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1. Introduction
1.1 Prevalence of Produce-related Foodborne Illness
The Center for Disease Control (CDC) estimates that 1 in 6 Americans (or 48
million people) fall sick, 128,000 are hospitalized, and 3,000 die of foodborne diseases
each year (CDC, 2016). In a study of foodborne outbreaks in seventeen food
commodities between 1998 and 2008, the authors attributed 46% of foodborne illnesses,
38% of hospitalizations, and 23% of deaths to consumption of fresh produce. Leafy
vegetables were associated with more illnesses (22%) than any other commodity
examined, and were the second most frequent cause of hospitalizations (14%) (Painter et
al., 2013).

Bacterial foodborne pathogens that have been linked to fresh produce disease
outbreaks include Clostridium botulinum, Escherichia coli (E. coli) 0157:H7, Salmonella
enterica spp., Shigella spp., and Listeria monocytogenes. Parasites tied to produceassociated illness are Cryptosporidium spp. and Cyclospora spp., while viruses prevalent
on produce are Hepatitis A and Norovirus (FDA, 2001). Produce can be contaminated
with microbial pathogens at any point in the food handling chain – production, harvest,
processing, transport, retail, foodservice establishment, home kitchen – and is intensified
by improper handling and storage prior to consumption (FDA, 2001).
Recent produce-related disease outbreaks include Salmonella Saintpaul
contaminated jalapeño and serrano peppers and pepper products in 2008, which sickened
1,442 people in 43 states; Salmonella Typhimurium and Salmonella Newport on
cantaloupe in 2012, which sickened 261 people in 24 states; and Salmonella Newport
contamination of cucumbers in 2014, which sickened 257 people in 29 states and the
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District of Columbia. The deadliest outbreak since 1990 was in 2011, when Listeria
monocytogenes-contaminated cantaloupes resulted in 147 illnesses and 33 deaths across
28 states (CSPI, 2015).

1.2 Existing Sanitation Technologies for Fresh Produce and their Limitations
Fresh and fresh-cut fruits and vegetables are disinfected during a washing step
designed to remove dirt, pesticide residues, and both pathogenic and spoilage
microorganisms. However, minimal processing of fresh fruits and vegetables makes it
difficult to fully eliminate pathogenic organisms (FSA, 2015). Washing with chlorinebased sanitizers is almost universally used in the fresh produce industry to remove
harmful bacteria and other microorganisms. Peroxyacetic acid is an attractive alternative,
due to its efficacy and quick decomposition into harmless chemicals, which has been
applied to fresh produce in recent years. However, chlorine-based sanitizers remain
dominant due to the higher cost of peracetic acid (Lawton and Kinchla, 2015). Sodium
hypochlorite, a powerful disinfectant with oxidizing properties, is most commonly used
to sanitize both products and processing equipment. When sodium hypochlorite is added
to water, at concentrations ranging from 50 to 200 ppm, it generates the antimicrobial
agent hypochlorous acid (Artés et al., 2009). Chlorine’s effectiveness against
microorganisms is dependent on pH, temperature, concentration, organic matter present
in the wash water, exposure time, and initial microbial load (Boyette et al., 1993).
Chlorine based sanitizers are not completely effective (Rico et al., 2007). Beuchat
(1999) reported that spray treatment with 200 ppm chlorine was equally ineffective at
eliminating low levels (100 to 101 CFU/g) of E. coli O157:H7 on iceberg lettuce as was
spraying with water. Zhang and Farber (1996) treated shredded iceberg lettuce inoculated
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with 4 log(CFU/g) Listeria monocytogenes 10 min. with 200 ppm chlorine, resulting in
only 1.3 and 1.7 log(CFU/g) reductions of L. monocytogenes at 4 and 22°C, respectively.
Li et al. (2001) immersed cut lettuce leaves in water at 20 and 50 °C with or without
addition of 20 mg/L chlorine, and found that both treatment types reduced the initial
population of aerobic microorganisms by 1.73-1.96 log(CFU/g). However, overall they
found the addition of chlorine had no significant effect on these reductions. Beuchat and
Brackett (1990) found that typical packaging and distribution procedures – chlorine
treatment, modified atmosphere packaging and shredding – did not influence or decrease
growth of L. monocytogenes on lettuce. According to Ahvenainen (1996), chlorine
compounds are not very effective at inhibiting growth of L. monocytogenes on shredded
lettuce or Chinese cabbage, nor are they necessarily effective at reducing aerobic
microbial counts in root vegetables.
Chlorine based sanitizers also pose several health risks. Wash water rapidly
acquires a high organic load during produce washing, due to the introduction of soil,
leaves, and other debris along with the produce. Free chlorine reacts with this organic
matter, which both decreases the amount of chlorine available to kill harmful
microorganisms, and results in the formation of undesirable by-products. These byproducts include trihalomethanes, haloacetic acids, haloketones, and chloropicrin, all of
which are potentially carcinogenic (Gil et al., 2009). While toxicity studies show that the
concentration of by-products formed is negligible, the use of chlorine-based sanitizers is
increasingly less popular with consumers, and has already been banned in several
European countries, such as Germany, Switzerland, Denmark, and Belgium (Gil et al.,
2009).
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1.3 Novel, Alternative Sanitation Technologies for Fresh Produce
1.3.1 Ultrasound and Zinc Oxide Treatment
Low-frequency (20-100 kHz) ultrasound, as an alternative antimicrobial
treatment, has the advantages of being considered safe, non-toxic, and environmentally
friendly (Bermúdez-Aguirre et al., 2011). The ultrasonic waves create changes in
pressure, which results in cavitation bubbles that, upon bursting, kill bacteria (Piyasena et
al., 2003). However, low-frequency ultrasound alone has limited application to the food
industry because of time-constraints. The performance standard for food-contact surfaces
is a 5-log(CFU/mL) reduction of microbial growth within 30 s (AOAC International,
2009). However bacteria, particularly spores, are very resistant and would require hours
of sonication to be inactivated (Sala et al., 1995). In one study, complete sterilization of
an E. coli film grown for 14 h was achieved after 6 h of exposure to low-frequency
ultrasound (Johnson et al., 2012). In another study, low-frequency ultrasound alone was
found to kill less than 1 log (90%) of the foodborne pathogens E. coli, Staphylococcus
aureus, Pseudomonas aeruginosa, and Bacillus subtilis (Scherba et al., 1991). Ultrasound
in combination with pressure (Mañas et al., 2000) and/or heat (Ordoñez et al., 1987) has
been shown to enhance microbial inactivation (Piyasena et al., 2003). Studies have been
done examining the combined effect of ultrasound and heat/chemicals on alfalfa seeds
(Scouten and Beuchat, 2002), and of ultrasound and heat/pressure on fruit and vegetable
juices (Kuldiloke, 2002). One combination that has not been explored is ultrasound
treatment of microorganisms in the presence of sonochemicals, such as zinc oxide (ZnO)
and titanium dioxide (TiO2). ZnO is an inorganic compound with known antibacterial
properties. Brayner at al. (2006) observed that interactions between ZnO nanoparticles
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and E. coli resulted in cell wall disorganization and internalization of nanoparticles into
cells. In a study comparing antibacterial ability of six metal oxide nanoparticle types
(MgO, TiO2, Al2O3, CuO, CeO2, and ZnO), ZnO had significantly higher antibacterial
activity against Staphylococcus aureus than did any of the other five metal oxides (Jones
et al., 2008). A number of studies have shown that ZnO’s antibacterial efficacy increases
with increasing concentration (Jalal et al., 2010; Emami-Karvani and Chehrazi, 2011),
and with decreasing nanoparticle size (Padmavathy and Vijayaraghavan, 2008;
Raghupathi et al., 2011). ZnO is generally recognized as safe (GRAS) by the Food and
Drug Administration, and is currently used as a food additive. ZnO nanoparticles have
known antibacterial ability, and have already been incorporated into food packaging
material to improve its antibacterial activity (Espitia et al., 2012). However, little is
known about its synergistic interaction with ultrasound to enhance microbial inactivation.

