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Abstract 

 

Fresh produce has been associated with foodborne outbreaks and recalls due to pathogens such as 

E. coli O157:H7, Salmonella enterica, and Listeria monocytogenes. To minimize cross-

contamination and reduce microbial loads in the final product, it is crucial to improve food safety 

practices during the harvest and postharvest stages. This project evaluates two innovative 

approaches to enhance microbial safety in fresh produce handling: the use of nano-textured 

coatings on harvesting equipment and the application of sanitizers during postharvest washing. 

The first approach investigates the effectiveness of hydrophobic and superhydrophobic coatings 

in reducing the transfer of E. coli O157:H7 during a simulated blueberry harvest. The second 

practice focuses on living lettuce, a popular product known for its intact roots and extended shelf 

life, by assessing the effectiveness of root washing with sanitizers to control Salmonella enterica. 

Together, these studies highlight practical interventions that can significantly enhance produce 

safety, offering valuable guidance for local growers to reduce contamination risks throughout the 

supply chain. 

Keywords: Postharvest, Harvest, Nano-Textured Coating, Salmonella enterica, E. coli O157:H7, 

Living Lettuce, Blueberry, Food Safety. 
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Chapter 1  

1.0 Literature review 

1.1 Food Safety  

As globalization expands, food safety issues have become a significant challenge for 

the food industry. Food safety programs can be implemented for the preparation, handling, 

and storage of foods to prevent foodborne diseases/illnesses, including many routes that have 

to be followed to prevent possible health hazards (Awuchi, 2023). The main cause of food 

contamination is due to improper food safety programs during production and handling 

(WHO, 2016). Additionally, a food safety incident not only impacts public health but also 

can be harmful to a business's reputation, causing economic losses and more (Murray et al., 

2017).  

Food safety issues in the United States (US) have a significant economic impact, 

costing an estimated $75 billion annually in healthcare expenses, lost productivity, and 

premature deaths (Hoffmann et al., 2024) Food loss and waste happens at every stage across 

the food supply chain. The percentages of food loss in production, postharvest and 

consumption stages are 24, 24 and 35 per cent, respectively (Chauhan et al., 2021) Microbial 

spoilage accounts for 25% of postharvest food loss globally (Bassey et al., 2021) 

A significant portion of these food losses in fresh produce can be traced back to 

contamination risks at the farm level. Several factors at the farm level can compromise the 

safety of fresh produce, including manure, water, and soil (Black et al., 2021). Fields that 

contain animal activities are at a higher risk of contamination with enteric pathogens. 
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Additionally, the microbial safety of fresh produce is influenced by the quality of water used 

for irrigation (Olaimat & Holley, 2012) as fruit and vegetable production typically occurs in 

exposed environments making the crops highly susceptible to contamination from various 

sources (Balali et al., 2020).  

To minimize the risk of contamination, growers must adhere to stringent food safety 

practices during the production, harvest, and postharvest stages, which are essential for 

safeguarding public health and maintaining the integrity of the food supply chain (Murray et 

al., 2017). By implementing these safety protocols, growers not only protect consumers but 

also build and sustain trust in their products. Furthermore, compliance with regulatory 

standards ensures long-term business viability while strengthening the overall food system 

(Chen et al., 2023).  

1.2 Fruit and Vegetable Production 

Fruits and vegetables are widely recognized as healthy options in the human diet, and 

their consumption is strongly recommended by organizations such as the World Health 

Organization (WHO) (WHO, 2019). In 2022, the US produced a total of 42.92 billion pounds 

of fresh vegetables and 19.11 billion pounds of fresh fruit (Ribera & Young, 2024). 

According to the US Department of Agriculture (USDA) summary report for 2024, the top 

five vegetables produced were tomatoes, sweet corn, onions, carrots, and watermelons. The 

report also indicates a general decline in production for most leafy greens compared to 2023, 

with significant decreases noted for spinach and romaine lettuce (USDA, 2025). Recently, 

climate change has been affecting agricultural activities, especially the consistent supply of 

horticultural crops. In this context, there is an urgent need for sustainable technologies, such 
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as vertical farming, hydroponics and aquaponics, to efficiently utilize terrestrial resources, 

particularly in urban areas (Carrasco et al., 2024). Thus, it is imperative to develop and 

implement sustainable technologies that optimize terrestrial water resources, especially in 

urban settings.  

Small fruits, including strawberries, blueberries, and raspberries, are recognized as 

excellent sources of essential nutrients and bioactive compounds. They are associated with 

various biological benefits, such as antioxidant, anti-inflammatory, anti-cancer, and 

antiproliferative properties (Neri-Numa et al., 2018). In Alabama, the acreage dedicated to 

berry production increased by 30% from 2017 to 2022. By 2022, berry sales reached $12.39 

million, showing significant growth compared to 2017 (Sawadgo, 2024). Among the varieties 

of blueberries, both rabbiteye (Vaccinium virgatum) and southern highbush (Vaccinium 

corymbosum hybrids) are commonly cultivated in the state due to their adaptability to 

Alabama’s warm climate and soil conditions (Coneva & Singh, 2025; Hollis, 2024) 

Leafy greens, such as lettuce and arugula, provide several advantages over other types 

of produce due to their shorter growth cycles. Lettuce production in the United States is 

primarily concentrated in California and Arizona. However, since 2022, southeastern states 

like Florida have increased their lettuce production, reaching a total of 800,000 pounds by 

2023 (USDA, 2023). In Alabama, the main challenge for leafy greens production is the 

summer heat. As a solution, controlled environment agriculture (CEA) has emerged, 

allowing for year-round lettuce cultivation with an average crop cycle of 30 days from 

transplant to harvest (Pickens et al., 2022).  
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CEA production involves the production of agricultural commodities under protected 

environments by optimizing climate and inputs, such as, water, nutrients, labor and energy 

(Baghalian et al., 2023). CEA systems often use a broad range of agricultural production 

methods, such as, hydroponics, aquaponics, vertical farming and aeroponics (Cowan et al., 

2022). One notable product of these systems is living lettuce, which is typically grown 

hydroponically and sold with its roots still attached, allowing extended freshness and shelf 

life (Waitt et al., 2014). Vertical farming is a significant advancement in agricultural 

technology, yielding higher production per square meter. It optimizes space by stacking 

layers of crops and utilizes a controlled environment and soil-less farming methods (Carrasco 

et al., 2024).  

1.3 Foodborne outbreaks on fresh produce 

Since the 1980s, fresh produce consumption has significantly increased, constituting 

an important portion of a healthy human diet (Melo & Quintas, 2023). As a result of 

globalization and the emergence of new pathogens, the number of foodborne outbreaks 

associated with contaminated produce has increased rapidly. An outbreak of foodborne 

disease is defined as the occurrence of two or more cases of a similar illness (except for 

Clostridium, which requires only one case) resulting from the ingestion of contaminated food 

(Yan et al., 2023). Fresh produce accounts for nearly 46% of foodborne illnesses in the US. 

In the past few years, the US. experienced two large multistate outbreaks of Escherichia coli 

O157:H7 associated with the consumption of romaine lettuce in 2018, three outbreaks in 

2019, and six outbreaks in 2020 (Bottichio et al., 2020). In 2024, outbreaks of foodborne 

illnesses were attributed to Salmonella, E. coli, and Listeria monocytogenes (FDA, 2025).  
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The most common ready-to-eat foods related to foodborne illness outbreaks in the 

last years are leafy greens, sprouts, tomatoes, and cantaloupes. Foodborne outbreaks 

associated with fresh produce in the last five years are summarized in Table 1.1.   

Table 1.1. Foodborne outbreaks linked to fresh produce from 2019 to 2024 within the US. 

Year Pathogen 
Agriculture 

Commodity 

Number of 

Cases 
Reference 

2019 
Salmonella 

Carrau 
Pre-cut melon 137 (CDC, 2019a) 

2019 
Salmonella 

Uganda 
Papaya 81 (CDC, 2019b) 

2019 
Cyclospora 

cayetanensis 
Fresh basil 241 (CDC, 2019c) 

2019 
E. coli 

O157:H7 
Romaine lettuce 167 (CDC, 2020) 

2020 
E. coli 

O157:H7 
Leafy greens 40 (CDC, 2024e) 

2021 
E. coli 

O157:H7 
Baby spinach 15 

(FAOSTAT, 

2021) 

2022 
Salmonella 

Typhimurium 
Alfalfa sprouts 63 (CDC, 2023a) 
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2023 
Listeria 

monocytogenes 
Leafy greens 19 (CDC, 2023b) 

2024 
Salmonella 

Typhimurium 
Fresh Basil 36 (CDC, 2024d) 

2024 

Salmonella 

Africana  

and 

Salmonella 

Braenderup 

Cucumber 

449 (38 new 

Africana, 

215 

Braenderup) 

(CDC, 2024e) 

 

Particularly, Listeria monocytogenes is responsible for approximately 1,600 illnesses 

annually in the US, of which 1,400 result in hospitalizations and 250 lead to fatalities (Angelo 

et al., 2017). Although outbreaks of L. monocytogenes are less frequent compared to those 

caused by Salmonella and E. coli, they still have a significant economic impact (Angelo et 

al., 2017).  

1.4 Salmonella enterica 

Salmonella enterica is a member of the Enterobacteriaceae, belonging to the genus 

Salmonella, comprised of six subspecies: Salmonella enterica subsp. enterica (I), salamae 

(II), arizonae (III), diarizona (IIIb), houtenae (IV), and indica (VI) (References?). Among 

these, Salmonella enterica subsp. enterica is particularly significant for food safety and 

public health, as it is subdivided into over 1,500 serovars based on surface antigens (Micallef, 

2023). These species can be divided into typhoidal (Salmonella enterica serovar Typhi) and 
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non-typhoidal (Salmonella enterica serovar Typhimurium) types, which differ in regard to 

disease manifestation and host tropism (Wang et al., 2023).  Typhoidal Salmonella is limited 

to humans and causes typhoid fever. Although its incidence has decreased globally, it remains 

a significant issue in parts of Asia, Africa, and Oceania. In contrast, non-typhoidal 

Salmonella causes gastroenteritis in multiple hosts and poses serious food safety risks due to 

its persistence in food production areas (Als et al., 2018; Koutsoumanis et al., 2024; Micallef, 

2023).  

In recent years, Salmonella has been one of the major pathogens of concern for the 

fresh produce industry (Table 1). According to the WHO, microbial contamination within 

the food production system occurs due to several factors, including animals, contaminated 

water, land use, fertilizers, post-harvest practices, workers’ poor health, and hygiene 

practices  (Wadamori et al., 2017). To reduce the risk of cross-contamination, it is crucial to 

implement Good Agricultural Practices (GAPs) and postharvest food safety plans within 

farming operations. These practices help to prevent harmful microorganisms from being 

introduced or spreading in a food supply chain (American Society for Microbiology, 2010). 

1.5 Escherichia coli O157:H7 

Escherichia coli (E. coli) is a gram-negative, rod-shaped, and facultative anaerobic 

bacterium that typically resides harmlessly in the human gut (El-Saadony et al., 2025). 

Although there are some strains that have evolved into pathogenic E. coli by acquiring 

virulence factors through plasmids, transposons, bacteriophages, and/or pathogenicity 

islands (Lim et al., 2010). This pathogenic E. coli can be categorized based on serogroups, 

pathogenicity mechanisms, clinical symptoms, or virulence factors (Kaper et al., 2004). Only 
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the most successful combinations of virulence factors have persisted, giving rise to specific 

E. coli ‘pathotypes’ capable of causing disease in healthy individuals.  

Three general clinical syndromes can result from infection with one of these 

pathotypes including enteric/diarrhoeal disease, urinary tract infections (UTIs), and 

sepsis/meningitis. Among the intestinal pathogens, there are six well-described categories: 

enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC), enterotoxigenic E. 

coli (ETEC), enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), and diffusely 

adherent E. coli (DAEC) (Kaper et al., 2004). E. coli STEC/EHEC, with over 400 serotypes, 

is named for its ability to produce verocytoxin/Stx. This toxin targets vero cells in its host, 

disrupting protein synthesis (Alhadlaq et al., 2024).   

Shiga toxin-producing E. coli O157:H7 is a causative agent of hemorrhagic diarrhea, 

which can lead to fatal hemolytic uremic syndrome (HUS), which is characterized by 

hemolytic anemia, acute renal failure, and thrombocytopenia (Griffin & Tauxe, 1991). 

According to the Centers for Disease Control and Prevention (CDC), it estimates that 265,000 

STEC infections (36% O157:H7 serogroup-related) occur each year in the US (Schaut et al., 

2019). Transmission of STECs to humans occurs through consumption of contaminated 

foods, such as raw or undercooked ground meat and raw vegetables, or direct contact with 

an infected person (Baazize-Ammi et al., 2015) 
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1.6 Food Safety on harvest and postharvest production 

1.6.1 Harvest 

Recent foodborne illness outbreaks and recalls have brought increased attention to 

leafy green vegetables as potential vehicles for contamination. Root cause analyses have 

revealed  fresh produce can become contaminated with pathogens and parasites at various 

stages such as field cultivation, harvesting and postharvest handling, processing and 

distribution (Van Boxstael et al., 2013). Fresh produce is cultivated in several climates and 

locations each employing diverse agricultural techniques. The microbial food safety hazards 

and contamination sources can differ based on the crop type and production practices, even 

for the same crop in different settings (FAO/WHO, 2008). 

