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Protecting fresh-packed produce microbiological safety against pre- and post-harvest

microbial pathogen contamination requires innovative antimicrobial strategies. Although

largely ignored in the scientific literature, there exists the potential for gross failure

in food safety protection of fresh fruits and vegetables leading to opportunity for

multiple produce contamination events to occur during production and post-harvest

handling of food crops. The primary objective of this research was to determine

the efficacy of plant-derived antimicrobial-loaded nanoparticles to reduce Escherichia

coli O157:H7 and Salmonella enterica serovar Typhimurium on spinach leaf surfaces

whilst simulating multiple pathogen contamination events (pre-harvest and post-harvest).

Spinach samples were inoculated with a blend of E. coli O157:H7 and S. Typhimurium,

each diluted to ∼8.0 log10 CFU/mL. The inoculated samples were then submerged

in solutions containing nanoparticles loaded with geraniol (GPN; 0.5 wt.% geraniol),

unencapsulated geraniol (UG; 0.5 wt.%), or 200 ppm chlorine (HOCl; pH 7.0), with

untreated samples serving for controls. Following antimicrobial treatment application,

samples were collected for surviving pathogen enumeration or were placed under

refrigeration (5◦C) for up to 10 days, with periodic enumeration of pathogen loads.

After 3 days of refrigerated storage, all samples were removed, aseptically opened and

subjected to a second inoculation with both pathogens. Treatment of spinach surfaces

with encapsulated geraniol reduced both pathogens to non-detectable numbers within

7 days of refrigerated storage, even with a second contamination event occurring 3 days

after experiment initiation. Similar results were observed with the UG treatment, except

that upon recontamination at day 3, a higher pathogen load was detected on UG-treated

spinach vs. GPN-treated spinach. These data fill a research gap by providing a novel tool

to reduce enteric bacterial pathogens on spinach surfaces despitemultiple contamination

events, a potential food safety risk for minimally processed edible produce.

Keywords: antimicrobial nanoparticles, enteric pathogens, spinach, multiple contaminations, plant-derived

antimicrobials, produce safety
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INTRODUCTION

Foodborne diseases caused by bacterial enteric pathogens,
including Salmonella and Shiga toxin-producing Escherichia coli
(STEC) are repeatedly linked to the consumption of cross-
contaminated foods, resulting in hospitalizations and fatalities.
These result in substantial losses in wages, quality of life, and
other financial costs (Scallan et al., 2011; Batz et al., 2012). Fresh
and minimally processed produce, including leafy vegetables
such as lettuce and spinach, have been identified by public
health specialists as significant food vehicles in the transmission
of bacterial human pathogens. Painter et al. (2013) reported
produce accounted for 46% of human foodborne illnesses
occurring in the U.S, with leafy vegetables as the leading produce
commodity type associated with pathogen transmission and
human disease, followed by fruits and nuts. Over the last 5 years,
the U.S. Centers for Disease Control and Prevention (CDC)
reported five human disease outbreaks involving leafy green
vegetables as vehicles transmitting Escherichia coli O157:H7,
including two outbreaks in 2018 and one in 2019 involving
romaine lettuce (CDC, 2018, 2019, 2020). Astill et al. (2020a,b)
suggested reasons for these observed trends, including the high
volume of leafy green consumption per capita in the U.S.
leading to increased pathogen exposure risk, and seasonality- and
climate-related factors influencing pre-harvest contamination
in lettuce production fields and atmospheric temperatures
supporting enteric pathogen survival on leaf surfaces. Similarly,
between 1973 and 2011, researchers identified 19U.S. outbreaks
of foodborne disease involving cantaloupes, wherein Salmonella
was the most commonly identified etiologic agent, causing
1,012 recorded disease cases and 38 fatalities, including one
fetal death (Walsh et al., 2014). Burris et al. (2021) recently
discussed Salmonella capabilities to contaminate melon fruit
through blossom contamination as well as internalization into
cantaloupe flesh as drivers of melon transmission of the pathogen
to consumers.

Produce contamination with human pathogenic microbes
may occur at multiple points along the production to plate
continuum, and there are multiple opportunities for cross-
contamination. Because produce is often consumed raw or
after only minimal processing, a sanitizing treatment is
often recommended to protect consumer safety (Fatica and
Schneider, 2011; Castro-Ibáñez et al., 2017), though the
most important barrier to pathogen transmission in fresh
produce is contamination prevention. The U.S. Food and Drug
Administration (FDA) final rule for the protection of safety of
fresh produce requires produce growers subject to the rule to
take steps to protect produce safety from identified food safety
hazards, including microbial pathogens (2020). This can include
the treatment of waters contacting harvested produce with a
sanitizer to prevent contamination between produce items.

