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ABSTRACT 

The objectives of this study were: (1) to evaluate effectiveness of pulsed-UV light in 

reducing the presence of E. coli Biotype I surrogate microorganisms on beef subprimals, and (2) 

to evaluate the impact of pulsed-UV light on quality parameters, including color, aroma, purge, 

pH, and aerobic plate counts (APC) of steaks cut from UV-treated subprimals and aged for 0, 7, 

14, and 21 days. Beef striploins were subjected to combinations of distance from the UV light 

source and conveyor belt speed:  (1) light height 5 cm, belt speed = 0.074 m/s; (2) light height 28 

cm, belt speed = 0.074 m/s; and (3) light height 28 cm, belt speed = 0.123 m/s. No differences 

were observed (P > 0.05) in reductions of E. coli surrogates among the three UV treatments, with 

all reductions less than 1-log. No differences (P > 0.05) in aroma scores among treatment groups 

were noted, although differences in aroma attribute scores occurred between aging times. 

Panelists scored samples highest (P < 0.001) for bloody/serumy on d 0 than any other aging 

time. Conversely, sour dairy and spoiled attributes intensified over time with d 21 samples 

receiving the highest scores (P < 0.001). Although trained panelists’ responses for lean color 

score did not differ (P = 0.277) among UV treatments, scores for percent discoloration did (P = 

0.014). Notably, percent discoloration scores for d 0 were statistically higher than the other aging 

times, meaning that discoloration diminished as aging continued. No statistical differences were 

identified for L*, a*, or b* values across UV treatments. Between aging times, differences were 

seen (P < 0.001) for a* and b* values, with day 0 having the lowest values for both. When 

evaluating purge and pH, the surface pH of steaks was higher on days 0 and 7 and began to 

decrease, showing statistical similarities on days 14 and 21. The amount of purge (g) steadily 

increased as steaks aged. APC counts were not found to differ due to UV treatment but generally 

tended to increase as storage times lengthened. All three treatments reduced the E. coli Biotype I 
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surrogate microorganisms by less than 1-log. Further research is warranted to determine if 

different treatment parameters or combinations of pulsed UV light with the addition of other 

antimicrobials would result in greater reductions. 
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CHAPTER I 

 INTRODUCTION 

 

One objective of the United States Department of Health and Human Services (2014) 

report, Healthy People 2020, was to reduce the number of outbreak-associated infections related 

to beef due to Shiga toxin-producing Escherichia coli O157, or Campylobacter, 

Listeria, or Salmonella species from 200 to 180 cases per year. This goal was achieved during 

the years 2010-2015, with the only exception being the year 2013. The 2015 data (most current 

data reported) included only 25 outbreak-associated infections, which is well below the objective 

(United States Department of Health and Human Services, 2014). These data showed the U.S. 

beef industry has taken food safety seriously and has worked diligently to reduce foodborne 

illnesses. Improving food safety remains one of the top priorities for the beef industry as it 

continues to search for ways to enhance existing antimicrobial interventions and/or to develop 

new technologies that will further enhance food safety and protect public health. 

In addition to ensuring the production of safe products, the beef industry also strives to be 

good stewards of natural resources, such as water. Common antimicrobial interventions in the 

beef industry include hot water, steam, and/or organic acid spray, all of which use a significant 

amount of water. Therefore, the feasibility and efficacy of technologies like electrostatic 

spraying of organic acids and high-pressure pasteurization have been evaluated (Ganesh et al., 

2012; Mújica-Paz et al., 2011).  

With the rapidly growing population, Capper (2011) predicts that the global food demand 

will increase by 70% by 2050, underscoring the need to minimize the usage of our natural 

resources. However, Ziara et al. (2016) reported that antimicrobial interventions use less than 



 

2 
 

 

 

16% of total water usage in a mid-size beef packing plant. Nonetheless, any actions that can be 

taken to minimize water use are beneficial.  

Ultraviolet (UV) light is an antimicrobial intervention that does not require the addition 

of water. It has been used in the food industry to sanitize the surfaces of equipment and has been 

shown to be effective against pathogens (Chintagari et al., 2015; Gomez-Lopez et al., 2007). 

Pulsed-light UV utilizes bursts of short-duration, high-powered flashes from an inert-gas lamp. 

The ability to reduce microbial contamination is related to the both the intensity of the light and 

the number of pulses delivered (Elmnasser et al., 2007). The objectives of this study were: (1) to 

evaluate effectiveness of pulsed-UV light in reducing the presence of E. coli Biotype I surrogate 

microorganisms on beef subprimals, and (2) to evaluate the impact of pulsed-UV light on quality 

parameters, including color, aroma, purge, pH, and aerobic plate counts (APC) of steaks cut from 

UV-treated subprimals. 
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CHAPTER II 

 LITERATURE REVIEW 

2.1 Prevalence of pathogens in beef 

Cattle and products produced from them are known as vehicles for Escherichia coli 

O157:H7 (Duffy et al., 2006). Research has been conducted over the years to establish and 

develop processes that will reduce the prevalence of pathogens in the beef industry to minimize 

consumer risk. In a study performed by Barkocy-Gallagher et al. (2003) in three large 

midwestern beef processing plants, E. coli O157:H7 was found on 1.2% of the 1,232 carcasses 

that were sampled post-intervention. Nearly half of the 15 carcasses found positive for E. coli 

O157:H7 post-intervention also were found to carry non-O157:H7 Shiga toxin-producing E. coli 

(STEC). Therefore, there is still a possibility for pathogen contamination on beef products and 

subprimals being further processed.  