During the harvest season, crops can become contaminated with pathogens that are 

associated with harvesting equipment or farm workers. If workers do not clean and sanitize 

their harvesting knives regularly, they can transfer pathogens from a single contaminated 

crop to an entire container. Furthermore, automated equipment can also spread pathogens 

from one field to another if it is not cleaned and sanitized before moving between fields 

(Luna-Guevara et al., 2019; Machado‐Moreira et al., 2019). Washing harvest equipment, 

such as knives, containers, and bins, can remove visible debris but is unlikely to significantly 

reduce microbial contamination (Alegbeleye et al., 2018; Balali et al., 2020). To effectively 

manage this risk, it is essential to establish standard, enforceable policies and provide 

sanitation training for all employees involved in primary production. 
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1.6.1 Postharvest 

The main goal of the postharvest is to ensure the fresh produce obtains new markets 

and maintains the quality, minimizes the postharvest losses, due to the short shelf-life, and 

ensures the safety of the produce. Food safety programs, including GAPs, Good Handling 

Practices (GHPs), and Good Manufacturing Practices (GMPs), play an important role in 

preventing the risk of contamination with food safety hazards during harvest and 

postharvest/packing (Lepper et al., 2021) 

Postharvest handling can be categorized into primary preparation and 

storage/transportation (Gil et al., 2015). The preparation process involves cleaning, 

trimming, and coring raw materials. For example, lettuce can become cross-contaminated 

through contact with workers' hands, knives, automated equipment, and wash water. 

Additionally, the cut end of the lettuce is rich in nutrients that promote bacterial growth 

(Brandl, 2008; Stein, 2024). This creates a potential risk for microbial contamination due to 

unsanitary handling conditions. Therefore, it is crucial to ensure proper cleaning and 

sanitation as preventive measures and to confirm that re-circulated antimicrobial solutions 

do not become a source of contamination.  

During storage and transportation, if a product is contaminated with a bacterial 

pathogen like L. monocytogenes, refrigeration may prolong its survival and allow for slow 

growth, particularly at temperatures above 4 °C (Osek et al., 2022; G. M. Sapers et al., 2005) 

Refrigeration units are believed to spread bacteria and mold throughout warehouses, which 

is why routine servicing of air filters and refrigeration systems is essential (Chawla et al., 

2023; James, 2006). To ensure the safety of produce, it is important to implement preventive 
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measures, including good hygiene and cleaning practices during storage and transportation. 

Additionally, disinfection technologies, such as ozone, have been employed as intervention 

strategies to reduce contamination in cooling and storage facilities (Gil et al., 2015) 

1.7 Food contact surfaces 

Pathogenic microorganisms are known to transfer to food via contact with 

contaminated surfaces. For instance, these microorganisms can attach to processing 

equipment, potentially invalidating cleaning and sanitizing measures, which can lead to the 

contamination of processed products. This attachment is the initial step in microbial 

infections; if a cell does not adhere, it will be carried away from its potential host (Frank, 

2001; Pierrat et al., 2021). L. monocytogenes has the ability to colonize and survive on food 

processing surfaces and is able to adhere and form biofilms on various surfaces, such as 

stainless steel, glass, and rubber (Lake et al., 2024). 

In the formation of a biofilm, several factors play a crucial role. These include the 

characteristics of the bacteria, such as cell surface properties and surface charge. 

Additionally, the nature of the surface to which the bacteria attach, such as the material it is 

made of and its wettability, also influences biofilm formation. Finally, environmental 

conditions like pH and temperature are significant contributors to the development of 

biofilms (García-Gonzalo & Pagán, 2015).  

One of the important factors of interest that can affect the adhesion of microorganisms 

to surfaces is the hydrophobicity of the material and the cell surface. The 

hydrophobic/hydrophilic interactions have been responsible for a wide range of adherence 
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processes (Czaczyk et al., 2008; Oh et al., 2018). Materials with a hydrophobic coating are 

more resistant to bacterial adhesion than hydrophilic materials. For those materials with 

hydrophobicity coating, such as metal, and anti-biofouling and anti-adhesive materials, have 

been determined mainly by contact angle (CA) measurement. These types of surfaces rely on 

a superhydrophobic effect, in which it has to achieve a CA of water greater than 150°. A 

superhydrophobic surface can effectively repel aqueous residues, spills, and droplets carrying 

bacterial suspensions (Myszka & Czaczyk, 2011; Oh et al., 2019). 

1.8 Harvest and postharvest technologies 

New technologies, in combination with sanitizers, are being evaluated to reduce 

pathogens within biofilms and prevent their internalization in the tissues of produce. These 

methods include the use of irradiation, cold plasma, controlled atmosphere storage, edible 

films, nano-textured coatings, and biological control agents like bacteriophages (Mendez et 

al., 2022; Mickos et al., 2025).  

In the food industry, companies have recently implemented antimicrobial coatings 

on food-contact surfaces as a strategy for controlling biofilms and reducing cross-

contamination. DeFlorio et al. (2021) classified these coatings into four main categories: 

release-based and contact-based coatings, which release antimicrobial agents into bacterial 

suspensions, effectively inactivating pathogenic microorganisms that adhere to the surfaces; 

and repulsion-based and superhydrophobic antifouling surfaces, which do not inactivate 

bacteria but instead prevent or significantly reduce bacterial attachment and biofilm 

formation.  
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1.8.1 Harvest: nano-textured coatings 

Coatings, also known as thin films, are layers of material applied to a surface to 

change its properties of appearance. Advances in nanotechnology have allowed for the 

creation of thin coatings with specific properties, which have opened up new possibilities in 

the food safety field (Cheng et al., 2023). Superhydrophobic coatings are extremely repellent 

to liquids, and thus, the solid-liquid contact area is minimal, and adhesion is weak. Initially 

developed to impact surfaces with special functionalities such as self-cleaning, anti-

adhesion/anti-fouling, and anti-icing properties (Ruzi et al., 2022). For a coating to be 

considered superhydrophobic, it must achieve a water droplet CA greater than 150°. This 

phenomenon is described by the Cassie-Baxter equation (Bayer, 2020).  

Cassie-Baxter are credited with first reporting the basis of superhydrobicity in 1944, 

expanding on the work by Wenzel in 1936. The equation explains how a liquid droplet 

behaves on a rough surface made of two different phases, such as solid and trapped air (Lai 

et al., 2025). For superhydrophobic surfaces, where the second phase is air, the equation is:  

𝑐𝑜𝑠𝜃∗ =  𝑓(1 + cos 𝜃) − 1 

Where the 𝑓 is the fraction of solid under the droplet and 𝜃 is referred to CA of water 

on a surface. The CA, which refers to the angle where the liquid-air interface meets the solid-

liquid interface, and is commonly used to determine the wettability of a flat surface (Chan et 

al., 2021). Flat materials with CA > 90° in contact with water are referred to as hydrophobic, 

whereas materials with CA < 90° are referred to as hydrophilic (Lai et al., 2025).  
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Superhydrophobic surfaces are generally created by a micro-nanostructured rough 

surface and low-surface-energy material modification (Gong & He, 2020). The use of 

nanoparticles (NPs) on superhydrophobic coatings demonstrated an excellent inhibition of 

bacteria and antibiofilm efficacy. For example, the use of copper oxide NPs can cause DNA 

damage to bacteria by forming reactive oxygen species, and interfere the ability to form 

biofilms (Dawan et al., 2025). Another NPs is silica, in which, Oh et al. (2019) demonstrated 

that aluminum surfaces coated with silica NPs exhibit excellent mud-repelling activity, and 

the attachment of S. Typhimurium LT2 and L. innocua on the coated surface was reduced by 

> 99.0%. Additionally, fluoroalkoxysilane-coated structures involving silica colloids were 

found to reduce adhesion of S. aureus and P. aeruginosa by 2.08 and 1.76 log CFU/g, 

respectively (Privett et al., 2011). Similarly, Liu et al. (2020) a dual-functional coating 

composed of silica NPs applied to aluminum surfaces was developed, which resulted in a 6.5 

log-cycle reduction in bacterial colonization for gram-negative S. Typhimurium LT2 and a 4 

log-cycle reduction for gram-positive L. innocua.  

Research has been exploring nano-coatings as alternatives to prevent microbial 

contamination due to inhibition properties, such as Salmonella and E. coli O157:H7 

(DeFlorio et al., 2023). Since foodborne pathogens like Salmonella can adhere to various 

surfaces used in food processing (e.g., stainless steel), applying nanoscale coatings may help 

reduce cross-contamination during food handling and slaughtering (Schumann‐Muck et al., 

2023).  
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1.8.2 Postharvest: washing treatments 

The majority of fresh produce undergoes washing after harvest, typically carried out 

by processors using flume systems, batch tanks, or water sprays. This washing step is crucial 

for removing soil and debris, as it aims to eliminate field contamination (Bornhorst et al., 

2018; Murray et al., 2017), improve produce quality and marketability, and lower the 

temperature of the produce. Antimicrobial agents, such as sanitizers, are commonly used in 

produce washing operations to prevent the cross-contamination of fresh produce through 

wash water (Dharmarha et al., 2020).   

The effectiveness of antimicrobial treatments can vary based on several factors, 

including concentration, exposure time, temperature, pH, washing dynamics, the level of soil 

on the produce, and the way microorganisms adhere to the produce. Common antimicrobial 

agents used in the food industry to reduce or eliminate potential pathogens on produce 

include chlorine-based products, peroxyacetic acid (PAA), and hydrogen peroxide (Fan et 

al., 2009; Mendoza et al., 2022).  

 1.8.2.1 Chlorine 

Chlorine is commonly used as a sanitizer to wash produce due to its antibacterial 

effect and low cost (Chaidez et al., 2012; Martinez-Ramos et al., 2022). In commercial 

applications, chlorinated water is utilized in dump tanks, flume washes, and sprays to clean 

various types of fresh fruits and vegetables after harvest and has been reported to prevent 

microbial contamination in produce-processing lines (Allende et al., 2025; Ukuku et al., 

2012). The recommended contact time for produce with chlorinated water is 1 – 2 minutes, 
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with a chlorine concentration ranging from 50 to 200 ppm, which can result in an average of 

1 – 2 log 10 (90 – 99%) bacterial inactivation (Chaidez et al., 2012; Dev Kumar et al., 2017). 

Chlorine is efficient against bacteria, molds, yeast, and viruses, but not spores (Artasensi et 

al., 2021; G. Sapers, 2005). For example, Fishburn et al. (2012) evaluated different sanitizers 

and found that rinsing with a bleach solution of 70 ppm for 2 min was the most effective 

treatment for reducing S. enterica lettuce and green onions, with reductions ranging from 

2.05 to 3.89 log CFU/g. Additionally, Mokhtari et al. (2022) treated lettuce inoculated with 

S. enterica using a 100 ppm chlorine solution for 2 min, resulting in a reduction of 3 log 

CFU/g.  

On the other hand, the effectiveness of chlorine is affected by pH, temperature, fresh 

product type, and microflora (Chinchkar et al., 2022). If pH gets lowered below 4, it means 

free chlorine in the form of gas emerges from the solution, which is hazardous to health 

(Block & Rowan, 2020; Erkan & Yıldırım, 2017). Organic matter in the sanitizing solution 

significantly reduces the effectiveness of chlorine because it reacts rapidly with free chlorine 

(Stopforth et al., 2004; Teng et al., 2018). For example, Mina et al. (2025) demonstrate that 

1% organic load can decrease the available chlorine from 100 ppm to less than 2 ppm.  

1.8.2.2 Hydrogen Peroxide (H2O2) 

H2O2 is an antimicrobial compound commonly used in the produce industry for 

washing due to its Generally Recognized As Safe (GRAS) status and its ability to break down 

into hydrogen and oxygen without residual toxicity. Due to this, H2O2 is an environmentally 

friendly, odorless, colorless, and non-corrosive agent (Hall et al., 2008; Marriott et al., 2018). 

Consequently, this sanitizer has a mild effect on the water recovery system and can be used 
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as a suitable alternative to other sanitizers (Abdelshafy et al., 2024). Additionally, it is 

effective against a wide range of microorganisms, including bacteria, yeast, fungi, viruses, 

and spores (Bimal Sheth et al., 2025).  

H2O2 is as effective as 200 ppm of chlorine in concentrations ranging from 1% to 

5%. It acts on foodborne bacteria by producing hydroxyl free radicals that target membrane 

lipids, DNA, and other essential cellular components (Bimal Sheth et al., 2025; Ukuku et 

al., 2012). Using a 3% H2O2 solution for 1 min effectively reduced the levels of E. coli 

O157:H7 on the surface of strawberries by 2.2 log CFU/g. This reduction was significantly 

greater than that achieved with other chemical treatments tested (Fan et al., 2009; Zoellner 

et al., 2018). Applying a 5% H2O2 solution exhibited the most effective antimicrobial 

activity, achieving reductions of L. monocytogenes and S. enterica by 4.9 and 5.4 log 

CFU/g, respectively (Abdelshafy et al., 2024). Treating fresh-cut lettuce leaves with 4% 

H2O2 solution for 2 min reduced L. innocua and E. coli O157:H7 by 5.1 and 3.7 log CFU/g, 

respectively (Cossu et al., 2017).  

