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Application of nanotechnologies as more cost-efficient and environmentally-friendly alternatives to
conventional pesticides and fertilizers has been increasingly explored and employed. In parallel, recent
foodborne illness outbreaks associated with romaine lettuce have drawn attention to risks that are
related to microbial contamination from environmental waters, irrigation, and washing processes. While
many nanomaterials have potential to enhance crop yields, understanding of their interactions and
impacts on the fate of foodborne pathogens in diverse environmental conditions is lacking. This work
employs two promising nanoparticles for pesticides and fertilizer formulations, nano-CuO and nano-

12 TiO2, and demonstrates their effects on bacterial deposition and release, potentially impacting biofilm
13 formation in agricultural environments and foodborne illness risks.
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Abstract

Growing evidence suggests that agricultural water quality is closely tied to food safety
risks. Therefore, the presence of nanoparticles in environmental waters due to utilization as
pesticides and fertilizers may have unintended consequences, as the effects of their interactions
with foodborne bacteria are not well understood. This investigation utilizes a 2D parallel-plate
flow cell and a 3D saturated sand column to systematically examine changes in bacterial
transport trends due to nano-bio interactions under dynamic flow conditions. Two Escherichia
coli species, O157:H7 and 25922, exposed to nano-CuO (<50 nm) and nano-TiO, (<150 nm),
were used to mimic agriculturally relevant conditions. In flow cell experiments, the presence of
nano-CuO increased deposition and minimized release of pathogenic E. coli O157:H7 on a
model spinach surface, while nano-TiO, had no significant effects (p > 0.05). Attachment and
detachment — as quantified by mass transfer rate coefficients — of E. coli 25922 from the leaf
surface were not impacted by the presence of nanoparticles. No breakthrough was observed in
the column experiments, with the exception of nano-TiO, eluted in the presence of E. coli
O157:H7. However, column dissection revealed higher proportions of suspended particles
retained in the upper portion of the column when either nanoparticle was present. This provides
further evidence that nanoparticles affect bacterial deposition and release, potentially promoting

biofilm formation and foodborne illness risks.
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1. Introduction

Within the United States and globally, a significant portion of foodborne illness
outbreaks are related to microbial contamination of fruits and vegetables'-2. This is often caused
by irrigation and washing processes, where water potentially harbors harmful bacteria, leading to
microbial cross contamination®. Escherichia coli (E. coli) O157:H7 is a pathogenic bacteria of
particular interest due to two 2018 foodborne illness outbreaks associated with romaine lettuce,
in which at least 112 people were hospitalized and 5 deaths were reported due to contamination
that was found in irrigation waterS. The fate of pathogens within produce irrigation, washing, and
processing steps remains of interest for public health, as several recent studies have raised

concerns about the efficacy of common rinsing and disinfection procedures’-.

In parallel with modern food safety challenges, nanoparticles are increasingly common in
agricultural waters and are being widely considered for application as pesticides and soil
amendments in agricultural operations'%-!13. Fungicide formulations containing copper (1) oxide
have been employed in the U.S. since the 1950s, and in recent years nanoscale copper oxide
(CuO) has gained attention for its potential to serve as a more cost-efficient and environmentally-
friendly pesticide'® 7. For example, Ayoub et al. (2018) demonstrated that nano-CuO could
effectively control the viability of cotton leafworm!8. Other agricultural applications of nano-
CuO have included inhibition of pathogenic wheat isolates and control of fungal infections of
tomato plants'® 20, Similarly, titanium dioxide (TiO,) nanoparticles have demonstrated potential
as pesticides and as plant growth supplements?!-?>, For example, nano-TiO, has been shown to
enhance the growth of spinach leaves, as well as improve seed germination and seedling growth

for wheat and parsley?!- 2224, More recently, Mattiello and Marchiol (2017) demonstrated that

Page 4 of 39



Page 5 of 39

oNOYTULT D WN =

Environmental Science: Nano

nano-TiO; can positively promote vegetative growth and enhance nutritional value of barley

grains when applied throughout the plant growth process>.

Efficient use of these nanofertilizers and nanopesticides may increase crop yields and
provide complementary or replacement technologies for conventional chemical inputs, reducing
agricultural runoff and resulting environmental impacts!3-15. However, further research is needed
to improve our understanding of the variety of mechanisms in which nanomaterials suppress
disease and enhance plant growth, which can have unintended consequences. For example, many
nanoparticles, including CuO and TiO,,have been shown to induce stress and affect quorum
sensing for microbes in environmentally relevant conditions, which can influence the cells’
likelihood of deposition and ability to form biofilms?-23. A review of several copper-based
nanomaterials described toxic effects on some strains of E. coli and other microbes at
concentrations as low as 4 ppm in aquatic environments®’. Interactions between nano-TiO, and
E. coli were studied previously in quartz sand column transport experiments, which found that
the presence of E. coli reduced deposition of industrial grade nano-TiO,*°. However, few studies
have utilized and compared applicable nanoparticles in agriculturally relevant scenarios, which

