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Abstract 

Fresh produce is traditionally labeled with plastic price lookup (PLU) stickers that are 

attached to the produce surface using edible glue. However, both the stickers and glue are 

environmental contaminants, and the stickers can detach from the produce surface during handling 

and disrupt the food traceability system. An alternative method of labeling, the CO2 laser labeling 

technology (LLT), widely used in other industries (e.g., automotive, healthcare, etc.) for engraving 

information on various surfaces, has been gaining attention in the horticultural industry lately. 

However, due to large variations among produce types (size, shape, color), the performance of this 

technology varies, and little information is known about its effects on postharvest quality, 

microbial safety, and consumer acceptability.  

The first chapter of the thesis provides background information on the importance of food 

traceability, methods of produce labeling, and the potential of new alternative CO2 LLT. The 

second research chapter focused on investigating the effect of CO2 LLT on i) postharvest quality, 

ii) microbial safety of fresh produce, and iii) economic analysis of this technology. Three 

horticultural crops, ‘Red Delicious’ apples, green bell peppers (Capsicum annuum), and 

cucumbers (Cucumis sativus) were procured from a local grocery store. Each produce item was 

engraved with a Quick Response (QR) code or 6-digit alphanumerical (text) code using the 

commercially available Trotec Speedy 300 CO2 laser engraver, followed by the application of 

edible wax. Fresh weight loss for laser-labeled produce was higher than the nontreated control, but 

no difference in visual quality ratings was observed compared to the control.  The laser-labeled 

produce was assessed for microbial contamination by artificially inoculating rifampicin-resistant 

Escherichia coli (E. coli) at the initial concentration of log 6 colony forming unit (CFU)/mL to the 



  

labeled fruit. The results showed that the population of rifampicin-resistant E. coli in QR-code 

labeled apples was statistically similar to the control.  

The third research chapter assessed consumers' perception and acceptability of the laser-

labeled ‘Red Delicious’ apple (Malus domestica) fruit. A consumer study (N=75) was conducted 

to assess consumers' perception and acceptability of laser-labeled apples with three treatments: 1) 

apple with QR-code printing, 2) apple with PLU plastic sticker, and 3) non-labeled control. A 

randomized set of the three treatment samples was given to respondents at the Sensory and 

Consumer Research Center facility at Kansas State University, Olathe. The ranking of three 

treatments based on overall physical quality revealed that before providing educational 

information on product labeling, consumers ranked QR-code labeled apples as the lowest group, 

followed by sticker-labeled and unlabeled apples. In contrast, after sharing information on the CO2 

LLT, the ranking scores from the same consumers were statistically similar. Results indicate that 

CO2 LLT has the potential for industrial application from the consumers' perspective, and 

providing consumer education seems essential to make this technology more accepted by 

consumers. 
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Chapter 1 - Introduction 

Economics of fresh produce   

Consumption of fruit and vegetables promotes a healthy lifestyle because of their high 

concentration of dietary fiber, vitamins, minerals, electrolytes, and antioxidants (Slavin & Llyod, 

2012). Several researchers have associated lower intake of fruits and vegetables with chronic 

diseases such as cardiovascular diseases, high blood pressure, hypercholesterolemia, osteoporosis, 

many cancers, chronic obstructive pulmonary diseases, respiratory problems, and mental health 

challenges (Adebawo et al., 2006; Celik & Topcu, 2006; Dhandevi & Rajesh, 2015; Park et al., 

2011; Payne et al., 2012; Williamson, 1996). As the nutrients from produce are hard to replace 

with other foods, the 2020-2025 dietary guidelines for Americans advise incorporating more fruits 

and vegetables into U.S. residents' diets as part of a healthy diet (Lee et al., 2022). The USDA’s 

MyPlate recommends that adults consume 1.5-2 cups of fruits and 2-3 cups of vegetables daily as 

part of a balanced diet (Marcus, 2013; Lee et al., 2022). In the U.S., the intake of fresh fruits and 

vegetables has increased in recent years as the United States Department of Agriculture (USDA) 

estimated that per capita consumption of fresh produce in 2010 and 2016 was 67.2 and 68.7 kg, 

respectively (USDA-Economic Research Service, 2023). The intake of fresh produce, however, 

varies by socioeconomic demographics (Lee et al., 2022); for example, in 2019, the proportion of 

U.S. adults meeting vegetable intake recommendations was 12.5% for people aged ≥ 51 years and 

6.8% for low-income adults (Lee et al., 2022). Due to increasing demands, the U.S. fruits and 

vegetables market is growing steadily, and a report suggested that the market size for fruit and 

vegetables was valued at USD 92.8 billion in 2022 and is expected to grow at an annual growth 

rate of 4.1% from 2023 to 2030 (Grand View Research, 2023). To meet the demand, besides the 
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increase in produce imports, the domestic production of fresh fruits and vegetables, particularly 

fruit crops, increased from 1990 to 2018 (USDA-Economic Research Service, 2019).  

As consumers continue to increase their daily intake of fresh fruits and vegetables, the 

ability to deliver high-quality produce with a longer shelf-life is critical. The quality of fresh 

produce is a combination of attributes, properties, or characteristics that determine the value for 

the consumer. The quality parameters include appearance, texture, flavor/aroma, and nutritional 

value (Gallagher et al., 2016). The quality of fresh produce also depends upon the cultivar, 

preharvest practices, climacteric conditions, maturity at harvest, harvesting methodology, and 

postharvest conditions, making shelf-life prediction a difficult task compared to other food 

products (Gallagher et al., 2016). For the growers, produce quality may be defined differently, 

such as good physical appearance, fewer blemishes, higher yield, increased resistance to disease, 

and insect pests are important. For wholesalers and retailers, appearance quality, firmness, and 

long storage life are important quality parameters. Similarly, for the consumers, good appearance, 

good flavor, firmness, and safety is the quality they want in their fresh produce. Furthermore, 

handling procedures, storage, transportation environment, and distance traveled also impact the 

quality of fresh produce. (Gallagher et al., 2016).   

Foodborne disease outbreaks related to fresh produce  

Fresh produce is often consumed in its raw state, generally minimally processed (e.g., 

washed, sanitized, packaged) since it does not go through additional processing steps (such as kill 

step) that would further reduce the microbiological load and eliminate harmful pathogens (Sy et 

al., 2005). Fresh produce en route to the kitchen from the farm could encounter microbial 

pathogens and thus has the potential to cause foodborne illnesses. With the increase in production, 

imports, and consumption of fresh produce, the number of foodborne disease outbreaks associated 
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with fresh produce is rising (Buck et al., 2003; Gould et al., 2017; Lynch et al., 2009). For instance, 

the Centers for Disease Control and Prevention (CDC) reported that from 2004 to 2010, 163 cases 

of foodborne outbreaks associated with fresh produce were recorded in the U.S., of which 27% 

(45) of cases occurred in multiple states (CDC, 2022). These outbreaks resulted in 4,949 illnesses, 

895 hospitalizations, and nine deaths. Similarly, from 2010 to 2017, 228 foodborne outbreaks 

related to fresh produce with a confirmed food vehicle and etiology occurred in the U.S. (CDC, 

2022). These outbreaks, including 23 multistate outbreaks, resulted in 4,748 illnesses, 1,190 

hospitalizations, and 55 deaths.  

Produce-related foodborne disease outbreaks have severe consequences on human health 

and thus have become a significant public health concern. A total of 23 multistate produce-related 

outbreaks were attributed to pathogenic E. coli, of which five outbreaks were associated with 

Romaine lettuce. Similarly, multistate outbreaks of Salmonella enterica were associated with 

seeded vegetables and cucumbers. A large foodborne disease outbreak in terms of both the number 

of states affected (40) and case counts (907), which occurred in 2015, was linked to cucumbers 

imported from Mexico that were contaminated with S. enterica Poona (CDC, 2016). A total of 

147 listeriosis cases (caused by the bacteria Listeria monocytogenes) were reported to the US 

Centers for Disease Control (CDC) between July and October 2011, resulting in 33 known deaths 

in 28 states (CDC, 2011; McCollum et al., 2013). Between October 2014 and January 2015, 35 

illnesses from 12 states were reported to the CDC due to the consumption of Listeria 

monocytogenes-contaminated pre-packaged caramel apples (CDC, 2015). This increase in 

foodborne disease outbreaks associated with fresh produce represents a shift from outbreaks 

associated with foods of animal origin, such as eggs, meat, and dairy products (Gould et al., 2017).  

https://www.frontiersin.org/articles/10.3389/fmicb.2019.02667/full#B31
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02667/full#B27


4 

The rate of frequent foodborne illness caused by the consumption of fresh produce remains 

high throughout the U.S., causing a strain on public health and significant economic loss (Berger 

et al., 2010).  According to the CDC (2018), an estimated annual 47.8 million illnesses, 127,839 

hospitalizations, and 3,037 deaths that occur in the U.S. alone are related to food-borne illnesses. 

The cost estimate of food safety incidents to the U.S. economy is around USD 7 billion per year, 

which includes notifying consumers, removing food from shelves, and paying damages on legal 

litigations (Hussain & Dawson, 2013). This is a significant public health burden that is largely 

preventable.  A foodborne disease outbreak's potential impact can devastate any food company, 

including a fresh produce farm. A single event of an outbreak can bring unimaginable financial 

loss. The economic analysis of food safety-related costs showed that it is much cheaper for a 

producer to invest in preventing foodborne outbreaks than responding to the legal consequences 

of an outbreak (Ribera et al., 2012). The fresh produce industry in many countries has responded 

to this by adopting various risk management practices designed to reduce the likelihood of 

contamination. However, the current risk management practices are insufficient to reduce 

foodborne outbreaks, as depicted by the increased number of outbreaks in recent years. 

(Sivapalasingam et al, 2004). There are several possible routes for the pathogenic contamination 

of produce along the production, processing, and retailing chain, which poses a significant 

challenge in tracing the sources and routes of produce contamination (Carstens et al., 2019). 

Food Safety Modernization Act  

To cope with the food safety challenge, the U.S. Food and Drug Administration (FDA) 

implemented the Food Safety Modernization Act (FSMA), which was signed into law in 2011. 

This act allows the FDA to develop prevention-based and response-based strategies for food 

contamination events and foodborne outbreaks (FDA, 2023a). The FDA added seven rules to 

https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1462-2920.2010.02297.x#b115
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02667/full#B65
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FSMA in November 2015, including the Produce Safety Rule, which provides comprehensive 

science-based guidance for growing, harvesting, packing, and holding of produce for human 

consumption (FDA, 2023b). The final produce safety rule was enacted in January 2016 and 

indicates that all fresh produce facilities implement mandatory preventive controls and produce 

safety standards.  