1.8.2.3 Peroxyacetic Acid (PAA) 

PAA is produced by the reaction of acetic acid with hydrogen peroxide. The 

advantages of PAA are that it is effective at varying pH levels, is not corrosive to postharvest 

equipment, such as stainless steel and aluminum, and is not sensitive to organic matter like 

chlorine (Long et al., 2024). Additionally, PAA has a stronger oxidizing potential than 

chlorine, chlorine dioxide, chlorous acid, and hydrogen peroxide, but less than ozone (Fan et 

al., 2009; Sciscenko et al., 2024). According to the US Food and Drug Administration (FDA), 

PAA can be used for washing fruits and vegetables, but should not exceed 80 ppm, as higher 
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levels can lead to unacceptable residues on fresh produce (González‐Aguilar et al., 2012; 

Pabst et al., 2024).  

PAA has a disinfection efficiency against different organisms ranked on a general basis: 

bacteria > viruses > bacterial spores > protozoan cysts (Alvaro et al., 2009; McCaughan et 

al., 2025). A characteristic of PAA is that it is produced from the reaction of acetic acid, 

which is based on the release of active oxygen (Figure 1.1). Sensitive sulfhydryl and sulfur 

bonds in proteins, enzymes, and other metabolites are oxidized, and double bonds are reacted. 

Additionally, it is suggested that PAA can disrupt the chemiosmotic function of the 

lipoprotein cytoplasmic membrane and transport through the dislocation or rupture of cell 

walls (González‐Aguilar et al., 2012; Stadler & Fischer, 2020).  

 

                                    
 

Figure 1.1. Antimicrobial mechanism of PAA based on active oxygen production and oxidation of 

biomolecules of vital importance for pathogenic bacteria. 

 

In summary, there has been a notable increase in foodborne outbreaks associated with 

fresh produce in recent years. This trend has led to the development of various technologies 

for harvest and postharvest handling. One promising technique during the harvest phase is 
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the application of superhydrophobic coatings, which can repel bacteria. In the postharvest 

stage, using effective sanitizers is crucial to minimize cross-contamination during the 

washing process. Together, these practices are essential for ensuring food safety and quality 

without compromising either aspect. 
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Chapter 2  

2.0 Research Justification 

This research aims to establish food safety practices for the harvest and postharvest 

handling of fresh produce. Fresh produce faces various challenges during processing. The 

most significant concern is that many fruits and vegetables are consumed raw, meaning there 

is no effective step to eliminate foodborne pathogens that may be present. On the farm, 

contamination can originate from multiple sources, including soil, water, animals, humans, 

and equipment (Strawn et al., 2013), which can lead to cross-contamination of the final 

product. 

In 1998, the FDA named harvesting machinery, knives, containers, tables, baskets, 

packaging material, buckets, etc., as field equipment that can easily spread microorganisms 

to fresh produce, and recommends keeping harvesting and packing equipment as clean as 

practicable (FDA, 1998). For small/medium operations, many commodities are harvested 

with hand-held tools and placed by hand into containers or onto mechanized harvest-aide 

equipment, surface, or conveyor belts. As a result, contaminated or insufficiently sanitized 

food-contact surfaces are one of the main pathways for bacterial contamination and cross-

contamination, leading to foodborne illnesses (Oh et al., 2019).  

For instance, one proposed practice at the harvest level is the application of 

superhydrophobic coatings on food-contact surfaces. These coatings are primarily known for 

their anti-biofouling and anti-adhesive properties, which help repel water-based residues, 

spills, and both gram-positive and gram-negative bacteria. Additionally, these coatings can 
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help reduce water consumption during the cleaning process of these surfaces. (DeFlorio et 

al., 2021).  

Safety practices must be maintained throughout the supply chain, especially during 

postharvest handling. Most produce is washed after harvest, but it is crucial to note that 

postharvest water can become contaminated by the produce that comes into contact with it, 

even if the water is clean at the start (Valloton et al., 2022). One effective measure is to add 

a specific amount of an antimicrobial agent to all batch or bulk water. While adding a 

sanitizer does not clean each individual piece of produce, it helps prevent cross-

contamination from the water to the produce by minimizing the buildup of pathogens and 

other microorganisms in the water (Cornell CALS, 2015). However, there is still a gap in 

knowledge regarding how these antimicrobial agents may affect the harvest and postharvest 

quality of crops. However, there is a growing consumer trend toward purchasing local 

produce, such as living lettuce, which is sold with its roots attached to extend shelf life. 

Although this practice is believed to offer a longer shelf life and promote sustainability, it 

raises food safety concerns regarding the potential for cross-contamination.  

These approaches offers both valuable and sustainable solutions for growers to 

prevent foodborne illnesses associated with fresh produce. The use of superhydrophobic 

coatings is expected to reduce the microbial load that attaches to the surface of crops, like 

blueberry and other small fruits. These coatings can be marketed to growers, allowing them 

to optimize both their time and budget. While the use of antimicrobial agents (chlorine, PAA 

and H2O2) are a promising strategy to reduce the cross-contamination risks on the roots of 

living lettuce. Incorporating a sanitizing step in the postharvest washing process could 
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become a standard practice for this type of produce. However, research on the use of 

sanitizers specifically for the roots of living lettuce is still limited. This initiative not only 

aims to fill this knowledge gap but also supports the efforts to ensure the microbial safety of 

living lettuce for consumers. 
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Chapter 3  

3.0 Objectives 

The main objective of this research is to investigate the use of superhydrophobic 

coatings and sanitizers as a control for foodborne pathogens in a simulated harvest and 

postharvest washing step, respectively. The specific objectives of this project are:  

Objective 1 – Evaluate the efficacy of two nano-textured coatings, one hydrophobic 

and one superhydrophobic, in reducing E. coli O157:H7, total coliforms, aerobic bacteria, 

and yeasts and molds on HDPE food-contact surfaces during a simulated blueberry harvest. 

Research hypothesis – The superhydrophobic coating will significantly reduce 

microbial attachment and survival (E. coli O157:H7, total coliforms, aerobic bacteria, and 

yeasts and molds) on HDPE food-contact surfaces, compared to the hydrophobic coating and 

untreated control during a simulated blueberry harvest. This is due to its higher water 

repellency and lower surface energy, which limit microbial adhesion more effectively. 

Objective 2 – Evaluate the efficacy of chemical sanitizers (chlorine, PAA and H2O2) 

in reducing Salmonella enterica from living lettuce roots with and without media plugs and 

their impact on the leaf physiology and weight loss 

Research hypothesis – PAA and chlorine are expected to be the most effective 

sanitizers for reducing S. enterica on living lettuce roots, both with and without a media plug. 

PAA is likely to perform slightly better due to its stability in organic matter. Additionally, 

minimal effects on leaf physiology and weight loss are anticipated across all treatments. 
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Chapter 4  

4.0 Evaluation of the Efficacy of Hydrophobic and Superhydrophobic Coatings in 

Reducing E. coli O157:H7 Attachment in Simulated Blueberry Harvest 

Contamination 

4.1 Abstract 

Blueberry production has increased across both large- and small-scale operations. 

Unlike many other crops, blueberries are typically not subjected to conventional washing, 

increasing the risk of microbial contamination during harvest. Hydrophobic coatings have 

recently gained attention for their ability to repel water, soil, and microorganisms, offering 

potential applications in food safety. This study evaluated the efficiency of two nano-textured 

coatings (a commercial fluorinated formulation and an experimental silica-based coating) in 

reducing microbial adhesion and transfer on high-density polyethylene (HDPE) bucket 

surfaces during simulated blueberry harvest. Inoculated blueberries were placed into coated 

and uncoated buckets, and microbial populations were assessed at four sampling points: pre-

wash bucket surface, wash water, post-washed blueberries, and post-wash bucket surface. 

The post-wash bucket surfaces were further evaluated at 0, 6, 9, 12, and 24 h to assess 

microbial persistence over time. The commercial coating significantly reduced Escherichia 

coli O157:H7 on post-washed blueberries to 4.62 log CFU/g, and achieved levels below the 

limit of detection (LOD) on post-wash bucket surfaces within 6 h (4 log CFU/g reduction). 

Similar reductions were observed for total coliforms and aerobic bacteria by 24 h. In contrast, 

the experimental coating showed limited and inconsistent antimicrobial activity. Yeast and 

mold populations were also higher on surfaces treated with experimental than commercial 

coating, suggesting structural imperfections that may have supported yeast and mold growth. 
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These findings demonstrate the potential of nano-textured hydrophobic coatings to reduce 

bacterial cross-contamination on food-contact surfaces during harvest. Further research is 

needed to optimize formulation performance and validate efficacy under commercial field 

conditions. 

Keywords: food safety, harvest, blueberries, E. coli O157:H7, nano-textured coatings, food-

contact surface. 

4.2 Introduction 

Blueberries (Vaccinium corymbosum) are increasingly cultivated worldwide due to 

their recognized nutritional value, antioxidant content, and consumer appeal (Amodu et al., 

2025). Global production has tripled over the past decade, increasing from 327,8666 metric 

tons in 2010 to 1,113,260 metric tons in 2021, driven by rising demand and improvements in 

postharvest quality management (Amodu et al., 2025). In the United States (U.S.), blueberry 

cultivation continues to expand, including in southeastern states (Ru et al., 2023). In 

Alabama, blueberries are the second-largest fruit crop by planted area and play an important 

economic role for local growers, despite the relatively small acreage dedicated to their 

production (USDA-NASS, 2024).  

Harvest methods vary depending on the scale of the operation with large commercial 

farms often utilizing mechanical harvesters (Takeda et al., 2021).While medium to small size 

operations continue to rely on hand-picking, which involves direct contact and friction with 

fruit clusters (Dai et al., 2025). This variability in handling practices underscores the 

importance of addressing food safety risks associated with harvest-related cross-
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contamination. Unlike many other fruits, fresh blueberries are typically packaged without 

undergoing a water-based washing step. Excess moisture can promote mold growth and 

reduce shelf life (Dagnas & Membré, 2013). Instead, blueberries are often cleaned using air 

blowers that remove debris such as leaves and stems (Ells et al., 2024). Therefore, ensuring 

hygienic condition of harvest and postharvest handling equipment is essential for minimizing 

risks of microbial contamination (FDA, 2018; Leaman et al., 2023). In recent years, 

foodborne outbreaks and recalls associated with blueberries have become more frequent. In 

2009 and 2010 was reported Salmonella Muenchen and Newport (USDA, 2017) (Palumbo 

et al., 2013). Such findings reinforce the need for preventive strategies targeting 

contamination at the point of harvest. 

Contact surfaces such as harvest buckets, bins, and tools play a critical role in 

microbial transfer. To mitigate this risk, interest has grown in applying protective coatings to 

food-contact surfaces using anti-biofouling and anti-adhesive materials (Oh et al., 2019). 

These coatings often rely on superhydrophobic properties, defined by water droplet contact 

angles greater than 150° to repel water, dirt, and microorganisms, in which, exhibits Cassie-

Baxter wetting behavior (Bayer, 2020). The Cassie-Baxter model is characterized by a layer 

of air trapped at the interface between the solid substrate surface and the aqueous phase, 

where planktonic bacteria reside, creating a physical barrier to cell absorption (DeFlorio et 

al., 2023).  

Nano-textured hydrophobic coatings, in particular, have demonstrated potential to 

reduce microbial loads and prolong shelf life by limiting the adhesion and survival of 

spoilage organisms and foodborne pathogens (DeFlorio et al., 2021; Oh et al., 2019; Quinto 
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et al., 2019). However, there is limited research evaluating their performance on high-density 

polyethylene (HDPE), a common material used in harvest equipment, under practical, 

produce-harvesting conditions. 

The objective of this study was to evaluate the efficacy of two nano-textured 

hydrophobic coatings, one commercial (fluorinated) and one experimental (silica-based), in 

reducing E. coli O157:H7, total coliforms, aerobic bacteria, and yeasts and molds on HDPE 

food-contact surfaces during a simulated blueberry harvest contamination. We hypothesize 

that superhydrophobic coating will significantly reduce microbial attachment and survival on 

food-contact surfaces, compared to the hydrophobic coating and untreated control. The 

results aim to inform practical intervention strategies for minimizing microbial 

contamination during the harvest of minimally processed fruits. 

4.3 Material and methods 

4.3.1 Preparation of coatings 

4.3.1.1 Commercial coating 

The commercial superhydrophobic coating WX2100 (CYTONIX, Silver Spring, MD, 

USA) was applied to 3.785 L HDPE buckets (ULINE, Pleasant Prairie, WI, USA) following 

the manufacturer’s instructions. Prior to application, the spray can was shaken vigorously for 

2 min. During application, it was held vertically approximately 20 cm from the bucket’s 

internal surface and shaken every 15 s to ensure consistent mixing. The internal surface was 

evenly coated and allowed to cure at room temperature (25 ± 1 °C) for 10 days before 

hydrophobicity assessment.  
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4.3.1.2 Experimental coating  

The experimental coating was developed by the Artie McFerrin Department of 

Chemical Engineering at Texas A&M University (College Station, TX, USA). Silica 

nanoparticles were synthesized by dissolving 1 g of fused silica (Sigma-Aldrich, St. Louis, 

MO, USA) and 1.3 g of octadecyltrichlorosilane (95%; Thermo Fisher Scientific Inc, 

Waltham, MA, USA) in 200 mL of hexane (VWR International, Radnor, PA, USA). The 

mixture was magnetically stirred at 500 RPM for 24 h at room temperature (25 ± 1 °C) using 

a hot plate stirrer (Thermolyne Cimarec Model #S131435, American Laboratory Trading, 

East Lyme, CT, USA). After stirring, the solution was transferred to 50 mL conical tubes 

(VWR International, Radnor, PA, USA) and centrifuged at 12,298 RCF for 30 min to 

precipitate the silica particles. The precipitate was isolated and washed three times with 

hexane by vortexing for 1 min and centrifuging at 10,000 RPM for 8 min each time. The 

cleaned nanoparticles were transferred to a 200 mL beaker and dried overnight at 50 °C. 