include their interactions with non-targeted bacteria3% 3!,

The work presented herein contributes to the understanding of aqueous interactions and
transport of a specific foodborne pathogen (E. coli O157:H7) and metal oxide nanoparticles,
specifically nano-CuO and nano-TiO, in agricultural systems. Non-pathogenic E. coli 25922,
which is a quality control strain commonly employed by the agricultural industry, is also used for
comparison to the pathogen in this study. A 2D parallel-plate flow cell and 3D saturated sand
column were used to systematically examine changes in bacteria deposition (also referred to as

attachment) and detachment trends as a result of nano-bio interactions under dynamic flow
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conditions on model leaf and mineral surfaces. By studying these idealized systems in tandem,
the results provide unique insights into how physiochemical parameters of colloids affect their

interactions with more complex real-life environments3? 32,

2 Materials & Methods
2.1 Nanoparticle selection.

Copper oxide (CuO) was selected as a model nanoparticle for this study because of its
use in agriculture as an herbicide!8-?°. Nano-CuO was purchased from Sigma Aldrich (St. Louis,
MO) and was reported to have a primary particle size of <50 nm. This is similar to recent work
that has demonstrated agricultural applications of nano-CuO in the range of 40-60 nm!®-2°, Food
grade (FG) TiO, (anatase, E171, Arizona State University) was selected as the other model
nanoparticle with a primary particle size of 122 + 48 nm, as measured by electron microscopy in
Yang et al. (2014)3. These particles are significantly larger than the nano-TiO, that has been
used in some recent studies and commercial products (ranging from 10 to 60 nm)3435. However,
these particles were chosen to minimize physiological impact to bacterial cells, while
maintaining application relevance of FG TiO,, which has shown promise as a fungicide and a
plant growth enhancer*33. On account of the photocatalytic activity of nano-TiO,, all
suspensions were kept wrapped in foil to minimize UV light exposure during preparation. Both
nanoparticles were used at a concentration of 10 mg/mL, corresponding to 10° and at least 10'°
primary particles/mL for TiO, and CuO, respectively. The reported ranges of concentrations of
nanoparticle formulations for agricultural applications are from 0.005 — 50 mg/mL for TiO,3* 3>
and 0.01 — 10 mg/mL for CuO 825, Therefore, a nanoparticle concentration of 10 mg/mL was

chosen, within the aforementioned environmentally relevant range, to maximize observable
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effects while remaining below previously observed toxic concentrations of nano-Ti0O, and nano-

Cu037.38,

2.2 Bacteria selection.

E. coli O157:H7 and 25922 (ATCC 43888 and 25922) were chosen as model bacteria for
this study to represent a pathogenic and non-pathogenic strain, respectively. The strains were
acquired from the USDA (USDA-ERS-FAESR, Bowling Green, KY). E. coli O157:H7 has been
recently implicated in several major foodborne illness outbreaks associated with leafy greens®,
while E. coli 25922 is a commonly used surrogate for assessing efficacy of food safety processes
in the agricultural industry*!. E. coli cells were cultured overnight in Luria-Bertani (LB) broth
(Fisher Scientific, Fair Lawn, NJ) at 37 °C. The overnight culture was then diluted 1:100 in fresh
LB, incubated at 37 °C for 3.5 hours, and harvested at the mid-exponential cell growth phase by
washing and resuspending cells in 10 mM KCI*2. For all experiments with each of the two

strains, scenarios tested were either suspensions of cells only, cells with CuO, or cells with TiO,.

2.3 Sample preparation and characterization.

Stock nanoparticle solutions were prepared using dry nanoparticle powder and sonicated
for 30 min in 10 mM KCI. Then the pH of the solution was adjusted to 7.0 using KOH and HCI,
followed by 30 sec of sonication’®. For experiments with E. coli, concentrated bacteria stock was
then diluted in 10 mM KCI to an ODgq of 0.2 (or 10° cells/mL). Then, with or without bacteria,
nanoparticle solutions were gently shaken for 40 min to allow aggregation to occur and stabilize.
Mixed nanoparticle-bacteria samples were then used for either transport experiments or

physiochemical characterization within 2 hours of preparation.
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Zeta potential and hydrodynamic diameter were determined for each suspension (10°
cells/mL E. coli, 10 mg/mL nanoparticles, or a mixture) using a ZetaPALS analyzer and dynamic

light scattering (DLS), respectively (Brookhaven Instruments Corp., Holtsville, NY)*.