The FDA rule on Additional Traceability Records for Certain Foods (Food Traceability 

Rule) establishes traceability recordkeeping requirements for persons who manufacture, process, 

pack, or hold foods included on the Food Traceability List (FDA, 2023c; FDA, 2023d). The 

commodities under the Food Traceability List include fresh fruits, fresh leafy greens, cucumbers, 

peppers, tomatoes, etc. (FDA, 2023d). The Food Traceability Rule requires the horticultural 

industry to maintain records containing key data elements associated with specific critical tracking 

events (FDA, 2023c). The Rule covers domestic and foreign firms producing food for U.S. 

consumption and the entire food supply chain (FDA, 2023c). The effective implementation of this 

Rule will allow for faster identification of contaminated food and removal of specific items without 

endangering the entire supply line from the market (FDA, 2023c). The compliance date for all 

persons subject to the Traceability rule recordkeeping requirements is January 20, 2026. The small-

farm growers with annual monetary sales below $25,000 (adjusted annually for inflation) during 

the previous three-year period (on a rolling basis) are, however, exempt from the Produce Safety 

Rule and the Traceability rule. 

Traceability in the produce supply chain 

Food traceability is the ability to follow the movement of a food product and its ingredients 

through all steps in the supply chain, both backward and forward. Traceability involves 

documenting and linking the production, processing, and distribution chain of food products and 

https://www.frontiersin.org/articles/10.3389/fmicb.2019.02667/full#B66
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ingredients (Badia-Melis et al., 2015; Bosona & Gebresenbet, 2013). With the development of 

information technology, the food traceability system, which can reduce individuals' concerns about 

food safety by providing unambiguous information about the safety and quality of the whole 

supply process from producers to consumers, has been broadly disseminated in the food industries 

(Badia-Melis et al., 2015; Cozzolino, 2014). In the case of a microbial contamination event, 

efficient product tracing helps government agencies, producers, and sellers to rapidly find the 

source of the product and where contamination may have occurred (Aung & Chang, 2014; Badia-

Melis et al., 2015). This enables faster recall/removal of contaminated product from the 

marketplace, reducing incidences and containing the spread of foodborne illnesses (Badia-Melis 

et al., 2015; Bosona & Gebresenbet, 2013). An efficient traceability system can provide aggregated 

information related to all stages of production in the farm to fork continuum if needed (Bertolini 

et al., 2006; Peres et al., 2007).  

According to Folinas et al. (2006), traceability schemes can be distinguished into two types 

based on supported functions. Logistics traceability primarily focuses on monitoring the physical 

movement of a product, treating food as a commodity. In contrast, qualitative traceability 

incorporates additional product quality and consumer safety details. This includes information on 

preharvest and postharvest techniques, storage conditions, distribution processes, and more. 

Folinas et al. (2006) further explain that logistics traceability offers valuable business insights, 

covering details like quantity, origin, destination, and dispatch date. This allows for swift tracking 

of a product's current location, origin, and destination, particularly in situations requiring 

immediate recall or removal from the market. In such cases, a qualitative traceability system is 

crucial in identifying hazards' sources and causes. It provides comprehensive data to assess the 

conditions and methods of producing, processing, and distributing the product. Importantly, it is 
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essential to clarify that an efficient qualitative traceability system does not directly enhance 

product safety or quality. Instead, its primary function is to ensure consumer health and safety by 

facilitating the rapid recall and withdrawal of potentially hazardous products during a food crisis 

(Folinas et al., 2006). 

In recent years, there has been a growing demand for enhanced traceability in food systems, 

driven by the desire of retailers and consumers to gain a more precise understanding of the origins 

of the food they receive. This shift is also influenced by increasing concerns about social justice 

and sustainability. The traceability implementation improves food safety and enhances public 

confidence in the supply chain. In the unfortunate event of food contamination, an effective 

traceability system can precisely identify the affected product, minimizing the risk of 

compromising the entire product line (Welt & Blanchfield, 2012).  

For traceability to be fully effective and streamlined, every item within the supply chain 

must be identified, ranging from raw materials to finished products and including packages and 

logistical units. Moreover, each component should have seamless linkage and communication, 

appropriately coded for efficient tracking. Early traceability systems used to rely on records kept 

by workers on the field and manually entered in paper or computer-based systems. With 

technological advancements, particularly with the Internet of Things (IoTs) and machine learning, 

the traceability system is becoming more efficient and trustworthy ( Rose & Chilvers 2018). The 

computerized system supports various technologies involved in any stage of the food supply chain 

so that recording and exchanging important information can be done more efficiently. Various data 

carrier technologies play a crucial role in achieving this. These technologies encompass bar codes, 

two-dimensional codes (such as multi-row bar codes and matrix codes), composite codes, contact 

memory, Wireless Sensor Network (WSN), and radio frequency identification (RFID) data 
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carriers. (Demestichas et al., 2020, Duan et al., 2020). Linear bar codes are the most commonly 

used data carrier technology due to their simplicity. However, it is essential to note that scanning 

devices necessitate the visibility and illumination of the bar code before they can be scanned, and 

some scanners may have line-of-sight constraints (Furness & Osman, 2006). Integrating such 

technologies is vital for successfully implementing traceability measures in the complex web of 

modern supply chains.  

Prompt and rapid responses from governmental bodies and the food industry are crucial in 

halting the escalation of foodborne illnesses and fatalities. However, a significant obstacle to 

preventing these recurring outbreaks and potential harm to consumers is the absence of an efficient 

traceability system. Investigating outbreaks or conducting surveillance demands meticulously 

integrating epidemiological, laboratory, food, and environmental testing data to establish 

connections between illnesses and food sources while identifying specific outbreak characteristics. 

Consumers seek accurate traceability information to ensure food safety and protection against 

potential counterfeiting and adulteration. Traceability has evolved into a critical process for 

ensuring the safety of food and consumers' satisfaction (Aung & Chang, 2014). 

Traditional method of produce labeling   

The current industry practice is to label fresh produce with 4-digit Price Look-Up (PLU) 

plastic stickers attached to the individual produce items to meet the FDA's Food Traceability Rule. 

The PLU labeling of fresh fruit and vegetables has been widely used in the United States and 

around the globe for the past ten years, ideally to manage inventory and facilitate checkout in retail 

stores. The National Grocers Association (NGA), USA, requires the PLU labels to be placed on 

all types of fresh fruits and certain individually sold vegetables. These labels help quickly access 
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product information and prevent theft at the point of sale (Eyahanyo, 2020; Liu et al., 2019; Marx, 

Schultz, et al., 2013).  

The International Federation for Produce Standards (IFPS), an umbrella association of 

producers' association worldwide, assign these PLU codes. The PLU sticker carries a universal 

product code, aka UPC number, standardized around the globe, that identifies the type of produce, 

source of origin, and growing methodology (whether conventionally or organically grown) and 

facilitates checkout at retail stores. Although these PLU stickers are helpful for various purposes, 

they have certain drawbacks to adopting them for long-term system use. Those stickers are made 

of plastic and glue, both non-compostable environmental contaminants. However, in an effective 

system, adhesive tags are not permanent and generate secondary problems ranging from tag 

detachment, tag buildup along the packing line, and fouling of processing equipment to the need 

for special storage rooms. In addition, they are not permanent and may be removed at any 

postharvest handling stage, negatively affecting traceability. With regard to consumers, many 

consumers do not care for adhesive labels. Some customers do not like having to peel the label off 

the produce. In addition, customers sometimes inadvertently eat or bite into the adhesive label 

(Etxeberria et al., 2006; Eyahanyo, 2020). Furthermore, the stickers are too small to be screened 

out in the waste sorting and do not break down during composting. As a result, they end up 

sprinkled as "foreign matter" through the finished compost product in gardens and farms 

(Kachook, 2021).  

Legislation in European countries that addresses pollution caused by plastic use, including 

PLU stickers, is on the horizon (Lindsey, 2021; Tucker, 2023). France became the first country to 

bring a comprehensive law known as Anti Waste and Circular Economy Law, which ultimately 

seeks to ban all plastic packaging by 2040 (Boring, 2022). The French government issued 

https://www.freshplaza.com/article/9195589/france-will-ban-the-sale-of-fruit-and-vegetables-packaged-in-plastic-or-with-stickers-in-2022/
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a decree on October 8, 2021, providing more details on implementing the plastic ban (USDA-

Foreign Agricultural Service, 2021). Specifically, the decree established a phased implementation 

of the ban on single-use plastic packaging, to begin on January 1, 2022, for about 30 types of fruits 

and vegetables, including bell peppers, cucumbers, and apples.  The French legislation is the first 

of its kind to include PLU stickers on the banned list. The legislators have changed laws to limit 

waste, preserve natural resources and biodiversity, and protect against climate change for the 

circular economy. The proposed Break Free from Plastic Pollution Act in the United States 

includes provisions for guidelines to nationally standardize labeling for recycling and composting 

receptacles (Rachal, 2023).  In New Zealand, the Auckland City Council has also proposed a ban 

on non-compostable produce stickers (Ministry for the Environment, NZ, 2023).    

The United States is the largest supplier of fruits and vegetables, mostly grapefruit and 

sweet potatoes, to France. Most U.S.-grown grapefruit and sweet potatoes have PLU plastic 

stickers attached for traceability and marketing. The non-home-compostable plastic ban in France 

is especially problematic for U.S. citrus exports. A French ban on selling fruits and vegetables 

with PLU stickers threatens exports of U.S. sweet potatoes (approx. $20 million in sales annually) 

and grapefruits ($8 million annually) (USDA-Foreign Agricultural Service, 2021).  

Modern methods of produce labeling 

With new innovations, several types of automatic identification data capture technologies 

have been developed and used in the horticultural industry for labeling. Bar codes, radio frequency 

identification (RFID), and direct part marking (DPM) are some of the commonly used technologies 

for labeling developed in recent years. Barcodes have been extensively used in the horticultural 

industry in the form of stickers/labels as they provide a cheaper and convenient system for 

retrieving information. Barcodes are machine-readable vertical black stripes with white spaces. 

https://perma.cc/WV5J-NNCL
https://ourauckland.aucklandcouncil.govt.nz/articles/news/2020/10/auckland-council-encourages-phase-out-of-worthless-plastics/
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There are different types of barcodes, which include numeric-only barcodes, UPC (Universal 

Product Code), alpha-numeric barcodes, 2D (two-dimensional) barcodes, such as Data Matrix 

codes, QR codes (Dutta et al., 2016; Katona & Nyul, 2012). The 2D barcodes are the advancement 

of 1D barcodes, which can be created in various shapes and forms using geometric patterns (e.g., 

dots, squares, etc.). The increased data storage capabilities and ease of data reading make 2D 

barcodes more popular than 1D barcodes. However, automation with barcodes has a few issues: 

as a line of sight is required for reading, multiple barcodes cannot be read at one time with laser 

scanners, and there is a risk of losing some barcodes (stickers) in the distribution process (Creusot 

& Munawar, 2015; Dutta et al., 2016; Fang et al., 2012). A relatively newer RFID technology, 

which uses radio frequencies to transmit data wirelessly for identifying products affixed with tags 

or chips, was introduced to solve the problems mentioned above with barcode automation (Erbach, 

2023). An RFID label contains a chip that stores data and a small inbuilt antenna that allows the 

chip to transmit and receive radio waves for data transmission (Erbach, 2023). The increased speed 

and accuracy of quickly scanning large volumes of produce has increased the merit of RFID 

labeling in the horticultural industry. However, this technology has its limitations with automation 

due to its reliance on radio signal strengths, which can be inconsistent (Andrade-Sanchez, 2007; 

Tate et al., 2008).  