Plant-derived antimicrobials (PDAs) make attractive produce
disinfectants due to their natural origin, compatibility with
various produce commodities, and utility against microbial
pathogens (Yoon and Lee, 2018). Nonetheless, PDA utility is
often limited due to inherent volatility and, in some instances,
low water solubility (Ruengvisesh et al., 2019b). One strategy to

overcome these limitations of PDAs is to encapsulate them in
a water-miscible system to facilitate their delivery to produce
surfaces, potentially improving on observed antimicrobial effects
(Yegin et al., 2016). The application of nanoparticles constructed
of the tri-block co-polymer Pluronic F-127 loaded with the
PDA geraniol (trans-3,7-Dimethyl-2,6-octadien-1-ol) inhibited
the growth of E. coli O157:H7 and S. Typhimurium on
spinach over 10 days of refrigerated storage, reducing pathogen
numbers to non-detection within 5 days of experiment initiation
(Perez-Lewis et al., 2018). Geraniol has been reported to exert
antimicrobial activity against bacterial organisms through its
impacts on membrane components, resulting from significant
destabilization of membrane phospholipid arrangement and
packing, as well as through formation of aggregates of lipids
leading to increase leakage of solutes (Nowotarska et al.,
2014). These antimicrobial-bearing nanoparticles also reduced
pathogen loads on spinach surfaces to<1.0 log10 CFU/cm

2 when
spinach was inoculated after applying antimicrobial treatment,
an outcome not observed for unencapsulated PDA or 200 ppm
hypochlorous acid treatments.

Despite the wealth of information and research data available,
studies seeking to determine the sanitizing potential of produce
sanitizers under conditions simulating multiple contamination
events (i.e., pre-harvest and post-harvest) are missing from the
literature, though the opportunity for produce to be repeatedly
contaminated during its production and post-harvest handling is
plausible. Therefore, the primary objective of this research was to
determine the capability of treatment with encapsulated or free
geraniol, or free chlorine (200 mg/L), to decontaminate spinach
leaves during refrigerated storage when antimicrobial treatment
was applied after a simulated pre-harvest contamination but
before post-harvest simulated cross-contamination.

MATERIALS AND METHODS

Preparation of Geraniol-Loaded
Nanoparticles and Nanoparticle
Characterization
Geraniol (CAS #1-6-24-1; TCI America, Portland, OR, USA)
and Pluronic F-127 (CAS #9003-1-6; Sigma-Aldrich Corp.,
St. Louis, MO, USA) were dissolved at a 1:1 ratio in
tetrahydrofuran (CAS #109-99-9; Sigma-Aldrich Corp.; THF),
each to 8.0 wt.% for 10min using a probe ultra-sonicator
(SJIA-2000W;NingboHaishu Sklon Electronics Instruments Co.,
Ltd., Ningbo, Zhejiang, China). Pluronic F-127, also known as
poloxamer 407, is currently allowed by the U.S. FDA for use
in various pharmaceutical manufacturing processes, including
some ingested orally, to a maximum content of 117mg per
dosage, to provide entrapment and extended release capabilities
to prescribed drugs (FDA, 2021). Following mixing of THF-
dissolved geraniol and Pluronic F-127, the mix was slowly added
in milli-Q water, to a ratio of 1:10 (emulsion mix:sterile milli-
Q water) and sonicated for 15min at 25 ± 1◦C (Figure 1).
Crude GPNs (20.0mL) were added into standard regenerated
cellulose membranes (molecular weight cut-off 12–14 kDa;
∼2.0 nm diameter cut-off) (Spectrum Laboratories, Inc., Rancho
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FIGURE 1 | Preparation of geraniol-loaded polymeric nanoparticles (GPNs).

Dominguez, CA), then the membrane was placed into beakers
containing 2.0 L milli-Q water for an overnight dialyses (12.0 h;
25± 1◦C) to remove THF and unencapsulated geraniol. THF and
unencapsulated geraniol were passively diffused through dialysis
membrane while encapsulated geraniol stayed in the dialysis
membrane. The final concentration of encapsulated geraniol was
0.5 wt.% in milli-Q water, with an ∼57.5 ± 5.5% encapsulation
efficiency determined by mass spectrometry (MS), as previously
reported (Yegin et al., 2016).

GPNs were subjected to particle size characterization by
dynamic light scattering (DLS) following a 4-fold dilution in
milli-Q water in a Zetasizer ZS90 analyzer (Malvern Instruments,
Ltd., Westborough, MA, USA). Measurements were carried out
at a 90◦ scattering angle, at 25◦C to determine GPN sizes and
homogeneity. Subsequently, GPN morphology and sizes were
evaluated by scanning electron microscopy (SEM) using a JSM-
7500F electronmicroscope (JEOL, Tokyo, Japan). Before coating,
one drop of GPNs was dropped onto a silicon wafer and dried
under a fume hood. Prior to imaging, samples were coated
with 3 nm of Platinum/Palladium (Pt/Pd) with a sputter coater
to ensure electrical conductivity. The electron microscope was
operated at an emission current of 20.0 µA and accelerating
voltage of 5.0 kV.