2.4 Parallel-plate experiments.

In a parallel plate flow cell (GlycoTech, Rockville, MA), deposition and release of the
model E. coli on a spinach leaf surface was directly observed using an inverted microscope (BX-
52, Olympus) and digital camera (Demo Retiga EXI Monochrome, QImaging) as previously
described”- 4344, All baby spinach leaves used in this study were pre-washed, bagged spinach
from the same brand and purchased from the same local grocery store. As detailed in Mayton et
al. (2019), epicuticle films were isolated from the spinach leaf surface through a freeze
embedding technique and transferred to a polycarbonate substrate, which were stored at 4 °C for

up to one week before use in the parallel-plate flow cell®.

Cell suspensions were allowed to attach to the leaf surface at a flow rate of 0.1 mL/min
using a syringe pump over 30 min. This flow rate creates non-turbulent flow conditions and
simulates expected conditions in a gentle produce washing process or rain event*s. After a 5 min
rinse with sterile 10 mM KCI to remove reversibly attached cells, deionized (DI) water was
injected into the flow cell for 25 min to observe detachment. Over the course of the 60 min
experiment, photos were taken every 30 sec and a code developed using Matlab (Mathworks,
Natwick, MA) was used to quantify the number of cells attached or detached from the surface
over time. Enumeration of cells was then used to calculate attachment and detachment mass
transfer rate coefficients (k, and kg, respectively) as a function of bacteria flux (J, cells s' m2)

and concentration of cells in suspension (C, cells/mL), where



Page 9 of 39 Environmental Science: Nano

k=2
Co

oNOYTULT D WN =

Detachment is also reported as a percentage of cells removed based on the number of
counted cells in the last frame of the attachment phase. Additionally, the duration of detachment
12 (before the slope of cells vs. time reaches zero) varied and is therefore also presented in this
14 study. Experimental scenarios with each combination of bacteria and nanoparticle, as well as
16 each individual bacteria strain, were conducted in triplicate and statistical analysis was
performed using a statistical single-factor ANOVA test for confidence intervals of 95% and 99%

21 (p <0.05 and p<0.01, respectively).

2.5 Saturated sand column experiments.

28 In the 3D transport experiments through a quartz packed bed, the movement of E. coli
30 and metal oxide nanoparticles in saturated soil conditions was observed using an in-line UV-VIS
detector, as previously described*”*® and documented in the supplementary information (SI).
35 Briefly, the packed columns were primed with 10 mM KCI, before the aforementioned

37 suspensions were pumped into the column at 2 mL/min for approximately 7.5 pore volumes
39 (PV), followed by approximately 7.5 PV of 10 mM KCI, and 5 PV of DI water. This flow rate
was chosen to mimic slow sand grain filtration and trickle flows through soil3!. The column
44 effluent flowed through a UV-VIS detector (TURNER SP-890) with an in-line cuvette.

46 Absorbance measurements were taken every 30 sec at a wavelength of 600 nm to monitor the
presence of nanoparticles and bacteria, and to generate breakthrough curves (see SI for further
51 information). Scenarios included E. coli O157:H7 alone, with CuO, and with Ti0O,, and were
53 each conducted in triplicate. One control was conducted with E. coli 25922 in the absence of

nanoparticles as a control experiment.
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Column dissections were performed once for each experimental scenario to elucidate
differences in retention that may not be apparent from breakthrough curves* . Using a modified
method from Lanphere et al. (2013) to minimize disruption of bacterial cells, sand was removed
from the column in one centimeter increments*’. The optical density (OD) of the supernatant
extracted from each sand segment was measured at 600 nm and normalized based on the weight

of the sand in the tube and the proportion to the total absorbance of all five, 1 cm sections.

2.6 Scanning electron microscopy.

Scanning electron microscopy (SEM) was utilized to visualize each bacterium and their
interactions with nanoparticle suspensions in order to corroborate and provide further insight into
the size distribution measured using dynamic light scattering described in Section 2.1. A MIRA3
GMU field emission SEM (TESCAN, Brno, Czech Republic) was used to acquire at least 5
images of suspensions from each experimental condition (cells only or cells plus nanoparticles).
For imaging by SEM, 15 uL of each sample (10x diluted to 1 mM KCI) was dispensed and dried
onto polycarbonate coupons, sputter coated with gold/palladium, and analyzed at 15 kV

accelerating voltage, using low vacuum mode at a working distance of 4.80 mm.

3 Results & Discussion
3.1 Critical observations and implications for pathogen fate.

The results gleaned from this study provide insight into deposition and detachment trends
of agriculturally relevant bacteria and nanomaterial mixtures by using fundamental 2D and 3D
transport models. The 2D model spinach environment (parallel plate flow cell) provided a

physically simple, but chemically heterogeneous, environment for direct observation of cell
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attachment and detachment. Meanwhile, the 3D packed bed provided a physically complex, but
chemically simple environment where cell deposition and detachment were indirectly observed.
Both systems involved negatively charged collector surfaces, but the hydrodynamics of the two
systems have been demonstrated to foster different modes of colloidal deposition*’. However, the
particle Peclet numbers in the column and parallel plate chamber are comparable, and are
expected to be within the diffusion-limited regime3% 47. Together, the 2D and 3D systems provide
corroborating evidence of the role of irreversible attachment in bacterial fate and transport in the

simulated agriculturally relevant scenarios.