Then, the dried nanoparticles were stored in a 60 mL HDPE bottle (VWR International, 

Radnor, PA, USA) until further use. 

To prepare the coating solution, 10 g of a 1:1 (w/w) resin:hardener mixture (EasyPour 

Epoxy, Lexington, TN, USA) was dissolved in 10 mL of acetone (99.5%; Sigma-Aldrich, St. 

Louis, MO, USA) and sonicated for 1 h in an ultrasonic cleaner (Morantz Ultrasonics, 

Philadelphia, PA, USA) to fully dissolve the resin. Afterward, 2 g of 1-octadecylamine (97%; 

Thermo Fisher Scientific Inc., Waltham, MA, USA) was added, and the mixture was 

sonicated for an additional hour. Finally, 0.3 g of the dried hydrophobic silica nanoparticles 
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were added to the mixture, and the suspension was sonicated for another 30 min to ensure 

uniform dispersion. 

The experimental coating was applied to the internal surface of the bucket using a 

paint brush (Linzer Products Corp.; West Babylon, NY, USA). After the first layer was 

applied, it was cured for 24 h. A second layer was then applied and cured for 36 h prior to 

testing. 

4.3.2 Contact angle measurements 

To evaluate the surface wetting characteristics of the coated bucket surfaces, static 

water contact angles were measured using the sessile drop technique, following the method 

described by Oh et al. (2019). A 5 µL water droplet was placed on the coated bucket surface 

using a micropipette, and droplet images were captured with a digital camera. Contact angles 

were analyzed using Adobe Photoshop 2023 software (version 24.6.0). Surfaces with contact 

angles ≥ 150° were classified as superhydrophobic, while those < 150° were considered 

hydrophobic. Results were reported as the average of three independent measurements.   

4.3.3 Preparation of bacterial culture  

E. coli O157:H7 (American Type Culture Collection, ATCC 43895) was obtained 

from the Department of Horticulture at Auburn University (Auburn, AL, USA). To confer 

resistance, the strain was adapted to 50 ppm nalidixic acid (Sigma-Aldrich, Saint Louis, MO, 

USA) and 50 ppm rifampicin (Sigma-Aldrich, Saint Louis, MO, USA) through a stepwise 

adaptation procedure. Initially, a loopful of the culture was inoculated into tryptic soy broth 

(TSB; BD Difco, Sparks, MD, USA) with nalidixic acid concentrations incrementally 



72 

 

increased by 10 ppm at each transfer. Transfers were performed every 24 h in fresh TSB until 

resistance was achieved at 50 ppm. The same procedure was repeated for rifampicin 

adaptation, resulting in a strain resistant to both 50 ppm nalidixic acid and 50 ppm rifampicin 

in TSB (TSBRN). Subsequently, a 10 µL loopful of the antibiotic-adapted culture was 

transferred into fresh TSBRN and incubated for 24 h at 37 °C. This transfer step was repeated 

twice prior to use (Pizzo et al., 2023). The bacterial culture was adjusted to a McFarland scale 

of 0.5 using approximately 300 mL of phosphate-buffered solution (PBS) (Chazotte, 2012), 

resulting in a final E. coli O157:H7 concentration of approximately 1.5 x 108 CFU/mL. 

4.3.4 Blueberry inoculation 

Fresh blueberries (Vaccinium corymbosum) were purchased from a local grocery 

store, rinsed with deionized water to remove dust and surface debris, and air-dried at room 

temperature (25 ± 1 °C) for 2 h. The blueberries were then placed on sterilized aluminum foil 

trays and exposed to ultraviolet (UV) light (254 nm) for 10 min on each side to reduce 

naturally occurring microorganisms. Following UV treatment, 18 oz of blueberries per 

treatment per replicate were transferred to sterile Whirl-Pak® bags (Nasco, Madison, WI, 

USA) and stored at 4 °C until inoculation. For inoculation, blueberries were submerged in 

the prepared E. coli O157:H7 inoculum for 2 min without agitation, using sterile tweezers to 

ensure complete surface coverage. Excess inoculum was removed using a sanitized salad 

spinner, and the inoculated blueberries were air-dried in a biosafety cabinet for 2 h. A 15 g 

sample was transferred to an uncoated bucket to serve as a control. All control samples were 

prepared in triplicate. 
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4.3.5 Experimental design and bacterial adhesion assay 

The experiment was designed as a completely randomized design (CRD) with three 

treatments: a control (no coating), a commercial coating, and an experimental coating. Each 

treatment was replicated three times. Fresh blueberries were inoculated with E. coli O157:H7 

and held for 2 h before being transferred to buckets for treatment, where the effectiveness of 

each coating was evaluated. At the start (0 h), samples were collected from four sources to 

assess initial bacterial adhesion: pre-wash surface swabs, wash water, berry surfaces (post-

wash), and the post-wash bucket surface. From 6 to 24 h, only samples from the post-wash 

bucket surface were collected to monitor bacterial survival over time. Sampling occurred at 

five time points: 0, 6, 9, 12, and 24 h post-treatment. In total, 72 samples were analyzed: 36 

samples at 0 h (4 sample types × 3 treatments × 3 replicates) and an additional 36 samples 

collected at 6, 9, 12, and 24 h (1 sample type × 3 treatments × 3 replicates × 4 time points). 

This design allowed for the evaluation of the coatings’ effectiveness in reducing microbial 

contamination on blueberries and food-contact surfaces during harvest handling. 

Six 25 cm² areas were marked on the bottom surface of each bucket and pre-rinsed 

with deionized water. The inoculated blueberries were then transferred into the buckets, 

positioned directly over the marked areas. The buckets were placed inside a biosafety cabinet 

for 2 h to allow bacterial interaction with the bucket surface. Following this period (defined 

as time point 0 h), four analyses were performed across different sample types: (1) one 

marked area in each bucket was swabbed using a sterile sponge stick pre-soaked in 

neutralizing buffer (NEOGEN®, Lansing, MI, USA) to assess surface E. coli O157:H7 

populations pre-washing. (2) The buckets containing the inoculated blueberries were washed 
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with 1.89 L of deionized water. From this, 300 mL of the rinse water was collected and 

filtered using a membrane filtration method through a 47 mm diameter, 0.45 μm pore-size 

sterile filter (Pall Corporation, Ann Arbor, Michigan, USA) as described by Chevez et al. 

(2024). The filter was then plated on MaConkey Sorbitol Agar (Thermo Fisher Scientific 

Inc., Waltham, MA, USA) for microbial enumeration. (3) All blueberries were then 

transferred to sterile Whirl-Pak® bags, diluted 1:5 (w/v) in PBS containing 0.2% Tween 80 

(Sigma-Aldrich, Saint Louis, MO, USA) and 0.1% sodium thiosulfate (Fisher Scientific, Fair 

Lawn, NJ, USA), and processed using a stomacher (Stomacher® 400CIRCULATOR, 

Seward Inc, Bohemia, NY, USA) at 300 RPM for 30 s to detach bacterial cells from the fruit 

surface. (4) Another marked area in each bucket was swabbed post-washing using a sterile 

sponge stick to evaluate residual microorganisms. 

All swab (bucket surfaces) and post-washed blueberry samples were serially diluted 

in buffered peptone water (BPW; Oxoid, CM 509; Fisher Scientific, Fair Lawn, NJ, USA) 

prior to microbiological analysis. Analysis at 0 h included E. coli O157:H7, total aerobic 

bacteria, total coliforms, yeast, and mold for both post-washed blueberries and post-wash 

bucket surfaces. Post-wash bucket surfaces were also analyzed for the same microorganisms 

at 6 h, 9 h, 12 h, and 24 h.  

For E. coli O157:H7 enumeration, 100 μL of each dilution was spread plated onto 

MacConkey Sorbitol Agar (Thermo Fisher Scientific Inc., Waltham, MA, USA) 

supplemented with 50 ppm nalidixic acid and 50 ppm rifampicin, using a sterile L-spreader. 

For yeast and mold, 100 μL of diluted samples were also spread plated onto Potato Dextrose 

Agar (PDA; Thermo Fisher Scientific Inc., Waltham, MA, USA). For aerobic and total 
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coliforms enumeration, 1 mL of each diluted sample was poured onto Petrifilm® 

(NEOGEN®, Lansing, MI, USA).  

The MacConkey agar plates and Petrifilm® were incubated at 37 °C for 24 h, while 

PDA plates were incubated at 25 °C for 5 days. If no growth was observed on PDA after 5 

days, incubation was extended for an additional 48 h. All treatments were conducted in 

triplicate, and results were expressed as log CFU/g. 

4.3.6 Statistical analysis  

SAS Studio 5.2 was used to perform all the statistical analyses. Specifically, a 

generalized linear model (GLM) was performed to address non-normal distributed data. For 

the time point 0 h, the microbial population data (CFU/g) were analyzed using treatment 

(control, commercial, and experimental) and sampling types (pre-wash bucket surfaces, wash 

water, and post-washed blueberries), and their interaction as fixed effects. For the post-wash 

bucket surfaces, the microbial population data (CFU/g) were analyzed using treatment 

(control, commercial, and experimental), time of storage (0 h, 6 h, 9 h, 12 h, and 24 h), and 

their interaction as fixed effects. For all analyses, least squares means comparisons were 

performed using Tukey’s HSD post-hoc with a significance level of 0.05.   
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4.4 Results 

4.4.1. Contact angle  

 The static contact angle on an HDPE surface with the experimental coating was θ = 

130° ± 1.67, indicating that this treatment demonstrated hydrophobic properties (Figure 4.1). 

In comparison, the water contact angle for the commercial coating was θ = 152.3° ± 0.84, 

which showed superhydrophobic properties on the surface of the bucket.  

Figure 4.1. Measurement of contact angles for (a) the commercial coating and (b) the 

experimental coating. 

 

4.4.2. Microbial populations on pre-wash bucket surfaces, wash water, and post-washed 

blueberries 

The microorganism populations recovered at 0 h from wash water, post-washed blueberries, 

and pre-wash bucket surfaces under different coating treatments are presented in Table 4.1. 

No statistically significant treatment (p > 0.05) was observed for blueberries, post-washed 

blueberries, or the wash water. However, the coatings treatments had a statistically significant 

effect (p = 0.025) on the E. coli O157:H7 population on the pre-wash surface (Figure 4.2).  

a b 
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At 0 h, E. coli O157:H7 populations on the pre-wash bucket surfaces ranged from 

5.46 to 6.23 log CFU/cm². The experimental coating demonstrated the lowest initial surface 

contamination (5.46 log CFU/cm²), significantly lower than the control (6.23 ± 0.16 log 

CFU/cm²) and commercial (6.15 ± 0.16 log CFU/cm²) treatments (p ≤ 0.05).  

The E. coli O157:H7 populations on the wash water ranged from 5.54 to 5.68 log 

CFU/mL, with no significant differences (p > 0.05) observed between the treatments. In 

contrast, aerobic bacteria, total coliforms, and yeast and mold populations on the pre-wash 

bucket surfaces and wash water were below the limit of detection (LOD).   

 Following the washing step, E. coli O157:H7 populations on blueberries ranged from 

4.62 to 5.13 log CFU/g. The commercial coating significantly reduced E. coli O157:H7 

counts to 4.62 log CFU/g, compared to 5.13 log CFU/g in the experimental coating and 4.92 

log CFU/g in the control treatment (p ≤ 0.05). In contrast, populations of aerobic bacteria, 

total coliforms, and yeast and molds on post-washed blueberries ranged from 5.22 to 5.64 

log CFU/g, with no statistically significant differences observed among treatments (p > 0.05).  
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Figure 4.2. E. coli O157:H7 recovered at 0h from pre-wash surface bucket under different 

coating treatments. Similar lowercase letters indicate no statistically significant differences 

among treatments at the same time point (p > 0.05) 

 

Table 4.1.Microorganism populations recovered at 0 h from wash water, post-washed 

blueberries, and pre-wash bucket surfaces under different coating treatments. 

Values represent means ± standard error. No statistically significant differences among treatments for the same 

microorganism and sampling type (p > 0.05). Abbreviations: LOD - Limit of detection = < 1 log CFU/mL. 

 

4.4.3. Microbial populations on post-wash bucket surfaces over time 

Microbial populations on post-wash bucket surfaces were monitored at 0 h, 6 h, 9 h, 

12 h, and 24 h to assess the persistence or reduction of microbial populations across 

treatments over time (Figure 4.3). 