Storage Stability of Geraniol-Loaded
Nanoparticles to Temperature- and
pH-Abuse
In order to determine the stability of GPNs to exposure to
conditions of storage abuse, GPNs were prepared as described
in section Preparation of Geraniol-Loaded Nanoparticles and
Nanoparticle Characterization and thereafter stored at differing
temperature (4, 25, 37, and 50◦C) at pH 7.0. In a separate
experiment, GPNs were prepared and loaded into reaction vessels
pre-conditioned to pH 4.0, or 10.0 at ambient temperature;
storage solutions were diluted and pH-adjusted to desired pH
with either HCl or NaOH (0.133mM ea.). In both experiments,

GPNs subjected to temperature- or pH-abuse conditions were
sampled at 0, 1, 2, 4, 7, 14, 30, and 60 days of storage
and subjected to DLS analysis as described above (section
Preparation of Geraniol-Loaded Nanoparticles and Nanoparticle
Characterization). Hydrochloric acid (HCl; 36.5–38.0%) (VWR,
Inc.), and NaOH (>98.0%; Sigma-Aldrich Co.) were purchased
and used as received.

Preparation of Microorganisms for
Inoculation Onto Spinach Sample Surfaces
Isolates of S. Typhimurium LT2 (American Type Culture
Collection, Manassas, VA, USA [ATCC] #700720) and stx-
negative E. coli O157:H7 ATCC #700728, resistant to the
antibiotic rifampicin at 100.0µg/mL, were obtained from Food
Microbiology Laboratory (Department of Animal Science, Texas
A&M AgriLife, College Station, TX, USA) culture collection
and prepared by first aseptically passing into tryptic soy broth
(Becton, Dickinson and Co., Sparks, MD, USA) followed by
24 h incubation at 35◦C. A second passage for each organism
was completed in identical fashion to revive and prepare
cells for subsequent inoculum preparation. Organisms were
selected to accommodate biosafety needs for already published
research conducted simultaneous to data collection in the
current study (Yegin et al., 2016). Previous research has
indicated these and other similar virulence-attenuated organisms
functioned effectively as pathogen surrogates for evaluating
decontamination of stone fruit (Yun et al., 2013), or have
demonstrated utility for discerning pathogen spread during leafy
vegetable packing in research pilot facilities (Smolinski et al.,
2018).

An inoculum of the microorganisms was prepared by first
centrifuging microbial isolates for 15min. at 2,191 × g at
ambient temperature to pelletize cells. Resulting supernatants
were carefully poured off and discarded, and bacterial pellets
were mixed in 10.0mL of sterile phosphate-buffered saline
(Thermo-Fisher Scientific, Waltham, MA, USA) to wash cells.
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Centrifugation and washing of cell pellets was completed
three times in identical fashion before cells were blended
together and then serially diluted to a target of 8.0 log10
CFU/mL in 0.1% peptone diluent (Becton, Dickinson and
Co.). Numbers of E. coli O157:H7 and S. Typhimurium in
inoculum fluid were differentially counted by preparation of
serial dilutions in 0.1% peptone diluent and plating on surfaces of
lactose-sulfite-phenol red-rifampicin (LSPR) agar supplemented
with 100.0µg/mL rifampicin. Reagents to produce LSPR were
purchased individually from Becton, Dickinson and Co. and
Sigma-Aldrich Co. (St. Louis, MO, USA) and were of highest
quality. Inoculated Petri dishes were incubated for 24–36 h at
36 ± 1◦C prior to colony counting. E. coli O157:H7 cream-
colored colonies displayed a halo of lactose fermentation,
while Salmonella colonies displayed black centers due to sulfite
precipitation, with no haloes of fermented lactose (Castillo et al.,
1998; Perez-Lewis, 2015).

Inoculation of Spinach Samples Simulating
Pre-harvest Contamination
Spinach was purchased from a College Station, TX produce
wholesaler and returned to the Food Microbiology Laboratory
upon pickup. Spinach leaves were rinsed in sterile distilled water
and allowed to drip dry on sterile stainless steel racks for 1.0 h
prior to portioning into 10 cm2 circular pieces by use of a flame-
sterilized 10 cm2 disc borer to function as samples. Samples were
composed of three pieces (10 cm2 per piece), giving each sample a
total of 30 cm2 inoculated and treated surface area. Samples were
spot-inoculated with ten 10.0 µL volumes containing pathogens
onto adaxial surfaces of leaves (abaxial surfaces were placed face
down and not inoculated). Samples were then held at 25◦C for
1.0 h prior to sanitizing treatment to allow inoculated cells to
attach to leaf surfaces.

