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Antimicrobial Particle-Based Novel Sanitizer for Enhanced
Decontamination of Fresh Produce

Kang Huang,a Nitin Nitina,b

aDepartment of Food Science and Technology, University of California—Davis, Davis, California, USA
bDepartment of Biological and Agricultural Engineering, University of California—Davis, Davis, California, USA

ABSTRACT Microbial food safety of raw or minimally processed fresh produce is a
significant challenge. The current sanitation processes are effective for inactivation of
bacteria in wash water but have limited efficacy (�2 log/g reduction) for inactiva-
tion of microbes on the surfaces of fresh produce. This study demonstrates a novel
concept to enhance effectiveness of chlorine using a particle-based sanitizer to im-
prove decontamination of fresh produce. In this concept, enhanced effectiveness is
achieved by localized high concentration of chlorine bound to the surfaces of silica
particles and improved surface contact of microparticles with the produce surface
using mechanical shear during a washing process. The results of this study demon-
strate that 500 ppm active chlorine can be bound to the surfaces of modified silica
particles. These modified particles maintain over 90% of their initial chlorine content
during extended storage in aqueous solution and provide improved inactivation of
both Escherichia coli O157:H7, Listeria innocua, and Pseudomonas fluorescens in the
presence of organic content in contrast to conventional chlorine sanitizer. The modi-
fied particles exhibit effective sanitation of fresh produce (�5-log reduction) in the
presence of relatively high organic content (chemical oxygen demand of 500 mg/li-
ter), demonstrating a potential to address a significant unmet need to improve fresh
produce sanitation. The particle-based sanitizer had no significant effect on the qual-
ity of fresh lettuce.

IMPORTANCE The limitation of current sanitation processes for inactivation of mi-
crobes on the surfaces of fresh produce is due to nonspecific consumption of sani-
tizers by reactions with the food matrix and complexity of surface chemistries and
structural features of produce surfaces. This study demonstrates a novel approach to
enhance sanitation effectiveness of fresh produce using a particle-based sanitizer.
The particle-based sanitizer concept provides localized high concentration delivery
of chlorine to the surfaces of fresh produce and enables more than 5 logs of inacti-
vation of inoculated bacteria on fresh produce surfaces without significant changes
in produce quality. The results of this study illustrate the potential of this approach
to address the unmet need for improving sanitation of fresh produce. Further valida-
tion of this approach using a scaled-up produce washing system will enable com-
mercialization of this novel concept.

KEYWORDS foodborne pathogen, N-halamine, particle-based sanitizer, poly-L-lysine,
sanitation of fresh produce, silica particles

Microbial food safety of raw or minimally processed fresh produce is a significant
challenge. Globally, fresh produce consumption has increased significantly over

the last two decades due to growing consumer awareness of the health benefits of
fresh produce (1, 2). Considering that most fresh produce is consumed raw or after
minimal processing, it is important to reduce the risk of its contamination with
pathogenic microorganisms throughout the production chain (3, 4). It is reported that
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more than 46% of the foodborne illnesses in the United States from 1998 to 2008 are
attributed to the consumption of raw or minimal processed fresh produce (5). Similarly,
contamination of fresh produce with spoilage bacteria can also lead to significant
reduction in shelf life of fresh produce. Despite significant advances in postharvest
packaging and refrigeration technologies, a significant fraction of fresh produce (20 to
40%) is spoiled due to microbial contamination and overgrowth (6). Limitations in
reducing pathogenic and spoilage microbes on minimally processed fresh produce are
among the key constraints in maintaining safety and quality of fresh produce (7).
Therefore, sanitation and washing procedures are vital steps for improving safety and
shelf-life of fresh produce products by inactivating pathogenic and spoilage bacteria on
the surfaces of food products (8, 9).

To address safety and spoilage issues of fresh produce, a number of decontamina-
tion methodologies for fresh produce have been reported (10, 11). Current chemical
treatments such as chlorine, peroxyacetic acid, hydrogen peroxide, quaternary ammo-
nium, and ozone are effective in reducing the microbial load in wash water but have
limited efficacy for inactivation of bacteria on fresh produce surfaces (1- to 2-log
reduction) (12–15). This limitation is due to nonspecific consumption of sanitizers upon
reactions with the food matrix (16). Furthermore, complexity of surface chemistries
(such as waxy cuticle) and structural features of surfaces of the produce (e.g., crevices
and cracks) may shield bacteria from conventional sanitizers and thus limit the efficacy
of these sanitizers (8, 17, 18). In addition, pathogenic bacteria may form complex
biofilms in combination with other microbes on the surfaces of fresh produce. The
complexity of the biofilm matrix on produce surfaces makes it challenging to inactivate
bacteria in biofilms compared to planktonic bacteria in a wash water (17, 19, 20). In
summary, there is a significant unmet need to develop a novel sanitizer for effectively
inactivating pathogenic and spoilage bacteria on the surfaces of contaminated fresh
produce during postharvest sanitation and washing process.