In the results presented below, the presence of 10 mg/mL of nanoparticle food grade TiO,
particles during bacterial deposition resulted in a steady or slightly increased release of
pathogenic E. coli O157:H7 from leaf and sand surfaces during a gentle rinse afterwards. This
suggests that the application of TiO, may promote reversible bacterial attachment and presents a
safety consideration due to bacteria release, which can allow for more efficient decontamination
of planktonic cells or can cause cross contamination during a food rinsing process or rain event.
The presence of nano-CuO lead to an increase in bacterial attachment and decrease in
detachment on both leaf and sand surfaces, possibly fostering increased food illness risk by
enhancing irreversible attachment, a critical early stages of the biofilm formation process>% 3!,

The effects of these nanoparticles were observed to be more pronounced on the transport
of E. coli O157:H7 than the common non-pathogenic quality control strain, E. coli 25922, as
transport of the more neutrally charged pathogen may be more sensitive to changes in the
suspension fluid. This may lead to underestimation of changes in microbial risks through the
food system as a result of using nanomaterials in agricultural operations. Also of environmental

relevance is the observed decrease in deposition of TiO; in clean bed filtration in the presence of

10
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bacteria. This may be due to increased stability associated with extracellular polymeric
substances (EPS) on the nanoparticle surface, and may lead to enhanced transport of TiO, in
soils. The influence of nano-bio interactions on bacterial transport in agricultural scenarios
varied by cell type and nanoparticle type: copper oxide nanoparticles increased irreversible
pathogen attachment, while titanium dioxide nanoparticles slightly increased pathogen transport.
The results of this work contribute to greater understanding of the associated food safety and

environmental risks.

3.2 Nanoparticle and bacteria characterization.
3.2.1 Physiochemical characterization.

The electrophoretic mobility and average effective diameter of suspensions comprised of
each type of nanoparticles, E. coli, and the relevant mixtures are displayed in Table 1. At pH 7,
CuO is near its isoelectric point and therefore - under the solution chemistry conditions of this
study - the particles are close to neutrally charged (-6.11 = 3.6 mV)>32. TiO, is far from its
isoelectric point and therefore is more negatively charged at the test pH of 7 in these suspensions
(-34.5 £ 9.6 mV)*>3. Due to the greater magnitude of charge of TiO,, these particles are more
repulsive and therefore form smaller aggregates relative to their primary particle size (758 = 111
relative to approximately 120 nm) than CuO (468 + 28 relative to <50 nm). For the nanoparticles
alone, the calculated zeta potential and effective diameter are similar to those of previous work

with these metal oxide particles>?-34,

In agreement with previous studies, both bacteria cells are negatively charged in these
conditions, with E. coli 25922 highly negatively charged (-44.4 £ 2.1), while E. coli O157:H7 is

close to neutral (-3.4 + 0.3)*-3°. Comparing the hydrodynamic diameters, E. coli 25922 cells are

11
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1821 £ 125 nm while E. coli O157:H7 cells are smaller at 1410 + 161 nm. With the addition of
10 mg/mL of each nanoparticle, the relative proportion of bacterial cells to nanoparticles (in
numbers) was on the order of 1:1 for nano-TiO, and 1:10 for nano-CuO. Additional information
on the calculation of bacteria:nanoparticle ratios is available in Table S1. The net charge of the
particles in suspension, as measured by zeta potential, was not significantly affected with CuO in
suspension (p > 0.05), but measurements showed significantly more negatively charged colloids
with TiO, present (p < 0.01). The measured effective hydrodynamic diameter of the suspensions
was apparently reduced by the presence of nanoparticles, compared to the bacteria alone. Due to
limitations in of using dynamic light scattering to assess particle size in mixed-particle systems,
results for suspension of bacteria and nanoparticles together are most useful for the observation
of trends, rather than absolute values. Further discussion is provided in the Supporting

Information.

Table 1. Characterization of each bacteria, nanoparticle, and combination.