 Unlike stickers or labels, DPM is a permanent way of imprinting, usually a 2D barcode, 

directly on the surface of a product (Li et al., 2016; Ventura et al., 2016). The DPM technology 

has been widely used in the automotive, computer, and healthcare industries and is slowly gaining 

interest in horticulture (Li et al., 2016; Ventura et al., 2016). The durability of the labeling from 

permanent marking has increased the capability to trace the product throughout the whole supply 

chain from beginning to end, and this has made DPM a fast and increasingly popular technology 
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in various fields (Denkena et al., 2016; Li et al., 2016; Ventura et al., 2016). The different methods 

of DPM are available in the market, such as chemical etching, inkjet printing, dot peening, and 

laser marking, of which laser marking is the most popular and rapid method as it provides high 

contrast on several surfaces such as metal, wood, glass, etc. for better visibility and scanning (Li 

et al., 2016). Several researchers have studied the laser labeling technology in the horticultural 

industry for labeling fresh produce as an alternative to traditional PLU sticker labeling (Danyluk 

et al., 2010; Etxeberria et al., 2006; Eyahanyo & Rath, 2020; Marx, Hustedt, et al., 2013; Nasution 

et al., 2017; Sood et al., 2008; Sood et al., 2009; Sree & Natarajan, 2022; Yuk et al., 2007).  

 CO2 laser labeling technology on produce labeling 

A CO2 laser labeling technology utilizes a laser (light amplification by stimulated emission 

of radiation) beam to produce permanent markings on the skin of fruits and vegetables. A typical 

laser marking system comprises three main parts: a scanning head, a low-power CO2 laser source, 

and a computer equipped with the application software (The scanning head deflects the laser beam 

and keeps it always focused on the surface of the workpiece. The laser source and scanning head 

are controlled by software that, fed with the correct parameters, achieves the marking process of 

the desired design. The laser beam's speed, position, and power can be controlled to produce all 

images, logos, codes, and markings (Elen Laser, 2023). The use of laser-engraving machines in 

industries such as automotive, healthcare, manufacturing, etc., is common and is gaining attention 

in the horticultural industry.   

Initially, fruits with non-edible outer skins (e.g., pomegranates, avocadoes, coconuts, and 

melons) were laser-marked (Samoggia & Nicolodi, 2017). The initial laser markings were etched 

with logos, numbers, symbols, country of origin, and words (Eppenberger, 2018; Samoggia & 

Nicolodi, 2017). After the European Commission approved the use of matrices, bars, and QR codes 
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on laser labeling for certain fruits, the interest in laser labeling has gained momentum in the 

industry (Eppenberger, 2018; European Commission, 2013; Samoggia & Nicolodi, 2017). Laser 

etching on the skin of fresh fruits and vegetables provides permanent labels and environmental 

benefits by reducing the use of plastic, paper, ink, and glue. This would also allow the horticulture 

industry to comply with the regulations banning single-use plastic (e.g., in France and New 

Zealand). Furthermore, unlike self-adhesive labels, laser labeling on individual produce (e.g., 

apple, cucumber) limits the risks of mixing and loss of labels, prevents adulteration and 

counterfeiting, improves inventory management, and builds an efficient traceability system 

(Eppenberger, 2018; Pullman, 2017; Samoggia & Nicolodi, 2017).  

To meet the FDA’s Food Traceability Rule, using laser labeling technology to etch QR 

codes on produce skin could be promising. Compared to barcodes, the QR code system is an 

advancing technology in automatic data identification, offering quicker readability and increased 

storage capacity. For instance, barcodes are limited to storing up to 20 digits, and QR codes have 

a much higher capacity, accommodating a maximum of 7,089 characters (Ali & Farhan, 2020; 

Shirley et al., 2021; Vardhan et al., 2016). A significant advantage of QR codes is their versatility 

in scanning, as they can be read from any angle or position (Vardhan et al., 2016). The encoded 

information within a QR code is contained within the three distinct squares positioned at its corners 

(Vardhan et al., 2016). In today's context, virtually every smartphone has a built-in QR code 

scanner application, allowing users to read QR codes and access the stored information easily. 

This information can take various forms, such as a web address or personal details (Ali & Farhan, 

2020; Shirley et al., 2021; Vardhan et al., 2016). However, the water content, texture, color, shape, 

and skin thickness of the produce pose challenges in successfully marking and decoding the labels, 

including QR codes (Denkena et al., 2016; Li et al., 2016; Ventura et al., 2016).  
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 Effects of CO2 laser labeling on produce quality and safety  

Since the CO2 laser energy disrupts the outer epidermal layer on the skin of fresh fruits and 

vegetables, the quality and safety of produce following laser labeling is questionable, and such 

effects could vary from produce to produce due to variations in intrinsic properties. The etching of 

skin could affect its properties to protect against mold, bacteria, and other agents, resulting in the 

deterioration of the organoleptic properties and decline in taste and aesthetic quality.  The CO2 

laser labeling on fresh produce is a novel process; thus, it lacks a standard operating procedure. 

Variations in form, shape, size, texture, and color of different produce pose challenges for optimal 

engraving and scanning. Despite the substantial amounts of wax and lignin formed by the 

surrounding and underlying cells, laser engraving compromises the produce’s protective barrier. 

It may eventually serve as an entrance point for bacteria that cause deterioration and places for 

increased water loss (Etxeberria et al., 2006). Little information is available about the effect of 

laser labeling technology on produce postharvest quality and microbial safety. A previous study 

has reported that applying a secondary coating or waxing shortly after laser labeling helps reduce 

water loss and prevents unwanted shrinkage (Sood et al., 2009). Also, laser labeling interrupts the 

natural cuticular barrier of the fresh produce surface and potentially opens a route allowing 

pathogenic organisms to be penetrated. Storage temperature also affects the survival and growth 

of pathogens on cut surfaces of produce items (Huff et al., 2012). A study reported that six human 

pathogens, including bacteria and viruses, were all found to survive for 14 days on the phyllosphere 

of cantaloupe, romaine lettuce, and green bell pepper under controlled environmental conditions 

(22 to 24 °C and 45 to 90% RH), demonstrating that human pathogens can survive in this 

ecological environmental for commercially relevant periods (Stine et al., 2005). 
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Consumer perceptions about laser labeling technology on fresh produce   

In recent years, food labeling has gained importance to provide consumers with 

information on healthier, safer, and more eco-friendly food products (Loureiro & McCluskey, 

2002). Past research explored consumers' perception of environmentally-oriented innovation 

focused on labels: sustainable food packaging (Fernqvist et al., 2015), different food labeling 

(Loureiro & McCluskey, 2002), and food label understanding (Grunert et al., 2014). In addition, 

produce can be labeled to inform the consumer about other characteristics of the products, such as 

organic certification or company brand. Despite the opportunity to reduce environmental 

pollutants (plastic, glue, paper) and carbon emissions through CO2 laser labeling, fruit-processing 

manufacturers are still doubtful about the consumer acceptance of this innovative and eco-friendly 

laser labeling method (Samoggia & Nicolodi, 2017). In an X (formerly Twitter) poll (n=726) 

conducted in 2017 by Domino Printing UK, 43% of the respondents were concerned about the 

health and safety of laser printing on fresh fruits (Hall, 2017). This shows that most people 

associate lasers with danger as there is a lack of knowledge in the public about laser technology, 

particularly on produce labeling (Hall, 2017). Also, terminology (e.g., laser tattoo) could be 

misleading as it could convey the usage of ink in the process, thus creating misinformation among 

the public on laser-labeled produce. Research showed that organoleptic characteristics, such as 

taste, storability, and the general lifespan of the fruit, are not affected by CO2 laser labeling 

(Exteberria et al., 2006; Samoggia & Nicolodi, 2017; Sood et al., 2009). Nonetheless, retailers are 

welcoming the new technology because, in addition to the advantages mentioned above, it is an 

innovative approach to improving the traceability of the produce. However, it is apparent that 

retailers are concerned about label readability, and consumers are worried about the integrity of 

the product (Samoggia & Nicolodi, 2017).  
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To sum up, there is a need to find an environmentally friendly alternative to PLU sticker 

labeling as government legislation restricting the use of plastic is growing around the globe, 

including the United States. The CO2 laser-labeling technology has been widely used for engraving 

labels on a number of materials such as metal, leather, fabric, plastic, glass, etc., but the use in the 

produce industry is not documented. Since the produce surface varies by produce type due to 

variations in texture, shape, color, skin thickness, etc., the performance of the CO2 laser-labeling 

technology on produce labeling is unknown. Furthermore, the laser-etched surface could increase 

water loss and deteriorate postharvest quality. The laser engraver machine disrupts the outer 

cuticular surface of the produce, which may result in increased respiration and water loss. Also, 

this method could facilitate the entry and attachment of microbial pathogens through the etched 

surface. Additionally, research on consumers' perception of laser labeling is needed before rolling 

out the technology in the commercial market. There is very limited information available on the 

effect of using the CO2 laser-labeling technology on postharvest quality, microbial safety, and 

consumers' acceptability.  As such, the objectives of the thesis are to: 

1. Investigate the effect of CO2 laser labeling of three horticultural produce (‘Red 

Delicious’ apple, cucumber, and green bell pepper) on postharvest quality 

2. Evaluate the effect on the microbial safety of laser-labeled horticultural produce 

3. Perform economic feasibility of the CO2 laser labeling technology 

4. Evaluate consumers' acceptability of the CO2 laser labeling technology compared 

to  more conventional technology, using ‘Red Delicious’ apples as an example 
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Chapter 2 - CO2 laser labeling on fresh produce: Evaluating 

postharvest quality, microbial safety, and economic analysis  
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Abstract 