Particle-based drug delivery carriers have been developed for pharmaceutical and
medical applications to enhance localized delivery of high concentration of active
agents (21, 22). To extend this concept to sanitizers, the sanitizer should be localized at
the surface of a particle so that it can inactivate microbes upon contact or particle can
release adequate concentration of sanitizer molecules into the surrounding environ-
ment for inactivation of microbes.

With this overall goal, this study evaluated the concept of particle-based sanitizers
for inactivation of bacteria in simulated produce wash water and on the surfaces of a
model fresh produce. It is expected that localized delivery of high concentration of
sanitizer to leaf surfaces using particle-based sanitizers will induce rapid inactivation of
bacteria. In this study, the antimicrobial chlorine-based agent was immobilized on the
surfaces of micron-scale silica particles using halamine chemistry. Silica microparticles
were selected due to their biocompatibility, chemical inertia, and water dispersibility
(23, 24). Furthermore, food-grade silica particles can be considered a processing aid if
their mass concentration is below 1,250 mg/kg (25). In addition, coated micron-scale
particles provide a large surface area in contrast to conventional applications of
N-halamine chemistry on polymeric materials. This enhanced surface area may enable
effective inactivation of bacteria in wash water and on the surfaces of fresh produce. To
the best of our knowledge, none of the previous studies have evaluated the potential
of antimicrobial microparticles to improve sanitation of fresh produce and wash water
with suspended organic content. Development of a particle-based sanitizer for food
products and food contact surfaces may improve safety of minimally processed prod-
ucts such as fresh produce, reduce spoilage, and reduce cross-contamination from food
contact materials.

RESULTS
Characterization of synthesized SiO2-PLL particles. The physicochemical proper-

ties of particles (SiO2–poly-L-lysine [SiO2-PLL]) were characterized based on size, surface
charge, surface chemistry, and morphology. The results (Fig. 1a) of dynamic light
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scattering measurements show that, as prepared, SiO2 had a monomodal particle size
distribution with a mean diameter of 955.4 nm and a polydispersity index of 0.251.
These results indicate a relatively uniform particle size of silica particles (Fig. 1a).
Coating silica particles with PLL based on electrostatic interactions only marginally
increased the mean particle diameter to (1,085.7 nm) but reversed the negative zeta
potential of silica particles from �48.6 � 6.9 mV to 24.4 � 1.9 mV (Fig. 1b). Scanning
electron microscopy (SEM) imaging results (Fig. 1c) further confirmed that SiO2 and
SiO2-PLL have a relatively similar particle size and morphology.

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) measurements
were performed on dried particles to characterize the surface chemistry of the coated
particles as synthesized (Fig. 1d). In the case of as-synthesized SiO2 particles, the
characteristic peaks at 953, 804, and 1,099 cm�1 were ascribed to Si-OH stretching and
to symmetric and antisymmetric stretching vibrations of the Si-O-Si bond, respectively
(26, 27). In the FTIR spectrum of SiO2-PLL particles, absorption bands at approximately
3,430 and 2,926 cm�1, respectively, were attributed to N-H stretching and C-H bond
stretching (28, 29). The presence of these bands further confirms surface modification
of silica particles with poly-L-lysine (PLL) coating.

Chlorination efficiency. It is widely acknowledged that the biocidal mechanism of
N-halamine modified polymers is based on the transfer of halogen atoms from the
modified polymers to microbes upon contact. Therefore, the total halogen loading in
a N-halamine polymer can significantly influence both the rate and extent of microbial

FIG 1 Characterization of synthesized SiO2 and SiO2-PLL particles. (a) Particle size measurements using dynamic light scattering; (b) zeta
potential measurements before and after coating; (c) SEM images; (d) ATR-FTIR spectrum. Error bars represent the standard deviations of
n � 3 values.
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inactivation (P � 0.05). The N-H structure in amino rich polymers can be transformed
to N-Cl group upon incubation of SiO2-PLL particles with sodium hypochlorite to obtain
the N-halamine functionality on the surfaces of coated silica particles (30, 31). In this
study, the PLL polymer coated on silica particles was chlorinated by incubating these
particles in a diluted household bleach (10% [vol/vol] of 8.25% commercial sodium
hypochlorite solution) at pH 5 and room temperature for a range of time periods. The
results in Fig. 2a illustrate an increase in chlorine content of PLL-coated silica particles
as a function of incubation time. The results show a rapid increase [C � 559.4 � (1 –
e– 0.03t)] in the chlorine content on silica-coated PLL particles reaching approximately
500 ppm, which means 0.5 mg of chlorine bound to the surfaces of 1 g of silica particles
after 1 h of incubation with bleach. With extended incubation to 3 h, there was no
significant increase in the total mass of chlorine per unit mass of silica particles (P �

0.05). This trend suggests saturation of the PLL polymer with chlorine. After charging of
chlorine on PLL-coated silica particles, the stability of chlorine bound to the surfaces of
PLL-coated silica particles was evaluated. The results in Fig. 2b illustrate no significant
changes in the total chlorine content upon storage of chlorine charged PLL-coated
silica particles for 28 days under refrigerated conditions (P � 0.05).