Prevalence of E. coli O157:H7, non-O157 STEC, and Salmonella on livestock typically 

peak during the warmer months (Barkocy-Gallagher et al., 2003; Ogden et al., 2004). Many 

advancements have been made in minimizing the prevalence of microorganisms during harvest, 

however, E. coli O157:H7 and Salmonella remain contaminants that can result in human illness. 

Human cases of E. coli O157:H7 can be life-threatening and present symptoms such as bloody 

diarrhea and hemolytic uremic syndrome (Mead & Griffin, 1998). Unfortunately, beef carcasses 

can become contaminated with these microorganisms during the slaughter and processing steps. 

These outbreaks also can be a cause of extreme product loss for processors if recalls occur. 

Because of the pathogens associated with beef carcasses, it is also important to reduce 

microorganisms that can persist on subprimals. Kennedy et al. (2006) conducted a study to 

determine the prevalence of E. coli O157:H7 and indicator organisms on the surface of intact 
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beef subprimals prior to further processing. Samples of chuck tenders, bottom round flats, 

trimmed briskets, top rounds, and inside rounds were received from 5 different packing plants, 

vacuum-packaged upon arrival and held at refrigerated temperatures. They showed that less than 

0.083% subprimal surface samples were positive for of E. coli O157:H7 (Kennedy et al., 2006). 

Prevalence of pathogens in beef cattle as well as harvest and further processing is inevitable. 

Therefore, the use of interventions or multiple hurdle techniques should be implemented to 

reduce the risk of pathogens. 

2.2 Ultraviolet (UV) Light 

Ultraviolet light is beyond the normal visible spectrum with wavelengths shorter than 

visible light and longer than X-rays (Merriam-Webster, 2019). Ultraviolet light has been used as 

a relatively easy way to sanitize air, water, dairy products, vegetables, meat, packaging materials, 

and eggs (Coufal et al., 2003; Huang & Toledo, 1982). UV light is produced by the sun; 

therefore, it naturally occurs in our environment. UV radiation has been known to kill types of 

bacteria, yeasts, molds, fungi, and viruses (Coufal et al., 2003). It is very important in a 

commercial setting to prevent exposure of workers to the light rays. Often, the UV lights are 

harbored in a cabinet or light housing, and, personal protective equipment such as UV light-

blocking glasses should be worn.  

Huang and Toledo (1982) evaluated mackerel fish fillets using different UV treatments, 

packages were opened and smelled by two experienced panelists; the strongest smell of the fish 

was noted at the time of opening. Samples that were treated with UV irradiation did not exhibit a 

change in color. This study proved that the treatment of fish with a UV-C lamp prior to vacuum 

packaging was effective in reducing bacterial counts and increasing shelf life (Huang & Toledo, 

1982). UV-C bulbs are known as germicidal bulbs that are capable of damaging the DNA of 
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bacteria, viruses, and pathogens. These bulbs emit wavelengths of 280-100 nanometers 

(1000Bulbs.com, 2019; Diffey, 2002). Reagan et al. (1973) evaluated pulsed UV light to 

determine the its effectiveness of extending the retail shelf life of beef. They found that spoilage 

was much greater on beef steaks in treatments one and two, treatment three had not reached 

spoilage after 6 days in the retail display. The first treatment was considered a control group and 

was not subjected to UV light treatment. Samples in the second treatment were wrapped for retail 

display prior to treatment with the UV light and were then treated with the UV light for 2 min at 

15 cm away from the surface of the product. The third treatment was completed similarly as the 

second except that the samples were exposed to the UV light treatment before they were 

wrapped for retail display. Consumer desirability for treatments 1 and 2 were shown to be 

unacceptable after 4 days in the retail display, however, consumer desirability for treatment 3 

remained high throughout storage. In addition, when color was evaluated, in treatment 1 and 2 

product darkened faster than that subjected to treatment 3. This study supports the use of UV in 

decreasing bacterial counts and increasing consumer desirability and shelf life (Reagan et al., 

1973). 

2.3 Pulsed UV Light 

Pulsed-light UV utilizes bursts of short-duration, high-powered flashes from an inert-gas 

lamp. The ability to reduce microbial contamination is related to both the intensity of the light 

and the number of pulses delivered (Elmnasser et al., 2007). The effects of pulsed UV light have 

been evaluated on many fruits such as blueberries, raspberries, strawberries, as well as fish and 

food powders (Bialka & Demirci, 2007; Bialka & Demirci, 2008; Fine & Gervais, 2004; Ozer & 

Demirci, 2006). The inactivation of pulsed light on pathogens depends on the intensity and the 

amount of time the product is exposed to the light pulses. While the light is pulsing, it has the 
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power to deliver pulses that are 20,000 times more intense than the sun at the earth’s surface 

(MacGregor et al., 1998). The microbiological effects of pulsed light have been shown to 

increase, resulting in increased log reductions, with light intensity similar to continuous UV 

light. The visible and infrared lights combined with the high-powered pulsed-light are the 

contributing factors in eliminating or reducing microorganisms (Elmnasser et al., 2007). 

Available data suggest that the inactivation of microorganisms is due to both the action of the 

germicidal UV-C light bulb as well as disruption of bacteria caused by a temporary overheating 

from the quick pulse of the UV light (Elmnasser et al., 2007).  

Liu et al. (2019) concluded that the pulsed light and UV radiation treatment was most 

effective when used to treat traditional Chinese dry-cured meats because of its ability to increase 

shelf life. In addition, McLeod et al. (2018) showed that inoculated chicken filets exhibited a 1.7-

log reduction for products that were inoculated with E. coli. Aroma was evaluated on chicken 

filets and characterized as having a “sunburnt skin” smell, however, the aroma could not be 

detected once the sample was cooked. The trained panelists saw no changes in color due to UV 

treatment (McLeod et al., 2018). Keklik et al. (2010) investigated the effectiveness of Salmonella 

Typhimurium on the surfaces of vacuum-packaged and unpackaged chicken breasts. 