1.3.2 Medium Chain Fatty Acids and Heat Treatment
Fatty acids (FAs) are ubiquitous molecules typically bound to glycerol, sugars, or
phosphate head groups to form lipids. When FAs are released from lipids, they form free
fatty acids (FFAs), which exhibit an array of powerful biological activities (Desbois and
Smith, 2010). The antibacterial effects of FFAs have been well-studied. In humans, FFAs
including dodecanoic acid (C12:O), tetradecanoic acid (C14:O), and hexadecanoic acid
(C16:O), act as antimicrobial agents within skin lipids (Takigawa et al. 2005; Georgel et
al. 2005; Kenny et al. 2009). Further, medium- and long-chain saturated FFAs inhibit the
urinary tract pathogen Proteus mirabilis (Liaw et al., 2004). In microorganisms such as
microalgae, release of FFAs within the cell membrane and energy storage structures
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during cellular disintegration may serve as a ‘population level’ defense against
pathogenic bacteria and viruses (Desbois and Smith, 2010).
FFAs are an attractive food antimicrobial because they are natural, Generally Recognized
as SAFE (GRAS), exhibit a broad spectrum of activity, and are non-specific in their
mode of action. Further, the FDA identifies octanoic and decanoic acids as safe for direct
addition to food for human consumption as long as they are free of chick-edema factor
and not made up of more than 2% unsaponifiable matter (FDA, 2016).
Now that the European Union has banned use of antibiotics in livestock
foodstuffs, FFAs could serves as a potential alternative antimicrobial (Desbois and Smith,
2010). To enhance FFAs antibacterial effect, their use in combination with heat has been
suggested as a hurdle technology for food preservation (Mvou et al, 2010). The inhibitory
effect of heat-treated FFAs on different bacterial species is well-documented. FFAs’
antibacterial mechanism has not been fully characterized. However, it appears that FFAs
target the bacterial cell membrane and essential processes occurring at the cell
membrane. Due to their amphipathic structure, FFAs can act as detergents at higher
concentrations, thereby solubilizing the cell membrane (Desbois and Smith, 2010). FFAs
can also interfere with the electron transport chain and disrupt oxidative phosphorylation
(Sheu and Freese, 1972; Galbraith and Miller, 1973; Miller et al., 1977; Boyaval et al.,
1995; Wojtczak and Wieckowski, 1999). It’s also possible that FFAs kill bacteria via cell
lysis, inhibiting enzyme activity, preventing nutrient uptake, or generating toxic products
(Desbois and Smith, 2010). Tsuchido and Takano (1998) found that growth of E. coli K12 cells heat-treated at 55 °C for 15 s was more significantly delayed by the MCFAs
octanoic and decanoic acid than by butanoic, hexanoic, or dodecanoic acids. Jang and
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Rhee (2009) determined that reconstituted infant formula treated with 10, 20, or 30 mM
octanoic acid at 45, 50, or 55 °C had more rapid Cronobacter spp. reductions with
increasing octanoic acid concentration and temperature. At 55 °C, they reported
Cronobacter spp. reductions of 2.25, 4.81, and 6.30 log(CFU/mL) after 10 min. for 5, 10,
and 20 mM octanoic acid treatments, respectively, versus a 4.14 log(CFU/mL) reduction
after 60 min. for the control, heat treated infant formula alone. Marounek et al. (2012)
similarly reported that 30 min. treatment with 13.9 mM octanoic acid at 37 °C reduced
Cronobacter sakazakii by 5.40 log(CFU/mL), and reduced Cronobacter malonaticus to
below the limits of detection in comparison to the control.
Within the food industry, short chain fatty acids have been incorporated into
sprays for sanitizing meat, and have also been applied as fungistats in animal feeds.
Dickson (1992) observed a 1 log reduction in Salmonella Typhimurium on beef fat tissue
after treatment with 2% acetic acid. Paster (1979) found that propionic acid is a better
inhibitor of mold in poultry feed under summer conditions than is calcium propionate.
However, to the best of our knowledge no practical studies have been done examining the
effect of heated MCFAs on fresh produce.