Antimicrobial Treatment Application and
Inoculation of Samples Simulating
Post-harvest Contamination
Sanitizing treatments were applied to inoculated samples by
submerging samples in sanitizer-containing solutions (20.0mL
per sample) for two min at ambient temperature (25 ± 1◦C) in
sanitizer-treated waters. Treatments were geraniol nanoparticles
(GPNs) containing 0.5 wt.% geraniol, unencapsulated geraniol
(UG; 0.5 wt.%) diluted in sterile milli-Q water, 200 ppm
free/available chlorine titrated to pH 7.0 (HOCl), and a no
sanitizer-containing sterile water control. The HOCl treatment
was prepared by dilution of 6.25% NaOCl bleach sanitizer
(Clorox Co., Oakland, CA, USA) in sterile distilled water prior
to pH adjustment with 1.0N HCl. The HOCl treatment was
checked for chlorine concentration by free/total chlorine test
strip (Hach Co., Loveland, CO, USA). Following the 2min of
sanitizing treatment application, sample pieces were aseptically
removed from treatment with sterile forceps, placed for 15min
on a sanitary paper towel to drip dry, and then assigned to either
immediate microbiological assay or to a storage period (3, 5,
7, or 10 days). Samples were not rinsed or otherwise treated
to remove sanitizing treatment residue prior to microbiological

analysis or refrigerated storage. Samples assigned to a storage
period were then placed in sterile plastic Petri dishes (100 ×

15mm; volume = 1.8 × 105 mm3), covered with an oxygen-
transmitting film (low density polyethylene), and stored in a
refrigerated incubator set to hold temperature at 5 ± 1◦C.
Samples were only subjected to a sanitizing treatment once,
following the initial pathogen inoculation event; no subsequent
sanitizing treatments were performed, in order to determine
the ability of differing sanitizing treatments to exhibit pathogen
growth inhibition following treatment and a second pathogen
inoculation (simulated cross-contamination) occurrence.

To determine the ability of sanitizing treatments to inhibit
pathogen growth on samples subjected to two sequential
pathogen inoculation events, stored samples were removed
from refrigeration after 3 days of storage and inoculated in
like fashion as described in section Inoculation of Spinach
Samples Simulating Pre-harvest Contamination. For the
second inoculation event, inoculum fluid (containing a blend
of both bacterial organisms) was adjusted to ∼7.0 log10
CFU/mL according to the suggestion that post-harvest cross-
contamination does not likely occur at numbers higher than
those expected to occur in a pre-harvest contamination event
(Harris et al., 2003). For microbiological analysis of organisms
on spinach sample surfaces, all samples were either subjected
to selective/differential enumeration of inoculated microbes
on LSPR agar following preparation of serial dilutions in 0.1%
peptone diluent and subsequent incubation for 24–36 h at 36
± 1◦C (section Preparation of Microorganisms for Inoculation
Onto Spinach Sample Surfaces), or were returned to refrigerated
storage prior to later pathogen enumeration. Serial dilutions
were initiated by mixing of spinach samples in 100mL sterile
0.1% peptone diluent and stomaching at 230 rpm for 1.0min
prior to preparation of subsequent 10-fold dilutions.

Experimental Design and Data Analysis
Characterization experiment of GPNs size by DLS and
environmental stability was carried out using a factorial
arrangement and replicated twice, with duplicate analytical
samples taken from a larger GPN preparation (N = 2). The
antimicrobial activity experiment was designed as a factorial
arrangement of a completely randomized design, replicated
three times in identical fashion (N = 3). Samples not selected for
immediate enumeration on an experiment day 0 were randomly
assigned to a storage period (3, 5, 7, or 10 days) before storing
at 5◦C, yielding a total of 60 distinct spinach samples for use in
antimicrobial treatment experimentation. All microbiological
data were transformed to log10 CFU/cm

2 prior to data analysis.
Data were analyzed by analysis of variance (ANOVA), evaluating
the impacts of the main effects of antimicrobial treatment and
storage period, as well as their interaction, on resulting survivor
counts of pathogens. Pathogens were analyzed separately from
one another. Statistical significance was assigned at P < 0.05, and
differing means of survivor counts were separated by Tukey’s
Honestly Significant Differences (HSD) post-hoc test. Data were
analyzed using JMP R© Pro v15.0 for Macintosh (SAS Institute,
Inc., Cary, NC, USA).
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FIGURE 2 | Particle size distribution (A) and scanning electron microscopy image (B) of geraniol-loaded nanoparticles.

RESULTS

The current study sought to evaluate the produce surface-
sanitizing utility of an innovative antimicrobial treatment
composed of polymeric nanoparticles loaded with the PDA
geraniol, as well as free geraniol and 200 ppm free chlorine, in
a scenario involving multiple sequential spinach contamination
events. In previous research, identically-prepared GPNs
prevented growth of these organisms on spinach surfaces during
refrigerated and temperature abuse storage, and showed capacity
to inhibit pathogen growth when applied prior to pathogen
inoculation (Perez-Lewis et al., 2018). Figure 2A depicts the size
distribution of GPNs via DLS analysis, and indicates a mean
particle size of 416.5 ± 77.9 nm. Electron microscopy analysis
confirmed DLS findings with respect to particle size and size
distribution (Figure 2B).