Fresh produce is traditionally labeled with plastic price lookup (PLU) stickers that are 

attached to the produce surface using edible glue. However, both the stickers and glue are 

environmental contaminants, and the stickers can still easily detach from the produce surface 

during handling and disrupt traceability. A novel method of labeling, CO2 laser labeling 

technology (LLT), has been gaining attention in recent years. However, the performance of this 

technology varies from produce type to produce type, and information on its effects on postharvest 

quality, microbial safety, and economic feasibility is not known to be reported. The objectives of 

this study were to investigate the effect of laser labeling technology on 1) postharvest quality, 2) 

microbial safety of fresh produce, and 3) economic analysis of this technology. Three horticultural 

crops, ‘Red Delicious’ apples (Malus domestica), green bell peppers (Capsicum annuum), and 

cucumbers (Cucumis sativus), were procured from a local grocery store. Each produce type was 

imprinted with a Quick Response (QR) code or 6-digit alphanumerical (text) code using a 

commercially available Trotec Speedy 300 CO2 laser engraver, followed by the application of 

edible wax. Fresh weight loss for laser-printed produce was higher than the nontreated control, but 

no difference in visual quality ratings was observed compared to the control.  The laser-labeled 

produce was assessed for microbial contamination by artificially inoculating rifampicin-resistant 

Escherichia coli (E. coli) log10 6 CFU/mL to the labeled fruit. The result showed that the 

population of rifampicin-resistant E. coli was statistically higher in all three products labeled with 

text code compared to the non-treated control. The QR-coded treatments were similar microbially 

to the control. The wax application did not affect the microbial attachment on the laser-labeled 

produce. Accordingly, the CO2 laser labeling technology has the potential for industrial 

application.  
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Fresh produce is considered a major vehicle for human ingestion of foodborne pathogens 

(Greig & Ravel, 2009), mainly because such commodities are usually consumed raw (Sy et al., 

2005). With increased consumption of fresh produce, the incidents of produce-related human 

foodborne infections have been on the rise (Buck et al., 2003; Sivapalasingam et al., 2004).  

According to the Centers for Disease Control and Prevention (CDC), in 2021, an estimated 

47.8 million illnesses, 127,839 hospitalizations, and 3,037 deaths in the U.S. alone were related to 

foodborne illnesses. A cost estimate of the impact of food safety incidents on the U.S. economy is 

around 7 billion USD annually (Hussain & Dawson, 2013). A major challenge to preventing 

foodborne outbreaks and avoiding risks to public health is the lack of improved traceability in the 

produce supply chain (Berger et al., 2010). 

An efficient food traceability system can contain produce-related outbreaks as it can trace 

the questionable produce items at various stages in the supply chain without endangering an entire 

product line (Blanchfield, 2012). Effective traceability can improve public trust by facilitating 

rapid and effective product recall (Aung & Chang, 2014; Sree & Natarajan, 2022). Traceability is 

equally important to producers, suppliers, and distributors to protect themselves from fraudulent 

claims (Blanchfield, 2012). 

The U.S. Food and Drug Administration’s (FDA) latest proposal to add the Traceability 

Rule to the Food Safety Modernization Act (FSMA) would require growers covered by FSMA to 

meet the traceability requirements (Kim & Woo, 2016). To comply with the Traceability Rule and 

meet marketplace requirements, growers traditionally label the produce with Price Look-Up (PLU) 

stickers attached to the individual items. Although commonly practiced, PLU sticker labeling 

method has several issues, including label detachment, label exchange along the supply line, 

adulteration risk, and their ability to contain limited product information (Etxeberria et al., 2006a). 
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The consequences of these issues could have a detrimental impact on traceability (Etxeberria et 

al., 2006a). The non-compostable plastic and glue used on PLU stickers also cause environmental 

pollution. A few countries (France, Spain, and New Zealand) have started/are planning to enforce 

an import ban on produce labeled with plastic PLU stickers since the plastic stickers do not comply 

with home compostable standards (USDA-FAS, 2021). Accordingly, an environmentally-friendly 

alternative method of produce labeling is needed.  

CO2 laser-printing on fresh produce is a novel practice and has been gaining attention 

recently. In this method, a laser beam is utilized to etch directly on the produce surface. Although 

the laser marking of horticultural produce has been authorized (Food and Drug Administration, 

2012), only logos, numbers, symbols, and words were previously etched. Now, with the current 

approval by the European Union (EU), matrix codes, barcodes, quick response (QR)- codes, and 

additional information can now be etched on produce for marketing and traceability purposes 

(Pullman N., 2017). Compared to traditional labeling techniques, labeling with laser markings 

provides various advantages, including relatively high printing speed, creation of permanent 

labels, improved traceability (as information can be retrieved effectively by scanning codes), and 

less environmental pollutants. 

Since the CO2 laser labeling is a fairly new practice, it lacks a standard protocol of 

operation. The complex shape, texture, and color contrast of different produce pose challenges for 

optimal printing quality. Further, little information is available about the effect of laser labeling 

technology on postharvest quality and microbial safety. Despite the substantial amounts of wax 

and lignin formed by the surrounding and underlying cells, laser engraving compromises the 

protective barrier of the produce surface and may eventually serve as entrance points for bacteria 

that could deteriorate quality and/or increase water loss (Etxeberria et al., 2006b).  Studies reported 
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that the application of a secondary coating or waxing shortly after laser labeling reduced water loss 

and prevented unwanted shrinkage (Sood et al., 2008; Sood et al., 2009). Furthermore, storage 

conditions have an impact on the growth and survival of foodborne pathogenic microbes on the 

produce surface (Huff et al., 2012). A study by Stine et al. (2005) reported that six human 

pathogens, including bacteria and viruses, were all found to survive for 14 days on the phyllosphere 

of cantaloupe (Cucumis melo), lettuce (Lactuca sativa), and bell pepper (Capsicum spp.) under 

controlled environmental conditions (22 to 24 °C and 45 to 90% RH), demonstrating that human 

pathogens can survive under cooling storage condition for commercially relevant periods. 

A study was conducted to investigate the effects of laser marking on the postharvest quality 

and microbial safety of three different horticultural products, ‘Red Delicious’ apples (Malus 

pumila), green bell peppers (Capsicum annuum), and cucumbers (Cucumis sativus).  The 

objectives of this study were to 1) investigate the effect of laser labeling of three horticultural 

products (apples, cucumbers, and green bell peppers) on postharvest quality, 2) evaluate the 

microbial safety of laser-labeled horticultural produce, and 3) perform an economic feasibility 

study of the laser labeling technology. 

 

 Materials and Methods  

Procurement of Fresh Produce. Three horticultural commodities, ‘Red Delicious’ apples, 

green bell peppers, and cucumbers, were selected for this study. These produce types were selected 

following preliminary trials after evaluating the effects of laser-labeling on fruit quality and 

readability of labels (Fig. 2.1). The preliminary experiment was conducted over 15 different 

commonly marketed produce with variability in color, texture, firmness, and shape. The produce 

was procured from a local grocery store the day before the experiment and stored in an 
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environmental chamber (Thermo Scientific Inc., Waltham, MA) at 90% relative humidity (RH) 

and 4°C until experimentation.  

 

Figure 2.1 Laser labeling on more than fifteen produce types from a preliminary trial. 

 

Determining optimum laser engraving settings. A commercially available CO2 laser 

engraving machine (Trotec Speedy 300; Trotec Laser Inc., Plymouth, MI) was used to engrave 

the produce with two different types of codes: QR code or alphanumeric code. We chose to 

engrave the QR code on the produce for our research because the QR code can be read by a 

scanning device, for instance, a mobile phone.  QR codes encompass more information; they can 
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store information both vertically and horizontally.  Hence, QR codes have a considerably higher 

capability of providing information, making them very popular in the food industry. 

The Tortec machine is commercially used in laser engraving and cutting in the graphics 

and design industry. To the best of our knowledge, this machine has not been used in the 

horticultural industry for laser labeling. Since there was no prior information on the optimal laser 

settings to engrave labels on produce, a trial method was followed to identify the optimal settings. 

The engraver was set to a low power of 15 watts and gradually increased by 5-Watt intervals up 

to 60 Watts until the code was readable by a QR code reader (smartphone application). The lowest 

power setting, which assured the most constant code readability over eight days for bell pepper 

and cucumber and 16 days for ‘Red Delicious’ apple (and would likely confer less damage on the 

produce), was selected. The engraver’s speed was set to 100%, and dots per inch (DPI) were set 

to 500 for both the QR code and 6-digit alphanumeric text code.  

From the preliminary trials (data not shown), the optimal engraving power was determined 

as 55 watts for ‘Red Delicious’ apples and 50 watts for green bell peppers and cucumbers. The 

sample was placed at 3.8 cm deep below the laser head and etched with a lens of 2.03 mm (Fig. 

2.2.). The size of the QR and alphanumerical code was 12.7 × 12.7 mm and 12.7 × 2.0 mm, 

respectively, for all three produce types. The QR code and text code were intentionally printed as 

small as possible without losing readability to minimize the damage on the produce surface.  
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Figure 2.2 Trotec Speedy 300 laser engraver machine etching a QR code label on a 

cucumber. 

 

Laser labeling of fresh produce for experimentation. On the day of the experiment, the 

produce were removed from cold storage and allowed to climatize to ambient room temperature 

(21°C). Prior to laser labeling, the fruit were wiped with a paper towel to reduce condensation. 

The fruit were then either laser labeled with a QR code or alphanumeric text; unlabeled fruit were 

used as the control. Immediately after laser printing, edible wax was manually coated over the 

engraved surface area to prevent water loss. For apples and cucumbers, Peach, Nectarine, & Plum 

Lustr® 251 mineral oil-based emulsion (DECCO US PostHarvest Inc., Monrovia, CA) was 

applied in a dilution of 1:4 with water. For green bell peppers, DECCO Lustr® 651 Carnauba-

based coating (DECCO US PostHarvest Inc., Monrovia, CA) was used without dilution. The 

dilution and type of wax were selected based on the preliminary observation of the effect on 
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produce quality and code readability. After waxing, the produce were air-dried for 10 min before 

collecting data.      

 Study 1:  Postharvest Quality Study  

After laser-printing, the fruit were stored in the environmental chamber at 90% RH and 

4°C.  Fresh weight, visual quality, and QR code readability were assessed at 0, 2, 4, 6, and 8 days 

after treatment (DAT) for the green bell peppers and cucumbers, and 0, 4, 8, 12, and 16 DAT for 

the ‘Red Delicious’ apples (Fig. 2.3). Fresh weight was measured using a balance (Sartorius Entris, 

Data Weighing Systems, Inc., Wood Dale, IL), and percent weight loss was determined based on 

the initial weight at 0 DAT. The visual quality of the laser-labeled produce was rated through a 

visual inspection of external appearance on a scale of 0-5 using a produce quality rating scale and 

color chart where 0 is total label collapse and is the worst quality and 5 is no shrinkage and is the 

best quality (Kader & Cantwell, 2010). For the QR code readability, a QR code scanning 

application on iPhone 11 Pro (Apple Inc., Cupertino, CA) was used to determine if the code was 

still readable, and readability for text-coded labels was inspected visually. Pictures were taken on 

every measurement date using a Nikon D5600 camera (Nikon Inc., Melville, NY) mounted on a 

tripod.  