Aerobic bacteria populations varied significantly across time and treatments (p ≤ 

0.05; Figure 4.3a). At 0 h, bacteria loads ranged from 3.57 log CFU/cm² (commercial 

coating) to 5.78 log CFU/cm² (experimental coating), with no significant differences 

observed between the control and experimental treatments (p > 0.05). By 9 h, the commercial 

coating achieved a reduction of 1.08 log CFU/cm² compared to the control. This trend 

continued, with the commercial coating maintaining the lowest bacterial loads at each 

Microorganism Wash water (log CFU/mL) Post-wash blueberry (log CFU/g) 

E. coli O157:H7 5.61 ± 0.15 4.88 ± 0.08 

Aerobic bacteria < LOD 5.41 ± 0.03 

Total coliforms < LOD 5.35 ± 0.07 

Yeast and molds < LOD 5.50 ± 0.07 
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subsequent time point and reaching no detectable levels at 24 h. In contrast, the experimental 

coating exhibited variable performance, with populations fluctuating between 3.54 log 

CFU/cm² at 6 h and 3.38 log CFU/cm² at 12 h, ultimately reaching undetectable levels by 24 

h, similar to the commercial treatment. However, no significant differences were observed 

between the experimental and control treatments at any time point, except at 24 h (p > 0.05). 

Total coliform populations were also significantly affected by both time and treatment 

(p ≤ 0.05; Figure 4.3b). At 0 h, populations ranged from 3.42 log CFU/cm² for the commercial 

coating to 5.88 log CFU/cm² for the experimental coating. The commercial coating showed 

the highest reductions over time, achieving 1 to 2 log CFU/cm² decreases within the first 12 

h compared to the control, and reaching no detectable levels by 24 h. In contrast, the 

experimental coating reduced coliform counts to 0.25 log CFU/cm² by 12 h compared to the 

control, but these reductions were not statistically different from the control at this time point 

(p > 0.05). 

 Yeast and mold populations were significantly influenced by both time and treatment 

(p ≤ 0.05; Figure 4.3c). At 0h, counts ranged from 3.66 log CFU/cm² (commercial coating) 

to 6.38 log CFU/cm² (experimental coating). The commercial coating demonstrated the 

highest reductions over time, resulting in a 1.57 log CFU/cm² decrease by 24 h compared to 

the control (p ≤ 0.05). In contrast, the experimental coating showed fluctuations and did not 

significantly differ from the control at 6 h and 9 h (p > 0.05), suggesting inconsistent 

antifungal activity. 
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The E. coli O157:H7 population was significantly reduced by the commercial coating, 

reaching undetectable levels after 6 h, corresponding to a reduction of 4 to 5 log CFU/g 

compared to the control (p ≤ 0.05; Figure 4.3d). The experimental coating showed a more 

gradual E. coli O157:H7 reduction, achieving a 3.04 log CFU/cm² decrease by 12 h. After 

this point, no additional bacterial growth was observed. By 24 h, E. coli O157:H7 levels were 

undetectable across all treatments (control, commercial, and experimental). 

Figure 4.3. Microorganism population on post-wash bucket surfaces over 24 h: (a) Aerobic 

bacteria, (b) total coliforms, (c) yeast and molds, and (d) E. coli O157:H7. Bars represent 

mean values ± standard error. Similar lowercase letters indicate no statistically significant 

differences among treatments at the same time points (p > 0.05). Similar uppercase letters 

indicate no statistically significant differences across time points within the same treatment 

(p > 0.05). 

 

a b 

c d 
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4.5 Discussion 

Fresh blueberries are particularly vulnerable to microbial contamination from a 

variety of on-farm sources, including humans, soil, wildlife animals, irrigation water, and 

harvest equipment (Valloton et al., 2021). Therefore, reducing microbial contamination 

during harvest is essential for improving the microbial safety of this high-value fruit 

(Yemmireddy et al., 2022). Given that fresh blueberries are often harvested into reusable 

containers and are not subjected to postharvest washing, contaminated surfaces can serve as 

critical vectors for microbial transfer and cross-contamination (Karl R Matthews, 2013).  

In this study, two nano-textured hydrophobic coatings, one commercial (fluorinated) 

and one experimental (silica-based), were applied to HDPE bucket surfaces and evaluated 

for their effectiveness in reducing microbial adhesion and cross-contamination in a simulated 

blueberry harvest scenario. The results demonstrate the potential of hydrophobic coatings, 

particularly fluorinated formulations, as a practical intervention to mitigate microbial risks 

during the harvest of minimally processed fruits. Overall, the commercial coating 

demonstrated greater and more consistent antimicrobial performance across multiple 

microbial groups and sampling types, supporting its potential application for improving food 

safety during harvest operations. The active ingredient in this treatment is FluoroThane-

MV™ which contains fluorinated groups, like -CF2 and -CF3 (Brown & Schneider, 2000). 

The -CF3 group can create a low surface free energy, causing water droplets to bead up 

instead of spreading, thereby reducing the interactions between water and the surface (Wan 

Ikhsan et al., 2021). 
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At the pre-wash stage, the experimental coating exhibited the lowest E. coli O157:H7 

levels on bucket surfaces, indicating a possible initial anti-adhesive effect. However, this 

benefit was not sustained post-washing or during extended storage, indicating that the 

coating’s hydrophobic or antimicrobial properties may have been insufficient to provide 

long-term protection. In contrast, while the commercial coating did not have the lowest pre-

wash E. coli O157:H7 counts, it significantly reduced E. coli O157:H7 on post-washed 

blueberries, suggesting a protective antimicrobial effect that limited reattachment or survival 

of the pathogen following contact with the coated surface.  

Microbial populations in wash water did not significantly differ among treatments, 

and most background organisms (aerobic bacteria, total coliforms, yeasts, and molds) 

remained below the LOD on both pre-wash surfaces and in wash water samples. These 

findings suggest that microbial transfer to wash water was minimal or that the brief washing 

step was insufficient to dislodge surface-bound organisms (Kilonzo-Nthenge et al., 2006) 

More pronounced treatment effects emerged during the 24 h storage assessment of 

post-wash bucket surfaces. The commercial coating reduced E. coli O157:H7 to undetectable 

levels by 6 h and maintained these reductions through 24 h. This pattern was also observed 

for total coliforms and aerobic bacteria, with undetectable levels achieved by 24 h. These 

results are consistent with previous research demonstrating the antimicrobial potential of 

fluorinated coatings, which reduce microbial adhesion by minimizing surface energy and 

enhancing water repellency (Wan Ikhsan et al., 2021). The commercial product used in this 

study is marketed for its superhydrophobicity across various substrates, including wood, 

metal, plastics, rubber, and paper-based surfaces. On the HDPE surfaces, it achieved 



83 

 

reductions of E. coli O157:H7 4.00, 5.02, and 5.73 log CFU/cm² at 6 h, 9 h, and 12 h of 

storage, respectively. Similar results were reported by DeFlorio et al. (2023), who evaluated 

a superhydrophobic coating on a stainless-steel surface by submersion of gram-negative E. 

coli O157:H7, and demonstrated a reduction greater than 99.5% in the density of cells 

adhered to the surface after 24h.  

In contrast, the experimental coating demonstrated inconsistent antimicrobial 

activity. Although it achieved a 3.04 log CFU/cm² reduction in E. coli O157:H7 by 12 h, its 

performance against total coliforms and aerobic bacteria was limited and was not 

significantly different from the control (p > 0.05). Visual inspection of the coated surface 

revealed cracking during the curing process, potentially providing niches for microbial 

colonization (Korber et al., 1995). These microstructural defects may have increased surface 

roughness, reducing coating efficiency (Xi et al., 2022). 

In addition, the experimental coating did not demonstrate the superhydrophobic 

performance expected of a silica nanoparticle-based system. This may be due to inadequate 

surface interaction with the HDPE substrate (Defrizal et al., 2022). Previous studies have 

shown that effective bonding of silica nanoparticles to polyethylene often requires surface 

activation or thermal integration to ensure durability and hydrophobicity (Xu et al., 2013; 

Zhang et al., 2014). For example, Xu et al. (2013) created a polymer surface by physically 

integrating titanium dioxide (TiO2) nanoparticles into an HDPE sheet under high 

temperature, which exhibited a static contact angle of 158°, achieving superhydrophobicity. 

Similarly, Zhang et al. (2014) developed a polymer film involving HDPE and polypropylene 
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through thermal compression, successfully creating a superhydrophobic “peel and use” film 

without the need for chemical treatment (Fedel et al., 2009). 

The number of aerobic bacteria and total coliforms decreased over the first 24 hours. 

This decline in microorganisms on a dry surface that is free of produce can be attributed to 

the varying sensitivity of different bacteria to desiccation stress. It is important to recognize 

that the recovery of microorganisms depends on several factors, including the properties of 

the target bacteria (such as attachment strength, stress injuries, and growth requirements) and 

the characteristics of the sampling site (like humidity and surface material) (Møretrø & 

Langsrud, 2017). Total coliforms, which are primarily gram-negative bacteria, are 

particularly vulnerable to low humidity levels. Le et al. (2024) demonstrated that gram-

negative bacteria, such as E. coli, are more susceptible to drying; they exhibit increased cell 

wall roughness and stiffness when relative humidity is at or below 84%. Similarly, aerobic 

bacteria, which include both gram-positive and gram-negative bacteria, tend to have 

improved survival on surfaces when water and nutrients, such as those found in produce, are 

present (Moore & Griffith, 2002). Conversely, spore-forming bacteria, including yeast and 

molds, are more resilient and can persist for longer periods under dry conditions (Møretrø & 

Langsrud, 2017).   

The presence of E. coli O157:H7 on food contact surfaces decreased over the first 24 

hours of inoculation. This decline can be attributed to desiccation stress. The attachment of 

bacteria to surfaces, especially in the presence of organic residues, offers significant 

protection against desiccation (Kuda et al., 2008, 2015). Furthermore, the degree of microbial 
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adhesion is influenced by the amount of organic residues present on the food contact surface 

(Dhaliwal et al., 2025).  

Interestingly, yeast and mold populations on surfaces treated with the experimental 

coating occasionally exceeded those observed in the control. This further suggests that 

surface imperfections in the coating may have facilitated fungal persistence or growth (Zheng 

et al., 2021). In contrast, the commercial coating reduced yeast and mold counts over time, 

reaching a 1.57 log CFU/cm² reduction by 24 h, highlighting its broader antimicrobial 

activity. 

These findings support the use of commercial superhydrophobic coatings as a 

practical and effective strategy to reduce microbial contamination of food-contact surfaces 

during harvest. Their application may be particularly valuable in small-scale or U-Pick 

operations where sanitization is limited or absent. However, the variability observed with the 

experimental coating underscores the need for optimized formulations and appropriate 

surface compatibility. Although silica nanoparticle-based coatings have shown efficacy on 

glass (Ren et al., 2018), quartz (Oh, Kohli, et al., 2016), and polyethylene gloves (Oh, 

Rapisand, et al., 2016), their performance on HDPE requires further development. 

Future work should focus on field-scale validation of coating efficacy, longevity 

under operational conditions, and assessment across various produce types and contact 

surfaces. In addition, regulatory, economic, and environmental considerations will be critical 

to inform real-world adoption.  
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4.6 Conclusion 

This study demonstrated that nano-textured hydrophobic coatings can reduce 

microbial contamination on food-contact surfaces in a simulated blueberry harvest. The 

commercial coating significantly reduced E. coli O157:H7 populations on both bucket 

surfaces and post-washed blueberries, reaching undetectable levels within 6 h and achieving 

reductions of up to 5.73 log CFU/g. It also consistently reduced total coliforms, aerobic 

bacteria, and yeast and mold populations on bucket surfaces over 24 h. In contrast, the 

experimental coating exhibited inconsistent performance, with limited reductions and surface 

defects that may have promoted yeast and mold persistence. While both coatings showed 

some potential, only the commercial treatment demonstrated consistent, broad-spectrum 

antimicrobial efficacy. These findings support the application of commercial 

superhydrophobic coatings as a practical intervention to reduce cross-contamination during 

harvest, particularly for minimally processed fruits, such as blueberries. Further research is 

needed to validate these outcomes under commercial field conditions, optimize formulations 

for different surfaces, and assess long-term durability and regulatory feasibility for 

widespread adoption in the produce industry. 
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Chapter 5  

5.0 Efficacy of Postharvest Sanitizers on Salmonella enterica Reduction in Living 

Lettuce Roots and their Impact on Leaf Quality 

5.1 Abstract 

Over the past few years, several outbreaks of foodborne illnesses have been 

associated with Salmonella enterica, particularly in commonly consumed raw foods such as 

fresh produce. More recently, indoor-grown lettuce has emerged as a food safety concern due 

to its enclosed growing environment, which may promote pathogen persistence and cross-

contamination during postharvest handling. To effectively prevent and mitigate microbial 

contamination in fresh produce, it is crucial to implement good agricultural practices 

throughout the entire food production chain. A strategy to prevent cross-contamination 

involves using chemical sanitizers during postharvest produce washing. This study evaluated 

the efficacy of three chemical sanitizers, 200 ppm chlorine, 80 ppm peroxyacetic acid (PAA) 

and 3% hydrogen peroxide (H2O2), in reducing S. enterica populations on living lettuce roots 

with and without media plugs at 0 h, 24 h, and 7 days of storage. In addition, the impact of 

these treatments were assessed on leaf color (L*, a*, b*, chroma and hue angle) via a 

handheld colorimeter and weight loss during storage. Initial Salmonella concentrations on 

non-rinsed control treatment were 5.78 log CFU/g (roots without media plugs) and 7.41 log 

CFU/g (roots with media plugs). Both chlorine and PAA significantly reduced S. enterica 

counts, achieving final recoveries of 1.35 log CFU/g (roots without media plugs) and 0.79 

CFU/g (roots without media plugs) after 7 days, respectively. All color characteristics (L*, 

a*, b*, chroma and hue) remained stable across treatments and storage time points and weight 

loss was minimal (2.67% to 4.51%) at day 7. These findings demonstrate that root sanitation 
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using chlorine or PAA effectively reduce S. enterica contamination in living lettuce without 

compromising visual quality, suggesting its potential as a postharvest intervention strategy.  