1.4 Research Objectives and Hypotheses
1.4.1 Ultrasound and ZnO Treatment
The objectives of the first study were to determine the effect of ultrasound in
combination with ZnO in the inactivation of Listeria innocua (L. innocua), and to
understand the mechanism(s) by which these two treatments kill bacteria. L. innocua is
an excellent non-pathogenic surrogate for the foodborne pathogen Listeria
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monocytogenes because it has nearly identical physiological characteristics and is even
more resistant to thermal processing (Friedly et al., 2008).
Low-frequency ultrasound’s primary mechanism of action is its cavitation effect.
When a liquid is sonicated, the acoustic vibrations are converted into microscopic gas
bubbles. Cycles of low and high acoustic pressure in the incident acoustic wave cause
these bubbles to expand and shrink. Beyond their tensile strength, cavitation bubbles
violently collapse and produce localized areas of extreme pressure (1000 atm) and
temperature (5000 K). These high levels of temperature and pressure can then fragment
water and other molecules into free radicals (Erriu et al., 2013). These free radicals, or
ROS, include hydroxyl ions, peroxide, superoxide, and singlet oxygen. ROS can cause
damage to bacteria cell membrane, protein, and DNA structures, ultimately resulting in
cell death (Villamiel et al., 2015). In addition, other research groups have reported that
ZnO nanoparticles are capable of producing ROS (Lipovsky et al., 2011; Sawai et al.,
1998). Therefore, we hypothesized that the bactericidal mechanism of sonicated ZnO

involves ROS generation.
The physical structure of a nanoparticle affects the way in which it interacts with
and penetrates bacteria. Previous studies have shown that ultrasound breaks apart
agglomerates of ZnO nanoparticles, resulting in increased interaction with bacteria (Seil
and Webster, 2012), and that smaller particle size corresponds to greater efficacy in
inhibiting bacterial growth (Seil and Webster, 2012; Lipovsky et al, 2011). Thus, we
hypothesized that the bactericidal mechanism of sonicated ZnO also relates to the
enhanced ability of ZnO to interact with and damage bacteria post-sonication.

1.4.2 Medium Chain Fatty Acids and Heat Treatment
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The objectives of the second study were to determine optimal conditions for
inactivation of E. coli O157:H7 with mild heating and MCFA, and to apply these
conditions to actual produce. E. coli O157:H7 was used in this study rather than L.
innocua because it has been shown to be less heat resistant in numerous studies. Murphy
et al. (2004) found that for a cocktail of L. monocytogenes, Salmonella enterica spp., and
E. coli O157:H7 in ground beef/turkey heat resistance of L. monocytogenes at 55-70 °C
was 45-81% higher than that of E. coli O157:H7. Sharma et al. (2005) reported that L.
monocytogenes was more heat resistant than E. coli O157:H7 when heated at 57 °C in
cantaloupe juice. In addition, previous studies demonstrating the antibacterial effect of
fatty acids have all been done on gram negative bacteria, including E. coli (Hassinen et
al., 1951), Salmonella (Van Immerseel et al., 2004), and Campylobacter jejuni (Thormar
et al., 2006).
First, Box-Behnken design of experiments was performed to identify optimal
MCFA type (hexanoic, octanoic, or decanoic), MCFA concentration (0, 5, or 10 mM) and
temperature (30, 40, or 50 °C) for inactivating E. coli O157:H7. A non-pathogenic strain
of E. coli O157:H7 with the shiga toxins removed, ATCC 700728, was used because it
has been shown to have similar survival behavior to non-pathogenic E. coli O157:H7 in
numerous practical studies performed on lettuce (Gurtler et al., 2010; Kim et al., 2009).
Optimal treatment conditions were then applied to both a spinach leaf inoculated with 6
log(CFU/mL) E. coli O157:H7 and three non-inoculated spinach leaves to determine
efficacy in preventing cross contamination.
Existing studies on the effect of heat treated fatty acids on bacteria suggest that 10
min. treatment with octanoic acid results in antimicrobial activity against Cronobacter
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spp. at concentrations as low as 20 mM and temperatures as low as 45 °C (Jang and
Rhee, 2009), while 30 min. treatment achieves an antimicrobial effect against
Cronobacter sakazakii and Cronobacter malonaticus at 13.9 mM and 37 °C (Marounek
et al, 2012). Other studies have not shown hexanoic acid to be an effective antimicrobial
against E. coli K12 cells, but have suggested that decanoic acid is (Tsuchido and Takano,
1998). Based on the results of these studies, we hypothesized that the antimicrobial
effect will be most significant at the highest temperature (50 °C) and concentration (10
mM), and for the longest chain fatty acid (decanoic). Considering the shorter treatment
time (2 min.) and lower temperature range (30-50 °C) we hypothesize a less marked
antimicrobial effect for all of our treatments.
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2. Ultrasound and Zinc Oxide
2.1 Materials and Methods
2.1.1 Microorganisms and Growth Conditions
L. innocua Clip11262 was obtained from Dr. Robert Buchanan, Department of
Nutrition and Food Science at the University of Maryland-College Park. Bacterial
suspensions were prepared as follows: stock cultures were kept in Tryptic Soy Broth
(TSB, Difco, Becton Dickinson, Sparks, MD), containing 25% glycerol at -80 °C. A
loopful of stock culture was streaked onto tryptic soy agar (TSA, Difco, Becton
Dickinson, Sparks, MD) and incubated at 37 °C for 24 h. An individual colony was taken
from the inoculated TSA and transferred to 9 mL of sterile TSB. The broth was
subsequently incubated overnight at 37 °C for 12-14 h, and streaked onto new TSA
plates, which were incubated for 24 h at 37 °C. TSA plates were refrigerated and kept for
experiments up to three weeks.
An individual colony of L. innocua was taken from the TSA plates, transferred to
9 mL of sterile TSB, and incubated overnight at 37 °C. After 14-15 h incubation, the cells
were diluted 100-fold in sterile TSB, and incubated at the same temperature an additional
5 hours, until the middle of the exponential phase. After this second incubation period,
the cells were subjected to the antimicrobial treatments described in section 2.1.3.