Unpackaged samples in their study exhibited a 1.2 to 2.4 log reduction for samples treated with 

various pulsed-UV treatments. Additionally, packaged samples possessed log reductions of 0.8 

to 2.4 (Keklik et al., 2010). Ultimately, visual differences were seen in color for both packaged 

and unpackaged chicken breasts; however, when evaluated with a Minolta colorimeter, no 

significant differences were seen for product color between UV treatments (Keklik et al., 2010).  

Pulsed UV lights’ ability to reduce pathogens in a laboratory setting as well as on agar 

plates has been relatively high; when applied directly to food products, microbial reductions have 
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been dramatically reduced (Elmnasser et al., 2007). However, the mechanisms responsible for 

eliminating or reducing microorganisms are still being investigated. Further research on pulsed 

UV light is still warranted to determine more of its effects on different food products.  

2.4 Evaluation of Meat Quality 

 Consumers consider tenderness to be one of the most important characteristics when 

buying meat. Postmortem storage can be defined as the holding of meat at refrigerated 

temperatures (Koohmaraie, 1994). Research has shown that when stored at refrigerated 

temperatures for increased time, meat tenderness increases. Dry and wet aging are the two most 

popular methods to age meat products. Dry aging is typically done at the retail level where 

subprimals are unpackaged and held at refrigerated conditions with controlled humidity levels 

(Smith et al., 2008).Wet aging is the most common method of aging and is done in a sealed 

package, such as a vacuum package, with product held at refrigerated temperatures (Smith et al., 

2008).  

While one of the objectives of this study was to evaluate the effects of pulsed UV-light 

on pathogens, it is equally important to ensure that this technology will benefit the industry 

without sacrificing meat quality. Color and retail packaging are two of the factors consumers use 

when selecting products (Mancini & Hunt, 2005). Meat color is attributed to myoglobin in the 

product. Product color is determined by the interaction of myoglobin, light reflection and light 

absorption (American Meat Science Association, 2012). Oxymyoglobin, deoxymyoglobin, and 

metmyoglobin are the main chemical states of meat color. These chemical states are a result of 

the chemical reaction that occurs with myoglobin. Handling and storage of meat easily impacts 

its color. The most desirable meat color to consumers is typically a bright cherry-red color. 

When packaged beef is opened and exposed to air, it will typically “bloom” into a bright cherry-
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red color (Lee et al., 2008). The bright cherry-red color is a result of the oxygen binding to 

myoglobin and creating oxymyoglobin (Lee et al., 2008). Vacuum packaged meat is a dark 

purple-red color and is in the deoxymyoglobin state (Aberle et al., 2001). Temperature of 

product and storage times also can affect meat color. Discoloration is also a factor that can be 

evaluated in addition to meat color and can identify how uniformly colored a product is. 

Discoloration of a product can be an indicator of the state of freshness and wholesomeness to the 

consumer (McKenna et al., 2005).  

Subjective quality factors become important to evaluate how customers will perceive the 

product. Consumers often form opinions about product quality at the point of purchase based on 

their own experience and information in the retail store (Grunert et al., 2004). Objective quality 

evaluations are used for the comparison of treatments as well as understanding treatments effects 

on quality characteristics. Objective evaluations do not provide information on consumer 

preferences or product acceptability by customers. Meat science research has begun to use 

trained sensory panels over the years to analyze quality factors of meat (Lorenzen et al., 2003). 

Such panels allow objective quality measurements to be taken by panelists who have been 

trained to have more experience than the average consumer. Lorenzen et al. (2003) also stated 

that it would be beneficial if trained sensory panels could be used to evaluate consumer feedback 

for palatability of meat products, because consumer panels may be more costly. Most commonly, 

when performing sensory evaluations, a scale of words or numbers are used to accurately 

describe an attribute (American Meat Science Association, 2016). This study used trained 

panelists among other objective measures to evaluate quality parameters (color, aroma, purge, 

pH, and aerobic plate counts (APCs) of steaks subjected to various aging times and UV 
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treatments. Additionally, the efficacy of pulsed-UV light in reducing the presence of E. coli 

Biotype I surrogate microorganisms on beef subprimals was investigated.  
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CHAPTER III 

 MATERIALS AND METHODS 

3.1 UV light parameters and preliminary data collection 

A prototype cabinet was developed to simulate and evaluate pulsed-light UV application 

of packaged products in a meat processing environment. A stainless-steel stand supporting a 

motor-driven (Power Flex 40, Rockwell Automation, Milwaukee, WI, USA) conveyor belt was 

fitted with an adjustable-height stainless steel cabinet. To allow pulsed-light UV exposure of 

items on the conveyor, the top of the cabinet was modified to hold a 40.64 cm light housing 

containing a UV-C bulb (Model LH-840; Xenon Corp., Wilmington, MA, USA). The stand was 

modified to support the pulsed-light UV system (Model Z-1000; Xenon Corp.) accompanying 

the light housing. 

Using this prototype, preliminary data were collected to identify treatment parameters 

effective for the application of pulsed UV light to packaged strip loin halves. Parameters 

assessed included conveyor belt speed (motor RPM), and approximate distance between the base 

glass of the light housing and the conveyor belt surface. From preliminary findings, the 

following treatments were selected for experimental testing: (1) light height 5 cm, belt speed = 

0.074 m/s; (2) light height 28 cm, belt speed = 0.074 m/s; and (3) light height 28 cm, belt speed 

= 0.123 m/s. 