 Study Design. The experiment consisted of three treatments: i) QR code label, ii) 6-digit 

alphanumeric (text) code label, and iii) nontreated control. The laser-printed samples were 

followed by wax coating, while the control treatment did not receive any printing or waxing. The 

experiment was arranged in a randomized complete block design (RCBD) and repeated thrice in 

time, where time was a blocking factor. Each replication had a unique set of fruits and included 

nine subsamples for the laser-printed treatment and six subsamples for the control. The subsamples 

were averaged to obtain aggregate means for each parameter before conducting the analysis of 
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variance (ANOVA). All data were subjected to ANOVA using the proc glimmix procedure in SAS 

9.4 (SAS Institute, Cary, NC), where treatment and DAT were considered the fixed effects. Means 

were separated using a Tukey Kramer test at α = 0.05. 

 

 Study 2: Microbiology Study 

Produce Pre-treatment. ‘Red Delicious’ apples, cucumbers, and green bell peppers were 

used for the microbiology study (Fig 2.3). For the ‘Red Delicious,’ the apples were dipped into hot 

water at 55°C for 30 s in a water bath (Ultrasonic Bath, Thermo Fisher Scientific Inc., Waltham, 

MA) and let air dry for 15 min at ambient room temperature before laser labeling. This procedure 

was followed to remove the commercially coated wax from the apple surface to increase the 

bacterial attachment to the surface of the apple. Based on our preliminary trials, without removing 

the coated wax, bacterial attachment was found in green bell peppers and cucumber but not in 

apples. The process of selecting the printing of labels was previously described in study 1. Three 

codes - either QR or text - were printed on the different sides of the same fruit to account for 

variability on the fruit surface. 

Strain Selection. Rifampicin-resistant E. coli (ATCC 25922) was used as an inoculant to 

reduce the impact of the produce’s background microflora so that only the inoculated rifampicin-

resistant E. coli can be enumerated.  The frozen culture maintained at -80°C was streaked onto 

tryptic soy agar (TSA; Remel Inc., San Diego, CA) with 80 µg/mL rifampicin and incubated at 35 

± 2ºC for 24 ± 2 h. One isolated colony from the strain was transferred to 10 mL of tryptic soy 

broth with 80 µg/mL rifampicin (TSBR; Remel Inc., San Diego, CA) and incubated at 35 ± 2ºC 

for another 24 ± 2 h. A portion (100 mL) of the incubated subculture was transferred to 30 mL of 

fresh TSBR and incubated at 35 ± 2ºC for another 24 ± 2 h. The cells were prepared for experiment 
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by centrifugation (Allegra X-30 R, Beckman Coulter, Brea, CA; 10,000 rpm for 10 min at 20ºC) 

and washed twice with 0.1% phosphate buffer saline (PBS; Thermo Fisher Scientific, Waltham, 

MA). The volume was then adjusted to 30 mL to achieve a concentration of E. coli cells of at least 

8 log CFU/mL.   

Inoculation. Inoculum was prepared to a final concentration of ~6 logs using 10 mL of 3x 

washed cell culture added to 990 mL of 0.1% buffer peptone water (BPW; Remel Inc., San Diego, 

CA) solution. The laser-labeled produce (‘Red Delicious’ apples, green bell peppers, and 

cucumbers) were dipped and submerged into the inoculum for 10 min. Each fruit was dipped into 

an individual sterile 794 g (28 oz.) whirl-pack bag (Whirl-Pak, Nasco, Modesto, CA) containing 

500 mL of inoculum.  Samples were held in a biological safety cabinet (BSC) with the blower on 

for 15 min to allow the inoculum to dry. After drying, the fruit was transferred onto a dry sterile 

Petri dish for microbial enumeration.   

Microbial enumeration. The surface layer of the etched area was excised using sterile 

single-use retractable safety scalpels. Samples from nontreated controls were obtained by cutting 

the exact size of the QR-code label (12.7 x 12.7 mm). Three subsamples from each fruit type were 

placed into a 15 mL sterile centrifuge tube containing 10 mL of 0.1% BPW solution and vortexed 

for one minute. Serial dilutions were prepared in 9 mL 0.1% BPW, and 0.1 mL samples were 

withdrawn and plated in duplicates onto 80 µg/mL rifampicin TSA plates via the spread plate 

method. The plates were incubated at 35 ± 2ºC for 24 ± 2 h. After incubation, plates yielding 

between 25 and 250 colony-forming units (CFU) were counted manually, and E. coli population 

levels were expressed as log CFU/cm2.    
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Figure 2.3 Flowchart diagram of methodology of postharvest quality and microbial safety 

study.   

 

Study Design. The experiment consisted of five treatments: i) QR-code label followed by 

waxing, ii) QR-code label without wax, iii) 6-digit alphanumerical text-code label followed by 

waxing, and iv) 6-digit alphanumerical text-code label without wax, and v) nontreated control (no 

printing/waxing). The experiment was arranged in a one-way randomized complete block design 

and repeated thrice in time, where time was a blocking factor. Total number of fruits (N=45 for 
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each produce). The microbial population data were transformed to log CFU/cm2 before conducting 

ANOVA in SAS 9.4. The ANOVA was conducted using a glimmix procedure, and treatment 

means were separated using a Tukey Kramer test at α = 0.05. 

 Study 3: Economic Analysis  

Methods. A partial budgeting analysis was used to assess the financial feasibility of the new 

technology. Partial budgeting is commonly employed to determine the net benefits of changing an 

enterprise by accounting for the positive effects of added returns and reduced costs and the 

negative effects of reduced returns and added costs. Studies have used this method when changing 

production practices in food production (Djidonou et al., 2013). This process also allows for the 

calculation of break-even price and/or quantity of products sold (Nian et al., 2022).  

The costs for laser labeling and PLU sticker labeling are estimated based on the current 

market (Table 2.3). In the analysis, it is assumed that each system will label 1,000 produce items 

and run enough to yield such output. We assumed five printers and application machines for the 

PLU-sticker-labeling system and one laser engraver for the laser labeling system due to the volume 

of produce to simulate how a normal business would operate (Muth et al., 2022). It is assumed that 

labor hours will be marginally higher in the PLU sticker-labeling system due to adjustments 

needed with adhesive labels on produce items. The labor wage was assumed to be $12.49/ hour 

according to the U.S. Bureau of Labor Statistics average pay for agricultural workers in 2021.  
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 Results & Discussion  

 Study 1: Postharvest quality analysis 

Fresh weight loss. The QR-coded treatment in apples had the highest fresh weight loss on 

each sampling date as compared to text-coded and control apples (Fig. 2.4).  

 

Figure 2.4 Percentage fresh weight loss as affected by laser labeling and days after treatment 

in ‘Red Delicious’ apples. Error bars represent the standard error of the mean. Different 

letters on bars indicate statistical significance according to the Tukey Kramer test at α = 

0.05.  

 

The text-coded treatment had a higher percent weight loss than the control on 4 and 8 Days After 

Treatment (DAT) and similar weight loss compared to the control on 12 and 16 DAT (Fig. 2.4. 

There was a significant interaction of treatment × DAT in apples (P < 0.0001) so results were 

presented by DAT (Fig. 2.4). However, in cucumbers and bell peppers, due to nonsignificant 

treatment × DAT interactions (P = .255 and .146, respectively) means were averaged over DAT. 

In cucumbers, QR-code (1.56%) and text-coded (1.54%) treatments had higher weight loss than 

the control (1.28%) but were statistically similar to each other (Fig. 2.5A). In bell peppers, the QR-
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coded (2.14%) and text-coded (1.92%) treatments had statistically similar weight loss to the 

control (2.08%) but were different from one another (Fig. 2.5B).                                 

  

 

Figure 2.5 Percentage of fresh weight loss as affected by laser labeling in cucumber (A) and 

green bell pepper (B). Means were pooled over days after treatment. Error bars represent 

the standard error of the mean. Different letters on bars indicate statistical significance 

according to the Tukey Kramer test at α = 0.05.  

 

According to Sree and Natarajan (2022), laser-labeled dragon fruit (Hylocereus undatus) 

experienced little difference in fresh weight loss in comparison to the control of non-laser-

labeled dragon fruit. The vaporization from the burned tissue and water loss from the laser-

engraved surface are possible contributing factors to the weight loss (Nasution & Rath, 2017).  

Visual Quality Analysis. In apples, visual quality ratings of QR-coded fruit were 

significantly inferior to text-coded but similar to the control (Table 2.1). In cucumbers, all three 

treatments had statistically similar visual quality (Table 2.1). The text-coded treatment in green 

bell peppers maintained quality better than others, as the ratings were statistically higher than the 

control and QR-coded treatment (Table 2.1). In general, the decline in quality reported in Table 

2.1 was concentrated near the engraved area, and the rest of the produce surface area had minimal 

visual differences (Fig. 2.6).   
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Table 2.1 Visual quality ratings of apples (16 days after treatment [DAT]), cucumbers (8 

DAT), and green bell peppers (8 DAT) following laser labeling. 

 

Treatment Visual Ratings 

 
Apple Cucumber Bell pepper 

Control 4.92ab† 4.69a 4.56b 

QR-coded 4.88b 4.66a 4.63b 

Text-coded 5.00a 4.70a 4.78a 

†Different letters within a column indicate statistical significance according to the Tukey Kramer 

test at α = 0.05 

 

 

Figure 2.6 Visual quality of horticultural produce following QR-code labeling. 

Code readability: The average QR code failure rate was 3.0%, 13.5%, and 18.3% in apple, 

cucumber, and bell pepper, respectively. The failures were more concentrated in the later days 
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after treatment. The possible reason behind the high readability failure in the bell pepper and 

cucumber was the effect of the wax application over the engraved area. Edible wax was applied 

(in grapefruits and tangerines) to prevent fresh weight loss because waxing shortly after laser 

labeling helps to reduce water loss and prevents unwanted shrinkage (Sood et al., 2008; Sood et 

al., 2009). Edible coatings can protect perishable fresh products from deterioration by retarding 

dehydration, suppressing respiration, improving texture quality, helping retain volatile flavor 

compounds, and reducing microbial contamination (Gallagher & Mahajan, 2011). However, 

different waxes could perform differently in preventing water loss from the laser engraved area, 

as Sood et al.(2009) reported that the performance of different waxes varied in preventing water 

loss in laser-labeled tangerine fruits. As reported by Sree and Natarajan (2022), laser-printed 

barcodes on dragon fruits were not scannable due to a brownish color after engraving. The laser 

energy, code size, color, shape, texture, firmness of produce, and days of storage are important 

factors that affect fruit's marking, quality, and code readability (Eyahanyo & Rath, 2020). For 

example, in our preliminary experiment, the laser-printed QR code is visible to human eyes, but 

the scanner could not decode the code due to the excessive shrinkage in tomato (Solanum 

lycopersicum), curved shape in banana (Musa acuminata) and poor color contrast in pomegranate 

(Punica granatum).  