Keywords: food safety, postharvest, living lettuce root, Salmonella, sanitizers, color 

measurement.  

5.2 Introduction 

Fresh produce is an important source of essential nutrients and contributes 

significantly to a balanced diet (WHO, 2025). While both food safety and food quality are 

crucial to consumer well-being, they represent distinct aspects of food management (Losasso 

et al., 2012). Food safety is non-negotiable, as it directly impacts public health. Fresh produce 

is susceptible to contamination by foodborne pathogens such as Salmonella, pathogenic 

Escherichia coli, and Listeria monocytogenes, which can be introduced at various points 

along the supply chain, including during production, processing, packaging, and 

transportation (CDC, 2024c). Major routes of contamination include soil, animal manure, 

and irrigation water (Park et al., 2012). Consumption of contaminated produce can result in 

serious foodborne illness (Malka & Park, 2022).  

Due to the increasing number of outbreaks associated with fresh fruits and vegetables, 

produce safety has become a  growing public health concern in the United States (U.S.) and 

globally (Mensah et al., 2024). In 2024, the U.S. Centers for Disease Control and Prevention 

(CDC) reported several foodborne outbreaks, including Salmonella infections linked to fresh 

basil (CDC, 2024d), two separate outbreakes involving cucumbers (CDC, 2024b, 2024e), 

and an E. coli O157:H7 outbreak related to organic carrots (CDC, 2024a).  
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To mitigate contamination risks, several interventions have been adopted along the 

produce supply chain, including the implementation of good agricultural practices (GAPs) 

(FDA, 2024), worker hygiene and sanitation of harvest tools (Beuchat, 2006) and sanitary 

design of food-contact equipment (USDA FSIS, 2015). Postharvest washing is a common 

practice, and the addition of sanitizers during this step can reduce microbial load and prevent 

cross-contamination. When properly managed, washing combined with sanitizers can 

effectively lower the presence of pathogens on produce surfaces (López-Gálvez et al., 2021). 

Sanitizers are especially important as alternatives to more aggressive preservation methods, 

such as high temperature or pressure, which may negatively impact product quality (De 

Siqueira Oliveira et al., 2018).  

Common sanitizers used in the produce industry include chlorine, peroxyacetic acid 

(PAA), hydrogen peroxide (H2O2), ozone, and organic acids (Gómez-López, 2012). Chlorine 

is the most widely used due to its broad antimicrobial spectrum (bacteria, molds, yeast, and 

viruses), although it is ineffective against spores (Chinchkar et al., 2022). PAA has emerged 

as an environmentally friendly alternative to chlorine (Pironti et al., 2021). While H2O2 may 

lose effectiveness in the presence of organic matter, it has recently shown promise for 

microbial control in hydroponic systems  (Olaimat & Holley, 2012; Sela Saldinger et al., 

2023). Regardless of the sanitizer used, application must follow the U.S. Food and Drug 

Administration (FDA) guidelines, as exceeding recommended concentrations may cause 

damage to the produce (FDA, 2018).  

In addition to microbial safety, maintaining visual and nutritional quality is essential 

for consumer acceptance of fresh produce. Attributes such as color, texture, and flavor 
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influence purchasing decisions, with color often serving as a visual cue for freshness, 

ripeness, and nutrient content (Francis et al., 2012; Schifferstein et al., 2019). Given that 

sanitizers may alter the physical appearance of produce, particularly leaf color, it is important 

to evaluate potential quality changes alongside microbial reductions (Malka & Park, 2022; 

Pahariya et al., 2019; Rosli et al., 2022). In the U.S., various trends have emerged to extend 

the shelf life and quality of fresh produce while maintaining food safety (De Corato, 2020). 

One such trend is the sale of living lettuce, a product gaining popularity at farmers markets 

(Riemenschneider, 2017). Living lettuce is hydroponically grown in greenhouses and sold 

with its roots intact, packaged in plastic clamshells (Waitt et al., 2014). Although hydroponic 

systems promote rapid growth of leafy greens, the enclosed, high-humidity environments 

used in indoor farming may inadvertently support the growth of pathogens (Topalcengiz et 

al., 2024).  

Given the limited research on microbial risks associated with living lettuce, the 

objective of this study was to evaluate the efficacy of chemical sanitizers (chlorine, PAA, 

and H2O2) in reducing Salmonella enterica on living lettuce roots, with and without media 

plugs. Additionally, the study aims to assess the impact of these sanitizers on leaf quality and 

post-treatment weight loss. We hypothesize that PAA and chlorine will be the most effective 

sanitizers for reducing S. enterica on living lettuce roots, both with and without a media plug. 

Additionally, minimal effects on leaf physiology and weight loss are expected across all 

treatments. 
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5.3 Material and methods 

5.3.1 Preparation of Bacteria Culture.  

A Salmonella enterica cocktail was prepared using three serovars: S. enterica serovar 

Enteritidis (ATCC 13076), S. enterica serovar Newport (ATCC 6962), and S. enterica 

serovar Typhimurium (ATCC 14028), all obtained from the American Type Culture 

Collection (ATCC, Manassas, VA, USA). Freeze-dried bacteria were rehydrated in Nutrient 

Broth (BD Difco™ Nutrient Broth, Becton Dickinson and Company, Sparks, MD, USA) and 

incubated at 37°C for 24 h. After incubation, 500 µL of each culture was mixed with 500 µL 

of sterile glycerol:dH2O solution (1:1 v/v; EMD Chemicals, Darmstadt, Germany) in 2 mL 

screw-cap tubes and stored at -80°C for further use.  

Each S. enterica serovar was gradually adapted to resistance against 50 ppm nalidixic 

acid (Sigma-Aldrich, Saint Louis, MO, USA) and 50 ppm rifampicin (Sigma-Aldrich, Saint 

Louis, MO, USA), according to the method described by Cimowsky et al. (2022). The 

adaptation was conducted in Triple Sugar Iron agar (TSI; BD Difco, Sparks, MD, USA), 

starting with 10 ppm antibiotic concentrations and increasing the levels by 10 ppm at each 

transfer. Cultures were incubated at 37°C for 24 h. The adaptation continued until the cultures 

grew in TSI containing 50 ppm nalidixic acid and 50 ppm rifampicin. 

The bacterial cocktail was poured into sterile glass cuvette and adjusted to a 

McFarland scale of 0.5 using approximately 300 mL of phosphate-buffered solution (PBS; 

CSH Protocols; 2006). The final S. enterica concentration was approximately 1.5 x 108 

CFU/mL. 
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5.3.2 Inoculation of Bacteria Culture on Lettuce Root.  

Fresh butterhead lettuces (Lactuca sativa var. Rex) with intact roots were obtained 

from the Vertical Farm in the Department of Horticulture at Auburn University (Auburn, AL, 

USA). The lettuce heads were classified in two groups based on the root type: (i) roots with 

a peat moss media plug, and (ii) intact roots without a media plug. After classification, lettuce 

heads were placed on a sterilized aluminum foil tray and exposed to ultraviolet light at 254 

nm for 10 min to reduce background microflora. Following UV treatment, the lettuce heads 

were weighed and stored in sterile plastic clamshells containers (Plastic Container City, 

Petersburg, VA, USA).  

Lettuce roots were submerged in the inoculum without agitation for 2 min, then air-

dried in a biosafety cabinet for 2 h (Pizzo et al., 2023). To assess the initial bacteria load, a 

no-rinse (NR) control was included, in which inoculated roots received no sanitizer 

treatment. The NR control samples were prepared in triplicate for each root type.  

5.3.3 Preparation of Washing Treatments.  

Four washing treatments were used in this study: 200 ppm chlorine, 80 ppm PAA, 

3% H2O2, sterile water. The chlorine solution was prepared by diluting commercial bleach 

(The Clorox® Company, Oakland, CA, USA) in sterile deionized water to achieve a final 

concentration of 200 ppm. The pH of the solution was adjusted to 7.0 ± 0.02 using a 1 M 

citric acid solution (Sigma-Aldrich, Saint Louis, MO, USA) and measured with a Cole-

Parmer pH meter (Model 05669-00; Vernon Hills, IL, USA). The PAA solution was prepared 

by diluting Sanidate 5.0 (BioSafe Systems, East Hartford, CT, USA) in sterile deionized 
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water to a final concentration of 80 ppm. The H2O2 solution was prepared by diluting 12% 

Food Grade Hydrogen Peroxide (Bulk Peroxide, Phoenix, AZ, USA) in sterile deionized 

water to obtain a final concentration of 3%. All sanitizer treatments were freshly prepared 

prior to use and handled according to the respective manufacturers’ guidelines. Sterile water 

was used to simulate washing treatment in the absence of sanitizer. 

The experiment utilized a completely randomized design (CRD) with five different 

treatments: chlorine (50 ppm), PAA (80 ppm), H2O2 (3%), deionized (DI) water, and a 

control. Each treatment was applied to two types of living lettuce roots: with media plugs 

and without media plugs, resulting in a total of ten treatment combinations. Each combination 

was replicated four times. The living lettuces were inoculated with S. enterica and incubated 

for 2 h to allow for bacterial attachment. The roots were then washed in their respective 

sanitizer solution for 2 m. Microbial recovery was assessed at three time points: 0 h, 24 h, 

and 7 d post-treatment. To evaluate postharvest quality, additional non-inoculated lettuce 

heads were treated similarly, and leaf physiology and weight loss assessed at the same time 

points. In total, 120 microbial samples were collected (5 treatments × 2 root types × 4 

replicates × 3 time points), along with 40 physiological samples for postharvest evaluation. 

This experimental design allowed for the assessment of both the efficacy of the sanitizers in 

reducing Salmonella and their potential effects on product quality. 

5.3.4 Simulated Postharvest Washing.  

The simulated postharvest washing procedure was adapted from Cimowsky et al., 

(2022) and Pizzo et al., (2023). Briefly, inoculated lettuce roots were submerged in 200 mL 

of the respective washing treatment for 2 min without agitation. Samples were then removed 
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from the wash solution using sterile tweezers, placed into sterile Whirl-Pak® bags, and 

diluted 1:5 (w/v) with PBS containing 0.2% Tween 80 (Sigma-Aldrich, Saint Louis, MO, 

USA) and 0.1% sodium thiosulfate (Fisher Scientific, Fair Lawn, NJ, USA). Samples were 

placed in a stomacher (Stomacher® 400 CIRCULATOR, Seward Inc, Bohemia, NY) and 

processed at 300 rpm for 30 sec to detach bacteria from the root surface. The rinsates were 

serially diluted in buffered peptone water (BPW; Fisher Scientific, Fair Lawn, NJ, USA) and 

spread-plated on Xylose Lysine Deoxycholate agar (XLD, Oxoid Ltd, Lasingstoke, Hants, 

UK) supplemented with 50 ppm rifampicin and 50 ppm nalidixic acid. The plates were 

incubated at 37°C for 24 h. Colony counts were log transformed before statistical analysis 

and results were presented as log CFU/g. Each washing treatment was performed in 

quadruplicate. 

5.3.5 Lettuce Shelf-Life Assessment.  

After washing, lettuce heads were stored in sterile clamshells containers at 4°C. At 

each storage time (24 h and 7 days), samples were diluted, processed using the stomacher, 

plated onto XLD agar, incubated at 37°C for 24 h, and colonies were enumerated. Bacteria 

counts were log-transformed prior to statistical analysis and results were presented as log 

CFU/g. Washing treatment in each storage time was performed in quadruplicate. 

5.3.6 Lettuce Weight Loss and Color Quality.  

For leaf quality and weight loss analysis, samples were not inoculated with bacteria 

but underwent the same washing and storage procedures described previously. Weight loss 
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was determined by weighing the entire living lettuce (including roots and leaves) at 24 h and 

7 days using equation (1).   

% 𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 24ℎ−𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 7 𝑑𝑎𝑦𝑠

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 24ℎ
𝑥 100  Equation (2) 

Color measurements were obtained at 5 different points on each lettuce head using a 

Konica Minolta CR-400 colorimeter (Konica Minolta Sensing, Wayne, NJ, USA). The 

average values of L*, a*, b*, hue angle, and chroma (c*) were recorded. L* indicates 

lightness (0 = black, 100 = white); a* represents the green-red axis (– 60 to +60), and b* the 

blue-yellow axis (–60 to +60). Chroma, also called saturation, indicates the intensity of the 

color, while hue angle is calculated as arctangent (b*/a*).  

To visualize the final color of living lettuce samples, we converted the recorded 

CIELAB values (L*, a*, b*) into corresponding HEX color codes using R software version 

4.5.1. These HEX codes simulate how each color would appear to the human eye. The 

conversion process involved transforming the CIELAB coordinates into RGB values before 

converting them into HEX format. Finally, a simple tile plot was created to display the color 

associated with each treatment. This visual representation facilitated an intuitive comparison 

of color differences among treatments, time points, and root types.  

Additionally, the L*, a* and b* values were used to calculate the browning index (BI) 

using equation (3). The total color difference (∆𝐸) of lettuce samples was also determined 

during storage by using equation (4), where 𝐿0
∗ , 𝑎0

∗  and 𝑏0
∗ are L*, a* and b* values of NR 

control at the corresponding time point. Whiteness index (WI) was calculated using equation 

(5). This index shows the tendency of the samples to be light (white), and the closer its value 
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is to 100, the lighter the samples are (Min et al., 2017; Nourzad et al., 2024; Pahariya et al., 

2019).  