2.1.2 Ultrasound Equipment and Parameters
The sonic dismembrator is a model FB505 (Fisher Scientific, Pittsburgh, PA), with
a maximum power of 500 W and a frequency of 20 kHz. The probe has a replaceable tip
(12.7 mm diameter), and experiments were performed at 50% amplitude, or 120 µm
(Qsonica, LLC., Newtown, CT), and at a wattage of 43–45 W. The probe was immersed in
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bacterial suspensions to a depth of 1 cm. 50 mL bacterial suspensions were placed in a 100
mL jacketed glass beaker (Kimble Chase, Vineland, NJ) and stirred continuously via a
magnetic rod (Figure 1). Both probe and suspensions were housed within a sound enclosure
chamber. For all treatments, the bacterial suspensions’ temperature was maintained at 22.0
± 1.0 °C using a refrigerated bath.

Figure 1. Ultrasound experimental set-up.
2.1.3 Antimicrobial Treatments
Bacterial suspensions of 6 log (CFU/mL) L. innocua in 40 mM ZnO were
prepared by transferring mid-exponential phase L. innocua to 50 mL of 40 mM ZnO in
DI water. The ZnO-bacteria suspension was subsequently sonicated for 0, 4, 8, and 12
min. in triplicate. Similarly, bacterial suspensions were prepared in 20 mM ZnO, and
subsequently sonicated in triplicate, but at different time intervals each experiment run,
for 0-30 min. After treatment, bacterial suspensions were serially diluted in 0.1% peptone
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water, plated on TSB, and plate-counted after 24 h incubation at 37 °C. Controls
consisted of 6 log(CFU/mL) L. innocua in 40 mM without sonication at 0 min. and at last
kinetic timepoint, (12 min.), as well as 6 log(CFU/mL) L. innocua sonicated without
addition of 40 mM ZnO at 0 and 12 min.

2.1.4 L-Histidine Treatments
To determine whether bacterial inactivation was Reactive Oxygen Species (ROS)
mediated, 10 mM histidine was added to 6 log(CFU/mL) L. innocua in 40 mM ZnO (total
volume: 50 mL), prior to sonication for 0, 4, 8, and 12 min. Histidine’s inhibition of the
combined ZnO and sonication treatment’s antimicrobial effect was enumerated via
plating serial dilutions of bacterial suspensions in 0.1% peptone water, and plate-counting
after 24 h incubation at 37 °C.

2.1.5 Particle Size Measurements
ZnO nanoparticle size measurements were taken to determine the effect of
sonication, using a BI-200 SM Goniometer Version 2 Dynamic Light Scattering
instrument (Brookhaven Instruments, Holtsville, NY), equipped with a 35 mW He-Ne
laser. The following parameters were adopted: detection wavelength of 637 nm and
scattering angle of 90°. 2 mL samples of sterile 40 mM ZnO sonicated for 0, 4, 8, and 12
min. were analyzed, as well as 2 mL samples of 40 mM ZnO and 10 mM histidine
sonicated for the same time intervals.

2.1.6 Scanning Electron Microscopy
Control samples (20 mL, ~ 7 log(CFU/mL)) of 40 mM ZnO were filtered through
a 0.2 µm pore filter (25 mm, EMD Millipore Co., Billerica, MA). The filter was then
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immersed in 10 mL of 0.25% Glutaraldehyde in DI water (Sigma-Aldrich, St. Louis,
MO) for 1 h. The filter was next rinsed three times in DI water, then immersed in 10 mL
aqueous solutions with increasing concentration of ethanol (v/v: 10%, 25%, 50%, 75%,
90% and 100%). The filter was kept in anhydrous calcium sulfate until analysis. Finally,
the filter was sputter-coated with gold for 1 min., after which SEM analysis was
performed with a TESCAN XEIA FEG Scanning Electron Microscope (TESCAN, Ltd.,
Brno, Czech Republic) at 5 kV (Sousa et al., 2015; Kihm et al., 1994).

2.1.7 Survival Curve Fitting
The survival curves were fitted into a first-order kinetic model to model inactivation:
log 𝑁𝑁(𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑁𝑁0 − 𝑘𝑘𝑘𝑘

(1)

where 𝑁𝑁(𝑡𝑡) is the concentration of bacteria at time t, 𝑁𝑁0 is the concentration of the
untreated population, and k is the inactivation rate constant (Xiong et al., 1999).

2.1.8 Statistical Analysis
Differences between sample means for bacteria treated with combined ultrasound
and ZnO versus bacteria treated with either treatment separately were analyzed using
one-way ANOVA and Tukey’s HSD test. Differences in nanoparticle size for ZnO
nanoparticles versus ZnO in L-Histidine were analyzed using a two-tailed t-test.