Bacteria Nanoparticle Effective diameter (nm)? Zeta potential (mV)P
E. coli O157:H7 -- 1410 + 161 34 = 03
E. coli O157:H7 CuO 1221 + 155 40 = 0.6
E. coli O157:H7 TiO, 608 + 71 -100 = 04
E. coli 29522 -- 1821 + 125 444 + 2.1
E. coli 29522 CuO 1327 + 38 449 £ 12
E. coli 29522 TiO, 1209 = 205 -45.1 = 1.1
-- CuO 468 + 28 -6.1 £ 3.6
-- TiO, 758 + 111 345 +£ 92

2 Measured using dynamic light scattering (DLS)
b Measured using ZetaPALS via electrophoretic mobility
*Standard deviation calculated from triplicate experiments

3.2.2 SEM images.
To corroborate size and surface charge results, SEM images were taken of the bacteria

and nanoparticle mixtures (Figure 1). Overall, nanoparticles are well-incorporated in bacteria

12
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aggregates for both strains of E. coli. Nanoparticle aggregation up to approximately 1 pum
diameter aggregates is evident in these conditions for both CuO and TiO,. This result is slightly
larger than what is expected based on dynamic light scattering results in Table 1, as well as
previous work with these nanoparticles in low ionic strength and pH 7 solutions?*-*. For E. coli
O157:H7, images show well-defined cells and nanoparticle aggregates. In contrast, obtaining
sharp and clear photos of nanoparticle aggregates in the E. coli 25922 mixture was more difficult
since 25922 has visibly more EPS than O157:H7, prepared at the same conditions (Figure 1).

These images provide evidence that EPS can cover some portion of the nanoparticle surface in

suspension.

Figure 1. SEM images of E. coli O157:H7 (A, B) and E. coli 25922 (C, D). Images were captured after
suspensions with 10 mg/mL of either CuO (A, C) or TiO, (B, D) in 10 mM KCI were deposited and dried on
polycarbonate coupons using a modified version of the methods previously described by Chowdhury et al. (2012)3.

3.2.3 DLVO predictions.

13
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Given that the maximum ratio of bacteria cells to nanoparticles was 1:20, it is not
surprising to see that most bacteria are not coated in nanoparticles. However, SEM images show
interactions in which nanoparticles are often positioned tightly between two or more bacteria.
This is notable because physical interactions have been shown to be one of the primary
mechanisms by which nanoparticles induce stress in bacteria cells!® 3657, For example, previous
work with antibacterial silver nanoparticles found that electrostatic forces were a primary
mechanism of nanoparticle adsorption to bacteria surfaces®. Studies with both nano-CuO and -
Ti0, have documented the importance of proximity to the cell surface to induce the toxic effects

of copper ions and reactive oxygen species on gram positive and gram negative bacteria®’.

Colloidal size and surface charge results were used to predict the electrostatic and van der
Waals forces between particles and cells, and between heteroaggregates and collector surfaces,
using Derjaguin-Landau-Verwey-Overbeek (DLVO) theory*®. Traditional electrokinetic
characterization and application of DLVO theory provides insight into the interactions between
cells and nanoparticles, as well as with the plant and mineral surfaces. Non-pathogenic E. coli
25922 cells had a greater magnitude of measured zeta potential than the pathogenic strain
(O157:H7) (-44.4 £2.1 and -3.4 £ 0.3 mV, respectively), which resulted in greater predicted
repulsive forces between cells and other negatively charged surfaces, such as the nanoparticle,
leaf, and quartz sand surfaces. Therefore, it was anticipated that the non-pathogen cells would be
more stable in the environment than the pathogen, which was expected to result in greater
interactions between the leaf or sand substrates, and therefore less mobile. With addition of
nanoparticles in suspension that may associate with the bacteria surface, the overall effective
shape of a cell with a nanoparticle adhered to its surface was considered unchanged. Using this

assumption, one would not expect to observe significant differences in bacterial transport with

14
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the addition of nanoparticles based on DLVO. However, significant impacts are observed in 2D
and 3D transport scenarios, suggesting that other mechanisms may be involved. Additionally, the
potential formation of irregularly shaped bacteria-nanoparticle aggregates and their interactions
with the leaf and grain surfaces presents a challenge to the usefulness of DLVO in describing this

complex system. More details on DLVO calculations are provided in the SI.

3.3 Observations and mechanisms of deposition and detachment on spinach leaf surfaces.
Deposition of E. coli O157:H7 and E. coli 25922 cells was investigated for each strain on
its own, and in the presence of each of the two nanoparticles. For combined bacteria-nanoparticle
samples, the mixed suspensions were prepared, and aggregation was allowed to occur with the
suspension stabilizing for 40 min prior to introduction into the flow cell. The average number of
cells observed per experiment across all attachment and detachment scenarios was 177 + 58.
Presence of nano-CuO in suspension with the cells increased E. coli O157:H7 deposition on
spinach epicuticle surfaces by nearly 50%, from 14.50 +2.39 to 28.11 £2.77 x 10 m/s, as
shown in Figure 2a. There was no significant difference between E. coli O157:H7 deposition
alone or in the presence of TiO, (16.57 £4.72 x 10 m/s) (p > 0.05). Figure 2b summarizes
deposition of E. coli 25922 to the epicuticle surface, which was not significantly impacted by the
presence of either nanoparticle in suspension during deposition (15.36 = 1.43, 12.71 £4.29, and
15.55 +£2.32 x 108 m/s for E. coli alone, with CuO, and with TiO,, respectively) (p > 0.05). This
may be attributed to its observed high EPS production and agglomeration that screen the impact

of nanoparticles on the cell, which is further discussed in Section 3.5.