Antimicrobial activity of charged silica particles in water. To assess the antimi-
crobial activity of charged silica particles, water was selected as a model system. The
water samples were inoculated with E. coli O157:H7, L. innocua, and P. fluorescens,
respectively. The reduction in bacterial count upon treatment was characterized using
a standard plate colony-forming assay. The results in Fig. 3 show the survival of E. coli,
L. innocua, and P. fluorescens in wash water after 20 min of exposure to the control, SiO2,
SiO2-PLL, conventional chlorine-based sanitizer, and SiO2-halamine particles, respec-
tively. SiO2 and SiO2-PLL did not exhibit antimicrobial properties, as expected, whereas

FIG 2 (a) Total active chlorine content of SiO2-halamine as a function of chlorination time; (b) total active chlorine
content of SiO2-halamine particles during storage in an aqueous suspension at 4°C for 28 days.

FIG 3 Sanitation of water by SiO2-halamine particles. (a) E. coli O157:H7; (b) L. innocua; (c) P. fluorescens. The asterisk indicates that the viable/culturable counts
for that experiment were below the detection limit (1 log CFU/ml). Treatments with different letters are significantly different (P � 0.05).
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conventional chlorine-based sanitizer (containing 5 ppm free chlorine, which was
equivalent to the chlorine content on 2 mg/ml charged SiO2-halamine particles) and
charged (SiO2-halamine) particles inactivated 6 logs of E. coli O157:H7, L. innocua, and
P. fluorescens. These results suggest significant antimicrobial potential of SiO2-halamine
particles against both Gram-positive and Gram-negative bacteria.

Sanitation of fresh produce surfaces. Current sanitizers, including chlorine, cannot
achieve adequate (�2-log) inactivation of bacteria on the surfaces of fresh produce due
to nonspecific interactions of the sanitizer with organic content on the surfaces of fresh
produce. In this next set of experiments, we assessed the efficacy of particle-based
sanitizer for the decontamination of fresh produce. In this study, lettuce leaf samples
were inoculated with E. coli O157:H7, L. innocua, and P. fluorescens, respectively, using
a novel spin-coating approach to generate a relatively uniform distribution of bacteria
on produce surfaces, as described in our previous work (32). The contaminated leaf
samples were treated with sterile water, modified particles before charging (SiO2-PLL),
conventional sanitizer containing 5 ppm free chlorine, SiO2 particles with 5 ppm free
chlorine, and charged modified particles (SiO2-halamine), respectively. Based on the
standard plate count assay (Fig. 4a and b), a �1-log reduction in E. coli and L. innocua
concentrations from inoculated leaf samples was obtained by washing with sterile
water for 20 min, respectively. In the case of P. fluorescens, only a 0.65 � 0.03 log
CFU/leaf decrease in bacterial concentration on lettuce leaf samples was obtained upon
washing leaf samples with sterile water for 20 min (Fig. 4c). The presence of uncharged
SiO2-PLL did not significantly improve the inactivation efficacy for both Gram-positive
and Gram-negative bacteria on leaf surfaces (P � 0.05). After exposure to 2 mg/ml of
SiO2-halamine particles for 20 min, the bacterial population on inoculated lettuce
leaves was reduced by approximately 5 log CFU/leaf. Meanwhile, to simulate the typical
washing procedure used in fresh produce industry, the addition of conventional
chlorine-based sanitizer (5 ppm free chlorine) in wash water resulted in approximately
1.66-, 1.37-, and 1.36-log reductions, for E. coli, L. innocua, and P. fluorescens, respec-
tively. In addition, increasing the free chlorine content in wash water to 10 ppm did not
significantly enhance the microbial reduction on lettuce leaf surfaces (data not shown).
To further validate the enhanced efficacy of SiO2-halamine particles, the inoculated
lettuce sample was treated with control silica particles in combination with 5 ppm
chlorine. The results show no significant enhancement in antimicrobial activity of
chlorine in this case compared to the conventional chlorine treatment (P � 0.05) for E.
coli and P. fluorescens. A small but statistically significant enhancement in antimicrobial
activity of chlorine was observed for L. innocua with a combination of chlorine and silica
particles (P � 0.05).