3.2 Subprimal Procurement and Storage 

Beef loin, strip loin, boneless subprimals, similar to Institutional Meat Purchase 

Specifications 180 (North American Meat Institute, 2014), were procured from a commercial 

beef processor, transported to the Texas A&M University Rosenthal Meat Science and 

Technology Center (RMSTC; College Station, TX, USA), and stored frozen (-23.3 °C). As 
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needed, strip loins were thawed under refrigeration (approximately 0 °C), and each thawed strip 

loin was halved midway between the anterior and posterior ends of the subprimal by a cut 

perpendicular to the long axis. Each strip loin half then was vacuum packaged at approximately –

46 kPa using an UltraVac (Model 2100-D; Kansas City, MO, USA) and 2.0 mil bags with an 

Oxygen Transmission Rate (OTR) of 3 to 6 [cc / (m2/24 hr/1 atm) @ 40 °C/0%RH] (Item No. 

B2620; Cryovac-Sealed Air Corp., Charlotte, NC). Packaging materials used in this study were 

previously submitted to Xenon Corp. (Wilmington, MA, USA) for testing to determine the UV 

light transmission characteristics in the expected wavelength range for this study (270 to 280 

nm); UV transmission was found to be 55 to 60%. Packaged strip loin halves were stored under 

refrigerated conditions (approximately 0 °C) until use the following morning. In total, n = 45 

strip loin halves were utilized to complete objective 1 of this study (to determine the 

antimicrobial efficacy of UV treatment of beef surfaces), and n = 48 strip loin halves were used 

for objective 2 (to determine the impact of UV treatment on quality parameters of beef 

subprimals). 

3.3 Inoculum preparation 

Non-pathogenic E. coli Biotype I surrogates (BAA-1427, BAA-1428, BAA-

1430), resistant to the antibiotic rifampicin (100.0 mg/L), were obtained from the Food 

Microbiology Laboratory (Department of Animal Science, Texas A&M University, College 

Station, TX, USA). Inoculum preparation began 48 h before each research date, beginning by 

using a disposable sterile plastic loop to aseptically transfer refrigerated isolates from tryptic soy 

agar (TSA; Becton, Dickinson and Co., Sparks, MD, USA) slants (medium was steam sterilized 

at 121 °C for 15 min and then was cooled at room temperature to form slants) into 10 ml sterile, 

tempered tryptic soy broth (TSB; Becton, Dickinson and Co.). Inoculated TSB tubes were 



 

12 
 

 

 

incubated aerobically at 35±1 °C for 18 to 24 h. Following incubation, each isolate was 

individually, aseptically transferred into a new volume of sterilized, tempered TSB (quantity 

dependent on amount of inoculum required) and incubated at 35±1 °C for 18 to 24 h. Equal 

volumes of each E. coli Biotype I strain then were combined to form an inoculum (cocktail).  

3.4 Product preparation and sampling 

Total number of samples required was calculated as follows: 3 UV treatments ✕ 5 strip 

loin halves per treatment ✕ 2 sampling times (pre/post treatment) ✕ 3 replications = 90 total 

samples for microbiological analyses. Therefore, per experimental replicate of objective 1, n = 

15 strip loin halves were transported in insulated containers from the RMSTC to the Food 

Microbiology Laboratory. Each strip loin portion was removed from its vacuum bag, placed in a 

36.83 cm ✕ 26.99 cm ✕ 7.62 cm labeled foil roasting pan (WebstaurantStore, Lancaster, PA, 

USA), and covered with a clear dome lid (WebstaurantStore). Individually, each dome lid was 

removed, 5.0 mL of inoculum (104 CFU/ml) was dropped onto the lean surface of each product 

and spread evenly using a disposable sterile spreader (VWR International, Radnor, PA, USA). A 

new sterile spreader and 5.0 mL serological pipette tip was used to inoculate each strip loin half. 

Following a 30 min attachment time, a flame-sterilized stainless-steel borer and scalpel were 

used to remove two 10 cm2 ✕ 2 mm deep excisions from the surface of each strip loin half. Each 

pair of excisions was placed in a sterile sample bag with 50 mL of 0.1% sterile peptone water 

(Becton, Dickinson and Co.) and stomached for 1 min. Surviving pathogen surrogate 

microorganisms then were enumerated by preparing decimal dilutions in 0.1% peptone diluent 

and plating onto TSA (Becton, Dickinson and Co.) Petri plates containing 100 mg/L rifampicin 

(rif-TSA) followed by 18 to 24 h incubation at 35±1 °C. 
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Each inoculated and sampled strip loin half was placed, individually, in a new bag of the 

same composition as previously described, sealed under vacuum, and transported in an insulated 

container to the RMSTC for pulsed-light UV treatment. Strip loin halves were randomly 

assigned to one of the three previously defined UV treatments. Each packaged strip loin half was 

placed on the conveyor and allowed to pass under the pulsed-light before a subsequent strip loin 

portion was placed on the conveyor to follow. Following treatment, strip loin halves were 

returned to the Food Microbiology Laboratory for microbial enumeration as described earlier.  

3.5 Preparation of steaks cut from treated strip loin halves for quality analysis 

To achieve objective 2, n = 48 uninoculated strip loin halves were fabricated and 

packaged as previously described.  Strip loin halves (n = 12 per treatment) were assigned to one 

of four treatments: (1) light height 5 cm, belt speed = 0.074 m/s; (2) light height 28 cm, belt 

speed = 0.074 m/s; and (3) light height 28 cm, belt speed = 0.123 m/s, and (4) control (no pulsed-

light UV treatment). 