Detachment from the epicuticle surface is presented as detachment rate coefficients, in
Figures 2a and 2b. Detachments rates of E. coli O157:H7 in every scenario were similar, and less

than half of the magnitude of the attachment rate coefficients, ranging from -6.05 £+ 2.62 to -7.46

15
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+ 0.89 x 108 m/s. While no detachment of E. coli 25922 was observed over the period of time

tested. Additionally, this outcome was not impacted by the presence of either nanoparticle.

However, when detachment was normalized by the total cells observed at the end of the

attachment phase, nuances in the trends became apparent (Figure 3). Only 5 % of E. coli

O157:H7 cells in the presence of CuO detached, while 14 % and 18 % of cells were removed

when E. coli O157:H7 attached alone and in the presence of TiO,, respectively. The amount of

time over which detachment was observed is referred to as “Time to plateau” in Figure 3. This

refers to the point in which no additional cells are being removed from the epicuticle surface

during the 30 min rinse with DI water. This length of time varied between scenarios, with E. coli

O157:H7 alone detaching over 13.5 min, O157:H7 with TiO, detaching over 14.5 min, and

0O157:H7 with CuO detaching over just 7.0 min. These results imply that CuO not only increases

deposition rates of E. coli O157:H7, but also increases the amount of irreversibly attached cells.

E -Aﬁachment
N Detachment

r - Attachment
R Detachment

E. coli O157:H7

E. coli + CuO

E. coli + TiO,

E. coli 25922

E. coli+ CuO

E. coli + TiO,

Figure 2. Bacterial deposition and detachment on spinach surface. Attachment (top) and detachment (bottom)

mass transfer rate coefficients for E. coli O157:H7 (left) and E. coli 25922 (right) in 10 mM KCl on spinach leaf

surfaces. Error bars represent on standard deviation from 3 replicates.
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Figure 3. Pathogen detachment from spinach leaf surface. Percentage of E. coli O157:H7 cells detached over 30
min with DI water rinse (gray bars, left axis) and time over which the rate of detachment is greater than zero ([,
right axis). Error bars represent the standard deviation calculated from 3 replicates.

3.4 Observations and mechanisms of deposition and release in the packed bed column.

For column experiments, the combined bacteria-nanoparticle suspensions were prepared,
and aggregation was allowed to occur and stabilize for 40 min prior to introduction into the
column. Breakthrough curves were generated to represent elution of the E. coli strains and
nanoparticles from the packed bed. Removal of E. coli O157:H7 alone and in the presence of
nano-CuO was essentially complete (100.0 = 0.4% and 100.0 £ 0.6%, respectively). These
scenarios showed minimal release in the phase of the experiment in which the column is flushed
(rinsed) with DI H,O (1.2 £ 0.4% and 1.5 £+ 0.6%) (Figure 4). Conversely, significantly higher

release of 7.5 £ 2.6% was observed with E. coli O157:H7 in the presence of TiO, (p < 0.01).

In addition to the observed reduction in removal of E. coli O157:H7 in the column with

Ti0,, breakthrough of TiO, particles was also observed in this scenario (Figure 5). This result is

17
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in contrast with control experiments with each nanoparticle alone. In the control experiments,
complete removal was observed for both nanoparticles in the simple electrolyte background (data
not shown), despite significant repulsive forces between TiO, and quartz predicated by particle-
plate DLVO modeling. It is hypothesized that interactions between E. coli O157:H7 cells and
Ti0O; in suspension results in increased stability for TiO, particles in suspension due to
extracellular polymers that have been demonstrated to increase steric hindrance3®- %0, Specifically,
Chowdhury et al. (2012) utilized TiO, in a similar column apparatus under similar conditions
(pH 7, 10 mg/mL TiO,, 10 mM KCI) and also found that particle transport increased in the

presence of E. coli due to increased electrosteric repulsion??.

100 |- —_— —_— =]
80 |- A
LT
= 6ok il
=
a
=
E 40 .
<L
20 - .
0
%, —
E 20 F s Breakthrough |
- I Cctachment
2 P Reversible Attachment
E 40 Irreversible Attachment B

E. coli 0157:H7 E. coli + CuQ E. coli + Ti".'.'ll2

Figure 4. E. coli O157:H7 removal and release in the saturated sand column. Breakthrough and release values
were calculated by integrating under the breakthrough and DI rinse curves, respectively. Deposition values were
calculated using the breakthrough and release values and mass balances. Error bars represent one standard deviation
from three replicates.