 Study 2: Microbial Study 

Data for the E. coli population were analyzed for each produce type separately. In all three 

produce types, the treatment effect was significant (Table 2.2).  In ‘Red Delicious’ apples, the text-

coded treatment with or without wax had significantly higher CFU of E. coli than the nontreated 

control; however, the QR-coded treatments were similar to the nontreated control (Table 2.2). The 

results were similar in cucumbers and green bell peppers. This indicates that QR code laser labeling 
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in the studied produce did not increase the chance of microbial contamination, whereas text code 

laser labeling could promote microbial contamination. Furthermore, the effect of waxing was not 

significant in either of the laser labeling treatments across all three produce (Table 2.2). This 

suggests that waxing after laser printing has no statistically significant effect on the microbial load.  

A possible reason behind the higher microbial attachment in the text-coded treatment would be 

that all the text codes are in solid lines, whereas the QR code contains more dots than solid lines. 

The greater engraved surface area of text codes than that of QR codes likely contributed to 

increased microbial attachment in text code labeled produce.  

Table 2.2 Effect of laser labeling with or without wax on microbial load in apples, 

cucumbers, and green bell peppers. 

 

Treatment log CFU/cm2 

 Apple Cucumber Bell pepper 

QR-coded + wax 3.1c † 3.8bc 3.9ab 

QR-coded 3.6bc 4.0abc 3.7b 

Text-coded + wax 3.9ab 4.0ab 4.2a 

Text-coded 4.2a 4.2a 4.3a 

Nontreated control 3.3c 3.6c 3.6b 

P value   <0.0001 0.0012 0.0001  

†Different letters within a column indicate statistical significance according to the Tukey Kramer 

test at α = 0.05. 

Our study results were in agreement with the findings of Yuk et al. (2007) and Danyluk et 

al. (2010), who demonstrated that laser-etched surfaces did not facilitate Salmonella growth and 

infiltration in fresh tomato fruit. Yuk et al., (2007) conducted a study on Salmonella infiltration 
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and survival in laser-etched tomato surfaces for 14 d. That study used a low-energy CO2 laser 

engraver machine (model XY mark 10; Durand-Wayland, Lagrange, GA.) to print an 

alphanumerical label pattern on fully ripe beefsteak tomatoes (Solanum lycopersicum) and treated 

it with Salmonella dip inoculation. They found that the laser labeling does not support the 

penetration of Salmonella to the internal tissue. Similarly, a study was conducted to identify the 

impact of natural-light labeling on the fate of Salmonella inoculated on tomatoes at the mature 

green stage and with the treatment of co-inoculation with P. carotovorum subsp. carotovorum on 

Salmonella growth capacity for 14 d (Danyluk et al., 2010). Results indicated that the Salmonella 

growth or penetration into mature green tomatoes is not facilitated by the natural-light labeling.   

 Study 3: Economic Analysis 

The result of the laser engraver partial budget analysis yields a net decrease in returns of 

$29,317. The total cost of PLU sticker application on 1000 produce items was $75,266. With a 

total cost of $45,949 for the new engraver machine to label 1000 produce items, a break-even price 

per fruit or vegetable would be $45.95 per produce item. It is important to note that the net return 

would increase, and the break-even price would decrease with an increase in produce output. Yet, 

some strong assumptions are present in this analysis. It is noted that the efficiency of labeling is 

quite different between the two systems. The laser engraver system can apply a QR code on 

produce every 15 seconds compared to the PLU sticker-labeling system, which has the capacity to 

apply labels every 0.3 seconds. It takes nearly 11 times longer for the laser labeling system to yield 

the same output as the PLU sticker-labeling system. Yet, with the high installation costs of the 

laser labeling system, the break-even price would not sustain profitable margins for businesses. 

Technological advances may allow for larger quantities of produce to be labeled in a shorter 
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amount of time with the engraver system. With the larger throughput of the engraver system, 

profitability becomes more likely.  

Table 2.3  Estimated costs of laser labeling and Price lookup (PLU) sticker-labeling systems 

(USD) 

 

Expenses Descriptions Laser labelinga PLU-sticker labelinga 

 Fixed costs 

Machine  33,400.00 14,000.00 

Computer  800.00 n/a 

QR code scanner  51.29 n/a 

Software   600.00 n/a 

Repair/replacement costs  1,500.00 5,000.00 

 Variable costs 

PLU stickers  per sticker n/a 0.13 

Maintenance  every 2 years 1,500.00 n/a 

Laser replacement  every 1 year 4,000.00 n/a 

Energy (600 kWh) per h 3.90 7.80 

Labor  per h 12.49 12.49 

 aRounded to the nearest dollar. 

 

 Conclusions  

The result of our study demonstrates that CO2 laser labeling minimally deteriorates the 

postharvest quality in fresh ‘Red Delicious’ apples, green bell peppers, and cucumbers stored at 

95% RH and 4°C temperature during the study period. QR-code labeling did not increase the 

susceptibility of microbial (rifampicin-resistant E. coli) contamination compared to the control. In 

addition, the wax application following laser printing did not change the microbial attachment.  

Results suggest that laser labeling technology could potentially be used in a commercial 
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application to improve food traceability as a potentially safe alternative to the PLU stickers in ‘Red 

Delicious’ apples, green bell peppers, and cucumbers.  
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Chapter 3 - Evaluating consumers' acceptability of laser-labeled 

fruit 

 

This chapter has been prepared using style guidelines for Food Quality and Preference. 

 

 

  



54 

Abstract 

Fresh produce is traditionally labeled with plastic price lookup (PLU) stickers that are 

attached to the produce surface using glue to trace product origin. However, both the stickers and 

glue are environmental contaminants, and the stickers can still easily detach from the produce 

surface during handling and disrupt traceability. A novel method of labeling, the CO2 laser labeling 

technology (LLT), has been gaining attention in recent years. However, the performance of this 

technology varies by produce type, and information on consumer perception and acceptability has 

not been well studied. The objective of this study was to observe consumers' perception and 

acceptability of laser-labeled ‘Red Delicious’ apple (Malus domestica Borkh) fruit. ‘Red 

Delicious’ apples were procured from a local grocery store and printed with a Quick Response 

(QR) code using a commercially available Trotec Speedy 300 CO2 laser engraver, followed by the 

application of edible wax. A consumer study (N=75) was conducted to assess consumers' 

perception and acceptability of laser-labeled produce with three treatments: 1) Apple with QR-

code printing, 2) Apple with PLU plastic sticker, and 3) non-labeled control. The study was 

conducted at the Sensory and Consumer Research Center facilities at Kansas State University- 

Olathe. A randomized set of the three treatment samples was given to respondents, and 

questionnaires were completed. The ranking of three treatments based on overall physical quality 

revealed that before providing educational information, consumers ranked QR-code-labeled apples 

as the lowest preferred group, followed by sticker-labeled and unlabeled apples. In contrast, after 

sharing information on the QR code technology, the ranking scores from the same consumers were 

statistically similar. According to this survey study, CO2 laser labeling technology has the potential 

for industrial application from consumers' perspectives, and providing consumer education seems 

important to make this technology more successful.   
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Introduction  

In recent decades, consumption of fresh fruits and vegetables has increased across the 

globe, including in the US (Berger et al., 2010; Pilone et al., 2017; Pollack, 2001; Zając & Van 

Der Lans, 2009). Increased domestic production, increased importation, public health promotion 

of healthier lifestyles, increased purchasing capacity, and other influences have factored into the 

growing demand for fresh fruit and vegetables in the US (Berger et al., 2010; Nzaku et al., 2010). 

With the increased exposure of the general public to fresh produce, the incidence of 

produce-related foodborne diseases has been on the rise (Buck et al., 2003; Sivapalasingam et al., 

2004). Some of the possible reasons are linked to changes in the agricultural, processing, and 

distribution practices, dietary habits, and others. According to the US Centers for Disease Control 

and Prevention (CDC), in 2021, an estimated 47.8 million illnesses, 127,839 hospitalizations, and 

3,037 deaths (Berger et al., 2010; Buck et al., 2003) in the United States alone are related to 

foodborne illnesses. The cost estimate of food safety incidents to the U.S. economy is around US$7 

billion annually (Hussain & Dawson, 2013). Consumption of fresh fruits and vegetables, generally 

eaten raw or minimally processed, has a higher propensity for infection by contaminating human 

pathogenic bacteria (Greig & Ravel, 2009; Sy et al., 2005). Two enteric pathogens, Salmonella 

and E. coli O157:H7, are the most problematic produce-related pathogens due to their potential for 

growth prior to consumption and having a low infectious dose (Buck et al., 2003). Pathogens could 

adhere to produce at several stages in the supply chain, including preharvest and postharvest. Fruits 

such as apples have a relatively lower chance of contamination; however, cross-contamination 

from highly sensitive produce (e.g., romaine lettuce) or from handlers en route to the dinner plate 

is possible. Once attached, it is almost impossible to remove pathogens from the contaminated 

produce. Increasing produce-related illness and food recall incidents undermine consumers' trust 
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in the produce supply system and thus negatively impact the produce industry (Moruzzo et al., 

2020). Due to these reasons, there is increasing interest in improving food traceability to cope with 

these challenges (Folinas et al., 2006). 

The International Organization for Standardization defines traceability as "the ability to 

trace the history, application or location of an entity by means of recorded identification" (Olsen 

& Borit, 2013). Food traceability is critical to providing safer foods throughout the supply chain 

(Aung & Chang, 2014). Effective traceability can improve public trust as it facilitates the rapid 

and effective recall of products to determine and minimize the impact of safety hazards (Sree & 

Natarajan, 2022a). A solid and reliable food traceability system can effectively curb produce-

related outbreaks and ease the severity of produce-related illnesses. This system could locate the 

particular questionable produce at various stages in the supply chain without endangering an entire 

supply line (Blanchfield, 2012). Traceability is equally important to producers, suppliers, and 

distributors to protect themselves from fraudulent claims.  