                             𝐵𝐼 =  
[100 (𝑥−0.31)]

0.17
                       Equation (6) 

𝑤ℎ𝑒𝑟𝑒:      𝑥 =
(𝑎∗ +   1.75𝐿∗)

[5.645𝐿∗  +   (𝑎∗  − 3.012𝑏∗)]  
 

∆𝐸 = √(𝐿∗ −  𝐿0
∗ )2  +  (𝑎∗ −  𝑎0

∗)2  +  (𝑏∗ −  𝑏0
∗)2   Equation (7) 

𝑊𝐼 = 100 − √(100 − 𝐿∗)2 +  𝑎∗2 + 𝑏∗2
   Equation (8) 

 

5.3.7 Statistical Analysis.  

All statistical analyses were conducted using SAS Studio 5.2. A generalized linear 

model (GLM) was performed to address non-normal distributed data. In the GLM, the 

dependent variables of S. enterica population values (log CFU/g), colorimetric parameters 

(L*, a*, c*, hue angle, ∆𝐸, WI, and BI), and weight loss were analyzed using washing 

treatment, root type, time, and their interactions as fixed effect. A multifactorial analysis of 

variance (3-Way ANOVA) was also performed and least squares means were compared 

using Tukey’s HSD post-hoc test at a significance level of 0.05.   



105 

 

5.4 Results 

5.4.1 Effects of Treatments on Inoculated S. enterica Lettuce Roots over Time 

The Salmonella population on inoculated lettuce roots varied significantly (p ≤ 0.05) 

depending on the type of treatment (NR, water, H2O2, chlorine, and PAA), root type (with or 

without media plug), and time (0 h, 24 h, and 7 days) (Table 5.1)  All washing treatments 

resulted in significant reductions (p ≤ 0.05) in bacteria counts compared to the NR control, 

across all time points and for both root types. There were no statistically significant three-

way interactions among root type, treatment, and time. Significant two-way interactions were 

observed between treatment and root type, treatment and time, and root type and time (p ≤ 

0.05).  

The S. enterica population in NR control samples ranged from 4.96 to 5.42 log CFU/g 

for roots without media plug and from 6.88 to 7.36 log CFU/g for roots with media plug. 

Water washing alone significantly (p ≤ 0.05) reduced S. enterica populations compared to 

NR, with reductions ranging from 1.69 to 2.11 log CFU/g in roots without plugs, and up to 

2.62 log CFU/g in roots with plugs by day 7. 

Among the sanitizer treatments, PAA and chlorine were the most effective across all 

time points. In roots without media plugs, PAA reduced bacteria populations to 2.32 log 

CFU/g at 0 h, 1.77 log CFU/g at 24 h, and 1.35 log CFU/g at 7 days. Chlorine showed similar 

efficacy, with counts of 2.96, 2.40, and 0.79 log CFU/g at the same time points. In contrast, 

H₂O₂ had moderate antimicrobial activity, resulting in S. enterica levels of 3.62, 2.84, and 

2.45 log CFU/g at 0 h, 24 h, and 7 days, respectively.  
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A similar trend was observed in roots with media plugs, although bacterial loads were 

significantly higher (p ≤ 0.05) than in the roots without media plugs. At 0 h, PAA and chlorine 

reduced S. enterica levels to 4.49 and 4.35 log CFU/g, respectively, and continued to be 

effective over time, achieving final counts of 3.07 and 3.21 log CFU/g after 7 days, 

respectively. In contrast, H₂O₂ treated roots with media plugs maintained significantly high 

bacteria levels across all time points, remaining above 5.5 log CFU/g. 

Across all treatments, S. enterica populations were significantly lower (p ≤ 0.05) in 

roots without media plugs compared to those with media plugs. The most significant bacterial 

reduction was observed in chlorine-treated roots without plugs after 7 days of storage, 

reaching 0.79 log CFU/g, corresponding to a reduction of over 4 log CFU/g compared to the 

NR control.  

Table 5.1. Microbial population of Salmonella enterica recovered from root-inoculated 

lettuce (with and without media plug) under different washing treatments. 

Treatments Roots with media plug 

(log CFU/g) 

Roots without media plug 

(log CFU/g) 

NR 7.14 ± 0.12 aA 5.16 ± 0.18 aB 

Water 4.70 ± 0.05 bA 3.26 ± 0.13 bB 

Sanitizers  

3% H2O2 5.57 ± 0.05 cA 3.08 ± 0.19 bB 

200 ppm Chlorine 4.45 ± 0.30 dA 2.16 ± 0.31 cB 

80 pppm PAA 3.94 ± 0.28 dA 1.81 ± 0.21 cB 
Values followed by similar lowercase letters indicate no significant differences (p > 0.05) among treatments 

(rows) within media plug type (columns). Values followed by similar uppercase letters indicate no significant 

differences (p > 0.05) among media plug type (columns) within treatments (rows). Abbreviations: NR: No-

rinse; H2O2: hydrogen peroxide; PAA: peroxyacetic acid.  
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For the treatment and root type interaction (Table 5.1), chlorine and PAA showed the 

most effective reductions in both root types. In roots without media plug, PAA and chlorine 

achieved recovered counts of 1.81 and 2.16 log CFU/g, respectively, representing reductions 

of 3.32 and 3 log CFU/g compared to NR. In roots with media plug, recovered levels for 

PAA and chlorine were 3.94 and 4.45 log CFU/g, corresponding to reductions of 3.21 and 

2.69 log CFU/g, respectively. 

Table 5.2. Microbial population of S. enterica recovered from root-inoculated lettuce 

immediately after washing treatments (0 h), after 24 h and 7 days of storage. 

Treatments 

Storage times (log CFU/g) 

0 h 24 h 7 d 

NR 5.94 ± 0.40 aA 6.39 ± 0.40 aA 6.09 ± 0.66 aA 

Water 3.99 ± 0.27 bA 4.23 ± 0.26 bA 3.72 ± 0.33 bA 

Sanitizers   

3% H2O2 4.29 ± 0.35 bA 3.77 ± 0.56 bA 4.01 ± 0.62 bA 

200 ppm Chlorine 3.65 ± 0.31 cA 3.93 ± 0.61 cA 2.00 ± 0.55 cB 

80 pppm PAA 3.41 ± 0.46 cA 3.01 ± 0.54 cAB 2.21 ± 0.40 cB 
Values followed by similar lowercase letters indicate no significant differences (p > 0.05) among treatments 

(rows) within storage time (columns). Values followed by similar uppercase letters indicate no significant 

differences (p > 0.05) among storage times (columns) within treatment (rows). Abbreviations: NR: No-rinse; 

H2O2: hydrogen peroxide; PAA: peroxyacetic acid.  

 

Regarding the treatment and time interaction (Table 5.2), PAA and chlorine again 

demonstrated superior performance. At 0 h, both sanitizers produced significant reductions 

(p ≤ 0.05), with PAA achieving 3.41 log CFU/g (2.53 log CFU/g reduction) and chlorine 

3.65 log CFU/g (2.29 log CFU/g reduction) compared to the 5.94 log CFU/g observed in NR. 



108 

 

After 24 h, PAA showed the lowest recovery at 3.01 log CFU/g, corresponding to a reduction 

of 3.38 log CFU/g compared to NR (6.39 log CFU/g). By day 7, PAA and chlorine remained 

the most effective, with final counts of 2.21 and 2.00 log CFU/g, representing reductions of 

3.88 and 4.09 log CFU/g, respectively, compared to NR (6.09 log CFU/g). 

Table 5.3. Microbial population of S. enterica recovered from root-inoculated lettuce 

(with and without media plug) over time (0 h, 24 h and 7 days) 

Root type 

Storage times (log CFU/g) 

0 h 24 h 7 d 

Root with media plug 5.18 ± 0.24 aA 5.48 ± 0.29 aA 4.53 ± 0.36 aB 

Root without media 

plug 
3.46 ± 0.21 bA 3.22 ± 0.31 bA 2.28 ± 0.32 bB 

Values followed by similar lowercase letters indicate no significant differences (p > 0.05) among root type 

(rows) within storage time (columns). Values followed by similar uppercase letters indicate no significant 

differences (p > 0.05) among storage times (columns) within root type (rows).  

Finally, for the root type and time interaction (Table 5.3), lettuce roots without media 

plug exhibited the lowest S. enterica levels at all time points (0 h, 24 h, and 7 days). Recovery 

levels in these samples were 3.46 log CFU/g at 0 h, 3.22 log CFU/g at 24 h, and 2.28 log 

CFU/g at 7 days. In contrast, roots with media plug had significantly higher Salmonella 

enterica counts, with levels of 5.18, 5.48, and 4.53 log CFU/g at 0 h, 24 h, and 7 days, 

respectively. 
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5.4.2 Effects of Treatments on Color and Weight Loss in Lettuce Roots over Time 

There were no significant differences in the representative visualizations of L*, a*, 

and b* values for living lettuce leaves harvested from roots with and without media plug 

following washing and storage (Figure 5.1). Across all treatments, root types, and time 

points, lettuce leaves maintained stable visual appearance based on these colorimetric 

parameters. 

Figure 5.1. Representative visualization of L*, a*, and b* colorimetric parameters of living 

lettuce leaves harvested from roots with and without media plugs after root washing 

treatments and storage times. 

 

No significant three-way or two-way interactions were observed among treatment, 

root type, and time for any of the colorimetric parameters or for weight loss (p > 0.05) (Table 

5.5; Figure 5.2; Table 5.4). Statistically significant main effects were observed: L*, a*, b* 
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and c* values were influenced by both root type and time (p ≤ 0.05), while hue angle, BI, 

WI, and ∆𝐸 were significantly impacted by time alone (p ≤ 0.05). Additionally, weight loss 

was significantly affected by root type (p ≤ 0.05). 

Regarding the effect of root type, leaves harvested from roots with media plug had 

slightly higher L* values (50.28) compared to those without plugs (48.94), indicating 

consistent mid-level lightness across samples. The a* values remained stable and negative 

for both groups (–8.75 and –8.38 for leaves harvested from roots with and without plugs, 

respectively), reflecting a persistent green coloration. Similarly, b* values remained positive 

and consistent (23.00 and 21.89, for leaves harvested from roots with and without plugs, 

respectively), indicating a stable yellow tone. The c* values remained 19.19 to 26.98 across 

root types. Average weight loss was 3.31% for samples with media plug and 4.07 % for those 

without media plug. 

For the main effect of time, there were significant but minor changes across L*, a*, 

b*, c*, hue angle, BI, WI, and ΔE values. Specifically, L* values were from 46 to 48.15 at 0 

h, 48.49 to 50.65 at 24 h, and 52.01 to 52.03 at 7 days. The a* and b* values remained within 

narrow ranges across time points, indicating sustained green and yellow tones. Chroma and 

hue angle values also remained stable, suggesting that neither vividness nor tonality of leaf 

color was negatively affected over time. ΔE values, calculated relative to the NR control, 

were 3.83 at 0 h, 3.87 at 24 h, and 5.97 at 7 days. Likewise, BI and WI values were 43.31 

and 44.09, respectively, suggesting minimal browning and preserved brightness.  
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In summary, root washing using chlorine, PAA, H₂O₂, or water did not significantly 

affect the color integrity or weight retention of living lettuce leaves throughout time points. 

Table 5.4. Average of washing treatment, and root type on the colorimetric parameters of 

living lettuce leaves. 

Color parameters Mean values ± SE 

L* 49.55 ± 0.47 

a* -8.55 ± 0.09 

b* 22.40 ± 0.32 

c* 24.00 ± 0.33 

Hue angle (°) 111.06 ± 0.16 

BI 43.31 ± 0.48 

WI 44.09 ± 0.31 

ΔE 4.56 ± 0.33 

Weight loss (%) 3.69 ± 0.18 

Values represent means ± standard errors. No statistically significant differences among treatments, root type 

and storage time for the same color parameter and weight loss (p > 0.05). Abbreviations: BI: Browning index; 

WI: Whiteness index; ΔE: color difference.  
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Table 5.5. Effect of washing treatment, time, and root type on colorimetric parameters and weight loss of living lettuce leaves. 

