 ppm) and hydrogen peroxide (0.4 ppm). A less than
1 log CFU/g reduction in Pseudomonas sp. counts and an
approximately 1.5 log CFU/g reduction in Enterobactericeae
were observed following treatment with silver and hydrogen
peroxide in combination after 7 days of storage at 12 °C.
Combinations of plant-derived antimicrobials and hydrogen
peroxide reduced L. monocytogenes to undetectable levels
in cantaloupes after a 10-min wash treatment (Upadhyay
et al. 2014). To our best knowledge, this is the first study
reporting the antimicrobial action of CIN and silver nano-
particles applied in combination as a sanitizer in sweet grape
tomatoes.

Sanitization of vegetables is one of the important steps
designed to reduce or eliminate microbial hazards in fresh
vegetables (Ssemanda et al. 2018). In this process, contact
time with sanitizers is important to guarantee microbial and
chemical safety and acceptability for consumption (Sse-
manda et al. 2018). In our work, only 5 min of contact with
CIN + BioAgNP was sufficient to verify microbial control
in fresh grape tomatoes. Bermidez-Aguirre et al. (2013)

Table 1 Counts of Escherichia coli ATCC 25922 in sanitization of
sweet grape tomatoes added from CIN and BioAgNP alone and in
combination

Time (min) Control CIN CIN + Bio-

AgNP

BioAgNP

4.88+0.004 4.85+0.06* 5.00+0.00* 4.70+0.00*

5 429+0.07" 3.85+0.03% 3.40+0.05® ND
10 41540214 3.77+0.32% 229+0.57° ND
15 450+0.04* 3.79+0.122 ND ND
30 5.22+0.05% 3.58+0.098 ND ND
60 537+0.03* 3.81+0.02° ND ND

Values are mean log CFU/g followed by standard deviation. Means in
the same line with different letters are significantly different (p <0.05;
Tukey’s test). Control (without treatment); CIN (156 pg/mL); Bio-
AgNP (31.25 uM) and CIN +BioAgNP (156 pg/mL+31.25 uM)

ND not detected
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showed total inactivation of E. coli in tomatoes after 15 min
using 200 ppm of chlorine (8.06 log), which is considered
the standard sanitizer in the decontamination of vegetables
(BRASIL 2004).

Shelf life of fresh sweet grape tomatoes treated with CIN
and BioAgNP

The effects of CIN and BioAgNP alone and in combination
in the sanitization of fresh sweet grape tomatoes contami-
nated by E. coli, on different days of shelf life are shown in
Table 2. In control groups, E. coli counts were maintaining
during storage and reached approximately 6.12 log CFU/g
on the seventh day. E. coli counts in tomatoes treated with
CIN were reduced less than 1 log CFU/g after 7 days of
storage. The samples sanitized with BioAgNP alone and in
association with CIN showed no growth of E. coli during
the shelf life.

Upadhyay et al. (2014) reported on the reduction of L.
monocytogenes on artificially contaminated cantaloupes.
Combinations of plant-derived antimicrobials + hydrogen
peroxide reduced L. monocytogenes to undetectable levels

Table 2 Counts of Escherichia coli ATCC 25922 in shelf life of
sweet grape tomatoes added from CIN and BioAgNP alone and in
combination

Time (days) Control CIN BioAgNP CIN+ Bio-
AgNP

1 5.14+£0.04* 3.71+0.01® ND ND

2 6.31+0.02% 2.89+0.04% ND ND

3 6.21+0.04* 236+0.062 ND ND

5 6.27+0.17% 228+0.022 ND ND

7 6.12+0.03* 2.84+0.022 ND ND

Values are mean log CFU/g followed by standard deviation. Means in
the same line with different letters are significantly different (p <0.05;
Tukey’s test). Control (without treatment); CIN (156 pg/mL); Bio-
AgNP (31.25 uM) and CIN + BioAgNP (156 pg/mL +31.25 uM)

ND not detected

in cantaloupes after a 10-min wash treatment, and no bacte-
rial cells were recovered after 7 days of storage.