2Calculated based on mass balances.

b Calculated based on UV-VIS absorbance at 600 nm.
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Figure 5. Breakthrough curves for saturated sand column transport experiments with E. coli O157:H7.
Columns were injected with 10° cells/mL in 10 mM KCI electrolyte at pH 7, with or without 10 mg/mL of
nanoparticle. Error bars represent one standard deviation from three replicates. Experimental conditions: Darcy
velocity = 1 cm/min, Reynolds = 0.1, bed length = 5 cm, bed diameter = 1.5 cm, porosity = 0.45, average grain
diameter = 275um.

Column retention profiles were created to further elucidate retention trends between these

three scenarios (Figure 6). The trends for the suspension of E. coli with nanoparticles is based on

absorbance values at 600 nm, and is therefore expected to be an indicator of bacterial retention,

since cells have higher absorbance than either CuO or TiO, particles at the concentrations used

in this study (see SI for additional details). The retention curves for the pathogen with

nanoparticles show exponential decay in the concentration of retained particles with increasing

depth of the column, which is expected based on clean bed filtration theory that is governed by

first-order attachment®. The shape of the retention curve in for the E. coli O157:H7 and TiO,

suspension suggests that the first 2 cm of the column became saturated with retained particles. In

the absence of nanoparticles, nearly linear decay of pathogen retention is observed. This trend is

characteristic of zeroth order deposition kinetics, which are not expected for deposition driven by

DLVO forces and implies that bacterial retention may be dominated by other mechanisms, such

as limited cell surface sorption sites. Based on column porosity, grain size, and relatively high
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Darcy velocity (Figure 5), size exclusion is not expected to play a role in the transport and

retention of particles in the column. Further discussion of column retention profiles and the

oNOYTULT D WN =

potential for physical straining is provided in the Supporting Information.

11 The presence of nanoparticles appears to increase the retention of suspension species in
the porous media. This is suggested by a greater fraction of retention in the upper portion of the
16 column (Cc/Cy = 0.3, 0.4, and 0.5 at the inlet for E. coli O157:H7 alone, with Ti0O,, and with
18 CuO, respectively). Specifically, the presence of CuO had a pronounced effect on the retention
profile of the E. coli O157:H7-nanoparticle suspension. This mirrors the observed increase in

23 bacterial attachment rates to spinach leaf surfaces in the presence of CuO.
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Figure 6. Column retention profiles. Column retention profiles of E. coli O157:H7 alone and with each
55 nanoparticle. Cc and Cy are defined as concentration of recovered particles and the sum of concentrations of
56 recovered particles for a given suspension, respectively. A depth of 0 cm corresponds to the entrance of the column.
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3.5 Nanoparticle impacts on bacteria fate.

By utilizing and comparing 2D and 3D transport models, the impacts of sub-lethal
concentrations of nano-CuO and -Ti0O, on bacterial fate in simplified agricultural environments
have been demonstrated. Notably, minimal changes were observed when using E. coli 25922 in
the presence of nanoparticles. This may be attributed to the highly negative surface charge and
greater EPS production of E. coli 25922 cells, which is supported by previous studies that have
demonstrated enhanced resistance to nanomaterial toxicity by cells that overproduce EPS6! 2,
Non-pathogenic E. coli 25922 has been utilized in many studies on microbial transport, fate, and
influence in agricultural environments as a model microorganism, under the assumption that the
results can apply to pathogen fate and thus inform decision-making about associated food safety
risks*!- 6370 However, these results make it clear that employing only this non-pathogen
surrogate species would drastically underestimate the influence of nanoparticles on bacteria in
these environments. In contrast to E. coli 25922, the observed changes in fate and transport
trends of pathogenic E. coli O157:H7 cells were significant and varied by nanoparticle type.

Specifically, nano-CuO caused an increase in irreversible E. coli O57:H7 attachment to
both leaf and sand surfaces, potentially fostering increased food illness risk by enhancing the
early stages of the biofilm formation process. Previous studies have indicated that small amounts
of copper-based nanomaterials, on the order of the concentrations employed in this study, can
induce stress responses in bacterial cells'® 71- 72, The small primary particle size and near neutral
zeta potential may allow nano-CuO particles to interact strongly with the cell surface, or even
enter the cell'®. Additionally, CuO can dissolve into copper ions in suspension, which are highly

toxic to bacteria'® 3. At these experimental conditions, nano-CuO was demonstrably stable in
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solution, as expected based on previous work that found nano-CuO aggregation rates to be
correlated with increasing ionic strength32. Adeleye et al. (2014) found that the presence of
bacterial EPS in suspension further increased stability, which lead to increased dissolution of
CuO nanoparticles over long term studies in 10 mM NaCl at pH 7 and caused more oxidative
stress’4. One common stress response in bacteria is the overproduction of EPS and increased
deposition, in order to begin the process of forming a protective biofilm’>. Once formed, mature
biofilms have been shown to protect E. coli O157:H7 cells from several common disinfectants
used in the food industry”6 77,