Treatment Time Root type Color indices % Weight loss 

at day 7 ∆𝐄 WI BI 

NR 

0h 
Root with Media 

Plug 

* 43.98 ± 1.12 aA 42.11 ± 2.22 aA 

3.99 ± 0.48 aA 24h * 44.65 ± 1.12 aA 43.98 ± 2.22 aA 

7 days * 45.82 ± 1.12 aA 42.11 ± 2.22 aA 

0h 
Root without 

Media Plug 

* 40.92 ± 1.12 aA 36.99 ± 2.22 aA 

3.83 ± 0.48 aA 24h * 44.32 ± 1.12 aA 45.43 ± 2.22 aA 

7 days * 45.72 ± 1.12 aA 40.56 ± 2.22 aA 

Water 

0h 
Root with Media 

Plug 

4.39 ± 1.27 aA 42.42 ± 1.12 aA 39.93 ± 2.22 aA 

3.05 ± 0.48 aA 24h 4.86 ± 1.27 aA 44.45 ± 1.12 aA 42.63 ± 2.22 aA 

7 days 6.24 ± 1.27 aA 44.80 ± 1.12 aA 43.85 ± 2.22 aA 

0h 
Root without 

Media Plug 

4.18 ± 1.27 aA 42.48 ± 1.12 aA 41.11 ± 2.22 aA 

3.96 ± 0.48 aA 24h 3.15 ± 1.27 aA 42.71 ± 1.12 aA 46.25 ± 2.22 aA 

7 days 4.41 ± 1.27 aA 46.70 ± 1.12 aA 44.15 ± 2.22 aA 

Sanitizers  

3% H2O2 

0h 
Root with Media 

Plug 

2.72 ± 1.27 aA 43.30 ± 1.12 aA 44.65 ± 2.22 aA 

3.68 ± 0.48 aA 24h 4.09 ± 1.27 aA 43.08 ± 1.12 aA 44.94 ± 2.22 aA 

7 days 5.91 ± 1.27 aA 44.21 ± 1.12 aA 45.39 ± 2.22 aA 

0h 
Root without 

Media Plug 

6.48 ± 1.27 aA 43.41 ± 1.12 aA 42.37 ± 2.22 aA 

4.21 ± 0.48 aA 24h 3.06 ± 1.27 aA 43.17 ± 1.12 aA 46.16 ± 2.22 aA 

7 days 5.04 ± 1.27 aA 46.29 ± 1.12 aA 44.76 ± 2.22 aA 

200 ppm 

Chlorine 

0h 
Root with Media 

Plug 

2.26 ± 1.27 aA 42.66 ± 1.12 aA 42.17 ± 2.22 aA 

2.67 ± 0.48 aA 24h 2.33 ± 1.27 aA 44.91 ± 1.12 aA 45.19 ± 2.22 aA 

7 days 5.00 ± 1.27 aA 46.48 ± 1.12 aA 47.18 ± 2.22 aA 
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0h 
Root without 

Media Plug 

2.13 ± 1.27 aA 41.53 ± 1.12 aA 36.61 ± 2.22 aA 

4.51 ± 0.48 aA 24h 3.80 ± 1.27 aA 42.67 ± 1.12 aA 43.58 ± 2.22 aA 

7 days 8.18 ± 1.27 aA 46.43 ± 1.12 aA 41.54 ± 2.22 aA 

80 ppm PAA 

0h 
Root with Media 

Plug 

5.29 ± 1.27 aA 43.10 ± 1.12 aA 44.50 ± 2.22 aA 

3.16 ± 0.48 aA 24h 4.68 ± 1.27 aA 46.03 ± 1.12 aA 46.39 ± 2.22 aA 

7 days 7.43 ± 1.27 aA 46.20 ± 1.12 aA 47.32 ± 2.22 aA 

0h 
Root without 

Media Plug 

3.18 ± 1.27 aA 41.24 ± 1.12 aA 40.69 ± 2.22 aA 

3.82 ± 0.48 aA 24h 4.98 ± 1.27 aA 43.22 ± 1.12 aA 43.23 ± 2.22 aA 

7 days 5.55 ± 1.27 aA 44.23 ± 1.12 aA 46.17 ± 2.22 aA 

Values represent means ± standard errors. Values followed by similar lowercase letters indicate no significant differences (p > 0.05) among treatments within same 

time point, as determined by Tukey’s test. Values followed by similar uppercase letters indicate no significant differences (p > 0.05) among each treatment across 

different time point, as determined by Tukey’s test. Abbreviations: H2O2: hydrogen peroxide; PAA: peroxyacetic acid; NR: no rinse; *: no data as NR was used as 

the reference value.   
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Figure 5.2. Effect of root washing treatment, time, and root type on the colorimetric parameters of living lettuce 

leaves. L* values of living lettuce leaves with (a) and without (b) media plugs; a* values of living lettuce leaves 

with (c) and without (d) media plugs; b* values of living lettuce leaves with (e) and without (f) media plugs; c* 

values of living lettuce leaves with (g) and without (h) media plugs; Hue angle (°) values of living lettuce leaves 

with (i) and without (j) media plugs. Data represents means and error bars represent standard errors. Lowercase 

letters indicate no significant differences (p > 0.05) among treatments within the same time point. Uppercase 

letters indicate no significant differences (p > 0.05) within each treatment across different time points, based on 

Tukey’s test. Abbreviations: c*: chroma (saturation); H2O2: hydrogen peroxide; PAA: peroxyacetic acid;  

 

 

 

  



116 

 

5.5 Discussion 

To meet the growing demand for leafy greens, producers have adopted various 

strategies to enhance shelf life and marketability, including the use of controlled environment 

agriculture (CEA) systems, including hydroponic setups that enable year-round cultivation 

(Ferris et al., 2023). One emerging product of this system is living lettuce, typically sold with 

intact roots in plastic clamshells. Marketed for its extended shelf life and visual freshness, 

living lettuce is gaining popularity among consumers. More importantly there is currently no 

scientific evidence confirming that intact roots extend shelf life, and their presence may 

introduce additional food safety risks. The enclosed environment of hydroponic systems, 

combined with the moist conditions provided by media plugs and intact roots, can promote 

the growth of foodborne pathogens such as S. enterica. Notably, a 2021 outbreak of S. 

Typhimurium linked to packaged leafy greens underscores the need for evidence-based 

handling practices in these systems (FDA, 2021). 

The results of this study indicate that a root sanitation step using chlorine, PAA, and 

H₂O₂, can effectively reduce S. enterica population without adversely affecting lettuce leaf 

quality, supporting its inclusion as a best practice for leafy green producers. Implementing a 

postharvest washing step can mitigate and reduce the risk of cross-contamination between 

the roots and leaves.  

Chlorine (200 ppm) is among the most widely used sanitizers in the fresh produce 

industry due to its low cost and broad-spectrum antimicrobial activity (Dankwa et al., 2021). 

It inactivates microorganisms by altering the permeability of the cytoplasmic membrane, 

damaging DNA via chloramines, and inhibiting cell wall synthesis enzymes (Yoon & Lee, 
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2018). In this study, chlorine significantly reduced S. enterica populations achieving up to 

4.17 log CFU/g reduction after 7 days in roots without media plugs. These reductions are 

comparable or superior to previously reported log recovery values ranging from <1 to 2.8 log 

CFU/g, on other produce such as romaine lettuce and pepper (Cimowsky et al., 2022; Dunn 

et al., 2019). Yet, chlorine’s efficacy is known to be reduced in the presence of organic matter 

(Dankwa et al., 2021), highlighting the importance of pre-washing and maintaining low 

organic loads during treatment.  

PAA (80 ppm) demonstrated consistent and robust antimicrobial activity across all 

conditions tested, achieving similar pathogen reductions in roots both with and without media 

plugs, suggesting its efficacy under various hydroponic packaging conditions. As a strong 

oxidant agent, PAA acts primarily by generating reactive oxygen species that damage cells 

membranes, proteins, and nucleic acids (Unruh et al., 2021). PAA also exhibits greater 

stability than chlorine in the presence of organic matter (Hoorfar, 2014), a critical advantage 

in real-world processing environments. The results of this study align with previous studies 

that reported PAA to be equally or more effective than chlorine in reducing pathogens on 

fresh produce, with reductions of up to 3.95 log CFU/g for E. coli O157:H7 population 

(Pahariya et al., 2019), 6.8 log CFU/g on tomato, and 4.5 log CFU/g in cantaloupe for S. 

Typhimurium DT104 (Singh et al., 2018).  

H2O2 (3%), although less effective than chlorine and PAA, with maximum reductions 

of 2.58 log CFU/g, still provided significant reductions compared to the NR control. 

Although, the moderate antimicrobial performance of 3% H₂O₂ observed in this study 

supports previous findings that its efficacy may be limited by organic load or insufficient 
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contact time (Olaimat & Holley, 2012). Moreover, H₂O₂ remained above 5.5 log CFU/g on 

media plug roots at all time points, indicating it may not be a reliable stand-alone treatment 

for more heavily contaminated surfaces. These findings are consistent with previous studies 

showing limited pathogen inactivation on fresh produce, including fresh-cut melon, 

strawberries, and red bell peppers, even with concentrations up to 5% (Alexandre et al., 2012; 

Ukuku et al., 2005). 

A key finding of this study was the consistent difference in S. enterica recovery 

between lettuce roots with and without media plugs. Roots with media plugs harbored 

significantly higher pathogen loads, likely due to the porous structure and moisture retention 

of the peat-based material, which may provide shelter for microbial attachment and growth 

(Jechalke et al., 2019). This highlights the importance of considering root substrate or 

packaging material when designing microbial reduction strategies for living lettuce and 

similar crops. 

Beyond microbial safety, maintaining product quality during storage is critical for 

consumer acceptance. In this study, none of the sanitizer treatments adversely affected the 

visual quality or weight of the living lettuce leaves. Colorimetric parameters, including L*, 

a*, b*, c*, hue angle, ΔE, WI, and BI remained stable throughout storage, regardless of 

treatment or root type. This is consistent with findings from previous studies showing that 

chemical sanitizers, when used at recommended concentrations, typically do not affect the 

surface pigments of leafy greens (Francis et al., 2012; Mensah et al., 2024; Poimenidou et 

al., 2016). Similarly, the observed total color differences (ΔE < 6.5) remained within the 
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threshold for perceptible but minor changes (Mao et al., 2024), further supporting the 

conclusion that visual quality was preserved.  

Weight loss across treatments ranged between 2.67% and 4.51% after 7 days and was 

not significantly affected by sanitizers, root type, or storage time. These results suggest that 

the applied washing solutions did not disrupt the lettuce’s moisture retention capacity (Rosli 

et al., 2022), even for roots in direct contact with chemical agents. Moreover, the differences 

in weight loss between roots with and without plugs may relate to root morphology and water 

availability rather than treatment effects alone (Balliu et al., 2021; Rouphael & Colla, 2005). 

These findings support the potential application of chlorine and PAA as effective 

sanitizers for reducing S. enterica contamination in living lettuce production systems without 

compromising product quality. The differential outcomes based on root substrate emphasize 

the need for tailored interventions depending on the presence of media plugs or other growing 

media. Future work should further explore sanitizer efficacy in more complex indoor farming 

or commercial hydroponic systems, especially under varying organic load and environmental 

conditions. Furthermore, research is needed to evaluate the risk of cross-contamination that 

could result in the transfer of S. enterica from the lettuce roots to the leaves. 

5.6 Conclusion 

This study demonstrates that root sanitation using chemical agents such as PAA, 

chlorine, and H₂O₂ can effectively reduce S. enterica populations on living lettuce roots, with 

minimal impact on the visual quality and weight of the leaves during short-term cold storage. 

Among the sanitizers tested, 80 ppm PAA and 200 ppm chlorine were the most effective, 
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achieving up to 4-log CFU/g reductions, particularly in roots without media plugs. H₂O₂ 

showed limited efficacy, resulting in smaller reductions across treatments. Importantly, root 

sanitation did not significantly alter colorimetric parameters (L*, a*, b*, c*, hue angle, BI, 

WI, and ΔE), suggesting that these treatments preserve the postharvest quality of living 

lettuce leaves. Furthermore, the presence of media plugs was associated with higher pathogen 

survival, highlighting a potential risk factor for food safety. These findings support the 

inclusion of a targeted root sanitation step in the postharvest handling of living lettuce to 

enhance microbial safety without compromising product quality. Future studies should 

explore the potential for root-to-leaf cross-contamination and evaluate longer storage periods 

to validate the efficacy and shelf-life implications of root disinfection strategies. 
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Chapter 6  

6.0 Future Considerations 

The use of nano-textured coatings in food production has the potential to effectively 

reduce E. coli O157:H7 infections within the food industry. It is important to consider 

practical factors such as cost-effectiveness, ease of application, and regulatory compliance. 

Notably, the active ingredients in the coating formulations evaluated are not currently food-

grade. Therefore, their application on food-contact surfaces would require additional safety 

evaluations and regulatory approvals before they can be commercially implemented. 

As living lettuce gains popularity, minimizing cross-contamination during post-

harvest handling becomes increasingly important. Utilizing chemical sanitizers as a washing 

step for the roots could effectively mitigate Salmonella enterica. It is equally critical to 

determine whether these treatments can prevent pathogen transfer to the edible leaves. Future 

studies should not only focus on microbial reductions at the root level but also investigate the 

potential for internalization or surface contamination of the shoot system. 
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6.1 Conclusion 

The findings underscore the potential effectiveness of nano-textured coatings and 

chemical sanitizers in addressing foodborne pathogens during both harvest and postharvest 

handling. The application of superhydrophobic coatings on food-contact surfaces has shown 

an ability to repel pathogens, which may yield operational benefits such as decreased water 

usage and lower cleaning costs in large-scale operations. However, the comprehensive 

implementation of these technologies within the food industry necessitates further 

assessment regarding regulatory approval, durability, and long-term effectiveness. 

Chemical sanitizers continue to be widely used in the food industry. In this study, 

their use as a postharvest washing step for living lettuce demonstrated an effective reduction 

of Salmonella enterica without adversely affecting the appearance of the leaves. These results 

support the integration of root-level sanitation practices to enhance the microbial safety of 

leafy greens for small growers, particularly as consumer preferences for minimally processed 

and hydroponically grown produce grow. 

Together, these strategies serve as promising tools to bolster food safety 

interventions. Although, their large-scale adoption must take into account factors such as 

practicality, regulatory compliance, economic viability, and environmental sustainability. 

Continued research is essential to validate their efficacy in commercial settings and ensure 

alignment with current food safety standards and consumer expectations. 