Our study showed that BioAgNP alone presented anti-
microbial activity; however, the prolonged use of silver
nanoparticles can be toxic to humans (Li et al. 2022). Fur-
thermore, resistance to silver nanoparticles has already
been reported (Graves et al. 2015). By contrast, natural
compounds used as sanitizers are biodegradable and envi-
ronmentally friendly and pose a lower risk to human health
(Cacciatore et al. 2020). In addition to antimicrobial activity,
CIN presents anti-inflammatory and antioxidant properties
(Barceloux 2008); however, the highly volatile nature of CIN
can cause organoleptic changes in foods (Li et al. 2022).

Therefore, the combination of antimicrobials is a poten-
tial strategy to minimize the undesirable effects of sub-
stances, since their combined use reduces the concentration
of the compounds and the probability of selecting resistant
bacteria (Nile et al. 2020).

Physicochemical analysis

Sweet grape tomato samples sanitized with CIN, BioAgNP,
and CIN + BioAgNP were subjected to physicochemical
analysis for evaluation of pH, soluble solids, and titratable
acidity during the shelf life (Table 3). No significant differ-
ence (p>0.05) in pH was found between the control and
treatment groups on the analyzed days. Sweet grape tomato
samples presented pH values ranging from 4.16 to 4.26.
According to the Center for Food Safety and Applied Nutri-
tion (CFSAN, 2003), tomato pH levels should range between
4.3 and 4.9. In addition, a tomato pH below 4.3 prevents
microorganism proliferation (CFSAN 2003).

There were no significant differences (p > 0.05) in solu-
ble solids in any sample during the 7 days of storage. Their
rates ranged from 7.9 °Brix to 8.5 °Brix. These values are
in agreement with Ribeiro et al. (2010), who found soluble
solid values between 7.63 and 8.5 °Brix in sweet grape toma-
toes treated with coatings containing phenolic compounds.

Table 3 Physicochemical analysis of sweet grape tomatoes added from CIN and BioAgNP alone and in combination

Group pH Soluble solids (°Brix) Titratable acidity (%)
0 4 7 0 4 7 0 4 7
Control 4.19+0.01" 436+0.01* 4.19+0.01* 8.50+0.00* 8.30+0.00* 7.90+0.00" 9.26+0.15* 7.95+0.00" 9.22+0.11*

CIN 4.16+0.01* 4.33+0.02* 4.23+0.02* 8.50+0.00* 8.30+0.00* 7.90+0.00" 9.37+0.17* 8.60+0.14* 8.62+0.15"

BioAgNP 4.18+£0.01* 4.34+0.00" 4.28+0.01* 8.50+0.00* 8.30+0.00* 7.90+0.00" 9.04+0.17* 8.36+0.01* 8.55+0.21*
CIN + Bio- 4.16+0.01* 433+0.01* 4.20+0.02* 8.50+0.00* 8.30+0.00" 7.90+0.004 9.19+0.05% 9.17+0.00* 8.75+0.01*
AgNP

Values are mean log CFU/g followed by standard deviation. Means in the same column with different letters are significantly different (p <0.05;
Tukey’s test). Control (without treatment); CIN (156 pg/mL); BioAgNP (31.25 pM) and CIN + BioAgNP (156 pg/mL +31.25 uM)

ND not detected
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Sweet grape tomato is sweeter than traditional tomato and
can reach 9 °Brix (between 4 and 6 °Brix) (Onoda 2010).

No significant difference (p>0.05) was observed in titrat-
able acidity for all samples analyzed. The titratable acidity
rates varied between 7.95% and 9.37% in the 7 days of stor-
age. Acidity is an important determinant of tomato quality.
According to Kader et al. (Kader et al. 1978), tomatoes that
present a titratable acidity greater than 0.32% are considered
of good quality.

Conclusion

From this study, it is clear that CIN and BioAgNP in combi-
nation at subinhibitory concentrations effectively inhibited
the in vitro growth of foodborne pathogenic bacteria. The
use of a sanitizer based on CIN and BioAgNP combined
inhibited the growth of E. coli in fresh sweet grape toma-
toes after 5 min of treatment. The antibacterial activity of
the compounds in combination in sweet grape tomatoes was
maintained during their shelf life and did not change the
physicochemical properties tomatoes. Further researches
could contribute to elucidating the mechanism of action of
the antimicrobials, as well as their toxicity when applied
directly to food, to better characterize their antibacterial
activity. The disinfectant activity of plant-derived com-
pounds combined with AgNPs could pave the way for a new
generation of disinfection products to control and prevent
further disease outbreaks.
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