To further simulate a realistic produce washing situation, the sanitation efficacy of
SiO2-halamine particles against E. coli O157:H7 inoculated on lettuce leaf surfaces was

FIG 4 Antimicrobial efficacy of synthesized SiO2-halamine particles and conventional chlorine-based sanitizer for the sanitation of the lettuce leaf surface in the
absence of organic load in wash water. (a) E. coli O157:H7; (b) L. innocua; (c) P. fluorescens. The asterisk indicates that the viable/culturable counts for these
measurements were below the detection limit (1 log CFU/leaf). Treatments with different letters are significantly different (P � 0.05).
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assessed in a simulated wash water with dissolved organic load. A diluted solution of
appropriate Luria-Bertani (LB) medium was used for simulating the chemical oxygen
demand (COD) levels encountered conditions during the washing of fresh produce. In
the case of wash water with a COD ranging between 0 and 500 mg/liter, the SiO2-
halamine particles caused a �5-log CFU/ml reduction in inoculated E. coli from fresh
produce surfaces (Fig. 5a). In the case of COD value of 1,000 mg/liter in a simulated
wash water, the SiO2-halamine particles achieved a reduction of 2.5-log units of
inoculated bacteria on fresh produce surfaces. The decrease in antimicrobial activity in
the presence of high COD conditions could be attributed to partially quenching of
active chlorine on the particle surface upon reaction with high organic content in wash
water. To compare these results with conventional sanitation using chlorine, two levels
of conventional sanitizers with 5 and 10 ppm for free chlorine were evaluated (Fig. 5b).
Under the same set of experimental conditions as in the case of SiO2-PLL, conventional
chlorine-based sanitizer achieved only a 0.5-log reduction in the inactivation of bacteria
from leaf surfaces for COD contents ranging between 500 and 1,000 mg/liter. In
addition, increasing the free chlorine concentration from 5 to 10 ppm did not affect the
sanitation efficacy in the presence of organic content. It is important to note that to
achieve a free chlorine concentration of 5 and 10 ppm in a high-COD environment, the
total chlorine added to the wash water ranged between 70 and 150 ppm. Overall, these
results demonstrate the superior antimicrobial potential of SiO2-halamine particles for
reducing an inoculated bacterial load on the surfaces of fresh produce.

To assess the sanitation efficacy of particle-based sanitizer on the natural flora of
fresh produce, the total aerobic mesophilic plate count and yeast and mold count were
measured before and after a simulated washing process. The aerobic plate counts of
leaf surfaces before washing were 6.1 � 0.2 log CFU/g (Fig. 6a). The counts of total
aerobic mesophilic bacteria were reduced by 3 log CFU/g after a washing step with 2
mg/ml of SiO2-halamine. Washing with sterile water, uncharged SiO2-PLL, and conven-
tional sanitizer (i.e., 5 ppm free chlorine) only led to a limited reduction of total aerobic
mesophilic bacteria, i.e., a �1-log CFU/g reduction compared to unwashed leaves. For
yeast and mold on leaf surfaces, the initial count was 5.1 � 0.1 log CFU/g (Fig. 6b).
Washing with charged modified particles (SiO2-halamine) for 20 min resulted in an
approximately 1.6-log CFU/g reduction in yeast and mold counts. In comparison, yeast
and mold counts were not significantly reduced after washing with sterile water,
modified particles before charging (SiO2-PLL), conventional sanitizer containing 5 ppm
free chlorine, or SiO2 particles with 5 ppm free chlorine, respectively.

Evaluation of the quality of fresh produce. The effect of particle-based sanitizer
on the quality of fresh produce during storage was evaluated based on measuring
changes in the total color and texture after treatment with selected sanitizers. Changes

FIG 5 (a and b) Efficacy of synthesized SiO2-halamine (a) and conventional chlorine-based sanitizer (b) on the
sanitation of E. coli O157:H7 on lettuce leaves in the presence of organic load in wash water. An asterisk indicates
that the viable/culturable counts for these measurements were below the detection limit (1 log CFU/leaf).
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in the total color index of lettuce leaves upon treatment were compared to the
unwashed leaves in Fig. 7a. Based on the observed color difference measured after
treatment (day 0), the washing process by water, SiO2 particles, and SiO2-halamine
particles had a negligible impact on the net color change. However, the addition of
conventional chlorine-based sanitizer resulted in a slight change in color. In addition,
changes in the color and texture of treated and control leaves were evaluated during
extended storage for 6 days. During storage, no significant changes in the color of the
treated leaves compared to unwashed leaf samples (P � 0.05) were observed. Mea-

FIG 6 (a and b) Aerobic mesophilic counts (a) and yeast and mold counts (b) in examined samples of leaf surfaces
before and after washing (log CFU/g). Different letters indicate statistically significant differences (P � 0.05).

FIG 7 Effect of particle-based sanitizer on the quality parameters of lettuce leaves during storage. (a) Total color
difference measured using the Hunter scale; (b) maximum compression force (N); (c) representative SEM images of
leaf surfaces washed by water and SiO2-halamine particles. An asterisk (*) indicates statistical significance between
the test group and the unwashed leaf samples (P � 0.05).
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surement of changes in the maximum compression force of lettuce samples upon
treatment with selected sanitizer (Fig. 7b) showed that the addition of conventional
sanitizer resulted in a significant decrease in the maximum compression force of leaves
(P � 0.05), whereas no significant changes in the texture of leaves treated with
SiO2-halamine were observed (P � 0.05). This negative influence of conventional
sanitizer on the texture of leaves was also observed during extended storage, while no
significant changes in texture were observed for leaves treated with SiO2-halamine
during extended storage (P � 0.05). Overall, these results illustrate no significant
changes in the quality of fresh produce upon treatment with SiO2-halamine particles.