Within each treatment group, n = 3 strip loin halves were assigned a storage time (0, 7, 

14, or 21 d). After exposure to assigned treatments, each strip loin half was removed from its 

vacuum bag, and 3 steaks (approximately 2.54-cm thick) were cut (n = 144 total steaks), placed, 

individually, in a new bag of the same composition as previously described, and vacuum sealed. 

Steaks within each set of 4 treatments were utilized for shelf-life attributes as follows: 

(1) subjective color assessment and trained aroma panel, (2) steak surface pH, purge pH, and 

purge volume, and (3) aerobic plate counts. Assignment of steaks for each purpose was 

randomized to accommodate anatomical distribution across analyses. Steaks then were 

transported to Texas A&M University Meat Science Laboratory (College Station) and stored at 

approximately 4 °C until shelf-life attributes were evaluated on days 0, 7, 14, and 21. 
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3.6 Purge quantification and pH measurements 

On each shelf life day (0, 7, 14, or 21), pH values were collected from steak surfaces and 

in-bag purge (when available), in triplicate, using a digital pH meter (Model IQ 150; Spectrum 

Technologies, Aurora, IL) and round tipped probe. To ensure accuracy, the pH meter was 

calibrated before use on each day of each shelf-life assessment. 

Purge was quantified (g) using the same methods described by Laster et al. (2008). 

Briefly, each steak was first weighed in-bag (packaged weight) on an Explorer Pro scale (Model 

EP22001C; Pine Brook, NJ). Bags were opened individually, and following pH measurements, 

each steak was removed and weighed to obtain an unpackaged weight. Each bag was rinsed with 

water, dried, and weighed. Net weight was calculated by subtracting the bag weight from the 

packaged weight. Finally, purge was calculated by subtracting the unpackaged weight from the 

net weight.  

3.7 Trained aroma panel and color analyses 

Aroma evaluation was conducted on each shelf-life assessment day using a 6-member 

trained panel. Panelists were trained in accordance with the American Meat Science Association 

(2016) sensory guidelines using reference standards defined by Adhikari et al. (2011). 

Immediately after package opening, members of the trained panel evaluated aroma attributes 

using a 16-point scale (0 = none; 15 = extremely intense aroma): bloody/serumy, sour dairy, 

metallic, and spoiled. 

Upon completion of aroma evaluation, each steak was removed from its bag, placed on 

white butcher paper, and allowed a 30-min bloom time prior to subjective and objective color 

evaluations. A 6-member trained panel used the American Meat Science Association (2012) 

meat color measurement guidelines to characterize meat color along with using photos developed 
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for the National Cattlemen’s Beef Association (unpublished) as reference standards. Panelists 

evaluated the M. longissimus lumborum of each steak for color score (1 = pale red; 8 = very dark 

red) and percentage of surface discoloration (1 = no discoloration or 0%; 6 = extensive 

discoloration or 81 to 100%). Following subjective color evaluation, instrumental (objective) 

color measurements were obtained from three different locations of the M. longissimus 

lumborum using a Hunter MiniScan EZ (HunterLab, Reston, VA) colorimeter, calibrated before 

use each day. 

3.8 Aerobic Plate Counts (APCs) 

Steaks designated for APC determination were transferred to the Food Microbiology 

Laboratory where packages were aseptically opened with flame-sterilized scissors and 

transferred, with any purge, to a sterile sample bag. Diluent (99 mL of 0.1% peptone water) was 

added to the originating vacuum bag and used to rinse any remaining purge into the new sample 

bag with the steak. The steak-containing sample bag was closed and massaged by hand for 10 s. 

Serial dilutions of rinsate from each bag were prepared in 0.1% peptone diluent and plated on 

3M™ Petrifilm™ Aerobic Count Plates (St. Paul, MN, USA) to enumerate aerobic microbes. 

Petrifilms were incubated for 48 h at 37 °C prior to counting colonies per manufacturer guidance. 

3.9 Statistical analyses 

Microbiological count data were log10 transformed before data analysis. When plates had 

counts below the limit of detection, a number between 0 and the lowest detection limit (2.5 

CFU/cm2) was used to facilitate data analysis. Data were analyzed using JMP® Pro, Version 

14.0.0 (SAS Institute Inc., Cary, NC). The fit model function was used for analysis of variance 

(ANOVA), and least squares means were separated using Student’s t-test with an alpha-level 

0.05. 
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CHAPTER IV  

RESULTS AND DISCUSSION 

4.1 Surrogate Reductions 

Reductions of non-pathogenic E. coli Biotype I surrogates were measured to determine 

the efficaciousness of pulsed UV light as an antimicrobial intervention. No differences (P > 0.05) 

were seen in reductions (not presented in tabular form) of E. coli surrogates among the three UV 

treatments applied in this study. Although not statistically different, the log reduction (0.61) for 

Treatment 1 was numerically higher than those for Treatment 2 (0.40) or Treatment 3 (0.26). 