Changes in hydrodynamic sizes of GPNs measured by DLS
over 60 days as function of temperature and pH abuse are
shown in Figures 3, 4, respectively. At 25◦C, particle size did
not change as a function of storage period, demonstrating good
storage stability at ambient temperature (P > 0.05). Conversely,
mean diameters of GPNs stored at 4◦C differed from those of
GPNs held at 25◦C up to day 14 (Figure 3). Conversely, at 37◦C,
although the size of GPNs did not change during storage for the
majority of particles, a second population of particles with amean
diameter of∼37.36± 25.57 nm was detected at day 14 of storage.
This second population of GPNs was also detected at 30 days
of storage, but by 60 days the diameter of both populations of
GPNs were nearly identical (Figure 3). Samples taken fromGPNs
stored at 50◦C also revealed a second population of smaller GPNs
that initially decreased in diameter through 14 days of storage
without further decrease in diameter thereafter through the end
of the experimental period (Figure 3). The GPNs stored at 50
◦C showed a second peak detected at the 2nd day of storage.
However, unlike GPNs held at 37◦C, the second population of
GPNs from 50◦C incubation did not increase in size during
storage, rather remaining constant up to day 14. Surprisingly,
a second population of GPNs with smaller diameter was also
determined to exist in NP solution stored at 4◦C. As with samples
stored at 37◦C, the mean diameter of this second population

FIGURE 3 | Stability of geraniol-loaded nanoparticles over 60 days of storage

in milli-Q water (pH 7.0) as a function of storage temperature. Particle size and

polydispersity was determined by dynamic light scattering. Symbols depict

means taken from two identical independent replications, with duplicate

readings taken per sample and then averaged (N = 2); error bars indicate one

sample standard deviation.

of GPNs was initially observed at 14 days of storage, though it
behaved more like GPNs stored at 50◦C in that its mean diameter
did not increase over storage but rather decreased until a point at
which it remained static thereafter.

Nanoparticles were loaded into solutions adjusted to pH 4.0,
7.0, or 10.0, and then stored at 25◦C (Figure 4). No differences
in GPN mean diameters were observed for samples taken from
the three storage conditions through the first 14 days (Figure 4).
However, evidence of GPN degradation was detected at day 30
for pH 4.0-stored samples as compared to those held under
neutral and alkaline pH conditions, with the detection of a second
population of smaller GPNs with a mean diameter of ∼79.05 ±

35.86 nm (P < 0.05). Interestingly, in GPNs stored at pH 10.0,
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FIGURE 4 | Stability of geraniol-loaded nanoparticles over 60 days of storage

in milli-Q water (25◦C) as a function of storage pH. Storage solution pH was

modified by controlled addition of 0.133mM HCl or NaOH. Particle size and

polydispersity was determined by dynamic light scattering. Symbols depict

means taken from two identical independent replications, with duplicate

readings taken per sample and then averaged (N = 2); error bars indicate one

sample standard deviation.

evidence of development of a bimodal distribution of GPNs was
not observed until day 60 of the incubation period.

Statistical analysis of microbiological data resulted in the
identification of a significant interaction of the main effects of
antimicrobial treatment by storage period with respect to counts
of surviving E. coli O157:H7 and S. Typhimurium. The GPN
treatment produced significantly greater reductions in pathogens
vs. the HOCl and Control treatments, though GPNs did not
outperform the UG treatment with respect to the numbers of
surviving pathogens at 7 and 10 days of refrigerated storage.
The mean count of inoculated E. coli O157:H7 following the
first inoculation event, simulating pre-harvest contamination,
was 5.6 ± 0.6 log10 CFU/cm2. By comparison, E. coli O157:H7
attaching to spinach surfaces following the second inoculation
event averaged 5.5 ± 0.3 log10 CFU/cm

2. Immediately following
inoculation and antimicrobial treatment (day 0), all treatments
except the Control reduced E. coli O157:H7 on spinach, with
geraniol treatments (GPN, UG) reducing the pathogen to the
limit of detection (0.5 log10 CFU/cm2). HOCl reduced the
pathogen by only 2.3 log10-cycles, significantly less than the
reductions achieved by the geraniol-using treatments (P < 0.05).
Numbers of the pathogen rose again on day 3 following the
second inoculation event, though numbers of E. coli O157:H7
on GPN-treated spinach rose only modestly from day 0, and
were not different from pathogen numbers on any other day for
GPN-treated samples. In contrast, numbers of E. coli O157:H7
on UG- and HOCl-treated spinach rose sharply after the second
inoculation to 4.3 and 5.0 log10 CFU/cm2, respectively, though
UG treatment produced a greater decline in E. coli O157:H7
than did HOCl treatment following the second contamination

TABLE 1 | Least squares means of surviving Escherichia coli O157:H7 (log10
CFU/cm2) on spinach leaf surfaces by the interaction of antimicrobial treatment x

storage period.