2.2 Results and Discussion
2.2.1 Antimicrobial Effect of Combined ZnO/Ultrasound
The effects of different sanitizing treatments on the growth of L. innocua after 24
h incubation at 37 °C are shown in Figs. 2-3. As shown in Figure 2, the combined 40 mM
ZnO and sonication treatment achieved a > 5 log reduction in L. innocua within 8 min.
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According to one-way ANOVA, treatment type (US/ZnO, US, ZnO) after 8 min. had a
significant effect on bacterial reduction at the p < 0.05 level [F(2, 6) = 5043.14, p =
<0.0001]. Post hoc comparisons using the Tukey HSD test indicated that the mean
bacterial reduction due to combined treatment with US/ZnO (M = -5.00, SD = 0.00), was
significantly different from the two control treatments, US alone (M = -0.29, SD = 0.09)
and ZnO (M = 0.04, SD = 0.07) alone.
This reduction in L. innocua is significantly higher than the reduction after either
ZnO or ultrasound alone after 8 min. The k value, 0.63, indicates that after a treatment
time of t = 1/k, or 1.6 min, 90% of the L. innocua population is killed (Casolari, 1988). In
comparison, incubation for 4-5 h with a much higher concentration (~184 mM) of ZnO
nanoparticles alone is required to induce any antibacterial effect (Wahab et al, 2010). Jin
et al. (2009) found that ZnO nanoparticles at a concentration of 122.8 mM reduced L.
monocytogenes growth by only ~1 log after 8 h. Ferrante et al. (2007) observed a ~2 log
reduction in L. monocytogenes in orange juice subjected to low-frequency ultrasound
alone.
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Figure 2. Logarithmic reduction of L. innocua during 40 mM ZnO + ultrasound
treatment.
Figure 3 demonstrates the antimicrobial effect’s concentration dependency, as
only a ~3 log reduction is achieved after 20 min. of a combined US and 20 mM ZnO,
compared to > 5-log reduction within 8 min. for a 40 mM ZnO treatment. The
inactivation data in Figure 3 was also fitted into first order kinetics. The k value, 0.17,
indicates that 90% of the L. innocua population is killed in 5.9 min.
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Figure 3. Logarithmic reduction of L. innocua during 20 mM ZnO + ultrasound
treatment.
To demonstrate that the effect of ultrasound and ZnO is synergistic and not
additive, we performed a sequential treatment where L. innocua were first exposed to
ultrasound alone for 12 min., followed by treatment with ZnO alone for 12 min. (Figure
4). One-way ANOVA was performed to compare the endpoint of the additive treatment
(at t = 24 min.) to the combined treatment and two controls (at t = 8 min.). According to
this analysis, there was a significant difference in bacterial reduction at the p < 0.05 level
between the four treatments [F(3, 7) = 3367.75, p = <0.0001]. Post hoc comparisons
using the Tukey HSD test indicated that the mean bacterial reduction due to the additive
treatment (M = -1.21, SD = 0.06), was significantly different from the mean bacterial
reduction for 8 min. combined treatment (M = -5.00, SD = 0.00). L. innocua first
sonicated for 12 min., and subsequently immersed in 40 mM ZnO for 12 min.
experienced a ~ 1 log reduction, which is comparable to the bacterial reduction when L.
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innocua is sonicated for 12 min. without 40 mM ZnO. The lack of further bacterial
reduction after subsequent exposure to ZnO after sonication suggests that ZnO can only
enhance the antibacterial effect when sonicated.
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Figure 4. Comparison in logarithmic reduction of L. innocua when treated
simultaneously versus separately with ultrasound and 40 mM ZnO.
2.2.2 L-Histidine Inhibits Antimicrobial Effect of ZnO/Ultrasound Treatment
We evaluated the antimicrobial effect of the combined treatment in the presence
of histidine, a known scavenger of hydroxyl radicals and singlet oxygen (Lipovsky et al.,
2011). Figure 5 below shows that in the presence of histidine, only a ~1 log reduction in
L. innocua occurs after 8 min. sonication, compared to a >5 log reduction in the absence
of histidine. This attenuation of ZnO and ultrasound’s antibacterial effect strongly
suggests that ROS, specifically hydroxyl radicals and singlet oxygen, contribute to the
combined treatment’s bactericidal mechanism.
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Figure 5. Attenuation of 40 mM ZnO/ultrasound/s antibacterial effect on L. innocua
when 10 mM L-Histidine is added.
2.2.3 Effect of Sonication on ZnO Particle Size
Table 1 summarizes the characterization of ZnO particles before and after
treatment with ultrasound, including particle size and polydispersity (PDI). Particle size
of ZnO nanoparticles (40 mM in DI water) without sonication is approximately 250 nm.
ZnO nanoparticle size decreased to ~115 after 4 min. sonication, and remained at that
size after further sonication for 8 and 12 min. Seil and Webster (2012) suggest that
sonication disperses both nanoparticle agglomerates and bacteria colony-forming units,
making it easier for nanoparticles to penetrate bacteria cell membranes. The decrease in
ZnO nanoparticle size indicates a physical aspect of its antibacterial mechanism.
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Table 1. Characterization of ZnO nanoparticles
Sonication (min.)

Particle size (nm)

PDI

0

252.5 ± 99.3

0.32

4

114.2 ± 89.9

0.29

8

104.9 ± 57.4

0.31

12

106.2 ± 44.7

0.30

To rule out the possibility of histidine having a physical effect on ZnO
nanoparticle size, the same measurements were taken for ZnO (40 mM DI water) with
addition of 10 mM histidine. Table 2 demonstrates that histidine did not significantly
effect, at the p < 0.05 level, ZnO nanoparticle size at t 0 (t(334) = 1.55, p-value = 0.121).

Table 2. Characterization of ZnO nanoparticles in presence of 10 mM L-Histidine
Sonication (min.)

Particle size (nm)

PDI

0

299.4 ± 238.2

0.33

4

140.7 ± 135.6

0.28

8

90.5 ± 106.6

0.32
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Figure 6 shows a clear decrease in ZnO nanoparticle size range after sonication
for 8 m. There is considerable overlap between the sonicated ZnO and sonicated ZnO in
the presence of histidine nanoparticle size distributions.
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Figure 6. Effect of sonication and L-Histidine on ZnO nanoparticle size.
2.2.4 SEM Analysis
Figure 7 shows L. innocua and ZnO nanoparticles observed by SEM. The L.
innocua in each of a, b, and c was identically treated with 40 mM ZnO and no ultrasound.
It appears that ZnO is associated with the bacteria, as clusters of ZnO nanoparticles are
aggregated close to the bacterium in each image. Direct contact of ZnO-nanoparticles
with bacterial cell walls has been suggested in literature as a potential toxicity
mechanism. Specifically, Brayner et al. (2006) reported damage and disorganization in
the cell wall of E. coli after exposure to 0.1-10.0 mM ZnO nanoparticles. Zhang et al.
(2006) observed damage and breakdown of E. coli cell membranes exposed to 2.46 mM
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ZnO. Cell wall damage suggests that ZnO can weaken and eventually permeate bacterial
cell walls, leading to cell death. The association of ZnO with L. innocua shown in Figure
7 complements the decrease in ZnO nanoparticle size after sonication shown in Table 1.
It is likely that during sonication, aggregated ZnO nanoparticles are broken apart and
therefore more easily permeate through L. innocua cell walls.