MacGregor et al. (1998) showed when testing the effectiveness of UV pulsed light as an 

antimicrobial intervention, the greatest amount of exposure to the light pulses, the greater effect 

on reducing E. coli O157:H7. They achieved between 6 and 7 log reductions when treating the 

Trypone Soya Yeast Extract Agar plates with UV pulsed light (MacGregor et al., 1998). In 

addition, Rowan et al. (1999) performed treatments on inoculated agar plates and experienced 

reductions up to 6 logs for E. coli O157:H7 as well. In our study, Treatments 1 and 2 had the 

slowest belt speeds resulting in more exposure to the UV light and resulted in the greatest log 

reductions (0.61) and (0.40). A study by Ozer and Demirci (2006) treated the muscle side of raw 

salmon filets with a pulsed UV light manufactured by Xenon Corp that was a smaller table top 

version of the pulsed light machine used in our study. Our samples were large muscle pieces 

treated in vacuum package bags versus Ozer and Demirci (2006) who placed small samples in a 

petri dish. Their study also tested multiple treatment distances from the light and different 

exposure times similar to our study. Ozer and Demirci (2006) found the greatest log reduction to 

be 1.09 log10 CFU g-1 of E. coli O157:H7 on the muscle side at their longest treatment time and 

the farthest distance from the UV light. Our study revealed that within the three treatments 
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tested, the shortest distance from the light resulted in the greatest reductions, differing from 

findings of Ozer and Demirci (2006). Foods that contain oils or are high in protein are not 

advised to be used with pulsed UV light because they absorb the UV light (Elmnasser et al., 

2007). This could be one of the reasons why the beef subprimals used in our study did not 

exhibit high rates of antimicrobial reduction. The studies that showed major log reductions 

applied treatments directly to pathogens on various agar plates. Although the reductions in our 

study were lower than those shown by other researchers, pulsed UV light could still be an 

effective component of a multiple-hurdle approach to pathogen control.  

4.2 Purge and pH 

Purge can be a problem for processors because it is included in the net weight of the 

product and later lost when the product is portioned. Purge loss is a major concern when aging 

beef, therefore, it was evaluated in this study. UV treatment and aging time impacts on pH (steak 

surface and purge) and quantifiable purge results are shown in Table 1. No differences (P > 0.05) 

in surface or purge pH were seen across UV treatments. Additionally, no treatment differences 

(P > 0.05) was shown in purge (g). Surface pH was affected (P < 0.001) by aging time. There 

were differences (P < 0.05) in surface pH between day 0 and day 7, with day 14 and 21 having 

the lowest surface pH values. When purge pH was evaluated, a similar trend was seen (P < 

0.001) as purge pH decreased as aging time increased. Purge values (g) were lowest (P = 0.003) 

on day zero, with no differences (P > 0.05) seen across days 7, 14 or 21. Eastwood et al. (2016) 

evaluated purge (g) of subprimals post-aging and reported that strip loins had the highest purge 

loss. In addition, Wambura and Verghese (2011) observed that samples treated at greater 

distances from the UV lamp had less moisture loss than samples that were closer to the lamp. 

Purge loss seen across UV treatments in our study were not consistent the findings of Wambura 
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and Verghese (2011). One explanation for this result could be that samples held near the lamp 

experienced damage to the tissues that resulted in more moisture loss during storage; however, 

tissue analysis was not a component of this study and would require further investigation.   

4.3 Aroma Panel Evaluation 

Lipid oxidation can create off odors and rancid flavors in meat. Light, temperature, and  

the amount of unsaturated fatty acids affect lipid oxidation (Jakobsen & Bertelsen, 2000). 

Trained aroma panelists’ scores for aroma attributes by UV treatment and aging time main 

effects are shown in Table 2. No differences (P > 0.05) were seen across UV treatment for 

bloody/serumy, sour dairy, metallic, or spoiled. Bloody/serumy values for aging time increased 

(P < 0.001) as aging time increased. Bloody/serumy values were the highest (P < 0.001) for day 

0, slightly decreased on day 7, and were the lowest on days 14 and 21. In addition, sour dairy 

values (P < 0.001) showed differences across aging time, sour dairy values were lowest (P < 

0.001) on day 0 and increased to the highest value on day 21. No differences (P > 0.05) were 

seen across aging times for the metallic attributes that were evaluated. Lastly, spoiled attributes 

were evaluated and values were the lowest (P < 0.001) at day 0 and 7 amongst aging time and 

drastically increased on both days 14 and 21. Cassens et al. (2018) conducted a trained aroma 

panel to identify sweet, sour, and plastic aroma scores for beef subprimals and aging 

temperature. They reported higher sour scores for subprimals aged at temperatures between 3.3 

to 4.4 °C, which is in the range of temperature that the steaks were stored in the current study. 

This could explain why sour dairy aroma values (P < 0.001) increased as aging time increased 

because the steaks were continuously held at 4 °C. Conversely, sour dairy and spoiled attributes 

intensified over time with d 21 samples receiving the highest scores (P < 0.001). In a study 

conducted by Jeremiah and Gibson (2001), a trained panel evaluated aroma using a four-point 
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descriptive scale (1 = no off odor; 4 = prevalent off odor) before storage and after 30 hours of 

retail display. They found that samples stored for 3 weeks or longer at -1.5 °C received the 

lowest aroma scores and had the least prevalent off-odors.  

4.4 Color Panel Evaluation 

 Subjective and objective color evaluations are reported in Tables 3 and 4. Panelists 

evaluated steaks (subjective color), and no differences (P > 0.05) were seen on lean color values 

between UV treatments. Additionally, no differences (P > 0.05) for percentage of surface 

discoloration values were seen across UV treatments. Percentage of surface discoloration values 

were numerically among the highest (P < 0.05) for UV treatment 1, in which samples were the 

closest to the UV light. The control, as well as treatment 2, displayed amongst the lowest 

numerical values (P < 0.05) in which the control group had no exposure to the UV light and 

treatment 2 was the farthest from the UV light and traveled at the slower of the 2 belt speeds. 