Storage period (days)b

Treatmenta 0 3c 5 7 10

GPN 0.5E 1.7DE 0.5E 0.5E 0.5E

UG 0.5E 4.3AB 2.3CDE 0.5E 0.5E

HOCl 3.1BCD 5.0AB 4.4AB 3.7ABC 3.1BCD

Control 5.6A 5.5A 5.6A 4.6AB 3.4BCD

P = 0.0004; Pooled SEMd = 0.4

aTreatments are GPN (nanoparticles loaded with geraniol to 0.5 wt.%), UG (free geraniol at

0.5 wt.%), HOCl (200.0 ppm free chlorine at pH 7.0), and Control (untreated). Treatments

were applied by immersion for 2.0min prior to samples being removed from antimicrobial

treatment, placed in sterile covered containers, and stored at 5◦C. Mean numbers of E.

coli O157:H7 cells inoculated onto samples initially were 5.6 ± 0.6 log10 CFU/cm2 and

were 5.5 ± 0.3 log10 CFU/cm
2 after the second inoculation at storage day 3.

bValues depict means of three identically completed replicates (N= 3); means not sharing

letters (A,B,C,...) differ at P = 0.05 by Tukey’s Honestly Significant Differences (HSD) test.
cSpinach samples were re-inoculated with E. coli O157:H7 (7.0 log10 CFU/mL);

all samples assigned to storage periods of 3, 5, 7, and 10 were re-inoculated in

identical fashion.
dSEM, Standard error about the mean.

event. The Control yielded only a very modest reduction in
pathogen numbers over the 10-day storage period, potentially
the result of some minimal washing of loosely adhered cells
at experiment’s start and subsequent low temperature storage
impacts on microbial survival (Table 1).

Similar differences were observed in the evolution of counts of
surviving S. Typhimurium cells following the initial inoculation
event, antimicrobial treatment application, and refrigerated
storage with re-inoculation after 3 days of storage (Table 2).
The mean count of inoculated S. Typhimurium cells following
the first inoculation event was 5.9 ± 0.6 log10 CFU/cm2.
By comparison, counts of cells attaching to spinach surfaces
following the second inoculation event averaged 5.6 ± 0.5 log10
CFU/cm2. For both E. coliO157:H7 and S. Typhimurium, counts
were rapidly reduced to the limit of detection (day 0) by the
GPN treatment. Pathogen numbers rose following the second
inoculation (simulated re-contamination) event on day 3, but
declined again to the limit of detection by the 5th day of
refrigerated storage (Table 2). The UG treatment reduced the
pathogen to the limit of detection after 10 days of refrigerated
storage, as compared to 7 days in the case of E. coli O157:H7
(Table 1). Chlorine (i.e., HOCl) treatment produced a reduction
in pathogen numbers over refrigerated storage, but not to the
extent that geraniol-applying treatments (GPN, UG) produced.
Finally, the Control yielded only a slow decline in Salmonella
numbers, again the likely result of the prolonged cold storage
conditions preventing Salmonella replication.

DISCUSSION

The current study presents the findings of experiments designed
to test whether a produce food safety intervention applied
onto a model produce commodity (spinach leaves) would be
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TABLE 2 | Least squares means of surviving Salmonella Typhimurium (log10
CFU/cm2) on spinach leaf surfaces by the interaction of antimicrobial treatment x

storage period.

Storage period (days)b

Treatmenta 0 3c 5 7 10

GPN 0.5G 1.5EFG 1.0FG 0.5G 0.5G

UG 1.3FG 4.2ABCD 2.5DEFG 0.6G 0.5G

HOCl 4.0ABCD 5.1AB 4.4ABCD 3.5BCDE 2.8CDEF

Control 5.9A 5.6AB 5.7AB 4.7ABC 3.5BCDE

P = 0.0251; Pooled SEMd = 0.4

aTreatments are GPN (nanoparticles loaded with geraniol to 0.5 wt.%), UG (free geraniol at

0.5 wt.%), HOCl (200.0 ppm free chlorine at pH 7.0), and Control (untreated). Treatments

were applied by immersion for 2.0min prior to samples being removed from antimicrobial

treatment, placed in sterile covered containers, and stored at 5◦C. Mean numbers of S.

Typhimurium cells inoculated onto samples initially were 5.9 ± 0.6 log10 CFU/cm2 and

were 5.6 ± 0.3 log10 CFU/cm
2 after the second inoculation at storage day 3.

bValues depict means of three identically completed replicates (N= 3); means not sharing

letters (A,B,C,...) differ at P = 0.05 by Tukey’s Honestly Significant Differences (HSD) test.
cSpinach samples were re-inoculated with S. Typhimurium (7.0 log10 CFU/mL); all

samples assigned to storage periods of 3, 5, 7, and 10 were re-inoculated in

identical fashion.
dSEM, Standard error about the mean.

effective at preventing the growth of enteric bacterial pathogens
under conditions of simulated pre-harvest and post-harvest
contamination events, data which are absent from the scientific
literature to the authors’ awareness. Although authors are
unaware of a foodborne disease outbreak involving fresh spinach
or other leafy greens wherein multiple pathogen contamination
events were reported to occur, it is not unreasonable to
suggest that produce commodities are not subject to such
insanitary handling.