Figure 7. SEM images of L. innocua in unsonicated 40 mM ZnO.
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3. Heat and Medium Chain Fatty Acid
3.1 Materials and Methods
3.1.1 Microorganisms and Growth Conditions
E.coli O157:H7 ATCC 700728 was provided by Dr. N. Nitin, Department of
Food Science and Technology at UC Davis. Bacterial suspensions were prepared and
streaked onto TSA plates as described in Section 2.1.1. An individual colony of E. coli
O157:H7 was taken from the TSA plates, transferred to 9 mL of sterile TSB, and
incubated at 37 °C for 20 h, until they reached the stationary phase. The cells were then
diluted 100-fold in sterile deionized (DI) water, and next subjected to the antimicrobial
treatments described in section 3.1.2.

3.1.2 Medium Chain Fatty Acid Preparation
Fatty acid (hexanoic, octanoic, decanoic) was brought to 10 mL in 100% ethanol at
different concentrations (0, 5, 10 mM). Hexanoic and octanoic acid are liquid, while
decanoic acid is a solid; all three MCFAs are soluble in ethanol. Fatty acid solutions were
subsequently filtered through a 0.2 µm pore filter (25 mm, Fisher Scientific, Pittsburgh,
PA).

3.1.3 Antimicrobial Treatments
Bacterial suspensions of 6 log (CFU/mL) E. coli O157:H7 were prepared by first
transferring stationary phase E. coli O157:H7 to 9 mL of pre-heated, acidic (pH ~4.5) DI
water. Acidified DI water was prepared by adding 5-10 µL of 0.2 M hydrochloric acid to
~25 mL sterile DI water, then adding additional DI water until the pH reached ~4.5. The
final solution was filtered through a 0.2 µm pore filter (25 mm, Fisher Scientific,
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Pittsburgh, PA). Hexanoic, octanoic, or decanoic acid was next added to the bacterial
suspension to a final concentration of 0, 5, or 10 mM. The final solution was then placed
in a water bath at 30, 40, or 50 °C for 2 min. For a given temperature set point, the
corresponding experiments were performed on the same day. After treatment, bacterial
suspensions were serially diluted in 0.1% peptone water, plated on TSB, and plate-counted
after 24 h incubation at 37 °C. Controls consisted of 6 log(CFU/mL) E. coli O157:H7 in
pre-heated acidified water without addition of MCFA.

3.1.4 Response Surface Analysis
To evaluate the effect of fatty acid chain length (C6, C8, C10), concentration of
fatty acid (0, 5, 10 mM) and temperature (30, 40, 50 °C) on microbial inactivation, we
chose a Box Behnken design for 3 variables at 3 levels. A response surface analysis was
performed using JMP software. Fit model analysis of data from the Box-Behnken
experiments output parameter estimates for all response surface and crossed effects in the
model.

3.1.5 Texture and Color Analyses
A TA-XT2i texture analyzer (Texture Technology Corp., Scarsdale, NY) was used
to evaluate changes in texture for treated versus untreated grape tomatoes. Analysis was
done immediately after 2 min. heat treatment at 45 °C in 9.8 mM octanoic acid. These
conditions were chosen based on the optimization results from Box-Behnken design. Grape
tomatoes were purchased from a major grocery store chain the day before analysis,
refrigerated overnight, and kept at room temperature the day of the experiment. Samples
were placed onto the press holder, and a 5 mm probe (TA-55) was moved down at 1
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mm/sec. Maximum force was determined using Texture Exponent software (Stable Micro
Systems, Godalming, Surrey, UK). Experiments on both control and treated samples were
performed in triplicate on different grape tomatoes.
Color for treated versus untreated grape tomatoes was measured using a ColorFlex
EZ spectrophotometer (HunterLab, Reston, VA). L*, a*, and b* values, which indicate
color lightness, redness, and yellowness, respectively, were assessed in triplicate for both
control and treated grape tomatoes.

3.1.6 Spinach Cross Contamination Study
Organic spinach leaves were washed in DI water and subsequently dried. A single
spinach leaf was inoculated with 6 log (CFU/mL) stationary phase E. coli O157:H7, and
placed in a stomacher bag with three non-inoculated spinach leaves. The four spinach
leaves were then treated with 9.8 mM octanoic acid in acidified (pH < 4.5) DI water, and
continually shaken for 2 min. in a 45 °C hot water bath. After treatment, spinach leaves
were separated into individual stomacher bags, to which 0.1% peptone water was added,
and homogenized for 5 min. using a stomacher (80 BA 7020 Stomacher Lab Blender,
Seward, Worthing, UK). Bacterial suspensions within each stomacher bag were serially
diluted in 0.1% peptone water, plated on EMB, and plate-counted after 24 h incubation at
37 °C. Spinach leaves treated with DI water served as the control. For both treated and
control spinach leaves, a fifth untreated spinach leaf was inoculated with 6 log(CFU/mL)
E. coli O157:H7.

3.1.7 Statistical Analysis
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Differences between mean Lab and hardness values for grape tomatoes treated
with heat and octanoic acid versus untreated grape tomatoes were analyzed using a twotailed t-test.

3.2 Results and Discussion
3.2.1 Antimicrobial Effect of Combined Heat/MCFA and Response Surface Analysis
The bacterial inactivation for each Box-Behnken trial is shown in Table 3.
Hexanoic acid has no antibacterial effect at any concentration or temperature. Octanoic
acid inactivates E. coli O157:H7 to below the limit of detection at 5 and 10 mM
concentration and at every temperature (30, 40, 50 °C). Decanoic acid demonstrates an
antibacterial effect at 10 mM at every temperature, but is not as effective at 5 mM, only
showing an antibacterial effect at 50 °C (40 °C not tested).
Table 3. Inactivation of E. coli O157:H7 in Box-Behnken Trials
Experimental Run
40 °C – 5 mM – C8
30 °C – 10 mM – C8
40 °C – 10 mM – C10
40 °C – 5 mM – C8
40 °C – 5 mM – C8
30 °C – 0 mM – C8
40 °C – 0 mM – C8
30 °C – 5 mM – C10
30 °C – 5 mM – C6
50 °C – 10 mM – C8
50 °C – 5 mM – C6
50 °C – 0 mM – C8
50 °C – 5 mM – C10
40 °C – 0 mM – C6
40 °C – 10 mM – C6

Bacteria Remaining (Log (CFU/mL))