Electron microscopy of leaf surfaces shows that inoculated bacterial cells can be
detected on a leaf surface after the leaves are washed with wash water, but in the
presence of SiO2-halamine there was significant reduction in the presence of bacteria
on leaf surfaces (Fig. 7c). This suggests that inactivation of bacteria with SiO2-halamine
may also result in removal of bacteria from leaf surfaces. In addition, SEM images also
suggest the possible retention of a few silica particles on the lettuce leaf surface.

DISCUSSION
Enhanced antimicrobial activity of chlorine on silica particles. This study dem-

onstrates that chlorine bound to the surfaces of silica particles can inactivate 5 logs of
model pathogenic and spoilage bacteria on fresh produce in the presence of a relative
high organic content (500 mg/liter COD) within 20 min of incubation. In contrast, 70 to
150 ppm chlorine added to wash water did not inactivate more than 2 logs of bacteria
on the surfaces of fresh produce in the presence of 500 mg/liter COD wash water.
Furthermore, antimicrobial efficiency of added chlorine to wash water was not ade-
quate to inactivate 2 log or more of bacteria on the surfaces of fresh produce even
without the presence of organic content in wash water. The decontamination assay of
multiple leaves demonstrates that particle-based sanitizer was able to achieve 3- and
1.6-log CFU/g reductions in naturally occurring bacteria and yeast and mold counts,
respectively, on leaf surfaces, while the sanitation efficacy of conventional chlorine-
based sanitizer was very limited. As illustrated in Fig. 8, we attribute this enhanced
antimicrobial activity of chlorine bound to the surfaces of silica particles to two factors:
(i) the localized high concentration of chlorine bound to the surfaces of silica particles
and (ii) the enhanced surface contact of silica particles with leaf surfaces and the
resulting high surface shear exerted by the circulation of these microparticles in wash
water. The approach developed in this study is distinct from prior efforts to enhance
chlorine activity. Previous efforts mainly focused on maintaining the pH conditions and
improving stability of chlorine in the presence of organic content by reducing its
reactivity (33, 34). In these studies, a chlorine stabilizer T-128 (New Leaf Food safety
Solutions, LLC, Salinas, CA) was added to chlorinated wash water (pH at 5.0) that
reduced the depletion of free chlorine in wash water containing a high organic content.
These improved formulations show enhanced inactivation of inoculated bacteria in
wash water (5-log reduction). Despite these promising results, it is still not feasible to
consistently achieve more than 2 logs of bacterial inactivation on fresh produce
surfaces during postharvest processing, as indicated by the results of this and other
studies (35, 36). We hypothesize that this limitation results from the lack of a localized
high concentration of chlorine at the leaf surface since chlorine suspended in wash
water can be rapidly depleted at the leaf surface upon reaction with organic matter at
the leaf surface (35, 37). Furthermore, the hydrophobicity of the leaf surface and
structural properties may limit uniform wetting of the leaf surface, thus limiting the
antimicrobial activity of chlorine in wash water. Previous studies have also suggested
that waxy cuticle on produce surfaces, as well as microscale features of the leaf surface,
may provide a physical barrier to the antimicrobial activity of chlorine and other
antimicrobial agents (38).

In contrast, the ability of silica particles to bind 0.5 mg of chlorine per g of silica
particles on their surfaces enhances the localized delivery of a relatively high concen-
tration of chlorine to the leaf surface. Furthermore, the enhanced shear force generated
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by movement of microparticles near the leaf surface also improves contact between
chlorine modified particles and bacteria attached on the surfaces of fresh produce. In
addition, retention of small fractions of silica particles on the surfaces of fresh produce
may also contribute to enhanced antimicrobial activity since these particles can provide
localized release of chlorine on the surface. Overall, the results of this study highlight
a novel approach to address both the chemical and the physical barriers to improve the
sanitation of fresh produce and to achieve 4 to 5 logs of bacterial inactivation on fresh
produce surfaces in a relatively short incubation time.

Translation of particle-based sanitizers to industrial applications. Extended stor-
age stability of sanitizer formulations is critical for successful industrial applications. The
results of this study demonstrate that the formulation developed in this study retained
�90% of the active chlorine after 4 weeks of refrigerated storage, a common environ-
mental condition for fresh produce processing. Unlike prior studies that have focused
on the stability of chlorine charged polymers in dry conditions (30, 39–41), this study
evaluated the stability of an aqueous suspension of SiO2-halamine. Since most of the
sanitizing agents in the food industry are stored and applied in aqueous suspension,
maintaining the stability of chlorine on the surface of as-synthesized SiO2-halamine is
critical for industrial applications of these materials. Furthermore, an aqueous formu-
lation can significantly reduce the cost of drying these formulations prior to industrial
applications.