Biofilms also play an important role in microbial fate in soils, which are a central location
for the transport and retention of pathogens in the environment. Recent work by Cai et al. (2019)
demonstrated that different soil minerals can have inhibitory or promotional effects on E. coli
O157:H7 growth and biofilm formation’®. Similar to the differential effects of CuO and TiO,
nanoparticles, the impact of soil minerals appeared to be tied to the production of extracellular
polymeric substances associated with E. coli O157:H7. Observed increases in irreversible
pathogen attachment in the presence of nano-CuO indicate that biofilm formation in soils may be
enhanced by the deployment of some nanoparticle-based agricultural treatments, presenting a
challenge for eliminating pathogens in the field and potentially reducing overall porosity of soils.
In contrast, the influence of nano-TiO, on bacterial transport in soils was minimal.

In many ways, nano-TiO; is similar to nano-CuO. It has also been demonstrated to have
increasingly stability in the presence of organic matter®? and to induce stress in several types of
bacteria’ 80. However, nano-TiO, had no significant impact on the deposition and detachment of
E. coli on the spinach surface, and even reduced irreversible deposition on quartz collectors. This

is similar to work by Jomini et al. (2015), which observed an increase in planktonic, versus
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adhered, environmental bacteria over long term exposure to nano-TiO,8!. One important
difference between the two studied nanoparticles is that of size: smaller particles tend to be more
toxic than larger counterparts®? 8, potentially making the antibacterial influence of primary TiO,
nanoparticles (~122 nm) less than that of CuO nanoparticles (<50 nm). Further, as evidenced by
the SEM images in Figure 1, the studied nanoparticles are likely to interact with bacteria cells in
the form of larger homoaggregates at the tested experimental conditions. Nano-CuO is expected
to aggregate to approximately 500 nm, while nano-TiO, aggregates should be significantly larger
at approximately 800 nm (Table 1).

At these solution conditions, TiO, is also considerably more negatively charged than
CuO (-34.5 versus -6.11 mV, respectively). While this does not make it significantly less likely
to interact with the E. coli O157:H7 cells based on DLVO predications, it does result in
substantial energy barriers between nano-TiO, and the spinach and quartz surfaces, which may
reduce opportunities for particles to interact with adherent bacteria. Further, the antibacterial
activity of nano-TiO, is largely attributed to reactive oxygen species produced through
photocatalysis. Leung et al. (2016) previously observed that light penetration was significantly
inhibited by bacteria in suspension at 103 cells per mL84, resulting in reduced toxicity of TiO,
particles that may explain the lesser impact on bacterial transport, in comparison with nano-CuO.

Low concentrations of nanoparticles have been consistently predicted and monitored in
environmental waters around the world, on the order of 0.01 — 1 pg/L8. However, studies that
demonstrate the efficacy of these nanoparticles as pesticides and fertilizers have applied
concentrations between 1 and 1000 mg/L!3-2>, Therefore, our utilization of 10 mg/L nano-CuO
and —Ti0, likely overestimates the influence of nanoparticles in raw environmental waters, but

may underestimate the effects of direct aqueous applications to leaves and soil in agriculture.
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Agricultural environments are also likely to have significant amounts of natural organic matter
(NOM), unlike the simple systems that were used here. Metal oxide nanoparticles, including

nano-CuO and -TiO,, have been shown to be increasingly stable in the presence of NOM3% 34,

Environmental Science: Nano

This reduction in nanoparticle aggregation could result in greater toxicity and thus more

pronounced effects on bacterial cells than observed in this study.

Overall, the results of this work elucidate some impacts of the complex physiochemical

interactions between nanoparticles and bacteria by using model systems to simulate aqueous

agricultural environments and identify potential food safety risks. Broader implications of these

results for environmental and food safety systems are summarized in Figure 7. While
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Figure 7. Broader implications. A graphical summary of the broader environmental and food safety implications
of these results. Graphic created with BioRender.com.

had no significant effects on E. coli 25922, nano-CuO (represented by orange in Figure 7)
increased irreversible attachment rates of E. coli O157:H7 cells and nano-TiO, (represented by
blue in Figure 7) slightly reduced irreversible deposition on quartz surfaces. However, these
results are based on just two nanoparticle species, as well as one non-pathogen surrogate and one
foodborne pathogen serovar. It is essential that further research is conducted with additional
types of nanoparticles, bacteria, and environmental conditions to inform decision-making that

aims to manage microbial risks throughout the food production and transport system that may

result from increased use of nanoparticles in agricultural operations.
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