<1
<1
<1
<1
<1
6.30
6.31
5.19
6.24
<1
6.17
6.21
<1
6.27
6.28
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The response surface analysis is shown in Tables 4 and 5. Table 4, the effect
summary, ranks the influence of each factor on the optimal solution. Concentration is the
most important and temperature the least, while relationships between different factors
have a minimal effect. Table 5 provides the response surface analysis solution, yielding:
45 °C, 9.8 mM, and 9.3-carbon chain length. Since a chain number of 9.3 is physically
impossible, a choice must be made between chain lengths of 8 and 10. Overall, octanoic
acid outperformed decanoic acid, and therefore for the applied experiment, optimal
treatment conditions were: 45 °C, 9.8 mM, and 8-carbon chain length.
Table 4. Effect Summary for Response Surface Analysis
Source

Logworth

Concentration (0, 10)
Chain Length*Chain Length
Chain Length (6, 10)
Concentration*Concentration
Chain Length*Concentration
Temperature*Temperature
Temperature*Chain Length
Temperature (30,50)
Temperature*Concentration

P Value

2.475
2.191
1.898
1.343
1.261
1.038
0.954
0.680
0.014

0.00335
0.00644
0.01264
0.04538
0.05488
0.09167
0.11126
0.20885
0.96798

Table 5. Optimal Solution for Response Surface Analysis
Variable
Temperature (30, 50)
Chain Length (6, 10)
Concentration (0, 10)

Critical Value
45.153
9.300
9.807

3.2.2 Sensory Quality of Treated Grape Tomatoes
The results of texture analysis (Table 6) indicate no significant change at the p <
0.05 level in the hardness values for treated grape tomatoes (t(2) = 1.30, p-value = 0.324)
after washing the tomatoes with the optimized treatment.
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Table 6. Hardness of control versus treated (2 min., 45 °C, in 9.8 mM octanoic acid)
grape tomatoes
Hardness (kg)
Control

Treated

0.96 ± 0.37

0.67 ± 0.08

Figure 8 shows force versus time plots for both untreated and treated grape
tomatoes based on single replicate data. Tomato hardness is the peak force during
compression, and is nearly indistinguishable on the graph for untreated versus treated
samples.
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Figure 8. Texture profile analysis for treated (2 min., 45 °C, in 9.8 mM octanoic acid) and
untreated grape tomatoes.
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Similarly, colorimetric analysis data (Table 7) indicate no significant difference at
the p < 0.05 level in L (t(2) = -1.26, p-value = 0.336), a (t(3) = -1.41, p-value = 0.253), and
b (t(2) = -1.23, p-value = 0.343) values between control and treated grape tomatoes.
Table 7. Color parameters for control versus treated (2 min., 45 °C, in 9.8 mM octanoic
acid) grape tomatoes
Control

Treated

L

10.6 ± 2.8

16.9 ± 8.4

a

14.4 ± 2.3

19.4 ± 5.7

b

10.0 ± 2.3

15.3 ± 7.0

Figure 9 illustrates conversion of the average Lab values to RGB ones for untreated
and treated grape tomatoes. To the naked eye, the RGB color of untreated versus treated
tomato appears nearly identical.

Figure 9. RGB values for treated (2 min., 45 °C, in 9.8 mM octanoic acid) and untreated
grape tomatoes.
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3.2.3 Ability of Combined Heat/MCFA to Inhibit Spinach Cross Contamination
Figure 10 strongly suggests that treatment in heated octanoic acid better inhibited
cross-contamination of spinach leaves than did treatment with DI water alone (control).
Optimal heat/MCFA treatment decreased E. coli O157:H7 cross-contamination by ~4 log
(10,000-fold) vs. only a ~2 log (100-fold) reduction for DI water treatment.

6.0
Heat/MCFA

Log (CFU/mL)

5.0

DI water

4.0
3.0
2.0
1.0
0.0
C

I

CC1

CC2
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Figure 10. Cross-contamination of spinach leaves exposed to E. coli O157:H7 after
treatment 2 min., 45 °C, in 9.8 mM octanoic acid). C: control leaf; I: inoculated leaf;
CC1-CC3: cross contaminated leaves.
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4. Conclusions and Future Studies
Both low-frequency ultrasound in combination with ZnO and heated medium
chain fatty acids show promise as alternative antimicrobial treatments for application to
the fresh produce industry.
The quickest and most lethal treatment for L. innocua was 8 min. sonication in 40
mM ZnO. Histidine’s attenuation of the combined treatment, to a ~1 log reduction,
strongly suggests the production of ROS as part of its antibacterial mechanism. The
decrease in ZnO nanoparticle size during sonication suggests aggregates of ZnO are
being broken apart, making it easier for nanoparticles to penetrate and kill bacteria.
Images of L. innocua and ZnO particles further imply a physical aspect of ZnO’s
bactericidal mechanism, as the ZnO particles are associated with bacteria. In addition to
ROS generation and physical attachment to bacterial surfaces, ZnO particles may
enhance ultrasound’s antimicrobial mechanism through other means as well. These may
include acting as a nucleation site for generation of more bubbles, and changing the
cavitation threshold of bubbles produced by ultrasound. In future studies, these factors
need to be investigated further. Experiments must also be done to determine whether
application of sonicated ZnO on actual produce (i.e. spinach) affects its quality or
appearance.
Based on Box-Behnken trials, optimal conditions for combined heat and medium
chain fatty acid treatment were found to be 2 min. at 45 °C in 9.8 mM octanoic acid.
Sensory analysis of grape tomatoes subjected to this treatment demonstrated no
significant difference in color or texture for these tomatoes in comparison to untreated
ones. Further, spinach leaves cross-contaminated with E. coli O157:H7 and subsequently