McKenna et al. (2005) revealed that the M. longissimus lumborum was classified as a “high” 

color stability muscle therefore resulting in slow discoloration rates. The percent surface 

discoloration values that were seen in our study could likely be due to the pulsed UV light 

treatment. Although trained panelists’ responses for lean color score did not differ (P > 0.05) 

among aging times, scores for percent discoloration did (P < 0.0001). Lean color scores (P > 

0.05) that were evaluated at each aging time appeared to be bright red on age days 0 and 7 and 

started to turn moderately light red as samples aged on days 14 and 21. Notably, percent 

discoloration scores for day 0 were statistically higher than the other aging times, meaning that 

discoloration diminished as aging continued. Ozer and Demirci (2006) showed that when 

treating raw salmon filets after 30 and 45 seconds, at shorter distances from the light source, 

allowed the product to overheat and resulted in color and quality changes. Initial temperatures in 
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their study were taken on the filets as well as a temperature after the filet was treated; due to the 

high-powered light source, temperatures on skin-side and muscle-side increased to 53 and 76 °C, 

respectively. Consumers can be easily influenced by quality factors such as color when 

purchasing beef, thus, sufficient time is needed for UV-induced discoloration to resolve. 

 To evaluate how color was impacted by UV treatment and aging time, objective color 

(Table 4) was evaluated and least squares means for SE of CIE color space values were 

generated. No differences (P > 0.05) were identified for L*, a*, or b* values across UV 

treatments. Additionally, no differences (P > 0.05) were seen in L* values across aging times. 

Between aging times, differences (P < 0.001) were seen for a* and b* values, with day 0 having 

the lowest values for both. Notably, a* values (P < 0.001) were the highest on day 7 and 

decreased on both days 14 and 21. Wambura and Verghese (2011) evaluated the quality effects 

of pulsed UV light on sliced ham, and found treated ham slices to be slightly darker than control 

ham slices at the end of a 14 d storage time. The a* values in their study were directly affected, 

with the redness of the treated samples decreased during the first 7 days of storage and 

subsequently increasing during the remaining 7 days of storage (Wambura & Verghese, 2011). 

Nonetheless, no pattern was seen for the a* values evaluated in our study. In addition, Jeremiah 

and Gibson (2001) showed that a* and b* values decreased as storage times increased. An 

inverse relationship to what was seen in Jeremiah and Gibson (2001) was seen in our study; a* 

and b* values increased as aging time increased. Many factors are known to influence overall 

color of lean, however, both color stability (McKenna et al., 2005) and bloom capacity (Lee et 

al., 2008) have been shown to decrease during storage time, which agrees with our finding.  
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4.5 Aerobic Plate Counts 

 Microbiological samples were taken from steaks on days 0, 7, 14, and 21 days, and the 

control steak was used as a baseline of microbial load for each age period. APC values provide 

an estimate of overall bacterial populations. It has been shown that higher APC values are related 

to low product quality and result in shorter shelf life (Eisel et al., 1997). Least squares means of 

APC values by UV treatment and aging time are recorded in Table 5. APC values did not differ 

(P > 0.05) due to UV treatment, but generally tended to increase as storage times lengthened. 

APC values for aging time were the lowest (P < 0.001) at day 0 and were the highest (P < 0.001) 

at day 14. In a study surveying microbial levels of raw beef, Eisel et al. (1997) found that boxed 

beef products typically have an average APC count of 6.4 log CFU/g. These results are lower 

than counts seen in our study, and could be because as the steaks aged, their quality and shelf life 

characteristics decreased. 
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CHAPTER V  

CONCLUSIONS 

This project was conducted to determine if pulsed-UV light could be used to reduce 

pathogen contamination on chilled beef products, and to evaluate the impact of pulsed-UV light 

on quality characteristics during aging. Based on preliminary trials, three different pulsed-UV 

light treatments were selected for this study. All three treatments reduced the E. coli Biotype I 

surrogate microorganisms; however, reductions were less than 1-log for all three treatments. The 

impact of pulsed-UV light on quality characteristics across storage times varied. There was some 

initial discoloration on the day of the treatment, however, it resolved over time as products were 

aged. In general, storage-related changes seen in treated products were in line with outcomes 

expected of conventional (non-UV treated) products stored over time for the purposes of aging. 

One possible application of pulsed-UV light would be in combination with other antimicrobial 

interventions to provide a multi-hurdle approach to food safety without having a negative impact 

on quality characteristics.  
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Table 1 
Least squares means ± SE of steak and purge pH values stratified by UV treatmenta and aging 
time main effects 
Main effects Surface pH Purge pH Purge (g) 
UV treatment    

Control 5.28 ± 0.03 a 5.27 ± 0.02 8.03 ± 0.57 
1 5.19 ± 0.03 b 5.26 ± 0.03 6.10 ± 0.57 
2 5.31 ± 0.03 a 5.33 ± 0.02 7.57 ± 0.57 
3 5.30 ± 0.03 a 5.31 ± 0.03 6.36 ± 0.57 

P-value 0.046 0.129 0.062 
    
Aging time    

0 5.55 ± 0.03 a 5.60 ± 0.05 a 5.21 ± 0.57 b 
7 5.35 ± 0.03 b 5.30 ± 0.02 b 7.99 ± 0.57 a 
14 5.10 ± 0.03 c 5.14 ± 0.02 c 6.79 ± 0.57 ab 
21 5.08 ± 0.03 c 5.13 ± 0.02 c 8.06 ± 0.57 a 

P-value <0.001 <0.001 0.003 
Means within pH or purge attribute and within a main effect lacking a common letter (a-c) 
differ (P < 0.05). 
a UV treatments were: Control (no pulsed-light UV treatment); 1 = Light height 5 cm, belt 
speed = 0.074 m/s; 2 = Light height 28 cm, belt speed = 0.074 m/s; 3 = Light height 28 cm, 
belt speed = 0.123 m/s. 