Maintaining produce quality after sanitation is essential for successful translation of
sanitizers to industrial practice. The results demonstrate no significant influence on
texture and color of fresh produce upon treatment with particle-based sanitizers
compared to the controls. The results based on SEM imaging suggest the retention of
a few silica particles on the surfaces of leaf samples. It is important to note that SEM is
a high-resolution imaging method that has the sensitivity to detect trace amounts of
particles on the surfaces of fresh produce (0.01% [wt/wt]). In addition, it is possible that
washing processes, including the use of ultrasound treatment during washing, could be
used to remove the residual particles from fresh produce surfaces after sanitation.

FIG 8 Illustration of enhanced antimicrobial activity by particle-based sanitizer.
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Further studies may also be designed to evaluate the influence of particle-based
sanitizers on internalized bacteria in fresh produce. It is also anticipated that use of
particle-based sanitizer may reduce the amount of total chlorine used during the
sanitation of fresh produce and its associated environmental impact. Further studies are
needed to validate this potential benefit of these novel formulations.

Conclusions. In summary, we demonstrate here a novel approach to enhance the
sanitation effectiveness of fresh produce using a particle-based sanitizer. The particle-
based sanitizer concept provides localized high-concentration delivery of chlorine to
the surfaces of fresh produce and causes �5 logs of inactivation of inoculated bacteria
on fresh produce surfaces in the presence of 500 ppm COD without significant changes
in produce quality. Our results illustrate the potential of this approach to address the
unmet need for improving the sanitation of fresh produce. Further validation of this
approach using a scaled-up produce washing system will enable commercialization of
this novel concept.

MATERIALS AND METHODS
Chemicals and reagents. Pure ethyl alcohol (�99.5%), tetraethyl orthosilicate (TEOS; 99.999%),

poly-L-lysine (PLL; molecular weight, 30,000 to 70,000), and sodium hypochlorite (10%) were purchased
from Sigma-Aldrich (St. Louis, MO) and used without further purification. Ammonium hydroxide (29.7%),
sodium carbonate, sodium thiosulfate, and hydrochloric acid (HCl) were purchased from Fisher Scientific
(Waltham, MA). DPD (N,N-diethyl-1,4-phenylenediamine sulfate)-free chlorine reagent powder was pur-
chased from Hach (Loveland, CO). LB broth, tryptic soy broth (TSB), nutrient broth, LB agar, tryptic soy
agar, and nutrient agar were from Fisher Scientific (Waltham, MA).

Bacterial strains, media, and growth conditions. Escherichia coli O157:H7 (ATCC 700728) and
Listeria innocua (ATCC 33090) were selected as a model Gram-negative foodborne pathogen and a
surrogate for a Gram-positive foodborne pathogen, respectively. Pseudomonas fluorescens (ATCC 13525)
was chosen as a model spoilage bacteria that is associated with spoilage of ready to eat salads. A liquid
nitrogen stock of each bacteria was streaked onto to agar plates and grown overnight. LB agar, tryptic
soy agar, and nutrient agar plates were used for plating of E. coli, L. innocua and P. fluorescens,
respectively. Before each experiment, one colony was picked from an agar plate, cultured in a liquid
medium, and incubated to achieve the stationary-phase cultures. E. coli O157:H7 strain was grown in LB
broth supplemented with 25 �g/ml tetracycline with constant shaking (250 rpm) at 37°C. L. innocua
strain was grown in TSB supplemented with 50 �g/ml rifampicin with constant shaking (250 rpm) at 30°C.
P. fluorescens strain was grown in nutrient broth with constant shaking (250 rpm) at 30°C. After liquid
culture, cells were centrifuged, washed twice in sterile phosphate-buffered saline (PBS) and resuspended
in sterile PBS at a concentration of approximately 1.0 � 109 CFU/ml.

Lettuce leaf preparation. Prebagged romaine lettuce leaves were purchased from a local super-
market and stored at 4°C 1 day before the experiments. Exterior leaves of the lettuce were removed and
discarded. The leaves without any visual evidence of tissue damage and similar surface properties to that
of the majority of the leaves were selected and washed by deionized water. Then the chosen leaves were
used for following assays.

Synthesis of SiO2-PLL particles. Silica particles were prepared according to the modified Stöber
method (42–44). The reaction mixture (solution I) was prepared with water (6.75 ml), ethanol (65 ml),
ammonium hydroxide (9 ml), and KCl electrolyte (0.017 g). An ethanolic solution of TEOS (solution II) was
prepared with TEOS (3.95 g), and ethanol (33.3 ml). The synthesis of silica particles was conducted in a
250-ml flask where the solution II was continuously supplied with a syringe pump (0.2 mL/min) to the
solution I. After further reaction (300 rpm, 40°C) for 15 h, the particles obtained were purified by
centrifugation and washed three times with ethanol.