32
treated with optimal MCFA/heat had on average a 100-fold greater reduction in bacterial
contamination than did control (DI water treated) spinach leaves.
For both antimicrobial alternatives, additional studies are required to determine if
the treatments are capable of killing other bacteria, such as E. coli O157:H7 for sonicated
ZnO, L. innocua for heated MCFAs, and Salmonella enterica spp. for either treatment. If
practical studies prove sonicated ZnO effectively removes microorganisms from produce
without impairing quality or appearance, ZnO/ultrasound may be a potential alternative to
typical chlorine and peroxide based sanitizers where continuous monitoring of solution
pH and reagent concentration is required. Since ZnO does not get consumed in the
process, it is possible to recycle the solution through multiple cycles of produce washing,
thereby saving water and energy. It is also possible to coat food contact surfaces with
ZnO that can then be effectively sanitized by exposing them to low-frequency ultrasound.
Based on the heated octanoic acid treatments performed on grape tomatoes and spinach,
this antimicrobial treatment is a viable option for direct application to fresh produce.
Additional studies on different fruits and vegetables are needed to more fully characterize
the MCFA/heat treatment’s effect on produce quality and ability to inactivate bacteria.
Finally, further research is needed to demonstrate the feasibility of either antimicrobial
approach at a commercial scale.
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Appendix
1. Fluorescein Fluorescence Measurements
Initially, generation of ROS during sonication of ZnO was assessed by measuring
fluorescence of fluorescein, a fluorescent dye which loses its fluorescence upon
interaction with ROS. Thus, a decrease in fluorescence or absorbance during sonication
would indicate generation of ROS. In the first experiment, fluorescein was added to a
final concentration of 5 µM to 25, 50, 75, or 100 mL of 0.1 M phosphate buffer, and
sonicated for 10 min. In the second experiment, 5 µM fluorescein in 1 mM ZnO and 0.1
M phosphate buffer was sonicated for 5, 10, 20, and 30 min. In the third, 5 µM
fluorescein in 0, 1, or 5 mM ZnO and 0.1 M phosphate buffer was sonicated for 40 min.
in 10 min. intervals. The first 10 min. interval was omitted for the 5 mM ZnO trial.
Fluorescein fluorescence was measured for all three experiments using a Microplate
reader (SpectraMax M5e, Molecular Device Inc., Sunnyvale, CA) at an excitation
wavelength of 485 nm and an emission wavelength of 510 nm. Fluorescence values were
normalized using the equation:

(2)

Relative fluorescence intensity =

100 ×𝐼𝐼t
𝐼𝐼0

where I0 is fluorescence intensity at t 0, and It is fluorescence intensity after ‘t’ minutes of
sonication.
Results of the first experiment were not meaningful, showing that % relative
fluorescence increased with sample volume (Figure 11).
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Figure 11. Effect of volume sonicated on % relative fluorescence of fluorescein.
Figure 12 shows a decrease in % relative fluorescence with sonication for the
second experiment, indicating sonication generates ROS.
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Figure 12. Effect of combined ZnO and sonication on % relative fluorescence of
fluorescein.
The third experiment (Figure 13) demonstrated that with increasing ZnO
concentration, decreases in % relative fluorescence lessened. Overall, it was difficult to
make any major conclusions based on this data set, other than that sonication likely
generates ROS.

% Relative Fluorescence
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Figure 13. Effect of increasing concentration of sonicated ZnO on % relative
fluorescence of fluorescein.
2. Hydrogen Peroxide Detection
2.1 Amplex Red Assay
Initial ROS assessments were also done by measuring hydrogen peroxide (H2O2)
generated during sonication. First, an Amplex Red assay, which uses the Amplex Red
reagent to detect hydrogen peroxide, was applied to known concentrations of hydrogen
peroxide to form a standard curve, as well as to 0.05, 0.1, 0.2, 0.5, and 1 mM ZnO
solutions sonicated for 30 min. Second, 50 µL of Amplex Red assay containing Amplex
Red reagent, horseradish peroxidase, and Dimethyl Sulfoxide, was added to 50 µL of
each sonicated ZnO solution. These solutions were then covered with aluminum foil to
block out light and incubated for 30 min. Finally, absorbance at 560 nm was measured
using a Microplate reader.
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Figure 14 shows the hydrogen peroxide standard curve, while Figure 15
demonstrates an increase in H2O2 with an increase in ZnO concentration.
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Figure 14. Standard curve of hydrogen peroxide measurement by Amplex Red Assay.
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Figure 15. Hydrogen peroxide generation upon 30 min. sonication of 0-1 mM ZnO.
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2.2 Ferrous Ion Oxidation Xylenol Orange Assay
After an initial Amplex Red Assay experiment, the ferrous ion oxidation xylenol
orange (FOX) assay was used because it is much faster. The FOX assay is based on the
ability of hydrogen peroxide to convert ferrous ions into ferric ions, which subsequently
form a complex with xylenol orange (XO) that can be measured using
spectrophotometry. For these experiments, DI water (control) and 40 mM ZnO in DI
water were separately sonicated. In the first experiment, 1 mM ZnO and DI water were
sonicated 1 hour in 20 min. intervals. In the second one, 4 mM ZnO and DI water were
sonicated 1 hour for 20 min. intervals. In the third, 40 mM ZnO and DI water were
sonicated 45 min. in 5 min. intervals. After sonication, 300 µL of FOX assay (250 mM
sulfuric acid, 2.5 mM ferrous sulfate heptahydrate, 1 M sorbitol, and 1 mM xylenol) was
added to 100 µL of each sonicated DI water and ZnO solution, incubated for 30 min. at
room temperature, and absorbance at 560 nm measured using a Microplate reader.
Standard curves were prepared for each experiment, but only the standard curve for the
first experiment is included (Figure 16).
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Figure 16. Standard curve of hydrogen peroxide concentration by FOX Assay.
Results of the first experiment (Figure 17) suggested a marked increase in H2O2
during sonication in the presence of 1 mM ZnO versus in the absence of ZnO.
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Figure 17. Hydrogen peroxide generated in DI water and 1 mM ZnO when sonicated 060 min.
However, results of the second experiment (Figure 18) indicated that H2O2
concentration after 60 min. sonication is similar for 4 mM ZnO and DI water.
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Figure 18. Hydrogen peroxide generated in DI water and 4 mM ZnO when sonicated 060 min.
Finally, two replicates performed for the third experiment (Figure 19) produced
very dissimilar results, suggesting that this is not a viable method for detection of ROS
generated via sonication.
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Figure 19. Hydrogen peroxide generated in DI water and 40 mM ZnO when sonicated 045 min.
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