The development of a second population of nanoparticles
held at 37◦C may be explained as GPNs that released geraniol
payload early in the storage period, with subsequent aggregation
of polymer into complexes of polymer molecules with larger
hydrodynamic radii than that for single polymer molecules over
the course of storage. This observation, along with findings on
evolution of nanoparticle size for those held at 50◦C are not
surprising and indicate the expulsion of geraniol early on with a
likely reassembly of micellar structures. Prud’homme et al. (1996)
reported micelles of Pluronic F-127 in aqueous solution were
favored as incubation temperature was increased over 30◦C due
to disappearance of large domains as poly(oxyethylene) chains
were increasingly dehydrated and repulsive interactions were
decreased. The GPNs stored at 50◦C showed a second peak
detected at the 2nd day of storage. However, unlike GPNs held
at 37◦C, the second population of GPNs from 50◦C incubation
did not increase in size during storage but were constant up to
day 14. It has been observed previously that prolonged exposure
to elevated temperature conditions can assist the release of
entrapped drug, resulting in nanoparticle degradation (Hill and
Gomes, 2014). As discussed previously, a second population of
GPNs with smaller diameter was, to author’s surprise, determined
to exist in NP solution stored at 4◦C. This may have been the
result of reduced hydrophobicity of the poly(oxypropylenes) at

the reduced storage temperature, which may have led to loss
of emulsification of the hydrophobic oil and breakdown of the
micelles, as well as the potential for unimers of Pluronic F-
127 molecules to exist at temperatures below the micellization
temperature at the concentration used in the present study
(8.0 wt.%; ∼24◦C) (Wanka et al., 1994; Pham Trong et al.,
2008). The release of geraniol from GPNs held at pH 4.0 was
more rapid than what was observed for GPNs loaded into
neutral pH conditions, a response to environmental storage
conditions previously reported for drug- and antimicrobial-
delivering nanoparticles (Gaysinsky et al., 2005, 2008; Wuang
et al., 2011). Interestingly, in GPNs exposed to aqueous solution
adjusted to pH 10.0, the late onset of a second population of
nanoparticles (after 60 days’ storage) indicates that Pluronic F-
127 nano-particles are not long-term stable to acid hydrolysis but
bear moderate stability to hydroxide attack.

Experimental results demonstrate that sanitizing treatments
involving the PDA geraniol, free or encapsulated, outperformed
a chlorine sanitizer treatment as well as a water rinse step
(control). Plant-derived antimicrobials and various essential oil
components have been previously studied and reported for their
utility in fresh produce decontamination during extended storage
periods by multiple research groups (Ayala-Zavala et al., 2009;
Azizkhani et al., 2013; Kang and Song, 2018). Yossa et al. (2012)
tested the interaction of antimicrobial treatment and storage
period (up to 14 days at 4◦C) during experiments tracking E. coli
O157:H7 and Salmonella enterica serovars on baby spinach leaves
treated with 800 ppm cinnamic aldehyde (with or without the use
of 0.5% tween 20 to enhance delivery of the PDA) or 5 ppm free
chlorine. Similar to the results presented in the current study,
an interaction of these treatment effects (sanitizer use, storage
period) was detected from statistical analysis of microbiological
data. This group also published decontamination studies on
romaine lettuce leaves cut to a uniform size (6.0 cm2) where E.
coli O157:H7 or Salmonella inocula were treated with 5.0 ppm
chlorine or 800 ppm cinnamaldehyde emulsified in 0.5% Tween
20 (Yossa et al., 2013). In that study, researchers demonstrated
greater reductions in both pathogens by chlorine treatment vs.
emulsified essential oil, indicating that physical damage to the
leaf did not negate antimicrobial outcomes from treatment. Zhu
et al. (2020) reported interaction of antimicrobial treatment by
storage period for edible films incorporating differing PDAs
on leafy greens. For mature spinach, researchers reported a
3% carvacrol-incorporating apple-derived film reduced E. coli
O157:H7 to below the limit of detection over 3 days of
refrigerated storage, though by 7 days of storage at 4◦C pathogen
numbers had risen to low but detectable numbers. These results
do not mirror those obtained in the current study, where GPN
treatment suppressed both E. coli O157:H7 and S. Typhimurium
to the limit of detection over 10 days of refrigerated storage
(Tables 1, 2).