The synthesis process of the PLL-functionalized particles was accomplished using a previously
published method (45). Portions (50 mg) of silica particles were suspended in 25 ml of 0.6 M sodium
carbonate solution (active buffer) for 15 min by bath sonication. The suspension was centrifuged to
remove the supernatant. Activated silica particles were resuspended in 10 ml of PBS buffer (pH 7.4) for
20 min by sonication. PLL (80 nmol) was added dropwise to the particle suspension with continuous
stirring for 21 h at 4°C. PLL-functionalized silica particles were washed four times with deionized (DI)
water and then resuspended in 10 ml of DI water and stored at 4°C before use.

Characterization of SiO2-PLL particles. The size and surface charge (� potential) of the synthesized
particles were measured using dynamic light scattering (Nano-ZS; Malvern Instruments, Worcestershire,
UK) after dilution in DI water. The refractive index of silica used in the light scattering calculation was
1.459 (46). Surface chemistry of synthesized particles was further characterized by ATR-FTIR spectroscopy.
The morphology and structure of the particles were characterized by SEM using a FEL XL30 scanning
electron microscope.

Total chlorine content and release of free chlorine in wash water. Next, 0.1 g of SiO2-PLL particles
were suspended in 10 ml of dilute household bleach (10% [vol/vol] of 8.25% commercial sodium
hypochlorite solution at pH 5) at room temperature and incubated under constant shaking at 250 rpm
for a predetermined period of time (15 min to 3 h). After chlorination, the particles were washed three
times with DI water and then resuspended in 10 ml of sterile DI water.
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The total active chlorine content was measured by titration method. Portions (0.1 g) of charged
particles were added to 15 ml of 0.001 N sodium thiosulfate solution with shaking for 30 min. The
residual sodium thiosulfate was subsequently titrated with a 0.001 N iodine standard solution. The active
chlorine content (ppm) of the particles was calculated according to the following equation:

active chlorine content �
35.45 � N(V0 � VS)

mS
� 106 (1)

where N is the normality (equivalents/liter) of the iodine solution; V0 and VS are the volumes (in milliliters)
of the iodine solution consumed in titration without or with charged SiO2-PLL particles, respectively; and
mS is the weight (in grams) of the charged SiO2-PLL particles.

Chlorination kinetics were determined by fitting data based on an exponential model as described
in equation 2 using GraphPad Prism software V.5.04 (GraphPad Software, Inc., La Jolla, CA):

C � Casympt � (1 � e�kt) (2)

where C is the total chlorine content in ppm, Casympt is the asymptotic chlorine content in ppm, which
indicates a theoretical amount of chlorine at saturation; k is the exponential rate constant (per minute);
and t is the time (in minutes).

Antimicrobial activity of modified particles in wash water. The antimicrobial activities of each
treatment were evaluated (SiO2, SiO2-PLL, and charged modified particles [SiO2-halamine]). Conventional
chlorine-based sanitizer containing 5 ppm free chlorine was used as an additional control group, which
was equivalent to the free chlorine content released from SiO2-halamine in 20 min. The bacterial
suspension of approximately 6 log CFU/ml was prepared by dilution. A volume of 1 ml of bacterial
suspension was added to a test tube with 2 mg/ml of particles and incubated for 20 min with a rotating
speed of 250 rpm at room temperature. A bacterial suspension without any particles was used as a
negative control. After 20 min of incubation, the bacterial suspension of each treatment was serially
diluted using PBS. A volume of 100 �l of each dilution was inoculated onto agar plates and incubated
at 37°C for 48 h.

Sanitation of fresh produce surfaces. Before inoculation, the bacteria were centrifuged at 3,100 �
g for 10 min at room temperature, washed twice with PBS buffer, and then resuspended in the same
buffer to obtain a final bacterial cell concentration of 1 � 106 CFU/ml. A novel spin-coating approach as
described in our previous study (32) was performed to obtain a uniform distribution of bacterial coating
on the leaf surface. Briefly, cut leaf pieces (3 � 3 cm) were placed in petri dishes, and 0.5 ml of the
bacterial suspension was dropped by pipette onto each leaf surface. The sealed petri dish was then fixed
on the disk of a spin coater. A thin coating of bacterial cells on leaf surfaces was generated using a spin
coater device at 500 rpm for 30 s. After inoculation, the leaf samples were stored at 4°C for 24 h. All of
the leaf samples after inoculation were cut into 1-cm-diameter disks with a sterile cork borer before any
of the selected treatments for the inoculated leaves.