The US Food and Drug Administration (FDA) recently finalized the traceability rule of the 

Food Safety Modernization Act (FSMA) that would require growers to meet established 

traceability requirements. To this end, fresh produce is generally labeled with Price Lookup (PLU) 

labels attached to the individual produce, which also makes it easier for the sales checkout in retail 

stores. The traditional method of produce labeling with PLU stickers has several pitfalls, including 

label detachment/loss, label misplacement, adulteration risk, and the ability to convey limited 

product information, which all have a detrimental impact on traceability (Etxeberria et al., 2006a). 

Additionally, PLU stickers and adhesives are non-biodegradable materials that do not meet the 

home compostable standard in some countries, leading to the diversion of waste containing PLU 
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stickers to landfills and the production of difficult to manage micro-plastics. Furthermore, PLU 

labels are a nuisance to consumers as they are annoying to discard before eating. 

In 2020, France passed an Anti-waste and Circular Economy law, which includes a ban on 

single-use plastics in produce packaging weighing less than 1.5 kg (USDA-FAS, 2021). Since this 

law came into effect in January 2022, the ban on the use of plastic stickers affixed on produce has 

been a major concern in the produce industry as there are no viable alternatives to the industry 

standard price lookup labels. Since these plastic labels are non-biodegradable and do not meet a 

home compostable standard, the use of these labels would be prohibited in France. The New 

Zealand government was the first to bring a ban on single-use plastic and set a deadline of 1 July 

2025 to ban non-home-compostable labels and adhesives (Ministry for the Environment, NZ, 

2023) Also, the Spanish government is working on a similar decree to impose a ban on plastic use 

on produce (Lindsey, 2021). At this point, it is imminent that more countries in the EU and around 

the globe will follow the trend of bringing new ordinances on plastic use (Tucker, 2023).  

  An alternative method of produce labeling is CO2 laser marking, where the laser beam (aka 

light amplification by stimulated emission of radiation) is utilized to etch directly onto the surface 

of produce. There are several methods of produce labeling that are currently in use at a commercial 

scale: pattern, logo, text, one-dimensional, and two-dimensional codes. Laser markings of 

horticultural products have been authorized (US Food and Drug Administration, 2012). However, 

only logos, numbers, symbols, and words were previously allowed. Currently, with the new 

approval by the European Union (EU), matrix codes, barcodes, and Quick Response (QR)- codes 

with additional information can now be etched for marketing and traceability purposes (Pullman 

N., 2017a). The QR code helps digitize data through blockchain technology by encoding the 

detailed information of produce from production to retailing. With this technology, anyone can 
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quickly access relevant information by scanning the QR code with the use of a smartphone (Feng 

et al., 2020). Compared to the traditional PLU labeling technique, laser labeling provides various 

advantages, including a relatively high printing speed, the creation of permanent labels, improved 

traceability, and reduction of environmental pollutants (Berger et al., 2010; Pullman N., 2017). 

QR-code technology provides useful information for consumers when making food purchasing 

decisions (Kim & Woo, 2016; Yang et al., 2022). 

The CO2 laser labeling on fresh produce is a novel practice and has been gaining 

momentum recently; however, it lacks a standard protocol of operation. There is scant literature 

on CO2 laser labeling technology, although it has shown promising results in various fruits (apple, 

tangerine, grapefruit, dragon fruit, mango, and avocado) and vegetables (tomato, green bell pepper, 

and cucumber) (Etxeberria et al., 2006a, 2006b; Sood et al., 2008; Sood, et al., 2009a; Sood, et al., 

2009b; Sree & Natarajan, 2022). These practices are mostly confined to small pilot projects. Prior 

to changing to the use of new technology for commercial production, there is a need to assess 

consumers' acceptance and the factors driving the consumers' acceptability of this technology. To 

the best of our knowledge, this study is the first of its kind to evaluate consumers' response towards 

produce labeled with CO2 laser technology in the United States of America. Apples were used in 

this study as an example because of their soft surface and ease of printing. The CO2 laser labeling 

technology is not a technology that can be used in all produce, but it is a step towards reducing 

plastic waste and improving the sustainability of produce production.   The objectives of this study 

were to 1) evaluate consumers' acceptability of the laser labeling technology compared to a more 

conventional technology, using ‘Red Delicious’ apples as an example, and 2) to discover 

consumers' perceptions and opinions of this type of technology. 
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Materials and Methods  

Laser labeling of produce 

  Fresh ‘Red Delicious’ apples were selected due to their plain surface, appropriate color 

contrast for better printing resolution, and high QR-code readability. Also, apples are the most 

consumed fresh fruit in the U.S. and have a significant value to the U.S. economy (ERS, 2021). 

Fresh apples were procured from a local grocery store before the day of the experiment and stored 

at 90% relative humidity (RH) and 4°C temperature in a cooler chamber (Thermo Scientific Inc., 

Waltham, MA) overnight. On the day of the experiment, all produce were kept at ambient room 

temperature and dried with a paper towel before the initiation of laser labeling treatment.  

 A commercially available Trotec Speedy 300 CO2 laser engraving machine (Trotec Laser 

Inc., Plymouth, MI) was used to engrave apples with a QR-code label. The optimal settings were 

determined through the preliminary trial where speed was 100%, dots per inch was 500, power 

was 55 watts, and the object's height was 3.8 cm. A laser head lens of 2.03 mm was used to print 

a QR code of size 0.5 mm by 0.5 mm for better printing resolution while minimizing the possible 

damage to the produce.  

 Immediately after laser printing, an edible wax was manually coated over the engraved 

region to prevent freshwater loss. A Nectarine, Peach & Plum Lustr® 251 mineral oil-based 

emulsion (DECCO US PostHarvest Inc., Monrovia, CA) was applied with a dilution of 1:4 with 

water. After applying the wax, the apples were air-dried for 10 minutes at room temperature and 

then stored overnight at 90% RH and 4°C in a cooler chamber before the day of the study. The 

consumer study was conducted the following day. 
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Participants  

The study was conducted at the Sensory and Consumer Research Center (SCRC) at Kansas 

State University, Olathe (Olathe, KS, USA). Participants (n = 75) lived in the Kansas City Metro 

area in the United States of America and had self-registered on a database by submitting a research 

participant form managed by the SCRC. Criteria were that participants must be 18 to 65 years old, 

not work for any institution with a conflict of interest, had no allergies, had purchased fresh apples 

in the last three months, and were not involved in any product survey within the last two months 

(Table 3.1). 

Table 3.1 Demographics of respondents. 

 

Age (yr) Percentage (%) 

18-25 4 

26-35 19 

36-45 21 

46-55 27 

56-64 29 

Gender 

Male 29 

Female 71 

 

Human ethics statement 

  IRB approval was obtained at Kansas State University for testing with human subjects. 

Before beginning the study, participants were asked to provide a voluntary consent in an electronic 

media by clicking a button that confirmed their agreement to take part in the study voluntarily. 

Participants were made aware that their responses were anonymous and would remain confidential. 
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They read that they could withdraw the survey at any time without penalty. Participants received 

a monetary incentive for their participation.   

Experimental approach  

The study was conducted in one day. Treatments included ‘Red Delicious’ apples 1) 

engraved with a QR-code label, 2) affixed with a PLU label, and 3) nontreated control that had no 

label (Fig. 3.1). The study was set up with ten visual stations equipped with a tablet computer and 

each station had all three treatment apples on display following a randomized order. To 

accommodate the schedules of the participants, the study was conducted in 12 different sessions, 

and each session lasted approximately 20 minutes. All treated apples were replaced every four 

sessions to maintain freshness and consistency in quality and to account for apple variability. 

Participants completed the survey in English from a station using a tablet device.  

 

Figure 3.1 Products included in the study. A) Engraved with QR-code label, B) Affixed with 

PLU label, and C) Nontreated control that had no label. 

Participants were asked a set of quantitative and open-ended questions (supplementary 

material in Appendix A has the full details). They were asked to observe the treatment apples and 

answer questions based on the physical appearance of the apples and labeling methods. Each 

treatment apple was assigned a three-digit code. The questionnaires were designed to record scores 
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on overall liking,  label liking, purchase intent, label concerns, and recommendation intent. Liking 

questions were responded to using a 9-point hedonic scale, where scores of 1 indicated dislike 

extremely and 9 indicated like extremely. The purchase intent question was responded to on a 5-

point scale, where 1 indicated definitely would not purchase and 5 indicated definitely would 

purchase. Concern for the label was responded to on a 9-point scale, where 1 indicated not at all 

concerned, and 9 indicated extremely concerned.   Recommend others to purchase question was 

responded to on a 5-point scale, where 1 indicated definitely would not recommend and 5 indicated 

definitely recommend. Open-ended questions were also asked to receive qualitative feedback on 

each labeling technology, including particular concerns. Those comments were typed in by the 

respondents on a tablet.  

After completing the initial survey, participants were asked to peruse brief information 

about QR-code laser labeling and PLU labeling. The same set of questions on like/dislike labeling 

and purchase intent were again asked after providing this information to record concept liking and 

concept purchase intent. Also, participants were again asked to rank the three treatment apples in 

order of preference, similar to the beginning of the survey. Participants were asked to indicate their 

agreement using a Likert scale on a set of six statements; for example, one of the statements read, 

“When possible, all produce should be laser labeled instead of using sticker labels” 

(Supplementary material in Appendix A has full details). Preference between laser labeling and 

PLU sticker labeling was also asked, followed by the "why" question at the end of the survey. 

 

Study design and analysis 

The study was conducted in one day. Stations were set up with a tray with all three apples, 

each on individual plates labeled with a 3-digit code. Products were evaluated following a 
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randomized balanced design. Respondents were asked to evaluate each product and then answer 

the questions when prompted. First, individually and then ranking all 3 products together. All data 

was analyzed using XLSTAT (Lumivero, Denver, Colorado, USA). Individual data was analyzed 

using a one-way Analysis of Variance (ANOVA) with product as the main effect with 95% 

confidence. Ranking data was analyzed with Friedman's test for non-parametric data.  

Results and Discussion   

In the initial survey (before providing educational information), overall liking of the 

product, liking of labels, and purchase intent scores were all lower for QR-code labeled apples 

compared to both the sticker label and no label treatments (Fig. 3.2). Similarly, respondents rated 

statistically higher concern for laser labeling for QR-code labels versus for sticker labels (Fig. 3.3). 