The inclusion of a second simulated cross-contamination
event after 3 days of refrigerated storage on samples resulted
in increases in numbers of both pathogens as compared to
experiment outset for all treatments, excepting the Control, an
expected outcome of the second inoculation event. Previous
research studies have indicated the sanitizing effect of chlorine
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and various PDAs applied onto leafy green surfaces when
the sanitizing treatment was applied after microbial organisms
were inoculated onto the harvested crop (Beuchat et al.,
2004; Yossa et al., 2012; Ruengvisesh et al., 2015). These
research studies, nevertheless, failed to investigate the potential
for sanitizing treatment to maintain any residual activity
in the event of subsequent microbial contamination, the
focus of the current study. GPN-treated samples sustained
the lowest observed changes in pathogen numbers following
the second pathogen inoculation, with the exception of the
Control. That UG- and HOCl-treated spinach surfaces sustained
greater increases in pathogen numbers following the second
inoculation event was unsurprising given the potential for
these sanitizing agents to be either volatilized or degraded
by organic matter (Hill et al., 2013; Yoon and Lee, 2018).
Nonetheless, observed declines in the numbers of both bacterial
pathogens on spinach samples treated by HOCl by the end
of the experimental storage period were unexpected. These
may have occurred due to the initial reductions achieved by
HOCl application in combination with extended refrigerated
storage which effectively halted bacterial replication on the
leafy green.

Inoculation of E. coli O157:H7 or Salmonella Typhimurium
onto surfaces of spinach twice, simulating pre-harvest and post-
harvest contamination events, resulted in increased numbers of
pathogens on commodities immediately following the second
simulated cross-contamination event. Antimicrobial treatments,
nonetheless, reduced pathogens on treated samples, with
geraniol-using treatments (GPN, UG) being more effective
for reducing pathogen numbers as compared to HOCl and
Control treatments. While the potential for multiple cross-
contamination events should be low for produce packed and
held in a sanitary environment, research has demonstrated
the opportunity for post-harvest contamination of pathogens
to occur even when sanitizing treatments are applied (Pao
et al., 2012; Singh et al., 2018; Smolinski et al., 2018). This
occurrence is one the FDA’s final rule on produce safety
aims to prevent by the mandatory application of food safety
hazard reduction strategies (FDA, 2020). No reports have
been found detailing the utility of produce sanitizers when
the produce item is contaminated multiple times (pre-harvest
and/or post-harvest). Hence, the current study evaluated the
utility of antimicrobial treatments under conditions simulating
such events. Antimicrobial-loaded nanoparticles that release a
produce sanitizer slowly are more effective for producing longer-
term pathogen inhibition than other antimicrobial strategies
that produce an initial burst effect and then dissipate either
due to dilution, volatilization, or degradation with accumulated
organic matter (Yegin et al., 2016; Huang and Nitin, 2019).
These data can be applied by produce packers to select risk-
reducing strategies for controlling food safety hazards even for
scenarios involving potential multiple cross-contamination of
fresh produce.

The research data presented in the current manuscript were
collected simultaneously with data already previously published
by our group, wherein we identified multiple potential study
limitations (Perez-Lewis et al., 2018). In addition to the potential

study limits discussed in that report, there remain potential
concerns over the financial costs of nano-particle formulation
and preparation, and the demand for “clean” food ingredients
used in food manufacturing that may limit produce industry
adoption (Mora-Huertas et al., 2010; Blanco-Padilla et al., 2014).
Nevertheless, the authors are unaware of any other scientific
studies describing the outcomes of research where human
foodborne microbial pathogens, or even indicator organisms,
were applied onto a food crop surface, subjected to sanitizing
treatment, and then subsequently re-inoculated in order to
discern the capability of sanitizing treatment to protect against
microbial proliferation prior to consumption. Though such
insanitary handling conditions and practices would not likely
be encountered in large food crop harvesting and handling
facilities, the opportunity for pathogens to contaminate food
crops repeatedly, including leafy greens, is logical given the
exposure of crops in the field and opportunity for non-hygienic
handling during post-harvest packing.

We are not surprised by the observed differences in spinach
decontamination outcomes for the GPN and HOCl treatments,
given our previous published research on antimicrobial-loaded
nanoparticles applied to decontaminate spinach (Perez-Lewis
et al., 2018; Ruengvisesh et al., 2019a). Finally, the current
study details the capability of the plant-derived antimicrobial
geraniol, free and encapsulated within polymeric micelles, to
reduce the numbers of inoculated E. coli O157:H7 and S.
Typhimurium on spinach leaves during a simulated multi-
contamination spinach production and post-harvest handling
scenario. These data represent the first of their kind to the
authors’ knowledge regarding the opportunity presented by
experimental antimicrobial treatments to protect harvested
produce from proliferation of contaminating bacterial enteric
pathogens. Nano-encapsulated PDAs, as well as free PDAs,
represent useful candidates for sustained and safe technologies
for fresh produce microbiological safety protection.
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