In the assay of particle-based sanitation of lettuce leaves, a 15-ml test tube was filled with 2 ml of
sterile DI water containing 2 mg/ml of charged SiO2-PLL particles. An individual inoculated leaf sample
was added to each test tube, and the samples were shaken at 250 rpm for a predetermined period (0,
5, 10, and 20 min). The total chlorine content in 2 mg/ml of charged SiO2-PLL particles was equivalent
to 5 ppm. The control groups were inoculated leaf samples treated with wash water, water with 2 mg/ml
of uncharged SiO2-PLL particles, and water with 5 ppm free chlorine, as well as wash water containing
a combination of 5 ppm free chlorine in solution and suspended SiO2 particles. All samples were treated
in triplicate for each treatment. At the end of each treatment, the lettuce sample was collected with a
sterile forceps from each tube and rinsed twice by sterile DI water to remove loosely adhered bacterial
cells. The leaf samples were then transferred to a sterile test tube containing 1% (wt/vol) sodium
thiosulfate in 1 ml of maximum recovery diluent (MRD; Sigma, St. Louis, MO) and allowed to stand for
2 min (47). After vortexing at full speed for 1 min in the tube by a vortex mixer (Fisher Scientific, Waltham,
MA), the bacterial numbers were quantified by serial dilution and duplicate spread plating on agar.
Bacterial counts were determined after incubation at 37°C for 48 h and are expressed as the log CFU/leaf.

A complementary assay was performed to evaluate the influence of the organic load on the
sanitation efficacy of inoculated leaf samples. In this assay, charged SiO2-PLL particles were suspended
in the wash water with chemical oxygen demand (COD) of 500 and 1,000 mg/liter, respectively. LB
medium was diluted with DI water by 40 and 20 times to simulate the COD levels of 500 and 1,000
mg/liter, respectively. After a washing step at 250 rpm for 20 min, the lettuce leaves were sampled for
microbial analysis using the approach described above. The control groups were wash water with free
chlorine concentrations at 5 and 10 ppm, respectively.

To compare the sanitation efficacy of particle-based sanitizer and conventional chlorine-based
treatment on natural microflora on leafy greens, a 300-ml beaker was filled with 200 ml of sterile wash
water and placed on a magnetic mixer. Then, 5 g of leaves was added to the sterile wash water. Leaves
were treated with 2 mg/ml of SiO2-halamine or equivalent free chlorine, i.e., 5 ppm for 20 min at room
temperature. The other control treatments included washing of leaves with sterile water, uncharged
SiO2-PLL, and SiO2 particles with 5 ppm chlorine, respectively. At the end of each treatment, the leaves
were collected, rinsed twice with sterile DI water, and placed in a stomacher bag. It was diluted in 45 ml
of MRD buffer and homogenized for 2 min at 260 rpm, using a stomacher (model 400 circulator; Seward,
Norfolk, England). The suspension was serially diluted and analyzed for aerobic plate count, yeast, and
molds. For the determination of aerobic mesophilic bacteria, 0.1 ml of each decimal dilution was added
to the nutrient agar plates, and the agar plates were incubated for 48 h at 37°C. For the determination
of yeast and mold counts, 0.1 ml of each decimal dilution was spread on the dichloran rose bengal
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chloramphenicol agar plates. Colonies were counted after incubation at 25°C for 5 days and are
expressed as the log CFU/g. All the treatments were performed in triplicate.

Evaluation of quality of fresh lettuce leaves. The effect of each treatment on the quality attributes
of lettuce leaves were evaluated during six days of storage at 4°C in a petri dish. The treatments included
leaf samples treated by wash water, water with 2 mg/ml of uncharged SiO2-PLL particles, water with 2
mg/ml of charged SiO2-PLL particles, and water with 5 ppm free chlorine, as well as wash water
containing 5 ppm free chlorine and SiO2 particles. The multiple comparisons for two-way analysis of
variance (ANOVA) were performed to determine the significant difference between the particle treated
washed leaves and the control unwashed leaves (P � 0.05). For color measurement, one lot of lettuce
leaves was tested and analyzed using a ColorFlex EZ spectrophotometer (Hunter Lab, Reston, VA).
Hunter’s color values (L, a, and b) were analyzed by using EasymatchQC software (Hunter Lab). Triplicate
measurements were performed for each of the four slices of lettuce leaves, and the averages and
standard deviations based on 12 readings for each treatment are reported. The total color difference (ΔE)
was determined according to the following equation:

�Eab
* � �(L1

* � L0
*)2 � (a1

* � a0
*)2 � (b1

* � b0
*)2 (3)

where L0
*, a0

*, and b0
* are Hunter’s color values from a reference, and L1

*, a1
*, and b1

* are Hunter’s color values
from treated samples.

The compressibility of fresh lettuce leaves was measured using a TA-TXPlus texture analyzer (Texture
Technologies Corp., Scarsdale, NY). A slice of leaf sample was positioned in the press holder, and the
plunger was moved down at a velocity of 1 mm/s from its initial position to a final position at 2 mm
below the bottom of the leaf holder. The maximum compression force was recorded using Texture
Expert software (version 2.64; Texture Technology Corp.). Three slices of lettuce leaves were measured for
each treatment set.

Statistical analysis. Statistical analysis was performed using Prism software (v.5.04; GraphPad
Software, Inc., La Jolla, CA). All experiments were performed in triplicate. Unless otherwise stated in the
corresponding section, the significant differences between treatments were determined through one-
way ANOVA, followed by Tukey’s pairwise comparisons with a 95% confidence interval.
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