This clearly shows that the "unknown" factor of QR-code labels already puts them at a 

disadvantage from the other more widely familiar option- the sticker label. For the same reason, 

52% of the respondents preferred QR-code labeled apples vs. sticker labels but provided a 

significantly lower score when asked if they would recommend laser labels to others in comparison 

to PLU sticker-labeled apples (Fig. 3.2). Most open-ended comments related to why people 

preferred the laser label were related to sustainability, less waste, less plastic, and better for the 

environment. The comments related to why they preferred the plastic labels were that "that's what 

I am used to," easier to see, and the fact that they could remove them. Some people were concerned 

about the "unknown" chemicals that may be in the laser label and that it was difficult to see. Some 

respondents were actually under the impression that the section of the product that had the printed 

code had to be removed, so it would actually be more waste if that was the case. It is important to 

mention that laser labels do not use any "ink" or chemicals, so the printed section is completely 

edible.  
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At the end of the study, respondents were asked to rank the three options (QR label, current 

plastic label, and no label) before and after providing educational information related to the 

potential benefits of QR labels. The ranking of the three treatments based on overall physical 

quality revealed that before consumers were provided educational information on the different 

labeling methods, respondents ranked QR-code-labeled apples as the lowest ranking group, 

followed by sticker-labeled and not-labeled apples (Fig. 3.4). In contrast, after reading information 

on laser labeling and PLU stickers labeling methods, the ranking scores from the same consumers 

were statistically at parity between the different treatments (Fig.3. 4). This shows the important 

effect of education on the consumer acceptability of sticker labels.  

 When asked if they agreed with different statements, 83% of the respondents agreed that laser 

labeling is a sustainable option, but only 61% of them agreed that they would consume such 

produce, and only 49% agreed that they would recommend such produce to others (Fig. 3.5).  
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Figure 3.2  Respondents' initial scores on overall liking, label liking, and purchase intent on 

‘Red Delicious’ apples labeled with a price lookup sticker, QR-code laser printer, and no 

label. Different letters within bars indicate statistical significance according to the Tukey test 

at α = 0.05. 

 

 

 

Figure 3.3 Respondents' initial scores on label concern and intent to recommend to others 

on ‘Red Delicious’ apples labeled with price lookup sticker and QR-code laser printing. 

Different letters within bar indicate statistical significance according to Tukey test at α = 

0.05.  
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Figure 3.4 Respondents' ranking scores on physical appearance and labeling method on ‘Red 

Delicious’ apples labeled with price lookup sticker, QR-code laser print, and no label. 

Educational information on produce labeling was provided to respondents after taking the 

first survey to obtain before and after ranking scores. Different letters within bar indicate 

statistical significance according to Tukey test at α = 0.05 

 

 

 

Figure 3.5 Statement (dis)agreements on ‘Red Delicious’ apples labeled with price lookup 

sticker, QR-code laser print, and no label.   
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 To the best of our knowledge, this is a pioneer study to evaluate consumers' perception of 

laser-printed produce in the US. American consumers are generally not aware of new practices 

such as laser labeling adopted in fruit and vegetable production and marketing due to less 

promotion of such new practices (Collart et al., 2013; Onken et al., 2011; Patterson et al., 1999). 

Fresh fruits and vegetables generally receive less priority in terms of branding, packaging, and 

marketing compared to other commercial goods (Sun‐Waterhouse, 2011; Williams et al., 2005). 

Consumers generally are not aware of supply chain management strategies, including production, 

processing, shipping, and selling, and they do not anticipate a high level of technological 

application on fruit and fruit products (Sabbe et al., 2009). As a result, consumers may not be 

willing to accept significant changes in product innovations (Petrescu et al., 2020; Samoggia & 

Nicolodi, 2017). Although technological advancement may enhance and add value to produce, 

customers frequently worry about the purity of nature in novel fruit products (Frewer et al., 2011; 

Siegrist & Hartmann, 2020). Consumer opinion is generally that more technologically advanced 

fruit and fruit products have less nutritional value and natural integrity or possibly more health 

concerns and detrimental environmental effects (Frewer et al., 2011; Mesías et al., 2021). 

In recent years, there has been increasing interest in the improvement of food labeling as 

consumers are willing to learn more about the food they consume (Asioli et al., 2017; Loureiro et 

al., 2002; Sloan, 2003). Research shows that sensory characteristics, storability, and the general 

lifespan of the fruit are not affected by the CO2 laser labeling process (Eyahanyo & Rath, 2020; 

Sood et al., 2008; Sood, et al., 2009a; Sood, et al., 2009b). Also, retailers are welcoming the new 

technology because, in addition to the aforementioned advantages, it is an innovative approach to 

ensure the traceability of the products (Samoggia & Nicolodi, 2017). Retailers are mainly 
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concerned about label readability, and consumers worry about the integrity of the product 

(Samoggia & Nicolodi, 2017). 

 

 Samoggia and Nicolodi (2017) conducted research on consumers' perceptions of laser-

labeled fruits and vegetables in Italy. The study was conducted as a face-to-face interview with 

structured questionnaires. The questionnaires included respondents' attitudes, buying intentions, 

naturalness of produce, and whether the technology is eco-friendly. They reported that most 

consumers in Italy (59%) have a positive perception of laser-labeled fruits. The majority of 

respondents in that study were positive that this technology does not deteriorate the produce quality 

(87%), is eco-friendly (73%), and is willing to buy the laser-labeled produce (60%). The same 

study also suggested that consumers are more inclined toward fruit innovation if they have a higher 

education level, are young or middle-aged, or have a higher income. The physical appearance of 

the produce was the main driving factor for consumers' acceptance. Any modification altering the 

physical appearance, such as laser-labeling, could be perceived as an alteration of its natural 

essence. Consumers' positive perceptions toward new practices could also be influenced by the 

socioeconomic characteristics of consumers (Loureiro et al., 2002; Urala, 2005).  

 

Conclusions  

Although consumers generally liked the concept of laser labeling, people were less likely 

to recommend or have purchase intentions of laser-labeled produce. Information on innovative 

laser labeling technology improved consumers' perception and overall liking compared to the other 

labeling options, thus warranting education and outreach programs for consumers on laser 

labeling. Laser labeling technology has no limitations on what information can be encoded in the 

QR code and does not endanger the product's quality and safety. The results of this study suggest 
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that laser labeling technology could potentially be used in a commercial application to improve 

food traceability as a potentially safe alternative to PLU stickers in ‘Red Delicious’ apples, but 

strong education is needed to communicate the positive aspects of the technology while 

minimizing concerns and the "unknown" factor of this new technology. However, the limited 

sample size and geography of this study present limitations for these conclusions. A nationally-

scaled study eliciting consumer perceptions and attitudes toward the use of laser labeling QR codes 

on produce will not only provide more robustness to the conclusions but will further determine the 

potential for its adoption within the produce industry.   
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Chapter 4 - Extension education handouts 

The Food Safety Modernization Act (FSMA) Produce Safety Rule specifies that all 

agricultural water must be safe and of adequate sanitary quality for its intended use (FDA, 2023a; 

FDA, 2023b). A study conducted in Kansas and Missouri showed a critical need to educate 

produce growers on the importance of using safe agricultural water on their farm operations, as 

38% of the respondents said they had never tested their agricultural water (Zhao, 2022).  The same 

study also reported that 7% of respondents used untreated surface water for postharvest activities 

on their farms. To meet the Produce Safety Rule requirements, growers covered under FSMA must 

use postharvest water containing no detectable generic E. coli/100 mL water (FDA, 2023b). This 

chapter outlines the three separate handouts targeted to produce growers in Kansas and Missouri 

as extension outreach materials in topics related to maintaining safe agricultural water for 

postharvest operations. The first handout discusses the importance of understanding the microbial 

quality of postharvest water. The second handout aims to educate growers on two different 

methods of treating postharvest water. It provides a comparative analysis of using FDA-approved 

pesticides, chlorine versus peroxyacetic acid, as two options for treating postharvest water. The 

third handout discusses the importance of sanitizing postharvest water and farm equipment/tools 

to reduce the risk of pathogenic biofilm buildup. These extension handouts can serve as resources 

for growers, education educators, wholesalers, distributors, retailers, and other stakeholders in 

understanding the importance and practical application of maintaining safe agricultural water for 

postharvest operation.   

As part of the Urban Food Systems program, the graduate curriculum requires that students 

provide four deliverables. Hence, as part of the course requirement fulfillment, four factsheets 

were developed.  



76 

Ag Water Contamination and Why it is a Food Safety Risk? 
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 Approaches for Treating Ag Water for Postharvest Use 
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Use of Sanitizers in Postharvest Water  
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Chapter 5 - Conclusions 

CO2 laser labeling minimally deteriorated the postharvest quality in fresh ‘Red Delicious’ 

apples, green bell peppers, and cucumbers stored at 95% RH and 4°C temperature during the study 

period. Also, QR-code labeling did not increase the susceptibility of microbial (rifampicin-

resistant E. coli) contamination compared to control. A wax application following laser printing 

did not change the microbial attachment.  Results suggest that laser labeling technology could 

potentially be used in a commercial application to improve food traceability as a potentially safe 

alternative to PLU stickers. 

The consumer study showed that although consumers liked the concept of laser labeling, 

people were less likely to recommend or have purchase intentions of laser-labeled produce. 

Information on innovative laser labeling technology improved consumers' perception and overall 

liking compared to the other labeling options, thus warranting education and outreach programs 

for consumers on the technology. A strong outreach program is needed to communicate the 

positive aspects of this new technology and address its "unknown" factor. Yet, the limited sample 

size and geography of this study present limitations for these conclusions. A nationally-scaled 

study eliciting consumer perceptions and attitudes toward the use of laser labeling QR codes on 

produce will not only provide more robustness to the conclusions but further determine the 

potential for adoption within the produce industry.  

Future Work 

Since the Trotec Speedy 300 laser engraving machine was developed for cutting and 

engraving a number of materials like glass, metal, wood, fabric, leather, plastic, etc., that would 

be useful in the automotive industry, medicinal equipment, electronics, and others, the potential of 
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using this technology on produce labeling was unknown before this study. This study was a 

pioneering investigation to explore the potential application of CO2 laser labeling technology on 

fresh produce commodities, but it possesses a few major limitations. The major drawback of this 

technology right now is the speed of engraving on the produce surface. It is estimated that it would 

take about 15 seconds to engrave a QR-code label on an apple fruit, and with that rate, it would 

require 30 minutes to label one bushel of apple. Multiple laser heads on a machine or coordinated 

activities to reduce time on preparation could be explored. Additionally, we used 50 and 55 Watts 

of power, and this machine’s power could be increased up to 120 Watts. So, because this is a 

powerful machine, something simpler with less power and features could be developed that could 

be used just for produce industry. The machine developed specifically for produce surfaces could 

have increased engraving speed and could cost less. Another limitation of the technology is the 

cost of the machine itself. With the high initial cost and slow printing speed, the break-even point 

would not sustain profitable margins for businesses. With the reduction in cost and increase in 

printing speed, the net return would increase, and thus, the lower break-even price could be 

achieved. Extension and outreach programming are needed to address the unknown fear about the 

laser-labeling technology on consumers' health. 
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Appendix A - Consumer Analysis Questionnaires 

Survey questionnaires utilized in chapter 3 can be found below:  
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