 



 
 

30 
 

 
 
 

Table 2 
Least squares means ± SE of trained panelists’ scores for aroma attributesa stratified by UV treatmentb and aging time main effects 
Main effects Bloody/Serumy Sour Dairy Metallic Spoiled 
UV treatment     

Control 4.00 ± 0.16 0.99 ± 0.11 2.41 ± 0.13 0.58 ± 0.10 
1 3.81 ± 0.16 1.02 ± 0.11 2.33 ± 0.13 0.55 ± 0.10 
2 4.18 ± 0.16 0.96 ± 0.11 2.47 ± 0.13 0.56 ± 0.10 
3 3.90 ± 0.16 0.97 ± 0.11 2.44 ± 0.13 0.58 ± 0.10 

P-value 0.400 0.982 0.891 0.993 
     
Aging time     

0 4.74 ± 0.16 a 0.11 ± 0.11 d 2.49 ± 0.13 0.00 ± 0.10 c 
7 4.21 ± 0.16 b 0.77 ± 0.11 c 2.47 ± 0.13 0.26 ± 0.10 c 
14 3.44 ±0 .16 c 1.35 ± 0.11 b 2.34 ± 0.13 0.73 ± 0.10 b 
21 3.50 ± 0.16 c 1.70 ± 0.11 a 2.35 ± 0.13 1.27 ± 0.10 a 

P-value <0.001 <0.001 0.792 <0.001 
Means within an aroma attribute and within a main effect category lacking a common letter (a-d) differ (P < 0.05). 
a Trained panelists evaluated aroma attributes using a 16-point scale: 0 = none; 15 = extremely intense. 
b UV treatments were: Control (no pulsed-light UV treatment); 1 = Light height 5 cm, belt speed = 0.074 m/s; 2 = Light height 28 
cm, belt speed = 0.074 m/s; 3 = Light height 28 cm, belt speed = 0.123 m/s. 
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Table 3 
Least squares means ± SE of trained panelists’ scores for beef color attributesa stratified by UV 
treatmentb and aging time main effects 
Main effects Lean color Discoloration 
UV treatment   

Control 3.96 ± 0.14 1.34 ± 0.09 b 
1 3.87 ± 0.14 1.70 ± 0.09 a 
2 4.15 ± 0.14 1.33 ± 0.09 b 
3 3.76 ± 0.14 1.59 ± 0.09 ab 

P-value 0.277 0.014 
   

Aging time   
0 4.32 ± 0.14 a 2.36 ± 0.09 a 
7 4.06 ± 0.14 ab 1.42 ± 0.09 b 
14 3.80 ± 0.14 bc 1.18 ± 0.09 bc 
21 3.56 ± 0.14 c 1.00 ± 0.09 c 

P-value 0.004 <0.001 
Means within an aroma attribute and within a main effect category lacking a common letter (a-c) differ 
(P < 0.05). 
a Trained panelists scored lean color: (1 = pale red; 8 = very dark red) and percentage of surface 
discoloration (1 = no discoloration or 0%; 6 = extensive discoloration or 81 to 100%). 
b UV treatments were: Control (no pulsed-light UV treatment); 1 = Light height 5 cm, belt speed = 0.074 
m/s; 2 = Light height 28 cm, belt speed = 0.074 m/s; 3 = Light height 28 cm, belt speed = 0.123 m/s. 
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Table 4 
Least squares means ± SE of CIE color space values (L*, a*, b*) stratified by UV treatmenta and aging time main effects 
Main effects L* a* b* 
UV treatment    

Control 41.14 ± 0.81 19.30 ± 0.45 17.92 ± 0.45 
1 40.61 ± 0.81 18.03 ± 0.45 16.59 ± 0.45 
2 41.32 ± 0.81 19.04 ± 0.45 17.61 ± 0.45 
3 42.22 ± 0.81 18.41 ± 0.45 17.77 ± 0.48 

P-value 0.563 0.197 0.172 
    

Aging time    
0 40.02 ± 0.81 15.89 ± 0.45 c 14.53 ± 0.45 b 
7 40.72 ± 0.81 20.65 ± 0.45 a 19.28 ± 0.45 a 
14 42.54 ± 0.81 19.36 ± 0.45 ab 17.98 ± 0.48 a 
21 42.02 ± 0.81 18.89 ± 0.45 b 18.10 ± 0.45 a 

P-value 0.124 <0.001 <0.001 
Means within color space value and within a main effect lacking a common letter (a-c) differ (P < 0.05). 
a UV treatments were: Control (no pulsed-light UV treatment); 1 = Light height 5 cm, belt speed = 0.074 m/s; 2 = Light height 28 
cm, belt speed = 0.074 m/s; 3 = Light height 28 cm, belt speed = 0.123 m/s. 
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Table 5 
Least squares means ± SE of aerobic plate count values stratified by UV treatmenta 
and aging time main effects 
Main effects Log CFU/total rinseate  
UV treatment  

Control 7.62 ± 0.14 
1 7.28 ± 0.14 
2 7.76 ± 0.14 
3 7.78 ± 0.14 

P-value 0.059 
  
Aging time  

0 6.73±0.14 c 
7 7.72±0.14 b 
14 8.13±0.14 a 
21 7.85±0.14 ab 

P-value <0.001 
Means within aerobic plate count attribute and within a main effect lacking a 
common letter (a-c) differ (P < 0.05). 
a UV treatments were: Control (no pulsed-light UV treatment); 1 = Light height 5 
cm, belt speed = 0.074 m/s; 2 = Light height 28 cm, belt speed = 0.074 m/s; 3 = 
Light height 28 cm, belt speed = 0.123 m/s. 
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APPENDIX B 
FIGURES 

Figure 1. Pulsed UV light cabinet 
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Figure 2. Lean color photos 
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